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Heart failure is a progressive condition that affects an increasing number of patient worldwide and severely im-
pairs their physical capabilities and quality of life. Despite large scientific efforts, the molecular mechanisms that lead 
to heart failure are still far from elucidated. Therefore, diagnosis of this condition is difficult unless the patient has 
reached a progressed state, accompanied with clinical symptoms. A better understanding of the molecular mecha-
nisms contributing to the earlier phases of heart failure development would therefore help to improve the diagnosis 
and therapy. The drugs that are currently used can slow down heart failure progression but cannot cure the patient; 
moreover, the effectiveness of these interventions may very much depend on the subtype of heart failure, as many 
patients suffering from heart failure with preserved ejection fraction show little benefit from therapies with proven 
efficacy in heart failure with reduced ejection fraction.

An example of a molecular mechanism that is involved in the development and progression of heart failure is 
inflammation. It was originally observed in the wound-healing response that takes place in the area of injury after 
myocardial infarction. There, the inflammatory response is crucial for the removal of the necrotic debris from the area 
of injury and helps to attract the cells involved in the formation of a scar. In the meantime, inflammation has been 
described in cardiac remodeling due to other causes, for example, hypertension, and is already activated early on in 
its development. This highlights the importance of inflammation as a common molecular pathway of heart failure, 
providing potentially interesting options for diagnosis and therapy. However, the clinical results of interventions in 
inflammatory pathways have been disappointing so far, underscoring the complexity of the inflammatory response 
and the need for a better understanding of its molecular mechanisms. Therapeutic targeting of inflammation will 
therefore likely require careful patient selection and precise timing of the intervention to become successful.

The purpose of this book is to provide the latest information on the role of inflammation in heart failure to re-
searchers and advanced students in the cardiovascular diseases. To this end, we have invited experts in the field to 
provide a comprehensive and timely overview of their research areas. The book is structured into three sections, 
providing the reader with easy access to the information. In Section 1, which focuses on the pathophysiology of the 
inflammatory response in heart failure, an overview is provided of the extensive literature on the role of inflammation in 
heart failure, with a distinction between ischemia-induced heart failure and heart failure due to other causes. Specific 
emphasis is put on the role of the innate immune system and the interaction between the extracellular matrix and the 
inflammatory mediators. The cross talk between the inflammatory response in the heart and the brain is highlighted 
and the section is finalized with an overview of different animal models of heart failure and their advantages and 
restrictions for the study of this condition.

In Section 2, the focus is on inflammatory biomarkers. The section starts with an overview of multiple inflammatory 
mediators as biomarkers for adverse remodeling and heart failure. Next, the pros and cons of different analytical 
techniques for measuring panels of inflammatory biomarkers in a single sample are discussed. In the last chapter of 
this section, an overview of imaging modalities to visualize the inflammatory response is provided.

Targeting of the inflammatory response is the subject of the third section of this book. Here, we focus on the experi-
mental and clinical evidence for the beneficial effects of interventions on mineralocorticoid receptor and peroxisome 
proliferator-activated receptors. The modulating effects of statins and the involvement of miRNAs in the control of 
the inflammatory response and their therapeutic potential are discussed. Finally, the results of clinical trials with 
anti-inflammatory agents are presented and interpreted in light of our current understanding of the inflammatory 
response in heart failure.

W. Matthijs Blankesteijn
Raffaele Altara

Preface

	 xi
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C H A P T E R

1
Inflammation in Heart Failure with 

Preserved Ejection Fraction
Vanessa van Empel, Hans-Peter Brunner-La Rocca

Department of Cardiology, Maastricht University Medical Centre, Maastricht, The Netherlands

1.1  INTRODUCTION

Until recently, heart failure was considered as one syndrome with different underlying causes. Treatment, apart 
from underlying cause, was uniform, despite acknowledging that no treatment trials had been done in patients with 
heart failure with preserved left-ventricular ejection fraction LVEF (HFpEF) [1]. Heart failure was basically consid-
ered as a final common pathway with uniform pathophysiology, irrespective of underlying disease. However, all 
the studies supporting this concept have been performed in patients with heart failure and reduced LVEF (HFrEF), 
because it was thought to be the more advanced stage of heart failure in general. Apart from diseases such as hyper-
trophic or restrictive cardiomyopathies, HFpEF was considered as a less advanced stage of heart failure and to be a 
relatively rare disease. This, however, was to a large extent related to the lack of knowledge and relatively rare use of 
echocardiography to measure LVEF in elderly patients who comprise the majority of HFpEF patients. Over the years, 
it became more and more evident that nearly half of the patients with the clinical syndrome of heart failure have 
normal or preserved LVEF, thus HFpEF [2]. Still, it took years before it became evident that HFpEF and HFrEF may 
have quite distinct underlying pathophysiology. For more details on the pathophysiology of HFrEF, see Chapters 2 
and 3 of this book.

1.2  CONSEQUENCES OF LIMITED UNDERSTANDING 
OF PATHOPHYSIOLOGY IN HFpEF

Treatment that was shown to be highly efficacious in HFrEF patients [3] failed to show beneficial effects in HFpEF 
patients [4,5]. Even more so, intensifying similar therapy in HFrEF and HFpEF led to completely different results. 
Thus, whereas intensifying heart failure medication based on NT-proBNP guidance resulted in significant reduction 
of heart failure hospitalization-free survival, the opposite was the case in patients with HFpEF [6]. The question, 
therefore, that arises is which underlying pathophysiolocial pathways are most important in HFpEF that obviously 
are less or not important in HFrEF; information in this regard is, however, limited.

The limited understanding in the pathophysiology of HFpEF not only makes treatment difficult, but also makes 
diagnosis difficult (Figure 1.1). The current diagnostic algorithm of HFpEF focuses on symptoms and signs of 
HF in addition to evidence of diastolic dysfunction on imaging, usually echocardiography [3]. Yet, symptoms in 
HFpEF are nonspecific and echocardiographic measures correlate poorly with actual LV (left ventricle) filling pres-
sure and lack accuracy [7,8]. Moreover, an important assumption was the fact that the important pathophysiologi-
cal pathways are equal in all HFpEF patients as it is the case in HFrEF—at least to a large extent. So far, this has not 
yet been proven in basic research or in clinical studies. Better characterization may be helpful in this regard, which 
may include determination of underlying cause and investigation of myocardial and systemic consequences of 
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these causes. Biomarkers may be helpful in this regard. Levels of brain natriuretic peptide (BNP) or its N-terminal 
propeptide (NT-proBNP) were suggested as additional diagnostic aids in the HFpEF workup [3]. Their value is 
proven for diagnosis in acute decompensated heart failure [9,10] as well as risk stratification [11] and guiding 
therapy [12,13] in chronic HFrEF, but the use of BNP and NT-proBNP is less well established in HFpEF [14].  
Several other biomarkers may be helpful in this regard and may provide information on the pathogenesis of 
HFpEF as compared to HFrEF and may, therefore, help in a better understanding as well as in improving diagnosis 
of HFpEF and risk stratification.

1.3  UNDERLYING CAUSES OF HFpEF

Different etiologies lead to heart failure and may differ between HFpEF and HFrEF. Patient characteristics and 
risk factors of HFpEF differ significantly from those of HFrEF (Figure 1.2). HFpEF patients are likely to be older 
and more often are female compared to HFrEF patients [15]. Furthermore, cardiovascular and noncardiovascular 
comorbidities are highly present in HFpEF patients and may significantly contribute to the patients’ limitations [16]. 
In a population study in Olmsted County, hypertension was prevalent in 63% of HFpEF compared to 48% in HFrEF 
patients and atrial fibrillation in 41% of HFpEF compared to 28% in HFrEF [2]. Interestingly, the presence of atrial 
fibrillation may identify a HFpEF cohort with more advanced disease and a significantly reduced exercise capacity 
compared to HFpEF patients without atrial fibrillation [17]. The prevalence of cardiovascular comorbidities varied in 
the different studies, depending on the type of study and the different criteria used to diagnose HFpEF. Overall, data 
from population-based studies, registries, and randomized control trials reported in HFpEF a prevalence of coronary 
artery disease of 20-76%, diabetes mellitus of 13-70%, atrial fibrillation of 15-41%, and hypertension of 25-88% [18]. 
However, studies comparing HFpEF with HFrEF all reported an increased prevalence of hypertension and atrial 
fibrillation in HFpEF and a decreased prevalence of coronary artery disease compared with HFrEF.

There are additional cardiac and cardiovascular mechanisms that could contribute to the clinical picture of HFpEF. 
Thus, not only tachyarrhythmias (i.e., usually atrial fibrillation), but also bradyarrhythmia may cause symptoms 
of heart failure, such as exercise intolerance and dyspnoea [19]. In severe bradycardia, this is obvious clinically, al-
though little prospective studies are done in this regard. However, chronotropic incompetence—lack of increase in 
heart rate during exercise—may play an often unrecognized role [20,21]. Moreover, pulmonary hypertension (PH) 
may also play a role in such patients. It is known that pulmonary artery pressure is often slightly elevated in patients 
with HFpEF [22]. As most data come from echocardiographic studies, it is difficult to distinguish if this increase is 
purely passive, that is, caused by increased pressure in the left atrium with consecutive increase in pulmonary ve-
nous pressure, or (additionally) caused by an increase in pulmonary vascular resistance. Invasive measurement in 
small trials suggested that increase in left-ventricular filling pressure, particularly during exercise, causes symptoms, 

Abnormal ventricular-
vascular coupling

Chronotropic
incompetence

Diastolic dysfunction

LV hypertrophy

Oxidative stress

Endothelial
dysfunction

Myocardial fibrosis

Myocardial
stiffness

Systolic
dysfunction?

= involvement of  inflammation

HFpEF

FIGURE 1.1  Pathophysiology of HFpEF. Blue background indicates involvement of inflammation. HFpEF, heart failure with preserved ejec-
tion fraction; LV, left ventricular.
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although pulmonary vascular resistance was also slightly above the normal range [23]. However, invasive measure-
ments at rest in a relatively large cohort of HFpEF patients revealed a substantial number of these patients having 
both increased pressure in the left atrium and significantly elevated pulmonary vascular resistance [24]. Finally, cor-
onary artery disease is the more common cause of HFrEF, but myocardial ischemia also causes diastolic dysfunction. 
Thus, coronary artery disease can be a reason for HFpEF.

Although also common in patients with HFrEF, noncardiovascular comorbidities are more often associated with 
HFpEF, such as renal impairment, liver disease, peptic ulcer disease, and hypothyroidism [25]. Additionally, HFpEF 
patients typically have a higher body mass index (BMI) and are more likely to be obese [2]. Obesity is paradoxically 
associated with higher survival rates in heart failure. When comparing HFrEF with HFpEF, the obesity paradox 
was present in both with the highest survival rates in patients with BMI between 30.0 and 34.9 kg m−2 [26]. Because 
HFpEF is highly associated with comorbidities, many of which significantly contribute to symptoms, this triggered 
a discussion whether HFpEF was merely a combination of comorbidities or a distinct disease. When comparing a 
community-based cohort of HFpEF patients and control patients without HF, fundamental cardiovascular structural 
and functional abnormalities were seen, however, even after accounting for body size and comorbidities, demon-
strating that HFpEF is more than just a compilation of comorbidities [27].

The increased prevalence of comorbidities in HFpEF was also demonstrated when calculating the Charlson 
Comorbidity Index, a method of predicting mortality by classifying or weighting comorbid conditions [28]. Thus, 
the Charlson index was 3 or more in 70% of HFpEF patients [18]. Ather et al. studied the impact of noncardiac 
comorbidities on prognosis and mortality [29]. Although they studied a cohort of veterans, which was predomi-
nantly males, the HFpEF population was older, and had a high prevalence of diabetes, hypertension, obesity, and 
chronic obstructive lung disease. The overall hospitalization rates were similar for those with HFpEF compared 
with HFrEF, however there was a higher noncardiac hospitalization rate in HFpEF compared with HFrEF [29]. In 
general, HFpEF patients have a higher noncardiovascular cause of death, and HFrEF patients more often die of 
cardiovascular cause [30,31]. Although a majority of studies report a similar mortality rate in HFpEF and HFrEF, 
a meta-analysis by Somaratne and associates, including 7.688 HFpEF patients and 16.831 HFrEF patients from 17 
studies, reported a 50% lower hazard mortality in HFpEF compared to HFrEF [32]. However, it is worth noting 
that concerning HFpEF, community-based studies reported a higher noncardiovascular death and, in contrast, 
clinical trials reported a higher percentage of cardiovascular deaths. This could be due to the inclusion criteria 
of controlled clinical trials, where relative “healthier” patients are included compared to the total population. 
Moreover, diagnosis may be less accurate and more difficult in HFpEF as discussed above, which may be par-
ticularly true in community-based studies. Table  1.1 summarizes important underlying diseases in HFpEF as 
compared to HFrEF.

Aging

= involvement of  inflammation

Gender

COPD

HFpEF

Coronary
artery disease

Renal failure

Diabetes mellitus

Hypertension

Atrial fibrillation

Bradycardia

Pulmonary
hypertension

Obesity

FIGURE 1.2  Comorbidities involved in HFpEF. Blue background indicates involvement of inflammation. Although one can discuss whether 
inflammation is involved in aging since aging is associated with increased comorbidities itself. HFpEF, heart failure with preserved ejection 
fraction.
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Therefore, the important key question is whether HFpEF really is a uniform disease. Until recently, this has rarely 
been questioned even if HFpEF is increasingly recognized as significantly different from HFrEF. Recently, a para-
digm shift was suggested, but this was again an attempt to explain HFpEF with one central underlying pathophys-
iological mechanism (see below), where inflammation plays the crucial role [33]. Therefore, the questions that arise 
are whether increased inflammation is independent of the etiology of heart failure, whether there are disease-specific 
mechanisms, and in what way is inflammation of particular importance in HFpEF.

1.4  ADAPTIVE MECHANISMS IN HFpEF

Recently, there is emerging evidence that the adaptive mechanisms may differ between patients with HFpEF as 
compared to patients with HFrEF. Table 1.1 summarizes various pathways that have been found to be of importance 
in patients with heart failure, irrespective of reduced or preserved LVEF. Although not all these pathways are ex-
plored in detail in both HFpEF and HFrEF, and particularly comparing the two, it is obvious that many pathophys-
iological pathways are not equally affected in HFpEF as compared to HFrEF. Thus, response to therapy suggests 
that activation of the renin-angiotensin-aldosterone system as well as the sympathetic nervous system is much more 
important in HFrEF than in HFpEF. On the other hand, there is increasing evidence that inflammation as well as 
pathways closely related to inflammation such as oxidative stress, endothelial dysfunction, and microvascular dys-
function may play a different role in HFpEF as compared to HFrEF.

TABLE 1.1  Selection of Pathways Involved in the Pathophysiology of Heart Failure, Comparing HFpEF and HFrEF

 HFpEF HFrEF

Inflammation/oxidative stress Increased, probably at early stage contributing to 
disease [33]. Inhibition possibly helpful in small 
human and in many animal studies [34,35]

Increased, but probably more as a consequence 
of disease. Inhibition has no impact on 
disease in human [36,37]

Renin-angiotensin system (RAS) Increased, but probably not uniformly involved in 
pathophysiology. Animal work with evidence, but 
large studies in human not successful [4,5,38]

Increased and crucial pathway in remodeling 
and progression of disease [39]. Much 
evidence in human that inhibition uniformly 
improves outcome in many large trials [40]

Aldosterone Increased and thought to be crucial pathway  
(related to fibrosis) based on animal work [41].  
Recent large trial in human overall negative, but 
possibly helpful in subgroup [42]

Increased and important pathway in 
remodeling and progression of disease. 
Inhibition results in improved outcome in 
humans based on large trials [43,44]

Sympathetic nervous system Increased probably in most instances [45]. Probably  
not uniform (e.g. atrial fibrillation vs. bradycardia) 
[46]. Limited human studies with some positive 
findings by β-blockers [47], but less effective in 
hypertension than other drugs [48]

Increased and important pathway in 
progression and complications (arrhythmias, 
SCD) of disease. Inhibition results in 
improved outcome based on many large 
trials in humans [49]

Endothelin-1 Increased, but not entirely clear if directly related to 
HFpEF or to pulmonary hypertension. Small studies 
suggest potential benefit in some patients [50]

Increased, but pathophysiology not entirely 
clear. Probably contributing to progression 
of disease, but inhibition does not result in 
improved outcome in human [51,52]

Natriuretic peptides Increased, but less than in HFrEF [14]. Thought to be 
beneficial, possibly by inhibiting inflammation [34]

Increased, probably beneficial as it is 
counterpart to systems mentioned above. 
Used in acute heart failure, results not 
convincing [53,54]

NO system/cGMP Inhibited, thought to play a crucial role in the 
pathophysiology of HFpEF, i.e., endothelial 
dysfunction/inflammation [33]. Preliminary data in 
humans promising [55], but not uniform [56].

Inhibited, not entirely clear if causal or 
consequence of HFrEF. Preliminary data 
suggest beneficial effect if cGMP is increased 
[57]

Kinins Limited data, probably increased. Possibly inhibiting 
inflammation [58]

Increased, thought to be counterpart of 
RAS; but some evidence of increase in 
inflammation [59]. Bradykinin thought to 
be responsible for part of effects of ACE-
inhibition [60]

SCD, sudden cardiac death.
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Still, it is important to keep in mind that clinically it seems likely that the different causes of HFpEF not only 
trigger common pathways in all patients with HFpEF, but they also significantly influence the disease process as a 
whole. Moreover, results in HFpEF are quite diverse for many pathways, which seem less to be the case in HFrEF 
(Table 1.1). Here, we focus on inflammation and pathways related to inflammation and discuss the potential rele-
vance of them in HFpEF and some differences with HFrEF.

1.5  INFLAMMATION IN HFpEF

For many years, HFpEF was considered mainly to be a consequence of chronically increased afterload. The fact 
that left-ventricular hypertrophy (LVH) is significantly related to HFpEF, and reduction in LVH and clinical events act 
in parallel, to a large extent and independently of the type of antihypertensive drug used—with some exceptions—
was support for a very prominent role of afterload increase in the development of HFpEF. Still, questions remained 
why not all patients with hypertension develop LVH and poor outcome, irrespective of the treatment of hyperten-
sion. This concept also includes the development of myocardial fibrosis and increased myocardial stiffness, resulting 
in treatment suggestions that are not different from those in HFrEF. However, large trials addressing this failed to 
show positive results [4,5,61]. Very recently, even spironolactone, which is thought to more specifically reduce myo-
cardial fibrosis than blockade of the renin-angiotensin system, failed to show convincing benefit in HFpEF although 
some methodological problems may have negatively influenced the results [42]. Other factors have been proposed 
as outlined above, but none were sufficiently convincing to explain HFpEF.

More recently, a new concept has been proposed that poses inflammation as a result of multiple comorbidities 
central in the pathophysiology of HFpEF [33]. Indeed, the concept is attractive because it provides an explanation for 
the fact that comorbidities are not only very common in patients with HFpEF, but also seem to significantly influence 
the presence of HFpEF and outcome [62]. In fact, as discussed above, comorbidities are very common in patients 
with HFpEF because the average HFpEF population is elderly. Moreover, it has been shown that patients with signif-
icant obesity and diabetes mellitus, even at younger age, have a significantly increased risk to develop HFpEF, also 
in the absence of macrovascular disease. There is increasing evidence that this form of diabetic cardiomyopathy is 
related to microvascular disease, which is known to be a significant problem in diabetes mellitus in other organs and 
systems. Microvascular disease in turn may be triggered by inflammation. Inflammation takes place in basically all 
chronic diseases.

The basis for the new concept comes both from human and from animal studies. Moreover, independently of this 
new concept, inflammation has been considered for quite sometime as an important factor in the pathophysiology 
of HFpEF.

1.5.1  Inflammation in HFpEF Animal Studies

In the 1990s, inflammation was found to be increased in animal models of LVH in hypertensive models. Obviously, 
this was not yet named HFpEF. Still, in these animal studies, a cause-effect relationship between inflammation and 
fibrosis in LVH was suggested [63]. In models of spontaneous (SHR) and renovascular hypertension rats, inflamma-
tion (macrophages) and fibrosis was found co-localized in the perivascular region in these animals with pressure 
overload [63,64]. Alteration of adhesion molecules were suggested to play an important role in this. Thus, altered 
expression of Intercellular Adhesion Molecule 1 (ICAM-1) were found in chronic SHR, which was related to pressure 
overload [65]. In the renovascular hypertension model, the potential positive effect of angiotensin-blockade and 
mineralocorticoid receptor antagonism has also been suggested [66]. This seems important because blockade of the 
renin-angiotensin system as well as mineralocorticoid receptor antagonism have been found to be of limited value 
in HFpEF patients, at least if these drugs are used in an unselected cohort of HFpEF patients [4,5,42,61], as discussed 
elsewhere in this chapter. Later, changes in different inflammatory and fibrotic markers were found in a model 
of rapid increase of arterial blood pressure by suprarenal aortic banding. Interestingly, expression of mediators of 
macrophages and fibrosis varied significantly over time. Thus, whereas activation was seen early, suppression was 
present later (i.e., 28 days after banding) [67]. This was also related to diastolic dysfunction. Myocyte chemoattractant 
protein-1 (MCP-1) was activated early (peak day 3), whereas transforming growth factor (TGF-)β remained elevated 
also late (28 days). Whereas LVH was seen already after day 7 with increased fibrosis and myocyte hypertrophy, 
diastolic dysfunction with normal LVEF was present on day 28. All of these effects could be prevented by inhibition 
of MCP-1, suggesting that inflammation may play an important role in the early (pre-clinical) stage of LVH with 
diastolic dysfunction [67]. This is in line with a more recent study that investigated the early cellular mechanisms 
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linking interstitial fibrosis with the onset of the tissue inflammatory response in a cardiac hypertrophy and failure 
model of angiotensin-II infusion with nonadaptive fibrosis [68]. This nonadaptive fibrosis seen in hypertrophy could 
be prevented by genetic depletion of MCP-1, whereas the development of hypertension, cardiac hypertrophy, and 
increased systolic function was seen in both wild-type and MCP-1 KO hearts, suggesting a specific role of the inflam-
matory response on the fibrotic response considered to be a central underlying mechanism of diastolic dysfunction 
in LVH. Chemokine receptor CCR2 seems to play an important role in the development of cardiac fibrosis in this 
model, resulting from accumulation of bone marrow-derived fibroblast precursors [69]. Moreover, overexpression of 
the murine renin transgene in a transgenic rat model, which depicts insulin resistance, results in salt-sensitive cardiac 
inflammation and oxidative stress, accompanied with myocardial fibrosis and diastolic dysfunction. This seems to 
play a particularly important role in female rats [70]. On the contrary, calorie restriction in DahlS.Z-Lepr(fa)/Lepr(fa) 
(DS/obese) rats, derived from a cross of Dahl salt-sensitive and Zucker rats, showed downregulation of ACE and 
angiotensin-II type 1 receptor as well as reduced inflammation. These obese rats have phenotype resembling HFpEF 
and calorie reduction attenuates obesity, hypertension, LVH, and diastolic dysfunction [71].

There is more evidence of the crucial role of inflammation in the development of HFpEF from different mod-
els. Thus, in DOCA-salt hypertensive rats, hypertension increased leukocyte extravasation into cardiac tissue, re-
sulting in increased collagen deposition and ventricular stiffness [72]. In this, the anaphylatoxin C5a generated by 
activation of the innate immunity complement system, which is a potent inflammatory peptide mediator through 
the G-protein-coupled receptor C5aR (CD88) present in immune-inflammatory cells, including monocytes, macro-
phages, neutrophils, T cells, and mast cells, is critically involved. Thus, inhibition with the selective C5aR antago-
nist PMX53 attenuated inflammatory cell infiltration and reduced collagen deposition and ventricular stiffness [72]. 
Interestingly, new links between complement signaling and metabolism were found and demonstrated that aberrant 
immune responses may exacerbate obesity and metabolic dysfunction [73]. This is in line with the above-discussed 
link between obesity, inflammation, LVH and diastolic dysfunction in the DS/obese rate model [71], and Dahl-SS rat 
models of LVH with diastolic dysfunction that can be improved by calorie restriction [74]. On the contrary, exercise 
training, which is known to improve metabolic syndrome, has similar beneficial effects [75]. Altered metabolic ho-
meostasis in adipose tissue promotes insulin resistance, type 2 diabetes, hypertension, and cardiovascular disease. 
Inflammatory and metabolic processes are mediated by certain proteolytic enzymes that share a common cellular 
target, protease-activated receptor 2 (PAR2), which was shown to be an important contributor to metabolic and in-
flammatory dysfunction and inhibition of it attenuated not only metabolic, but also cardiovascular dysfunction [76].

Interleukins (IL) were also found to be involved in the process of inflammation and diastolic dysfunction. Thus, 
IL-16 was found to be elevated in a rat model of HFpEF and positively correlated with LV end-diastolic pressure, 
lung weight, and LV myocardial stiffness constant. The cardiac expression of IL-16 was upregulated in this model. In 
transgenic mice, enhanced cardiac expression of IL-16 induced cardiac fibrosis and LV myocardial stiffening accom-
panied by increased macrophage infiltration. Treatment with anti-IL-16 neutralizing antibody ameliorated cardiac 
fibrosis [77]. Similarly, IL-18 overexpression in rats fed by fructose to induce metabolic syndrome using adenovirus 
encoding rat IL-18 had comparable effects [78]. A blockade inhibited the development of fibrosis and diastolic dys-
function in spontaneous hypertensive rats [79]. However, the simple assumption that inflammatory cytokines only 
mediate adverse effects in models of HFpEF has recently been challenged [80].

1.5.1.1  Interactions with Other Systems
There are significant interactions with other systems. On the one hand, various factors may stimulate or suppress 

inflammation. On the other hand, inflammation has effects on the heart by different pathways, of which fibrosis and 
changes in the extracellular matrix (ECM) are very prominent ones as described above. Another important result of 
inflammation is the inhibition of NO bioavailability, which may in turn decrease protein kinase G (PKG) activity, 
thereby inducing concentric remodeling of the left ventricle, as recently described in detail [33]. The mechanisms of 
peroxynitrite production, reduced NO availability, and lower soluble guanylate cyclase (sGC) activity are described 
below.

There is, however, evidence that reduced NO, cGMP, and sGC may not only be a consequence of inflammation 
and oxidative stress, respectively, but that they may also lack inhibition of inflammation. Thus, the natriuretic pep-
tide receptor A (NPRA), which if stimulated increases cGMP, has an important role in the regulation of fibrotic and 
inflammatory pathways in LVH. NPRA deletion in KO mice causes salt-resistant hypertension, LVH, and fibrosis 
[81] and increased expression of fibrotic genes such as collagen, metalloproteinases, transforming growth factor-β 
(TGF-β), and tumor necrosis factor-α (TNF-α) [82]. Deletion of the BNP gene (Nppb−/−) may cause focal cardiac 
ventricular fibrotic lesions and increase ventricular expression of profibrotic genes, including ACE, TGF-β3, and 
pro-α1-collagen [83]. BNP can upregulate the production of pro- and anti-inflammatory molecules such as reactive 
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oxygen and nitrogen species, leukotriene B4, and prostaglandin E2; increase IL10 levels; and affect cell motility of 
monocytic THP1 cells [84]. Moreover, co-culture of peripheral blood mononuclear cells (PBMC) from cardiac trans-
plant recipients with BNP caused a reduction in pro-inflammatory cytokines (TNF-α, interleukin-6 (IL-6), IL-1a), 
while expression of anti-inflammatory and regulatory cytokines (IL-4, IL-5, IL-13) was preserved [85]. BNP was also 
able to directly oppose human monocyte migration to MCP1, but its ability to block MCP1-induced chemotaxis was 
attenuated in monocytes from HTN and HFPEF patients suggesting that this potentially beneficial anti-inflammatory 
function of BNP is likely compromised in chronic pressure overload and HFpEF [86]. Taken together, these studies 
suggest that natriuretic peptides and consequently sGC and cGMP play an important regulatory role in inflamma-
tion in HFpEF, which might also provide the opportunity for therapeutic intervention in HFpEF.

These studies from animal models fit very nicely in the above-mentioned new concept of inflammation-induced 
HFpEF [33]. However, the therapies tested so far in humans should have much more prominent, beneficial effects 
as there is a large amount of experimental evidence that inhibition of renin-angiotensin-aldosterone system has 
anti-inflammatory effects (e.g., Refs. [38,87,88]). Moreover, it is unclear which of all the pathways described is most 
important in mediating cardiac inflammation, fibrosis, and diastolic dysfunction as well as which interactions be-
tween all of these pathways, in relation to myocardial fibrosis and diastolic dysfunction, are pivotal. Many other 
pathways not (directly) related to inflammation have been described as playing an important role in the develop-
ment of HFpEF. Finally, the impact of the chosen model is not clear, and it is also unclear which of these models are 
most relevant to the human situation. Obviously, this is particularly true for a controversial disease such as HFpEF.

1.5.2  Inflammation in HFpEF Human Studies

There are significant studies showing increased inflammation in patients with HFpEF. Obviously, most of these 
studies investigated systemic inflammation as measured by biomarkers of inflammation in peripheral blood [89] or 
inflammation in peripheral tissue, but not directly myocardial inflammation. There are, however, a few studies that 
also obtained human tissue from HFpEF patients [90]. These studies revealed structural and functional alterations in 
the myocardium that may be relevant to LVH, diastolic dysfunction, and HFpEF. Thus, systemic inflammation was 
suggested to gradually affect the cardiac vascular endothelium resulting in increased expression of endothelial adhe-
sion molecules including VCAM1 in the heart [90]. VCAM and other endothelial adhesion molecules may lead to the 
activation and subendothelial migration of circulating leukocytes. HFpEF patients had high numbers of CD3, CD11, 
and CD45-positive leukocytes in the myocardium, increased inflammatory cell TGF-β expression, and increased 
levels of collagen I and III [90]. TGF-β is a very strong inducer of collagen production and stimulates the differentia-
tion of fibroblasts into myofibroblasts. Moreover, activated myofibroblasts may themselves induce inflammation by 
producing cytokines and chemokines, which stimulate inflammatory cell recruitment and activation [91]. Therefore, 
it impacts the cardiac homeostasis of the ECM and intensifies fibrosis, predisposing to diastolic dysfunction and 
subsequent HFpEF, basically confirming findings from animal studies relevant to LVH and diastolic dysfunction.

There is a significant amount of data showing increased biomarkers of inflammation in patients with both HFrEF 
and HFpEF. Comparing biomarker levels in HFpEF versus HFrEF may help to uncover pathways that are of specific 
importance in HFpEF patients. There are, however, limited studies in this regard, particularly with respect to focus 
on inflammation. Whereas several studies have investigated biomarkers in HFrEF, the data in HFpEF is much more 
limited [92]. Additionally, most studies that have been performed in HFpEF are either cross-sectional or do not have 
a consecutive HF population with both preserved and reduced LVEF included. Furthermore, many studies only 
investigated a single biomarker or a group of markers with similar pathophysiological background. An important 
shortcoming of measuring biomarkers in the plasma, however, is the fact that it remains unclear, whether a given 
marker is causally involved in cardiac remodeling, whether it is upregulated in a compensatory manner, or whether 
it is simply an epiphenomenon of a catabolic state caused by HF. Furthermore, we do not know whether the increase 
in circulating levels of many of these biomarkers in the setting of HF reflects increased local cardiac synthesis per 
se, or whether it just reflects a systemic inflammatory state [93]. All these facts make interpretation of (circulating) 
biomarkers in human studies difficult. Nevertheless, such studies may be helpful for hypothesis generation, for 
identification of pathological processes in individual patients, for prognostic assessment, and possibly in the future 
to guide therapy in individual patients.

In hypertensive patients with metabolic syndrome, increased markers of inflammation (urinary albumin, 
C-reactive protein (CRP), TNF-α, and TGF-β) and fibrosis (procollagen type 1 carboxy-terminal propeptide (PICP)) 
were found to be independently associated with asymptomatic diastolic dysfunction as compared to patients with 
hypertension but without metabolic syndrome [94]. In other studies, increased inflammation as evident from in-
creased CRP levels [95], platelet activation measured by soluble P-selectin, and endothelial dysfunction as assessed 
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by plasma van Willebrand factor (vWf) [96] were closely related to diastolic dysfunction in patients with stable 
coronary artery disease. Increased inflammation measured by circulating IL-6, TNF-α, IL-8, and MCP1 and fibrosis 
measured by fibrotic signals (PIIINP and CITP) and matrix turnover signals (matrix metalloproteinases; TIMP-1) 
were also detected in a cross-sectional study of 275 stable hypertensive patients with and without HFpEF, defin-
ing varying fibro-inflammatory profiles throughout different stages of hypertensive heart disease (HHD) [97]. Two 
medium-sized, cross-sectional studies—one in patients with acute dyspnoea and preserved LVEF [98] and one in 
HFpEF patients [99]—identified the independent systemic inflammatory markers soluble ST2 (s-ST2; member of the 
IL1 receptor family) and pentraxin 3 (PTX3), respectively, to correlate with the presence of left-ventricular diastolic 
dysfunction and HFpEF and to be independent predictors of mortality in these patients.

Comparing biomarkers profiles of HFpEF and HFrEF patients is limited as mentioned above. Still, there are in-
teresting first studies, suggesting important differences in the biomarker profiles of these two diseases, particularly 
with respect of inflammatory biomarkers. Thus, in a recent study comparing physiologically distinct circulating 
biomarkers in HFpEF patients, HFrEF patients, and community controls, there seems to be a distinguishing role for 
myocardial injury (high-sensitivity troponin T) with increased wall stress (N-terminal pro-BNP) in the pathophysiol-
ogy of HFrEF, but a different pattern in HFpEF patients [89]. In the latter patients, systemic inflammation, as assessed 
by high levels of growth differentiation factor 15 (GDF15), seemed to play a crucial role specifically in the progression 
of HFpEF. In a recent analysis of TIME-CHF (Trial of Intensified versus standard Medical therapy in Elderly patients 
with Congestive Heart Failure [6,100,101]), different biomarker patterns could be found in patients with HFpEF 
versus HFrEF (unpublished data). We found biomarkers of cardiac damage and overload (hs-TnT, NT-proBNP) 
to be significantly more elevated in HFrEF patients, but markers of inflammation and fibrosis (hsCRP, s-ST2) to be 
significantly higher in HFpEF patients. It needs to be noted, however, that not all previous studies found the same 
regarding hsCRP and s-ST2 [89,99,102,103], some of which found other markers of inflammation to be elevated.

Important evidence comes from a large prospective cohort on incident heart failure. Thus, systemic inflammatory 
state, as evident from high circulating levels of IL-6 and TNF-α, has recently been shown to be predictive of incident 
HFpEF, but not of incident HFrEF [104]. This risk was independent of other known risk factors of incident HF, includ-
ing ankle-arm index and incident coronary artery disease. More recently, this association was also found for soluble 
TNF type 1 receptor in the same cohort, further supporting the important role of inflammation regarding incident 
HFpEF [105].

As described in Chapter 14 of this book, specific anti-inflammatory treatment in HFrEF was disappointing. This 
was true not only for anti-TNF-α therapy [36,37], but also for statin treatment even in patients with coronary artery 
disease [106,107]. Various reasons have been discussed why this was the case. In HFpEF, such a study has not yet 
been performed. Therefore, the answer cannot be given if differences between HFrEF and HFpEF in this regard are 
of importance. Still, there is some preliminary data that anti-inflammatory therapy might well be beneficial in HFpEF 
patients, in contrast to HFrEF as discussed below.

1.6  OXIDATIVE STRESS, ENDOTHELIAL DYSFUNCTION 
AND MICROVASCULAR DISEASE

Markers of inflammation and oxidative stress have been associated with incident heart failure suggesting that 
inflammation has a direct effect on the myocardium, possibly by increased oxidative stress. Chronic inflammation 
causes excessive production of free radicals and depletion of antioxidants [108]. Generation of reactive oxygen 
species (ROS) is significantly increased in heart failure, as has been shown unequivocally in experimental and 
clinical studies [109]. Important sources of ROS in heart failure include the mitochondrial electron chain transport, 
xanthine oxidase, uncoupled endothelial nitric oxide synthases (eNOS), and nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidases [110]. Additionally, inflammatory cytokines stimulate NADPH oxidases. Increased 
activation of NADPH oxidases, a catalyst of the one-electron transfer from NADPH to O− and ROS, results in 
increased endothelial production of ROS. In experimental diabetic cardiomyopathy, NADPH oxidases were the 
primary source of ROS and inhibition of NADPH oxidases diminished oxidative stress and proved beneficial on 
systolic function [111].

The majority of ROS in heart failure originates from the mitochondria, and impaired electron chain transport 
has been pointed out as the main source of intracellular ROS [112]. How ROS induces myocardial remodeling and 
contributes to the development of heart failure remains, however, a topic of discussion [113]. It has been suggested 
that ROS has a direct effect on the myocardium, by causing physical damage of cellular and mitochondrial struc-
tures, such as sarcomeric proteins, which results in impaired cardiac function [113]. In addition, several hypertrophic 
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signaling pathways are regulated by ROS, involving protein kinase C, Jun-N-terminal kinase, and Ras signaling [114]. 
Furthermore, ROS facilitates ECM remodeling, either directly or indirectly through activation of the nuclear factor kB 
pathwa [115]. Lastly, ROS causes DNA strand breaks, which lead to activation of nuclear enzyme poly(ADP-ribose)
polymerase-1 (PARP-1), which in turn regulates the expression of a variety of inflammatory mediators. In a recent 
study, plasma levels of inflammatory and oxidative stress biomarkers (TBARS and 8-epi-prostaglandin F2α) were 
increased in HFpEF patients compared to healthy control subjects [116]. There was a significant relationship between 
the 8-epi-prostaglandin F2α levels and peak VO2, suggesting a relationship between oxidative stress and functional 
capacity in HFpEF.

Endothelial dysfunction is an important link between the pro-inflammatory state in HFpEF and increased levels 
of oxidative stress [117]. Cytokines enhance expression of adhesion molecules and induce inflammatory cytokines in 
endothelial cells resulting in increased inflammation within the vessel wall. More importantly, cytokines modulate 
the balance between endogenous vasodilators (e.g., nitric oxide (NO)) and vasoconstriction (e.g., endothelin-1) [118]. 
Increase of oxidative stress and endothelial dysfunction has been described in both HFpEF and HFrEF, but is also 
implicated in other diseases, including diabetes, hypertension (both of which are highly prevalent in HFpEF), and 
in atherosclerosis (which is highly prevalent in HFrEF) [119]. However, in a study by Chiang et al., both HFpEF and 
HFrEF patients have decreased circulating endothelial progenitor cells, an indicator for impaired endothelial turn-
over, compared to age-, gender-, and comorbidity-matched controls. This suggests that increased oxidative stress 
and endothelial dysfunction is not merely a result of a myriad of comorbidities, but is also linked specifically to the 
pathophysiology of heart failure [120].

Exercise intolerance is the key symptom of HFpEF, yet its underlying pathophysiological mechanism remains a 
topic of discussion [121]. Several studies have demonstrated a blunted exercise-induced vasodilatation. This may be 
explained in part by systemic endothelial dysfunction [46,122]. In a study comparing HFpEF patients with age- and 
sex-matched hypertensives without symptoms as well as age- and sex-matched healthy controls, global vascular 
function (Ea and systemic vascular resistance index (SVRI)) was not significantly different between groups, but 
endothelial function was impaired in both HFpEF and hypertensive subjects compared to the controls, even after 
adjusting for history of coronary disease [123]. Hyperemic increase in peripheral arterial tonometry (PAT) amplitude 
after cuff occlusion was augmented in HFpEF and hypertensives, as was depression of endothelium-dependent 
vasodilation. Interestingly, HFpEF patients had an impaired endothelial function accompanied by a reduction in 
exercise capacity, but hypertensive controls only displayed an impaired endothelial function, suggesting endothe-
lial dysfunction does not directly lead to reduced exercise capacity. In contrast, Akiyama et al. reported a poorer 
NYHA class in those with impaired endothelial function [124]. HFpEF patients demonstrated a higher prevalence of 
endothelial dysfunction even after matching for age, gender, diabetes, and hypertension. Additionally, endothelial 
dysfunction predicted cardiovascular events, independently of age, diabetes, hospitalization, NYHA class, E/e′, 
ejection fraction, and BNP. Another study demonstrated flow-mediated arterial dilation as expression of endothelial 
dysfunction of the femoral artery, measured using MRI, was impaired in HFrEF, but not in HFpEF [125]. A potential 
explanation for this at first sight discrepant findings is that flow-mediated vasodilation may be different in the larger 
arteries compared to the microvasculature.

Inflammation does not only affect the systemic microvasculature but also the coronary microvasculature. 
Myocardial biopsy samples of HFpEF patients showed increased inflammatory cells, marked by CD3, CD11a, and 
CD45, but also abundant expression of endothelial adhesion molecules such as vascular cell adhesion molecule 
(VCAM) accompanied by accumulation of collagen and presence of ROS [90]. Furthermore, a double staining in 
these samples showed secretion of the profibrotic growth factor; TGF-β by inflammatory cells. These findings sug-
gest inflammation plays an important role in the regulation of the ECM and thus may contribute to diastolic dysfunc-
tion in HFpEF. In patients with cardiac parvovirus B19 infection, coronary endothelial function was impaired [126]. 
After intracoronary application of acetylcholine, the coronary microvasculature displayed an impaired vasodilation 
response. In these patients, coronary endothelial dysfunction was correlated with diastolic dysfunction.

NO is considered a key player in endothelial dysfunction. NO promotes LV relaxation through cyclic guanosine 
monophosphate (cGMP)—PKG dependent and independent mechanisms. The effects of NO depend on where and 
by which NO synthase isoform NO is produced [127]. Inflammation induces endothelial production of ROS, which 
leads to the formation of peroxynitrite and reduces NO bioavailability. As a result, it decreases sGC activity in car-
diomyocytes adjacent to the dysfunctional endothelium. Low sGC activity in turn reduces cGMP and consequently 
PKG activity. Myocardial samples from HpEF patients have reduced levels of PKG activity and lower cGMP concen-
trations, related to increased cardiomyocyte stiffness, measured using passive tension (Fpassive) [128]. The down-
regulation of cGMP-PKG was likely related to low myocardial NO bioavailability, demonstrated by high nitrosative/
oxidative stress assessed by immunohistochemical determination of nitrotyrosine.
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PKG dependent phosphorylation of the sarcomeric protein titin seems to play an important role in this process 
[129]. Expression and phosphorylation of titin isoforms were analyzed in LV biopsies of heart failure patients, aortic 
stenosis patients, and controls. Titin expression shifted in heart failure compared to the aortic stenosis and control 
patients, with lower expression of its compliant N2BA isoform and higher expression of its stiff N2B isoform in heart 
failure [130]. High diastolic stiffness was correlated to relative hypophosphorylation of the stiff N2B titin isoform, 
and in HFpEF the N2BA:N2B expression ratio was decreased compared to HFrEF patients [131].

An additional downstream effect of PKG involves reuptake of Ca2+ into the sarcoplasmic reticulum (SR), inhibi-
tion of calcium influx, and suppression of hypertrophic and fibrotic signaling pathways [131,132]. The lack of PKG in 
the cardiomyocyte enhances hypertrophy, as seen in experimental and clinical studies [133]. In patients with diabetic 
cardiomyopathy and concentric LV remodeling treatment with sildenafil, which increases myocardial PKG activity 
through inhibited breakdown of cGMP by phosphodiesterase 5, reduced hypertrophy, e.g., LV mass/volume ratio, 
and improved cardiac kinetics [134]. In a study comparing HFpEF with HFrEF, HFpEF patients exhibited lower myo-
cardial PKG activity, which correlated with elevated cardiomyocyte diameter compared to HFrEF [128].

Endothelial dysfunction is not just confined to the systemic or the coronary arteries, but also includes the pulmo-
nary arteries. PH is a common feature in HFpEF. In a community-based study, PH was present in 83% of HFpEF pa-
tients [22]. This population demonstrated an increased pulmonary capillary wedge pressure; however, the severity 
of PH suggests an additional pre-capillary component contributes as well. It is possible that endothelial dysfunction 
plays a role in that aspect. In HFpEF patients with PH, sildenafil treatment resulted in improvement of diastolic stiff-
ness and reduction of pulmonary pressure [135].

1.6.1  Potential Implications for Treatment of HFpEF

As mentioned above, there is no specific treatment available for HFpEF patients apart from treating potentially 
underlying diseases such as hypertension and comorbidities that are important in HFpEF. As inflammation, oxida-
tive stress, and endothelial dysfunction seem to play an important, though probably not exclusive, role in HFpEF, 
inhibition of inflammation and oxidative stress and improvement of endothelial are potentially promising targets for 
these patients with significant morbidity and mortality.

Although failed in HFrEF [106,107], statins are interesting agents in this regard if inflammation played a much 
more causal role in HFpEF as compared to HFrEF. Statins are believed to have pleiotropic effects independent of 
cholesterol lowering. Thus, direct effects on the vascular wall in human arteries were found by the use of atorvas-
tatin in improved endothelial redox balance and reduced superoxide anion production and restored NO bioavail-
ability [136]. These effects are not limited to the vascular wall, but also reach cardiomyocytes and fibroblasts thereby 
preventing myocardial fibrosis and diastolic dysfunction in experimental hypertension or hypercholesterolemia as 
summarized by Ramasubbu et al. [137]. Therefore, it may be seen as no big surprise that treatment of patients with-
out overt cardiovascular disease selected based on slightly elevated CRP levels had significantly less cardiovascular 
events than those untreated [138]. Although these patients had no HFpEF and diastolic dysfunction was not mea-
sured, the significant reduction in cardiovascular events is promising for the patient population described here be-
cause it is likely that at least some of the patients included were also at significant risk for developing HFpEF. This is 
in line with the positive effect on clinical outcome in a relatively small not randomized study on the effects of statins 
in HFpEF patients [139]. Still, subgroup analysis of the GISSI-HF trial did not find positive effects in patients with 
LVEF of >40% [107]. It must be noted, however, that this comprised only about 10% of all patients, and patients with 
slightly reduced LVEF and HFpEF are probably two different types of patient populations.

As nicely summarized in a recent review article [34], there is quite a substantial number of experimental stud-
ies that provide promising results of targeting immunomodulatory and inflammatory pathways in hypertensive 
HFpEF-relevant animal models. They include targeting cytokines and chemokines (MCP1 [67,140], MCP3 [141], 
IL10 [142], IL-1 receptors [143]), matrix-modulating enzymes (MMP) [144-146], pentraxins (PTX3) [147,148], and 
inflammatory signal transduction mediators (phosphatidylinositol 3-kinase gamma (PI3 Kc)) [149]. Still, it needs 
to be mentioned that these factors were investigated to a large extent in isolation. Thus, the interaction between the 
various pathways has not been investigated in detail, and it is not clear which of them is most promising as potential 
therapeutic targets or if a less specific inhibition of inflammation is most important.

Direct evidence in humans is very limited so far. A preliminary study testing inhibition of IL-1 in patients with 
HFpEF provides interesting results [35]. Thus, IL-1 blockade with anakinra for 14 days significantly reduced the 
systemic inflammatory response and improved the aerobic exercise capacity of patients with HFpEF and elevated 
plasma CRP levels in a cross-over, randomized, double-blind design. Still, this was a very small study, including only 
12 patients [35] with a significant risk of a chance finding. Another pilot study investigates the effects of vitamin D 
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(paricalcitol) in patients with HFpEF (NCT01630408). An animal study in Dahl salt-sensitive rats was promising, and 
was also found retrospectively in patients on hemodialysis [150]. Moreover, low vitamin D is associated with poor 
outcome related to RAAS activation and, importantly, inflammation [151]. Whether vitamin D can be seen as directly 
targeting inflammation or whether there are indirect effects is not yet clear.

PDE-5 inhibition, which may increase cGMP by inhibiting its breakdown is another potential therapeutic option 
that directly targets one of the important suggested consequences of inflammation, as discussed above. Indeed, pre-
liminary findings in small studies have been promising [55,135], but the first larger trial (phase IIb), unfortunately, 
did not show any benefit in HFpEF patients regarding improvement of exercise capacity and clinical status [56]. In 
fact, there was not even a trend toward improvement by the PDE-5 inhibitor sildenafil. The reason for this finding is, 
obviously, not clear. Still, it cannot be claimed that a large proportion of patients included did not really have HFpEF 
as in other studies since exercise capacity was significantly reduced and there was echocardiographic evidence for 
increased filling pressure. Obviously, more studies are required to get a sufficient answer to the question of whether 
PDE-5 inhibition is a tool to improve outcome in HFpEF patients. Given the diversity of patients considered to have 
HFpEF, it may well be that only a subgroup may profit. This obviously includes those with some increase in pulmo-
nary vascular resistance, but proper studies are required to answer these questions.

1.7  CONCLUSIONS

Undoubtedly, inflammation is increased in heart failure. This is true for both HFrEF and HFpEF. In this chapter, 
we specifically focused on HFpEF because inflammation in HFrEF is largely covered in other chapters of this book. 
There is substantial evidence that inflammation and the processes related to it such as oxidative stress, endothelial 
dysfunction and microvascular disease are not only activated and are important bystanders of HFpEF, but that they 
also play a pathophysiologically important and causative role. However, as to whether a “simple” paradigm shift 
in HFpEF from afterload excess to coronary microvascular inflammation due to pro-inflammatory state related to 
multiple comorbidities provides identification of the most important central link in HFpEF [33], remains to be deter-
mined [62]. Importantly, this paradigm shift does not explain why previous attempts in treating patients with HFpEF 
failed. Thus, blockade of the renin-angiotensin system, either by ACE-inhibitors or by ARBs, has anti-inflammatory 
effects and may also reduce structural alterations in the myocardium proposed to be of importance—namely, fibrosis 
[152]. Thus, an effect that is larger than the effects caused purely by antihypertensive action of these drugs, would 
be expected. Still, the opposite is the case. The same is also true for inhibition of PDE-5, which is believed to address 
a central part of the cascade affected by the initial trigger of inflammation [153]. However, results from the largest 
trial are disappointing despite earlier promising results in smaller mechanistic trials. Even for statins, the same pic-
ture is incomplete and resembles that of the PDE-5 inhibitors, where some studies are promising, but others are not. 
Therefore, it might be that the central mechanism of HFpEF is still not yet determined or HFpEF is not a uniform 
disease, but a clinical syndrome of different diseases where different pathways play differently important roles. The 
latter hypothesis is favored, but this needs to be further investigated. Among these potential mechanisms, inflamma-
tion may well be an important one.

To address these uncertainties, it seems important not to easily adopt or reject a certain concept. All of the path-
ways studied so far, despite none providing convincing data on interventions in patients, may still play a role in 
certain (sub)groups of patients in the HFpEF population. Moreover, potentially crucial mechanisms need to be con-
sidered without neglecting the possibility that results may not apply to all HFpEF patients. From what is known 
so far, inflammation is a very interesting potential target in this regard. There is a significant number of emerging 
anti-inflammatory targets with potential benefit for HFpEF therapy [34]. Numerous trials are ongoing or planned. 
However, it might be wise to do good phenotyping of the patients included in the trials, or to even target such agents 
in subgroups of HFpEF patients only. One possibility would be to use biomarkers of inflammation for selection of 
patients for inclusion in trials.
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2.1  INTRODUCTION

Cardiac remodeling refers to cellular, molecular, and interstitial variations in the myocardium that clinically man-
ifest as changes in the structure, shape, and physiology of the heart. Geometric and histopathological changes in-
clude myocyte apoptosis, myocardial fibrosis, and left-ventricular (LV) enlargement associated with a decline of LV 
performance. As the heart remodels, the LV chamber becomes progressively spherical and increases the LV luminal 
volume [1].

Cardiac remodeling has been recognized as an important aspect in the development of heart failure, and an 
interference with this process has emerged as an appealing therapeutic approach to prevent disease progression. 
Therefore, considerable efforts have been taken to decipher pathological mechanisms driving cardiac remodeling. 
Pathological remodeling can develop in response to myocardial infarction (MI), pressure overload, myocarditis, or 
volume overload. Although exhibiting different etiologies, remodeling in the context of all these diseases correlates 
with an activation of cross-talking inflammatory and profibrotic pathways that are mediated and modulated by 
components of innate immunity [1].

In heart failure patients, MI constitutes the most frequent trigger causative for the development of cardiac remod-
eling [2]. Therefore, mechanistic studies focusing on remodeling have been predominantly conducted in experimen-
tal models of MI, or in patients sustaining a heart attack, that is, after sterile ischemic tissue injury. In this regard, the 
mechanistic link between an activation of innate immunity and the progression of remodeling is paradigmatic for 
remodeling in the context of different etiologies. Given the prevailing clinical relevance and the extensive mechanis-
tic understanding, the interrelation between remodeling and the activation of innate immunity will be exemplified 
in the context of MI.

MI and reperfusion injury are characterized by a damage of cardiomyocytes and nonmyocytes including the 
extracellular collagen matrix (ECM) [3]. Myocardial necrosis triggers an inflammatory reaction that clears the in-
farct zone from ECM and cell debris, representing an important physiological mechanism that paves the way for 
the healing phase [4]. During early infarct healing, invading innate immune cells and angiogenic capillary sprouts 
comprise a de novo formed granulation tissue. In parallel, reparative pathways become activated by the inflam-
matory reaction and promote the formation of a collagenous scar that ultimately replaces the irreversibly injured 
myocardium [5].

Remodeling after MI is a complex and dynamic process that parallels healing over several days to weeks. LV re-
modeling is characterized by changes in LV structure and topography comprising differential changes in the infarct 
and noninfarct zone. After an early infarct expansion and disproportionate thinning of the LV chamber wall, pro-
gressive LV dilatation is followed by a compensatory hypertrophy in the noninfarct zone that develops over weeks 
to maintain both blood pressure and output [3,6,7].
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In parallel to LV remodeling, the extracellular matrix (ECM) undergoes substantial changes that, in turn, pivotally 
influence cardiac global shape [3,6]. An initial ECM disruption in the infarct zone contributes to an early expansion of 
the infarct region, followed by successive deposition of consolidating collagen and de novo ECM construction. Collagen-
producing fibroblasts gradually acquire contractile function and differentiate into myofibroblasts that additionally 
mediate scar contraction. After large MI, early collagen degradation even in the noninfarct zone contributes to the 
progressive LV dilatation that develops over weeks. Ultimately, during late stage remodeling after large MI, interstitial 
fibrosis in the noninfarct zone emerges preserving cardiac tensile strength while impairing systolic function [8].

The quality of wound healing and the excess of cardiac remodeling are inevitably linked and both pivotally mod-
ulated by immunity involving inflammatory and anti-inflammatory reactions [9]. Despite the importance of inflam-
mation for proper infarct healing, an accentuated or prolonged inflammatory reaction is regarded as detrimental. An 
exuberant inflammatory response may provoke necrosis of surviving cardiomyocytes or elicit an overreaching ECM 
degradation, resulting in adverse expansion of the infarct zone. Infarct size, in turn, constitutes a major determinant 
for the degree of cardiac remodeling and correlates directly with the extent of LV dilatation and wall thinning [10]. In 
contrast, spatiotemporally restricted inflammation and efficacious scarring in the healing myocardium are considered 
to attenuate LV dilatation by preventing an early infarct expansion [9]. During scar tissue formation, innate immu-
nity modulates fibroblast function and stimulates collagen synthesis by soluble mediators. Subsequently, immunity 
is involved in regulating inflammation and collagen deposition preventing further parenchymal injury or excessive 
fibrosis in the noninjured remote zone [11]. Conclusively, a fine balance between inflammation and inflammation res-
olution is necessary to ensure proper infarct healing without promoting detrimental remodeling that may finally lead 
to fatal cardiac dysfunction. Both inflammatory and anti-inflammatory reactions during healing and remodeling are 
predominantly mediated by components of innate immunity. This chapter highlights the contribution of soluble and 
cellular effectors to cardiac remodeling in terms of cardiac damage—namely, after MI or reperfusion injury.

2.2  INITIATION OF THE IMMUNE RESPONSE

2.2.1  Receptors

After prolonged coronary artery occlusion, the preponderant mechanism of cardiomyocyte death is coagulative 
necrosis resulting in the release of intracellular content. The released constituents and the ECM fragments engage 
receptors on the local parenchymal cells, the vasculature, fibroblasts, or infiltrating leukocytes. Receptor ligation, 
in turn, transduces the recognition of these danger-associated molecular patterns (DAMPs) into activation signals 
provoking an inflammatory response [12]. DAMPs thereby comprise all molecules with capacity to initiate or per-
petuate the inflammatory reaction in a noninfectious and sterile condition. MI-associated DAMPs include heat shock 
proteins, high-mobility group box (HMGB)-1, low molecular hyaluronic acid, fibronectin fragments, or components 
of the coagulation system such as fibrinogen [12–14].

Receptors involved in DAMP sensing comprise pattern recognition receptors (PRRs) such as toll-like receptors 
(TLRs), NOD-like receptors, C-type lectin receptors, or the receptor for advanced glycation end-products (RAGE) 
[12]. After PRR engagement, inflammatory pathways become initiated, converging in the activation of transcription 
factors such as nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells (NFkB), or the activator protein 1 
(AP-1) that drive the expression of inflammatory effectors. In response to inflammatory cytokines or DAMPs, the 
endothelium upregulates adhesion molecules and initiates the secretion of chemokines facilitating leukocyte recruit-
ment into the myocardium [15,16].

So far, TLRs are the best-characterized receptors in terms of healing and remodeling. Generally, TLRs serve as patho-
gen recognition receptors recognizing conserved molecular pathogen-intrinsic motifs, so-called pathogen-associated 
molecular patterns (PAMPs) [17]. Inter alia, PAMPs comprise the lipopolysaccharides of Gram-negative bacteria, the 
teichoic acids of Gram-positive microbes, the glycolipids of mycobacteria, the yeast zymosan, or double-stranded 
RNAs of certain virus families. TLRs constitute, therefore, an integral component of immunity capacitating the host 
to recognize potentially harmful microorganisms [17,18].

The similarity of TLR-induced immune reactions secondary to tissue injury and infection is likely phylogeneti-
cally conserved, insofar as healing is commonly accompanied by an infection. DAMPs with ability to trigger TLRs 
include proteins such as fibronectin or HMGB1, nucleic acids as mitochondrial DNA, or purine metabolites such as 
ATP [19]. Generally, TLR engagement triggers signaling pathways that end up activating the transcription factors 
NFκB, AP-1, and IRF3 that drive the expression of inflammatory mediators such as tumor necrosis factor alpha 
(TNFα), interleukin (IL)-6, or type I interferons [20].
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At present, 13 mammalian TLR paralogs have been identified, and TLR1 to TLR9 are highly conserved between 
human and mouse [21,22]. According to the subcellular location, TLRs are divided into two subgroups—intracellular 
and cell surface TLRs [22,23]. The spectrum of TLRs is expressed in different combinations in all types of immune 
cells, and also in nonimmune cells such as fibroblasts, endothelial cells, or keratinocytes [20]. TLR2 to TLR5, TLR7, 
and TLR9 expression has been evidenced in murine cardiomyocytes, and mRNAs covering the entire TLR repertoire 
are detectable in human hearts [24].

In terms of cardiac injury, classic loss-of-function studies demonstrate that TLR signaling aggravates healing 
and remodeling. Targeted disruption of TLR2 or TLR4 in mice results in alleviated neutrophil recruitment into 
the myocardium and both a reduction of inflammatory cytokines and diminished proapoptotic signaling after 
ischemia/reperfusion. Coherently, infarct size and remodeling are attenuated in these mice, in line with an 
improved survival [25–30]. From the mechanistic point of view, the advantageous outcome in TLR2-deficient 
mice is abrogated after transplantation of bone marrow from TLR2-sufficient animals, suggesting that TLR2-
mediated deleterious effects are attributable to a modulation of leukocyte functions in response to receptor 
ligation [26].

TLR signaling exacerbates the outcome after MI spurred efforts to disrupt these pathways by the use of TLR-
specific drugs. Instancing, treatment with a TLR4 antagonist or a TLR2-specific inhibitory monoclonal antibody prior 
to reperfusion attenuates cardiac inflammation and abates infarct size, along with improved cardiac function and 
geometry [26,31].

In conclusion, DAMPs efficiently trigger the inflammatory response by engaging innate receptors such as TLRs. 
Antagonizing receptor ligation or a targeted disruption of receptor signaling pathways constitutes, therefore, an 
appealing modality to attenuate remodeling after MI.

2.2.2  Complement

The complement system consists of a number of soluble serum proteins that circulate freely as inactive precursors. 
The cardinal function of complement is to support phagocyte-mediated clearance of pathogens from the host [32]. 
In general, three pathways of complement activation can be distinguished and all converge in the activation of a C3 
convertase, which catalyzes the generation of downstream complement effector molecules. The effectors comprise 
proteins that mediate pathogen cell lysis, but also anaphylatoxins supporting both leukocyte recruitment and func-
tion [32].

The classical pathway of complement activation becomes initiated by antigen-antibody aggregates, that is, immu-
noglobulins that have previously labeled a target cell in terms of an infection [32]. Additionally, C1 can become acti-
vated by binding the C-reactive protein (CRP), which recognizes constituents released from dying cells in terms of cell 
or tissue injury [33]. Moreover, polyanions such as nucleic acids have been demonstrated to bear the potential for di-
rect C1 binding and, thus, complement activation in response to cell necrosis [34]. Ligand engagement by C1, in turn, 
induces a conformational change in the C1 molecule imparting proteolytic activity. Subsequent C1-mediated cleavage 
of substrates downstream in the activation cascade ultimately leads to generation of an active C3 convertase [32,33].

Analogous to the classical pathway, the lectin pathway becomes activated by attachment of the mannose-binding 
lectin to sugar moieties, for example, on the cell surface of pathogens in terms of bacterial infections. The alternative 
pathway of complement activation, in contrast, results from a spontaneous C3 hydrolysis resulting in the formation 
of an enzymatically active C3 convertase [33].

Complement activation in the wrong context has the potential to inflict extreme damage on the host. In 1971, Hill 
and Ward were the first to show that complement becomes activated in the wake of MI; virtually all components of 
the classical pathway increase within the infarcted myocardium [35]. Later, studies have suggested that myocardial 
necrosis results in the release of mitochondria-derived membrane fragments capable of C1-binding [36]. However, 
apart from a direct C1 ligation to cellular constituents, circulating antibodies mediate an activation of the classical 
pathway following ischemic tissue damage. In models for skeleton muscle and intestinal reperfusion injury, natural 
monoclonal antibodies recognizing nonmuscle myosin heavy chain type II are involved in the activation of com-
plement [37–39]. In accordance with this observation, natural immunoglobulin M-mediated complement activation 
has been recognized in reperfused hearts [40]. More recent evidence underscores the contribution of complement to 
cardiac injury in clinical and experimental studies showing that CRP is involved in C1 activation post-MI [41,42]. 
Furthermore, a role of the lectin pathway is implicated in postinfarction remodeling. High serum levels of lectin 
pathway components in combination with high CRP is associated with increased infarct size as well as deteriorated 
remodeling in patients with MI [43]. However, evidence for a direct complement-mediated injury of cardiomyocytes 
is missing and may therefore play a minor pathomechanistical role.



22	 2.  Role of the Innate Immune System in Ischemic Heart Failure 

1.  PATHOPHYSIOLOGY OF THE INFLAMMATORY RESPONSE IN HEART FAILURE

Aside from direct damage by complement effectors, anaphylatoxins crucially mediate the phlogistic functions of 
the system [33]. During the early phase of reperfusion, cardiac lymph is chemotactically active due to the presence of 
C5a [44,45]. Consistently, antibody-mediated C5 neutralization in vivo results in infarct size reduction and attenuated 
neutrophil recruitment after ischemia/reperfusion [46].

From the clinical point of view, a targeted interference with complement activation or effector molecules may con-
stitute an effective treatment modality to prevent remodeling after MI. Although a direct evidence for complement-
mediated aggravation of remodeling is missing, an early mitigation of complement function likely attenuates LV 
enlargement. In rodents, treatment with a C5-specific inhibitory antibody reduces infarct size after ischemia/reper-
fusion [46]. Consistently, similar results have been provided in experiments with anaphylatoxin receptor blockade 
[47]. Because infarct size correlates directly with the severity of remodeling, a complement-mediated deterioration of 
LV dilatation is implicated. However, in a clinical trial, interference with C5 function by neutralizing antibodies did 
not improve infarct size or clinical outcome in patients undergoing fibrinolysis [48]. Nevertheless, C5 neutralization 
resulted in significantly improved survival rates in MI patients undergoing percutaneous coronary intervention [49].

In summary, the complement system becomes activated in response to cardiac injury and facilitates the recruit-
ment of leukocytes. Mitigation of complement activation leads to a reduction of leukocyte recruitment and infarct 
size, indicating a role of complement in aggravating remodeling.

2.2.3  Oxidative Stress

Reactive oxygen species (ROS) are chemically reactive, oxygen-containing molecules exhibiting unpaired valence 
electrons or an open electron shell. ROS can wreak havoc directly by oxidizing macromolecules such as nucleic 
acids, unsaturated fatty acids, or proteins [50]. The infliction of cumulative damage to cell structures is defined as 
oxidative stress that can trigger apoptosis, or necrosis in the case of overwhelming oxidative damage [51]. ROS are 
endogenously produced in the cell metabolism. During oxidative phosphorylation in mitochondria, electrons are 
transported across the inner mitochondrial membrane and finally transferred to oxygen molecules producing water 
by reacting with protons. Sporadically, the oxygen molecule is incompletely reduced, leading to the formation of 
superoxide radical that, subsequently, dismutates to hydrogen peroxide [52,53]. The hydrogen peroxide molecule 
contains no unpaired electrons and is therefore no ROS stricto sensu. However, hydrogen peroxide can diffuse freely 
over lipid membranes and constitutes a potent oxidizing agent that may generate free radicals in the presence of 
metal cations [51].

2.2.3.1  ROS Generation Post-MI
To prevent radical formation during homeostasis, cardiomyocytes endogenously express free-radical scavenging 

enzymes such as superoxide dismutase, catalase, or glutathione peroxidase [54]. After ischemia and reperfusion, 
however, anti-oxidative detoxification mechanisms are overwhelmed due to significantly increased rates of ROS 
generation. Mitochondria become damaged during the ischemic episode and exhibit thereafter an impaired electron 
transfer system of the respiratory chain [55]. After restoration of the oxygen support, disturbed electron transport 
leads to massive ROS generation, and these highly reactive radicals are able to inactivate mitochondrial enzymes or 
initiate lipid peroxidation [55]. Severe mitochondrial damage, in turn, can lead to the release of proapoptotic media-
tors such as cytochrome C, Smac, Diablo, or the apoptosis-inducing factor [54].

Aside from mitochondria-derived ROS, two enzymes were identified as important sources for ROS in terms of 
ischemia/reperfusion—namely, xanthine oxidase (XO) and nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase [56]. During the ischemic period, ATP-derived hypoxanthine is further metabolized by XO producing su-
peroxide. Predominantly expressed in endothelial cells, the vasculature is primarily affected by XO-mediated super-
oxide generation [56]. In contrast, NADPH oxidase is highly expressed in neutrophils that numerously infiltrate the 
infarcted myocardium [56,57]. Neutrophils generate high amounts of ROS in a process called respiratory burst and 
contribute significantly to the oxidative damage post-MI [58].

2.2.3.2  Role of Oxidative Stress for Cardiac Necrosis and Inflammation
The contribution of ROS to cardiac inflammation and remodeling is highly pleiotropic. An unbearable burden 

of oxidative stress can lead to uncontrolled cell death due to a strong disturbance of the intracellular Ca2+ levels 
[54]. Oxidative stress restrains the sequestration of Ca2+ from the cytosol because ROS depress the sarcoplasmic 
reticulum Ca2+ pump ATPase, resulting in increased cytosolic Ca2+ levels [59]. Additionally, ROS cause release from 
intracellular Ca2+ stores and promote the leakage from the extracellular space into the cell due to lipid membrane 
peroxidation impairing membrane barrier function [60]. Cytosolic Ca2+ overload, in turn, triggers the opening of the 
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mitochondrial permeability transition (MPT) pore in the outer mitochondrial membrane, resulting in a breakdown 
of the transmembrane potential at the mitochondrial inner membrane. As a consequence, ATP synthesis stops and 
mitochondria swell and ultimately rupture [61]. However, although the MPT pathway may be involved in apopto-
sis, MPT activation has been identified as a major cause of necrotic cell death during oxidative stress [62]. In turn, 
ROS-mediated aggravation of cardiomyocyte necrosis influences infarct size and therefore the extent of cardiac re-
modeling. Furthermore, an aggravation of necrosis potentiates DAMP release and complement activation, which, 
again, fuels cardiomyocyte death constituting a vicious cycle. Additionally, a direct ROS-mediated initiation of the 
complement cascade may be relevant in vivo [63].

Aside from the roles in cardiomyocyte death and complement activation, ROS are involved in inflammatory sig-
naling pathways after an activation of stress-responsive protein kinases. The apoptosis signal-regulating kinase-1 
(ASK-1), for instance, is ubiquitously expressed in most mammalian cells [60]. In the steady state, ASK-1 function is 
efficiently inhibited by thioredoxin 1. After ROS-mediated oxidation, however, the inhibitory function of thioredoxin 
1 is repealed, capacitating AKS-1 to trigger inflammatory signaling pathways that end up in an activation of NFκB, 
JNK, p38, or AP-1 [60,64–66]. In this regard, H2O2 has been shown to directly induce myocardial TNFα synthesis 
driven by p38 MAPK signaling [67]. In endothelial cells, ROS signaling effectuates an upregulation of selectins and 
cell adhesion molecules that parallel an NFκB-mediated expression of leukocyte-attracting chemokines. ROS, thus, 
facilitate leukocyte recruitment and are involved in modulating the transcriptional profile of infiltrating leukocytes 
by activating proinflammatory pathways [68,69] (Figure 2.1).

2.2.4  Mechanical Stimuli

In addition to ROS and DAMPs, mechanical stress such as hemodynamic cardiac stretch has also been demon-
strated to induce the activation of inflammatory transcription factors that end up in the synthesis of inflammatory 
cytokines [70]. Potential mechanosensors include integrins, the cytoskeleton, and sarcolemmal proteins that trans-
duce the mechanical stimulus into several cross-talking signaling pathways—namely, mitogen-activated protein 
kinase (MAPK) signaling, JAK-signal transducer and activator of transcription (STAT) signaling, and calcineurin-
dependent pathways [71].

2.3  EFFECTORS OF INNATE IMMUNITY

Upon activation, innate immunity harnesses a broad arsenal of humoral and cellular effectors to comply with its 
biological obligations. Effector functions are thereby highly diverse, and the body of evidence underscoring their 
significance for cardiac remodeling continues to grow. However, only a selection of central effectors will be presented 
here to outline the mechanistic concepts regarding how immunity modulates healing and remodeling.

2.3.1  Cytokines

Most cytokines are not expressed in the heart under physiological conditions but are significantly upregulated 
after cardiac injury [72,73]. The induced cytokines influence gene expression in endothelial cells, fibroblasts, or infil-
trating leukocytes and modulate the physiology of surviving cardiomyocytes [74]. In the case of small MI, the upreg-
ulated cytokine synthesis returns to baseline levels after completion of the healing process. After large MI, however, 
cytokine levels remain elevated over a longer period of time, correlating with chronic cardiac remodeling [75,76].

Cytokine expression is predominantly driven by the transcription factors NFκB and AP-1 in both the infarct and 
noninfarct zone [74,77,78]. The proinflammatory cytokines TNFα, IL-6, and IL-1β are rapidly induced after MI and 
have highly pleiotropic and partially redundant effects on various cell types [74]. Generation of active IL-1β re-
quires processing of the inactive precursor pro-IL-1β by the converting enzyme caspase-1. The activity of caspase-1 
is thereby regulated by a high molecular weight complex called “inflammasome” becoming activated, for instance, 
during oxidative stress [79]. Early cytokine producers in the injured myocardium are local cardiac-resident cells, that 
is, cardiomyocytes, the vasculature or pre-existing cardiac fibroblasts [15,74,77].

Generally, proinflammatory cytokines have the potential to amplify their physiological impact in a positive 
feedback loop involving NFκB that drives the cytokines’ own expression [80]. The amplification mechanism safe-
guards efficacious cytokine effects and, moreover, accounts for cytokine expression in the noninjured remote zone. 
Additionally, cytokine effects are amplified by infiltrating leukocytes secreting high amounts of soluble mediators 
post-activation [4,81].
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After MI, an early cytokine-mediated influence of cardiac remodeling comprises effects on cardiomyocyte sur-
vival. During wound healing and chronic cardiac remodeling, cytokines are involved in inflammation resolution, 
scar tissue formation, cardiomyocyte hypertrophy, and vascular remodeling [74].

2.3.1.1  Cytokine Effects on Cardiomyocyte Survival
Cytokine effects are highly pleiotropic, depending on the dose, the cytokine combination, and the cell type they 

engage [82]. In terms of cardiac injury, the effects of TNFα have been extensively investigated. Generally, TNFα can 
engage two distinct receptors—TNF receptor 1 and TNF receptor 2—the former belonging to the so-called “death 
receptor” family [83]. After receptor ligation, members of this family trigger signaling pathways that stimulate 

FIGURE 2.1  Cardiomyocyte and leukocyte activation post-MI. After ischemic tissue injury, surviving cardiomyocytes and tissue-infiltrating 
leukocytes become activated in response to inflammatory mediators, resulting in an expression of various cytokines.
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caspase-8 to initiate the executive phase of apoptosis [84]. Activation of anti-apoptotic Bcl-2 family members, how-
ever, may countervail caspase-8 effector functions and, consequently, the net balance of pro- and anti-apoptotic sig-
nals determines whether apoptosis will proceed. Additionally to caspase-dependent apoptosis induction, TNFα is 
known to induce cell death by an activation of FAN, a protein associated with neutral sphingomyelinase activation 
and ceramide production [85]. Ceramides, in turn, initiate cell apoptosis in a mechanism involving various inter-
connected downstream effectors [86]. Consistently, noninfarcted mice transgenically expressing TNFα in a cardiac-
specific manner show an induction of multiple cell death pathways associated with an early hypertrophic response 
and development of a dilative cardiomyopathy [87]. Moreover, systemic infusion of TNFα at concentrations ob-
served in heart failure patients elicits pronounced LV dilatation and an impaired LV function [81].

Paradoxically, TNFα is also able to exert cytoprotective effects by activating NFκB and the stress-activated protein 
kinase/c-Jun N-terminal kinase (JNK), resulting in expression of genes transmitting prosurvival signals [88,89]. The 
cardioprotective properties of TNFα are best illustrated in a murine model of combined genetic ablation of both TNF 
receptor 1 and 2. Infarcted mice have a larger infarct size and exhibit increased frequencies of cardiomyocyte apop-
tosis, indicating that TNFα favors cell preservation in this setting [90].

Aside from TNFα, IL-1β has similar effects on infarct size and myocyte survival post-MI. ATP release from dying 
cardiomyocytes triggers the purinergic P2X7 receptor that results in inflammasome formation in both cardiomyo-
cytes at the infarct border and within the granulation tissue. Experimental interference with inflammasome activa-
tion limits the infarct size and prevents LV enlargement, indicating that inflammasome formation in terms of MI 
causes loss of functional myocardium [91].

Another cytokine upregulated in the infarct zone is IL-6. Signaling cascades triggered by IL-6 are redundantly 
activated by various endogenous ligands and global IL-6 KO mice have apparently no obvious phenotype regarding 
infarct healing and remodeling [92]. However, infusion of IL-6/soluble IL-6 receptor complexes amplifying IL-6 sig-
naling has been demonstrated to prevent apoptosis in a model of ischemia and reperfusion [93].

2.3.1.2  Cytokines Influence Granulation Tissue Formation and Vascular Remodeling Post-injury
After MI, cytokines substantially influence the expression profile in the cardiac vasculature. Early after ischemic 

injury, cytokines support the formation of a granulation tissue by amplifying the endothelial upregulation of selec-
tins, cell adhesion molecules, and chemokines facilitating leukocyte recruitment (see Section 2.3.2.1).

A hallmark of the granulation tissue is a vigorous neoangiogenesis [94]. Formation of new blood vessels is a 
critical step in the healing process to safeguard oxygen and nutrient supply to the healing infarct and the peri-
infarct zone. Angiogenesis is a complex process involving the interaction between the ECM, endothelial cells 
(ECs), and pericytes wrapping the endothelium [94,95]. Angiogenesis is initiated by a local imbalance of angio-
static and angiogenic factors with a preponderance of the latter [96–98]. In a murine model of MI, expression of 
the angiogenic isoform vascular endothelial growth factor 120 (VEGF120) shows a biphasic upregulation whereas 
isoforms VEGF164 and VEGF188 exhibit a sustained elevated expression [99]. Potent stimulators as well as regu-
lators of angiogenesis are so-called “CXC chemokines” containing two amino terminal cysteines separated by a 
single nonconserved amino acid. CXC chemokines that contain an ELR motif such as CXCL-8 have strong angio-
genic capacity, whereas CXC chemokines without the ELR motif are potent angiostatic factors, for example, the 
interferon-inducible protein 10 (IP-10) [100]. After ischemia and reperfusion, local TNFα induces IP-10 synthesis 
in the vascular endothelium, suppressing angiogenesis until the injured myocardium is cleared from debris and 
until a provisional matrix is formed [101,102]. After 24 h of reperfusion, however, the emergence of transforming 
growth factor beta (TGFβ) suppresses IP-10 expression and shifts the balance toward neovessel formation [101]. 
Additionally, TGFβ stimulates expression of both b-FGF and VEGF in endothelial and smooth muscle cells further 
supporting angiogenesis [74].

Targeting the cytokine network in order to modulate angiogenesis has been demonstrated to improve cardiac re-
modeling post-MI. VEGF gene delivery by adeno-associated viral vectors into the infarct core and peri-infarct zone, 
for instance, attenuates cardiomyocyte apoptosis and mitigates LV enlargement [103]. Also, enhancing reparative an-
giogenesis in the peri-infarct zone by specific inhibition of angiogenesis-suppressing micro-RNAs results in reduced 
infarct size along with improved remodeling [104].

2.3.1.3  Cytokines Modulate Scar Tissue Formation After Injury
The ECM is a network of cross-linked scaffold proteins comprising collagens, fibronectin, and elastin that inter-

act with integrins and focal adhesion kinases at the cell-ECM junction. After MI, an early ECM breakdown and the 
loss of vital tissue provoke the formation of a collagenous scar replacing the irreversibly injured myocardium [3]. 
Cytokines play an important role in stimulating and regulating collagen deposition by (myo-) fibroblasts during scar 
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tissue formation. Furthermore, cytokines drive the synthesis of both matrix metalloproteinases (MMPs) and tissue 
inhibitors of metalloproteinases (TIMPs)  and, therefore, crucially influence ECM turnover.

Members of the TGFβ family are one of the most pleiotropic and multifunctional mediators known. In terms of 
wound healing and scar tissue formation, the TGFβ isoforms stimulate collagen synthesis in fibroblasts [105]. In 
addition, TGFβ is able to provoke fibroblast proliferation and myofibroblast transdifferentiation [106]. Further profi-
brotic effects of TGFβ can be attributed to its capacity to induce protease inhibitors such as TIMPs and plasminogen 
activator inhibitor-1 (PAI-1), resulting in an attenuated ECM degradation [107,108].

Given the powerful effect of TGFβ on ECM formation, experimental studies have been carried out targeting TGFβ-
mediated fibrosis. Blunting TGFβ signaling by adenoviral expression of a soluble TGFβ decoy receptor during the 
subacute remodeling phase, for instance, prevents LV enlargement by reducing fibrous tissue formation [109].

Comparable to TGFβ, IL-10 has the capacity to stimulate TIMP-1 expression in mononuclear cells that multitudi-
nously infiltrate the infarcted myocardium. With respect to cardiac remodeling, exogenous administration of IL-10 
leads to an attenuated LV enlargement, which may partially result from impeded MMP activity [110].

In contrast to TGFβ and IL-10, the proinflammatory cytokines TNFα, IL-1β, and IL-6 efficiently suppress the for-
mation of a solid scar tissue by restraining collagen synthesis in fibroblasts while simultaneously stimulating MMP 
expression [111]. Transgenic mice constitutively expressing TNFα in the heart develop a dilated cardiomyopathy that 
comes along with increased cardiac MMP activity. Counterbalancing the effects of TNFα in these mice by adenoviral 
expression of the soluble TNFα receptor p55 attenuates MMP activity, in line with a correction of LV dysfunction 
[112].

Another proinflammatory cytokine that exerts significant impact on scar tissue quality is the matricellular protein 
osteopontin (OPN). Global OPN KO mice exhibit reduced collagen content and disarrayed collagen fiber alignment 
in the healing infarct region. In line with these scarring disturbances, OPN KO mice show an increase in LV end-
systolic and diastolic diameters, suggesting a protective role of OPN in terms of remodeling after MI [113,114].

2.3.1.4  Cytokines and ROS
Proinflammatory cytokines have the ability to induce ROS production in a variety of cells. TNFα is a strong in-

ducer of mitochondrial ROS in cardiomyocytes and stimulates NADPH oxidase activity in infiltrating leukocytes 
[115,116]. Furthermore, both IL-6 and IL-1β have also been implicated in ROS production in other animal models of 
cardiovascular disease [117,118]. The physiological relevance of ROS for cardiac remodeling has already been high-
lighted in detail earlier in this chapter.

2.3.1.5  Cytokines in Inflammation Resolution
After an initial inflammatory reaction in response to cardiac injury, inflammation resolution is a critical step to 

pave the way for elaborate healing and scarring [11]. Moreover, anti-inflammatory cytokines shut down immunity 
preventing collateral damage of surviving cardiomyocytes [11].

In addition to the capacity to induce wound-stabilizing TIMP-1, IL-10 is a prominent suppressor of the inflamma-
tory transcriptional program in mononuclear cells [119,120]. After cardiac injury, a distinct macrophage subset is the 
most abundant source of IL-10 within the healing myocardium [121]. However, in terms of wound healing and re-
modeling, contradictory results regarding the role of IL-10 have been proposed. Yang et al. employed global IL-10 KO 
mice undergoing ischemia and reperfusion. Compared to WT animals, IL-10-deficient mice showed an aggravated 
inflammatory response in line with deteriorated survival [122]. In contrast, Zymek et al. were not able to find signif-
icant differences between WT mice and genetically IL-10-ablated animals. Genotypes showed a similar phenotype 
regarding leukocyte recruitment, scar tissue formation, and cardiac remodeling, suggesting that endogenous IL-10 
is not a key player in inflammation resolution [123]. However, a surplus of IL-10 by exogenous IL-10 administration 
leads to a reduction of cardiac inflammation and attenuates remodeling after MI [110,124].

The members of the TGFβ family are not only important in the reparative response, but also are crucially involved 
in the suppression of immunity [125]. Depending on the dose, TGFβ has potent pro- or anti-inflammatory properties. 
Femtomolar concentrations of TGFβ provoke a strong chemotactic stimulus for monocytes, implying a role in mono-
cyte recruitment into the injured myocardium [126]. Also regarding monocytes, picomolar TGFβ concentrations elicit 
the synthesis of inflammatory cytokines and an upregulation of integrins [126,127]. However, after tissue infiltration, 
monocytes can differentiate into mature macrophages that experience a markedly deactivation of the inflammatory 
program in the presence of TGFβ [128,129]. Furthermore, TGFβ signaling blunts the cytokine-driven induction of 
adhesion molecules in endothelial cells, attenuating leukocyte recruitment [130].

Targeting TGFβ in experimental settings has been a successful approach to modulate remodeling after MI. 
TGFβ administration during the inflammatory phase of healing reduces infarct size [131]. In accordance with this 
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observation, an early inhibition of TGFβ function by adenoviral expression of a soluble TGFβ decoy receptor leads 
to an increased mortality along with exacerbated LV remodeling [132]. However, expression of the decoy receptor 
during late-stage healing mitigates adverse remodeling due to an attenuated fibrotic response [109].

In summary, the cytokine network constitutes a central pillar of immunity that influences virtually all steps of 
healing and remodeling. Given the redundant and pleiotropic nature of individual cytokines, a modulation of this 
intricate cytokine system is challenging. However, especially due to their broad biological properties, a modulation 
of distinct cytokine pathways seems appealing to beneficially influence remodeling after cardiac injury.

2.3.2  Cellular Effectors

2.3.2.1  Leukocyte Recruitment
Leukocyte extravasation occurs predominantly in post-capillary venules where hemodynamic shear stress is low. 

At first, flowing leukocytes decelerate by rolling on the activated endothelium. The adhesive interaction between 
blood-borne cells and the endothelium is thereby mediated by mutual binding of specific cell adhesion receptors—
namely, the selectins comprising L-selectin (CD62L), E-selectin (CD62E), and P-selectin (CD62P) [133–135]. L-selectin 
is constitutively expressed on all leukocytes fractions. E-selectin, in contrast, is synthesized de novo in endothelial 
cells in response to inflammatory cytokines as TNFα or IL-1β. P-selectin exists in preformed endothelial granules that 
are mobilized to the surface by inflammatory stimuli. Moreover, P-selectin expression in endothelial cells is induced 
in response to TNFα [136,137].

After selectin-mediated leukocyte capturing, cell arrest occurs by firm adhesion between integrins on leukocytes 
and intercellular adhesion molecules that coat the endothelium. Firm cell adhesion requires interaction with β2 in-
tegrins that share a common β chain (CD18), which pairs with CD11a, CD11b, or CD11c on the leukocyte surface 
[138]. The endothelial counterparts include the vascular cell adhesion molecule-1, intercellular adhesion molecule 
(ICAM)-1/ICAM-2, as well as the members of the junctional adhesion molecules family [139–142]. Constitutive 
ICAM-1/ICAM-2 expression on endothelial cells may be sufficient to mediate leukocyte recruitment into the tissue. 
However, ICAM-1, for instance, can additionally be upregulated in response to cytokines such as IL-6 or TNFα [143].

Integrin activation is induced by chemokines that are localized at glycosaminoglycan moieties on both the endo-
thelium and ECM components [144]. Generally, CC chemokines function as potent chemoattractants for mononu-
clear cells and ELR motif-containing CXC chemokines efficiently mediate neutrophil recruitment [145]. Chemokines 
are induced in response to DAMPs or oxidative stress. Moreover, proinflammatory cytokines such as TNFα are able 
to induce chemokine expression, for example, CXCL8 [4]. Also, IL-6 seems to exert a potent function regarding CXC 
chemokine upregulation [146].

Ultimately, transendothelial migration occurs by paracellular trafficking between the endothelial cells or intra-
cellular trafficking through endothelial cytoplasmatic pores. The emergence of distinct leukocyte populations in the 
injured myocardium occurs in a temporally defined sequence to meet the requirements for proper tissue replacement 
post-MI (Figure 2.2).

2.3.2.2  Neutrophils
Neutrophils are the most abundant fraction of leukocytes and account for 35-75% of all circulating cells in the 

steady state [147]. Neutrophils are rapidly recruited to sites of tissue injury and constitute the first line of defense 
against potentially wound-invading pathogens. The microbicidal function is mediated by pathogen phagocytosis, 
release of antimicrobial granules, or formation of extracellular traps (NETs) preventing further pathogen spreading 
[148]. However, aside of vital roles in innate immune reactions against pathogens, neutrophils crucially modulate 
tissue remodeling after sterile injury [149].

Neutrophil development takes place in the bone marrow where pluripotent hematopoietic cells differentiate 
into myeloblasts, the neutrophil progenitor cells. After neutrophil egress from the bone marrow, the cells circulate 
freely in the blood as terminally differentiated cells that have lost their proliferative capacity [150]. The life span 
of circulating neutrophils is rather short; studies have suggested a maximum life expectancy of approximately 
5 days [151]. After cardiac damage, however, neutrophils become rapidly deployed from the bone marrow and 
constitute the first leukocyte fraction that infiltrates the myocardium [57,152]. Potent neutrophil chemoattractants 
comprise chemokines and anaphylatoxins such as CXCL2, leukotriene B4, CXCL1, CXCL8, or complement 5a [58]. 
Neutrophils constitute the first leukocyte fraction that enters the infarct zone. In the nonreperfused murine myocar-
dium, infiltration can be observed as early as several hours after MI, peaking between days 1-3 and subsequently 
declining [57]. Neutrophil turnover in the tissue is rapid. Having executed their biological function, the cells un-
dergo apoptosis in situ.
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2.3.2.2.1  NEUTROPHIL-MEDIATED CARDIAC INJURY

2.3.2.2.1.1  REACTIVE OXYGEN SPECIES  After recruitment to the healing myocardium, neutrophils become acti-
vated in response to DAMPs, anaphylatoxins, or inflammatory cytokines, resulting in the release of large amounts 
of ROS and toxic granules [153]. In resting cells, the ROS-producing multicomponent NADPH oxidase is not as-
sembled. After cell activation, however, NADPH subunits assemble into an active enzyme complex leading to a 
significant increase of ROS production [153,154].

FIGURE 2.2  Endothelium activation after MI. In response to stimuli such as DAMPs, ROS, or inflammatory cytokines, endothelial cells upreg-
ulate ICAM-1/-2 expression and initiate chemokine secretion. Moreover, granules containing P-selectin become mobilized transporting P-selectin 
to the cell surface. Cell adhesion molecules along with anaphylatoxins and chemokine gradients facilitate leukocyte extravasation into the injured 
myocardium.
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The role of ROS for cardiomyocyte death as well as for initiation and perpetuation of the inflammatory response 
has been highlighted earlier in this chapter. However, after cardiac injury, the activation of matrix metalloproteinases 
(MMPs) is of paramount importance for the progression of remodeling [3]. Inflammatory stimuli provoke the synthe-
sis and release of collagenases, gelatinases, stromelysins, and membrane-type MMPs from fibroblasts or infiltrating 
leukocytes, mediating ECM degradation within both the infarct and noninfarct zone [155]. The activity of individual 
MMPs is tightly regulated by tissue inhibitors of matrix metalloproteinases (TIMPs) and ECM turnover therefore 
influenced by the balance of these antagonistic protein families. A key process in the pathophysiology of LV enlarge-
ment is an exuberant activation of MMPs within the extracellular space, resulting in a “slippage” of the myofibrils 
[3,155]. In terms of oxidative stress, ROS influence the overall MMP activity in the heart. ROS have the capacity to 
stimulate MMP gene expression while simultaneously suppressing TIMP synthesis [155,156]. Furthermore, MMPs 
are initially synthesized as enzymatically inactive zymogens (pro-MMPs), and ROS have the capacity to directly 
impose enzymatic activity by zymogen oxidation [155,157,158]. Thus, the presence of ROS favors an elevated MMP 
activity accounting for an increased ECM degradation and LV enlargement post-MI.

In consideration of the fact that oxidative stress can contribute to cardiac injury and remodeling, therapeutic 
strategies have been developed to attenuate ROS-mediated pathologies. Rats treated with superoxide dismutase, 
for instance, exhibit a decreased infarct size following ischemia and reperfusion [159]. In line with this observation, 
over-expression of the oxidant scavenger glutathione peroxidase prevented LV dilatation in mice after MI [160]. 
However, in the clinical arena, trials have mostly provided discouraging or contradictory results. Clinical treatments 
included administration of the thiolic antioxidant N-acetylcysteine, the XO inhibitor allopurinol, antioxidant agents 
such as vitamin E or selenium, and iron chelators as deferoxamine [161]. A more recent study, however, demon-
strated a beneficial effect of the radical scavenger edaravone [162]. Patients treated with this drug presented reduced 
oxidative stress, decreased reperfusion arrhythmias, and smaller infarct size implying an improvement of long-term 
cardiac remodeling. The long-term clinical benefit of edaravone, however, needs further evaluation.

In summary, ROS directly damage cardiomyocytes during reperfusion after MI resulting in an accentuation of the 
inflammatory response. ROS activate inflammatory pathways that facilitate the recruitment of innate immune cells 
and reinforce the inflammatory profile in these heart-infiltrating leukocytes. Oxidative stress significantly stimulates 
MMP activity within the infarct zone and promotes thereby ECM and global cardiac remodeling. Although antioxi-
dant treatment modalities may constitute a promising approach for preventing remodeling, clinical studies targeting 
ROS have been widely unsuccessful so far.

2.3.2.2.1.2  GRANULE TOXICITY  Neutrophil function is considerably based on the exocytosis of granule compo-
nents. Neutrophil-derived granules are grouped into four distinct granule types—azurophilic, specific, gelatinase, 
and secretory granules containing approximately 300 different proteins [149]. In vivo, however, release of toxic gran-
ules can only be observed from adherent neutrophils, suggesting a ligand-specific interaction between neutrophils 
and parenchymal cells after tissue infiltration [4,163]. In terms of cardiac injury, several studies have identified an 
interaction between ICAM-1 and the CD11b/CD18 hetero-dimer mediating neutrophil adhesion-dependent cyto-
toxicity [164,165]. Accordingly, ICAM-1 is not only expressed by endothelial cells, but also is induced in several cell 
types including cardiomyocytes in the presence of IL-1, TNFα, or IL-6 [165–167].

The role of neutrophil granule components for cardiac injury and remodeling has been studied over decades. One 
of the cardinal mediators of neutrophil function is the enzyme myeloperoxidase (MPO). MPO catalyzes the oxidation 
of halide ions to hypohalous acids and tyrosine to tyrosyl radical under consumption of hydrogen peroxide. Both hy-
pohalous acids and tyrosyl radical are highly cytotoxic and are therefore important for pathogen clearance in terms 
of infections [168,169]. However, MPO products are also crucially involved in the immunological misfire that col-
laterally harms surviving cardiomyocytes after ischemic tissue damage. MPO serum levels are elevated in patients 
with MI and extreme high levels are associated with impaired survival [170,171]. Cytotoxic MPO products include 
the tyrosyl radical and derivatives of glycine and threonine, that is, formaldehyde and acrolein [169]. Moreover, the 
MPO-catalyzed synthesis of chlorinating species accounts for the generation of toxic 2-chlorohexadecanal, which 
further reduces ventricular performance [172]. Consistently, genetic ablation of MPO in mice attenuates leukocyte 
recruitment into the infarct zone and attenuates LV dilatation [173].

In addition to MPO, MMP-9 constitutes another important neutrophil-derived enzyme involved in cardiac remod-
eling [155]. MMP-9 is stored in gelatinase granules and released in the presence of a chemotactic stimulus. After MI, 
MMP-9 is not exclusively released from infiltrating neutrophils, but also is secreted from macrophages, myocytes, 
fibroblasts, or vascular cells [58]. However, neutrophils are an important early source of MMP-9 within the infarct 
zone mediating an initial degradation of the injured ECM. In terms of cardiac remodeling, however, the detrimental 
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effects of MMP-9 seem to outweigh the enzyme’s beneficial value. Global MMP-9-deficient mice show an attenuated 
LV dysfunction and diminished cardiac fibrosis, in line with an improved angiogenesis [174,175].

More recently, neutrophil-mediated injury has been addressed to the formation of so-called neutrophil extracellular 
traps (NETs), a network of extracellular fibers containing DNA, citrullinated histones, and cytotoxic enzymes [176]. 
NETs have been demonstrated to play a fundamental role in killing microbes in terms of an infection. However, NETs 
also significantly contribute to cardiac injury after MI and the resolution of NETs by DNase treatment results in infarct 
size reduction after ischemia/reperfusion, implying a role of NET formation in terms of cardiac remodeling [177].

Given the broad arsenal of proinflammatory and destructive mediators, efforts have been taken to restrain the 
function of the neutrophil compartment in its entity. Interference with neutrophil infiltration by CD18 blockade or 
genetic ablation of ICAM-1, but also specific neutrophil depletion by the use of leukocyte filters, leads to a reduc-
tion of infarct size after ischemia/reperfusion [178–180]. The encouraging results from these experimental models 
spurred a clinical trial targeting neutrophil recruitment to the heart. However, impairing neutrophil infiltration by 
administration of an inhibitory anti-CD18 monoclonal antibody did not improve the clinical outcome in patients 
with MI [181].

Conclusively, neutrophils are early cellular effectors that numerously infiltrate the infarct zone. The cells become 
activated by cytokines and chemokines and modulate healing and remodeling by releasing their high payload of 
inflammatory mediators, such as proteases and ROS. Albeit hitherto discouraging clinical trials, manipulating neu-
trophil function may constitute an eligible modality to prevent adverse remodeling.

2.3.2.3  Mononuclear Cells
Monocytes and macrophages are protagonists in wound healing and remodeling after MI [182]. The classic, though 

over-simplified model proposes that monocytes circulate freely after development from bone marrow precursors, 
transdifferentiating into macrophages upon tissue infiltration [183]. However, the spatial restriction of monocytes 
and macrophages to distinct tissues and the linear developmental trajectory of this model have been revisited. It has 
become clear that monocytes have the potential to develop extramedullarily, that is, outside of the bone marrow, es-
pecially during inflammatory conditions [184–186]. Also, many tissue macrophages do not derive from monocytes, 
but from progenitors that have seeded the tissue from the yolk sac before the onset of hematopoiesis [187,188]. In the 
steady state, macrophages reside in the heart at low numbers that significantly increase post-MI. In regard to the lat-
ter observation, monocyte recruitment and subsequent macrophage transdifferentiation, but also local proliferation 
of pre-existing macrophages, may contribute to the rise of cardiac macrophage numbers [57,189].

The compartment of monocytic cells does not constitute a homogenous population, but comprises distinct mono-
cyte subsets that fulfill various complementary tasks [190]. Similarly, macrophages exhibit marked plasticity and 
execute a broad spectrum of physiological functions depending on the context of activation [191,192]. The follow-
ing section highlights the role of the different monocyte and macrophage subsets in cardiac remodeling after MI 
(Figure 2.3).

2.3.2.3.1  MONOCYTES

In mice, monocyte subsets are discriminated on the basis of Ly-6C expression, a GPI-anchored surface protein of 
so far unknown physiological function. In the steady state, up to 60% of circulating monocytes belong to the “in-
flammatory” Ly-6Chigh CCR2high CX3CR1low CD62L+ subset. During inflammatory conditions, the proportion of this 

FIGURE 2.3  Monocytes and macrophages in the murine heart 5 days post-MI. 
Monocytes and macrophages were stained using an antibody against CD68 that is 
highly expressed on both leukocyte populations. White arrow heads indicate exem-
plary CD68-positive cells depicted red. Surviving cardiomyocytes adjacent to the in-
farct region were stained by using Alexa Fluor 488 phalloidin. The cells are depicted 
green. Nuclei are indicated blue (DAPI, 200-fold magnification).
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subset rises due to increased monocytopoiesis in both bone marrow and spleen. The Ly-6Chigh subset accumulates 
preferentially at inflammatory sites where these monocytes can mature into macrophages [182,193].

The remaining Ly-6Clow CCR2low CX3CR1high CD62L− monocyte subset primarily patrols the vasculature and ac-
cumulates at low numbers in solid tissues. From the developmental view, Ly-6Clow monocytes arise from Ly-6Chigh 
monocytes and not likely from a separate progenitor [182,193]. In humans, however, monocyte subsets are distin-
guished on the basis of CD14 and CD16 expression [194]. The functional homology between mouse and human 
monocyte subsets is controversially discussed and a third monocyte subset with individual functions has addition-
ally been described in men [195,196].

Generally, two sequential phases of monocyte infiltration can be identified after MI. During the first days, pre-
dominantly Ly-6Chigh monocytes infiltrate the infarct zone via the chemokine MCP-1 peaking 2 days post-MI [57]. 
A  few days later, as the resolution of inflammation begins, Ly-6Chigh monocytes wane and Ly-6Clow monocytes ac-
cumulate in the myocardium, outnumbering Ly-6Chigh monocytes 7 days after MI. Gradually, monocytes disappear 
owing to frequent apoptosis or transdifferentiation into mature macrophages [57,186].

Ly-6Chigh monocytes have a high payload of inflammatory mediators such as TNFα or proteases. These inflamma-
tory monocytes are crucially involved in the phagocytosis and digestion of ECM and cell debris to pave the road for 
granulation tissue formation [190]. In contrast, Ly-6Clow monocytes have less content of inflammatory mediators but 
exhibit pronounced expression of VEGF and TGFβ stimulating angiogenesis and collagen deposition [190]. However, 
ablation of either monocyte subset results in disturbed healing and, consistently, a crude depletion of the entire 
monocyte/macrophage compartment results in aggravated LV remodeling [57,197].

2.3.2.3.2  MACROPHAGES

Traditionally, macrophages are grouped into two major subsets—namely, classically activated M1 cells and alter-
natively activated M2 cells [198]. The classification was introduced by the observation that macrophages generated 
from bone marrow cells exhibit a completely different transcriptome in response to different stimuli. Macrophages 
generated in the presence of interferon-γ or lipopolysaccharide develop into M1 cells that have potent inflammatory 
properties. In contrast, the presence of IL-4, IL-13, or a combination of IL-10 and TGFβ drives the differentiation into 
M2 cells that have an anti-inflammatory and wound-healing profile [191,198]. In vivo, however, macrophage polar-
ization is rather likely a continuum between the two M1/M2 extremes.

In terms of wound healing and remodeling, the biphasic emergence of the monocyte subsets reflects the kinetics of 
M1 and M2 marker gene expression in the infarct zone [121]. Therefore, it is tempting to speculate that M1 cells de-
rive from Ly-6Chigh monocytes and M2 cells later from Ly-6Clow monocytes, although evidence for this developmental 
relationship is missing. However, the features of macrophage subsets qualitatively mirror the functions of monocyte 
subsets. After MI, inflammatory M1 cells gain the initial inflammatory reaction by secreting factors such as TNFα, 
IL-6, or IL-1β [121]. In contrast, M2 cells subsequently release factors such as IL-10, TGFβ, or wound-stabilizing OPN 
[121,199].

In terms of MI, interfering with the transition from an M1-prevalence to an M2-prevalence has been proved to have 
significant impact on the outcome of remodeling. An impaired or delayed polarization toward M2 cells correlates 
with deteriorated healing, LV dilatation, and impaired LV function [200,201]. In accordance with this observation, 
experimental modulation of the macrophage polarization toward an M2 state has been demonstrated to attenuate LV 
remodeling by improving healing [202].

In summary, monocytes and macrophages show a biphasic response post-MI. Respective subsets emerge sequen-
tially in the heart and fulfill a broad spectrum of complementary tasks. Given their functional plasticity and multi-
faceted roles in terms of healing, monocytes and macrophages are highly promising targets to influence remodeling.

2.4  REVERSE REMODELING

Reverse remodeling is characterized by an improvement of myocardial function in patients with seemingly end-
stage disease. Most data regarding this phenomenon stem from clinical studies describing physiological changes af-
ter left-ventricular assist device (LVAD) implantation in heart failure patients [203,204]. However, although a causal 
relationship between alterations in inflammation and reverse remodeling is hitherto not evident, the incidence of 
both phenomena correlates. Myocardial recovery in patients after LVAD implantation is associated with a decline of 
inflammatory mediators such as IL-1, TNFα, IL-8, or C3a in both the myocardium and the serum [204]. Furthermore, 
certain drugs with the capacity to reverse LV remodeling have anti-inflammatory side effects implying a potential 
impact of immunosuppression on LV recovery. Angiotensin converting enzyme (ACE) inhibitors, for instance, have 
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been demonstrated to potentially moderate or even reverse remodeling [205,206]. Since angiotensin II receptor type 
1 signaling provokes a profound inflammatory response, ACE inhibitors may, at least partially, support reverse re-
modeling by restraining the inflammatory reaction [207,208].

In summary, although a mechanistic link between the inflammatory response and reverse remodeling is missing, 
a decline in inflammation may have a supporting role.

2.5  CLINICAL IMPLICATIONS: IS THERE A CAUSAL LINK BETWEEN 
DYSEQUILIBRATED INFLAMMATION AND REMODELING?

The concept that an exuberant inflammatory immune response deteriorates remodeling is widely accepted. 
A broad array of experimental studies underscores the importance of inflammation resolution for cardiac healing 
and prevention of remodeling. On the other hand, an initial inflammatory reaction is crucial to pave the way for 
healing, and a premature suppression of immunity is therefore considered likewise disadvantageous. The balance of 
the reaction but also the timing of shifting from inflammation to resolution is of paramount importance to prevent 
adverse remodeling.

To support the therapeutic significance of this concept in the clinical arena, the central question concerns the rel-
evance of inflammation for remodeling in patients with MI. In support of the concept, heart failure patients show 
increased clinical signs of inflammation such as elevated C-reactive protein and cytokine levels along with increased 
leukocyte counts, underscoring the likelihood of an inflammatory component in cardiac remodeling [209–212].

The approach of targeting the inflammatory response to improve healing and remodeling in patients is not new. 
Decades ago, experiments in large animals led to clinical trials aiming to improve outcome by restraining inflam-
mation. Broad and unspecific immunosuppression by administration of methylprednisolone, however, yielded cat-
astrophic results. Also, more specific approaches preventing complement activation or leukocyte recruitment by 
inhibitory monoclonal antibodies were unable to improve clinical outcome. Given the extensive experimental effi-
cacy of anti-inflammatory strategies, why, thus, were these clinical trials targeting inflammatory pathways unable 
to mitigate injury and remodeling?

First, although providing important insight into physiological and pathological mechanisms, the value of animal 
models for predicting the success of a treatment modality in human patients is limited. An animal model constitutes 
a defined system where single parameters can be changed according to the experimenter’s desire. Reality in the 
clinic, however, is far more complicated, making it difficult to predict the efficacy of a therapeutic approach. Potential 
effects on the outcome include factors such as age, genetic polymorphisms, gender, and comorbid conditions such 
as diabetes, hypertension, or the timing of reperfusion. Studies focusing on the correlation between age and the 
quality of healing and remodeling have clearly demonstrated the difficulties in translating concepts from animals to 
humans. In (immuno-) senescent mice, aggravated remodeling and wound healing are associated with a suppressed 
and delayed inflammatory response as compared to young mice [213]. Since most experimental data are derived 
from young animals exhibiting vigorous inflammatory reactions, the potentially deleterious effect of inflammation 
on healing and remodeling might have been overestimated in the elderly.

Second, proper healing requires a fine-tuning of pro- and anti-inflammatory reactions, and the timing of shifting 
from debris clearance (inflammation) to healing (inflammation resolution) is of paramount importance to prevent 
adverse remodeling. Strategies suppressing inflammation and immunity may therefore have baneful effects by in-
terfering with debris clearance from the wound. In fact, clinical trials targeting an early disruption of inflammation 
may have de facto prolonged cardiac inflammation by suppressing infarct clearance, resulting in a delayed initiation 
of healing.

However, modulating immunity is still a promising approach to improving outcome in patients that bear a high 
risk to undergo remodeling. Moreover, manipulating immunity may become an eligible modality to support or even 
induce reverse remodeling. Novel therapeutic concepts should specifically target selected components of immunity 
and modulate the inflammatory reaction in an optimal temporal context.
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3.1  INTRODUCTION

The inflammatory response (originating from the latin word inflammare, meaning “to set something on fire”) is a 
defense mechanism triggered by tissue damage that acts to protect the organism from further damage. It incorpo-
rates machinery that localizes the injury, removes damaged/necrotic tissue, and promotes healing. Nevertheless, 
its effects might range from beneficial to deleterious and so it has been the focus of research for decades [1]. It is 
implicated in numerous pathological conditions [2], also affecting the cardiovascular system, and comprises a major 
contributing factor implicated in the development and acute phase of wound healing following myocardial infarc-
tion (MI).

MI is a common cardiovascular pathology, affecting a sizable proportion of the population, especially in 
Western societies. The processes leading to MI (namely the development of atherosclerosis, establishment of 
atheromatous plaque, and the transition of the later from stable to unstable) [3], acute MI itself, and the wound 
healing that follows it [4] are extremely complex, dynamic, and multifactorial. Inflammation constitutes a pri-
mary element of the process before (atherosclerosis development) [5] and after (wound healing) MI [6] and 
involves several pivotal players both on the cellular (cytokines, chemokines) and the molecular (macrophages, 
monocytes, neutrophils, lymphocytes, etc.) level. The inflammatory response is thus indispensable for a nor-
mal wound healing. Nevertheless, excessive inflammatory response that persists over the normal time period, 
might lead to an expansion of the immune response to the “healthy” un-infarcted areas of the myocardium and 
contribute to the adverse remodeling with deleterious effects contributing to heart failure (HF) [7]. The exact 
interplay of the aforementioned factors in the pathology of MI is still a conundrum that is only starting to reveal 
its secrets.

The purpose of this chapter is to provide an overview of the pivotal relationship between the inflammatory 
response and MI. We will cover the basic concepts of atherosclerosis development, the factors leading to MI, 
and mediators of the wound-healing process that follow it. Furthermore, we will discuss the fundamentals of 
the inflammatory cascade in the cardiovascular system, and we will attempt to provide a synopsis of the gen-
eral principles and characteristics of the inflammatory response (at cellular and molecular level) before and 
after myocardial ischemia. Lastly, we will dedicate the main body of this chapter to describe the current phar-
macological tools as well as the most interesting novel strategies aiming to target inflammation and prevent or 
provide treatment for MI.
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3.2  ROLE OF THE INFLAMMATORY RESPONSE BEFORE MI

3.2.1  Development of the Atherosclerotic Plaque

In the past, atherosclerosis has been regarded as a process of lipid accumulation in the vessel wall. The current 
view on this is far more complicated. The process of atherosclerosis development involves a myriad of mechanisms 
that are still not completely understood. Behind the simple process of plaque formation in large and mid-sized ar-
teries, shelters a complex chronic inflammatory process in which cells of the innate as well as the adaptive immune 
system play an essential role.

Atheroma development starts off with activation, dysfunction, and structural modifications of the endothelial 
lining of the vessel wall, which can be caused by dyslipidemia. Infiltrated lipid components such as low-density 
lipoprotein (LDL) in the intima are prone to modification through oxidation by radicals (such as reactive oxygen 
species [ROS]) and enzymatic attack (e.g., lipoxygenase and myeloperoxidase) and can thereby activate the endo-
thelium [8,9]. Endothelial activation preferentially occurs at sites with low average shear but high oscillatory shear 
stress [10]. This causes augmented expression of chemokines and adhesion molecules (e.g., vascular cell adhesion 
protein 1 [VCAM-1], E-selectin) and consequently initiates the inflammatory process. In addition, activated platelets 
interact with leukocytes and endothelial cells and also induce chemokine and cell adhesion molecule expression. 
These platelets also secrete chemokines (like CXCL4, CXCL7, and CCL5) and cytokines such as interleukin (IL)-1β 
and transforming growth factor β (TGF-β), which in turn will attract other cell types and enhance the activation of 
leukocytes [11].

3.2.2  Immune Cells Involved

Many different immune cells are involved in the pathogenesis of atherosclerosis. Monocytes are the first immune 
cells adhering to the activated endothelium, and once attached, chemokines produced in the intima trigger their 
migration to the subendothelial space; this is called diapedesis. Once in the intima, monocytes differentiate into mac-
rophages under the influence of macrophage colony-stimulating factor (M-CSF) [12]. Macrophages start to ingest 
and process LDL, and when the balance of LDL influx and efflux is disturbed they become so-called “foam cells.” 
This type of cell is distinctive of early atherogenesis. Macrophages express a plethora of receptors such as cytokine 
receptors (IL receptors, tumor necrosis factor [TNF] receptors) and pattern recognition receptors (e.g., Toll-like recep-
tors, scavenger receptors), and upon activation they produce chemokines as well as proinflammatory (IL-1, -6, -12, 
-15 -18, TNF family members) and anti-inflammatory (such as IL-10 and TGF-β) cytokines [13–16]. Neutrophils have 
not received much attention in studies of the pathogenesis of atherosclerosis since these cells are not as abundant in 
plaques as are macrophages or T-cells. However, recent studies have shown that these cells play an important role as 
well. For example, depletion of circulating neutrophils in mice impairs plaque formation and inhibits development 
of aortic aneurysms [17,18]. The proinflammatory activity of neutrophils can mainly be credited to the production 
of ROS and release of granule proteins such as myeloperoxidase and azurocidin. In addition, they also affect the ad-
vanced atherosclerotic plaque by secretion and activation of several matrix metalloproteinases (MMPs) and thereby 
decrease plaque stability [19,20].

Although the presence of dendritic cells (DCs) in aortas was described in 1995, precise details on their mechanisms 
of action are just emerging but still are far from completely understood [21]. The total amount of DCs present in the 
aorta before atherosclerosis starts to develop is very modest whereas it dramatically expands upon development of 
the disease [22]. Thus far, it has been suggested that DCs are involved in cholesterol accumulation and homeostasis 
[23,24], antigen presentation [25], and cytokine/chemokine production [26], thereby contributing to increased in-
flammation and plaque growth.

T-cell recruitment to the forming atheroma takes place in a manner comparable to monocyte recruitment. Although 
monocytes and macrophages are more abundant in the plaque compared to T-cells, they are regarded as similarly im-
portant in the inflammatory response. Their activation is dependent on encountering an antigen-presenting cell. This 
can lead to several responses of which the T helper-1 (Th1) response is the most prevalent in atherosclerosis. Other 
T-cell subsets that participate in the inflammatory response are T helper-2 (Th2), CD4+, CD8+, natural killer- (NK), 
and regulatory T-cells (Treg) with all of them having distinct effects on atherogenesis. The Th1, NK, CD4+, and CD8+ 
subsets are proatherogenic and thereby promote lesion formation and plaque vulnerability, whereas Treg cells have an 
anti-atherogenic effect. The net effect of Th2 cells is debatable since several studies show controversial outcomes [27,28].

B-cells have a low abundance in the lesion; nevertheless, they play an essential role in atherosclerosis suggested 
by increased susceptibility to this disease in splenectomized mice and humans. Transfer of B-cells from the spleen 
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can reverse this phenotype in mice [29,30]. This anti-atherogenic effect is possibly caused by antibodies produced by 
these cells, which are able to recognize epitopes in oxidized LDL or other plaque antigens and thereby contribute to 
the elimination of these components. In contrast, other studies have reported adverse effects of specific subsets of 
B-cells, implying that they encompass both pro- and anti-atherogenic effects [31–33].

3.2.3  Maturation and Rupture of the Atherosclerotic Plaque

Fatty streaks appear when the presence of foam cells at the site of plaque formation expands. At this stage, a lipid 
core has been formed that will progress into a mature atherosclerotic plaque following additional influx of different 
inflammatory cell types and extracellular lipids. This continued influx of cells results in a core region that is sepa-
rated from the arterial lumen by a formation of a fibrous cap, which consists of recruited smooth-muscle cells and 
extracellular matrix (ECM) deposition and can cause reduction of the luminal area. At this stage, the center of the 
core can become necrotic as a result of apoptotic macrophages as well as other succumbing cells. In addition, neovas-
cularization of capillaries can arise from the vasa vasorum and may allow leakage of other blood components and 
cause hemorrhages in the lesion. As the atherosclerotic plaque further matures, MMPs, and other matrix-degrading 
proteases secreted by mainly inflammatory cells, will decrease the thickness of the fibrotic cap, thereby increasing 
its vulnerability. Ultimately, when the impaired plaque can no longer cope with the hemodynamic strain, it ruptures 
and exposes its debris into the arterial lumen, leading to thrombus formation. This thrombus can occlude the artery 
or it can travel to areas further downstream where it causes ischemia [27,28,34,35], a process that in the heart is 
known as MI.

3.3  THE ROLE OF THE INFLAMMATORY RESPONSE IN MI

3.3.1  MI and Wound Healing

The wound healing that follows an acute MI is a dynamic and complex process that aims to confine the myocar-
dial injury and sustain the functional capacity of the myocardium. The inflammatory cascade is activated at a very 
early point following MI, and it is generally regarded as the cornerstone of the wound-healing process. Although the 
wound-healing process after MI has been under the spotlight of research for decades, its mysteries are still poorly 
understood. In the following section, we will give a synopsis of MI, address the stages of wound healing, and discuss 
the major effectors (humoral, cellular, and other) of the inflammatory response following MI.

Acute MI is a leading cause of mortality and morbidity worldwide, and according to the WHO, coronary heart 
disease (CHD) was the culprit for the loss of 7.2 million lives worldwide in 2004 alone [36]. Furthermore, although 
survival after MI has improved in the last decades, the prognosis is still poor, with 12% of MI sufferers dying within 
the first 6 months [37] and more than half of patients over age 65 dying within 5 years of first MI [38]. MI is a major 
contributor of HF development, which is a chronic, debilitating, and eventually deadly condition. HF has been de-
scribed as an emerging epidemic syndrome, and its prevalence is approximately 23 million around the globe [39]. 
About 20-30% of patients over age 65 who suffer a first MI, eventually progress into HF, while mortality is extremely 
high—50% of patients diagnosed with HF die within 5 years [38]. In addition, the economic burden on the health-
care systems due to MI and HF is colossal [38,40,41].

According to the latest report by the Global MI Task Force, MI is characterized by myocardial (cardiomyocyte) 
necrosis in a clinical setting, associated with acute and prolonged ischemia (2-4 h are usually adequate to lead to 
complete death of cardiomyocytes in the area at risk) that prevents blood flow to parts of the myocardium. The 
magnitude of the damage to the cardiomyocytes depends on various aspects, such as ischemia followed by reperfu-
sion (ischemia/reperfusion [I/R] models when referring to animal work), ischemia without reperfusion (permanent 
coronary occlusion models), the number of alternative collateral coronaries perfusing the affected myocardium, the 
requirements of blood supply (which are variable for each organism), and other variables [42].

Wound healing following ischemia is a dynamic process that is dependent on specific spatial and temporal char-
acteristics of various cellular and molecular factors. Its main aim is to produce a strong scar in the areas where car-
diomyocytes have perished and hence maintain (at the best possible level) the beating function of the heart muscle 
[43]. Normally, the wound-healing process is completed within 5-6 weeks in humans [42] and is characterized by four 
distinct phases.

The first phase is defined by the death of cardiomyocytes due to ischemia. This occurs as early as 6 h after the 
initiation of the ischemic injury and might involve both apoptosis and necrosis [44]. The latter appears to be the 
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stimulating factor for the initiation of the inflammatory phase (second phase of wound healing) [45], although factors 
like the complement C5, TGF-β, and monocyte chemoattractant protein 1 (MCP-1) might be involved a lot earlier 
to prepare the inflammatory response [46]. The first immune cells attracted to the border zone of the injured area 
are a subpopulation of leukocytes called polymorphonuclear neutrophils (PMNs), which remove various debris via 
phagocytosis and coordinate the synthesis of MMPs and their counterbalancing tissue inhibitors of metalloprotein-
ases (TIMPs) [44,46]. Neutrophils, monocytes, and macrophages play crucial roles during this stage with the aid of 
various cytokines, such as TNF-α, several ILs like IL-1β, IL-6, and IL-10, chemokines and their receptors (namely, 
CCR2, CXCR2, etc.) [47–49]. It has to be noted here that an excessive or prolonged inflammatory stage might lead 
to an increased ECM degradation (which leads to a disturbed collagen production/degradation balance and the 
formation of a weak and sensitive-to-stretching scar) and an extended release of apoptotic stimulators (causing extra 
cardiomyocyte death), leading to deleterious effects on the cardiac remodeling [49]. The major factors leading to the 
suppression of the inflammatory response are signals transmitted following the apoptotic death of neutrophils and 
the recruitment of Ly6Clo/CX3CR1hi monocytes [49]. This leads to the third phase, which is the deposition of granu-
lation tissue [44]. The first unique attribute of this phase is the increased presence of myofibroblasts. This cell type 
is regarded as the activated form of cardiac fibroblasts (CFs), although the source of the myofibroblasts is a contro-
versial subject and other cell types (fibrocytes, pericytes, endothelial, and epithelial cells) might serve as precursors 
[43]. During the granulation tissue stage, the myofibroblast, which possesses smooth-muscle cell-like characteristics, 
secretes various ECM components (including collagen fibers) that offer support in the areas where cardiomyocytes 
have died [50]. The myofibroblast is a crucial component of the wound-healing process and previous work by van 
den Borne et al. has shown that higher myofibroblast counts are associated with beneficial effects on cardiac function 
and architecture [51]. Furthermore, the second important component of the granulation tissue phase is the produc-
tion of new blood vessels (neovascularization), which leads to the improved perfusion of the injured area and has 
been shown to improve wound healing following permanent MI as well as I/R [52]. Lastly, the fourth phase is charac-
terized by the maturation of the ECM and the production of a robust and stable scar. The scar is a dynamic and meta-
bolically active tissue, and an adequately healed scar is of colossal importance for the continuation of the myocardial 
performance. After the maturation of the scar, myofibroblasts slowly degrade; however, as shown by Willems et al., 
myofibroblasts remain resident in the well-healed infarcts even years after MI [53]. It should be noted here that the 
four phases of wound healing after MI are overlapping and might also show deviations from person to person and 
between species; hence, one should be careful when extrapolating findings from animal models to humans.

As mentioned earlier, wound healing and the cellular and molecular remodeling following it are adaptive pro-
cesses to maintain an adequate cardiac function. Nevertheless, a defective wound-healing process can have devas-
tating effects to the injured myocardium. The major consequence of inadequate wound healing is the development 
of adverse ventricular remodeling, which is characterized by changes in the ventricular architecture (dilatation, wall 
thinning), stiffness due to collagen deposition, as well as changes in the molecular and cellular level that occur both 
in the infarct and in the remote area [54]. All of these phenomena, incorporating cardiomyocyte hypertrophy, fibro-
sis of the infarcted area and also of the remote—uninjured—areas, dilatation of the left ventricle (LV) and so forth, 
eventually lead to HF [55].

The type of MI—either in the clinic or in the laboratory—can play a major role in the extent by which the inflamma-
tory response is activated. Models of myocardial ischemia in laboratory animals are of two kinds: permanent ligation 
of the left anterior descending (LAD) coronary artery or ischemia-reperfusion (I/R). The first is a quite straightfor-
ward procedure that follows the series of phenomena described above (see four stages of wound-healing post-MI 
above). Without prompt reperfusion, the whole area-at-risk supplied by the blocked coronary will of course become 
necrotic. In the case of the I/R model, which is actually closer to what currently occurs in the clinic with thromboly-
sis and percutaneous coronary intervention (PCI), reperfusion reestablishes blood flow through the coronaries and 
provides the ischemic tissue with blood (i.e., O2 and nutrients). This leads to a substantial reduction of necrosis and a 
restriction of the damage caused by the ischemia in the first place. On the other hand, reperfusion leads to further car-
diomyocyte injury (lethal reperfusion injury), with effects ranging from activation of ROS to increases in Ca2+ over-
load or stimulation of the inflammatory cascade and can have deleterious effects on the already injured myocardium 
[56,57]. The main culprits of this action are believed to be the leukocytes [58], as well as endothelial cells that are acti-
vated by various proinflammatory cytokines (IL-6, IL-8, TNF-α) and the complement system (C5a/C5b mainly) [59]. 
Lastly, various adaptations of the I/R protocol have been investigated (involving pre- and post-conditioning) and 
have shown to protect from the I/R injury, with anti-inflammatory effects forming the basis of this protective action. 
For a more in-depth review of the I/R and the role of inflammation, refer to a recent review paper by Vander Heide 
and Steenbergen [60]. Similar effects are observed following reperfusion of patients who have suffered an acute MI. 
The mechanical effect of PCI stimulates monocytes, leukocytes, and neutrophils, leading not only to inflammatory 
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response damage but also to restenosis and thrombosis in some cases [61], although it has been claimed that the 
modern PCI methods are less prone to induce an extensive inflammatory response [62].

Infarct rupture is a complication of MI that can lead to sudden death due to the LV free wall rupturing at the site 
of a transmural infarction. The causative factor of infarct rupture is an excessive early inflammatory response, which 
induces the ECM degradation, leading to thinning of the LV and, consequently, to rupture of the free wall. This 
usually occurs within the first week after MI and almost invariably causes instant death due to cardiac tamponade 
[63]. Infarct rupture is closely linked to inflammation, and it has been shown that neutrophils and macrophages 
(expressing MMP-9 and MMP-2, respectively) are major contributors [64]. Anzai et al. showed that serum C-reactive 
protein (CRP) values are associated with rupture risk [65]. In addition, elevated mRNA levels of TNF-α, IL-6, and 
MCP-1 in the infarct are also associated with higher risk for rupture, as observed in studies comparing 129SV mice 
(well-known for their cardiac rupture sensitivity) and C57Bl/6 mice [66]. Of course, other factors (apart from inflam-
mation) can play decisive roles whether rupture will take place—namely, blood pressure (with low blood pressure 
reducing the risk) [51], smoking, and other comorbidities [67]. Thankfully, in the last 10-20 years, incidence of cardiac 
rupture has decreased substantially due to thrombolysis and PCI, which salvage the myocardium and prevent trans-
mural infarct development [68].

Lastly, a recent paper by Dutta et al. showed that MI initiates a vicious circle of inflammatory response that ac-
tivates inflammation, which in turn stimulates atherosclerotic plaques for several months, and this may form the 
basis of a reinfarction [69]. Hence, one should consider not only the acute but also the more long-term effects of the 
inflammatory response following MI.

3.3.2  Humoral Immune Response Post-MI

3.3.2.1  Cytokines
Cytokines are mediator molecules fundamental for the inflammatory process. They are, in general, not expressed 

at a basal level in the heart, but gene expression is only activated following injury, or ischemia. Cytokines such as 
TGF-β, TNF-α, IL-1, and IL-6 can have profound effects on cardiomyocyte survival, the trafficking of immune cells, 
myocardial contractility, and the scar formation; hence, they are the molecules that actually drive not only the inflam-
matory process, but the whole wound-healing process following MI [70,71].

TNF-α is a key proinflammatory cytokine that exerts its effects via two types of receptors—TNFR1 and TNFR2. 
The effects of TNF-α are tightly connected to nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
activation, as well as other signaling pathways, such as JNK, p38MAPK, and so forth [72]. Following myocardial 
injury, TNF-α is released by a variety of cell types, such as macrophages, lymphocytes, CFs, endothelial cells, and 
mast cells [73,74]. TNF-α has effects on a wide range of functions and cell types that are involved in wound healing 
following ischemia; it depresses cardiac contractility [75], induces myocyte apoptosis [76], and mediates the depo-
sition of ECM [77]. TNF-α confers its effects during wound healing directly, but also indirectly via an upregulation 
of other proinflammatory cytokines such as IL-1α/β and IL-6 in CFs, which could imply that CFs are also contrib-
uting to the immune response following MI [78]. Furthermore, TNF-α can have profound effects on various MMPs, 
via which it contributes to the development of adverse remodeling and eventually to HF [70,79]. A recent study by 
Monden et al. has proposed an interesting theory about the bimodal effect of TNF-α, depending on which receptor 
is activated: Effects that are mediated via TNFR1 appear to be deleterious for the myocardium post-MI, while acti-
vation of TNFR2 leads to cardioprotection and amelioration of adverse remodeling [80]. Furthermore, these striking 
differences between the effects of myocardial TNFR1 and TNFR2 have also been shown in nonischemic models of 
disease [81].

ILs are also key players of the inflammatory response and several members of the family have been implicated in 
the post-MI inflammatory response—namely, IL-1α/β, IL-6, IL-10, IL-23, IL-33, and others. IL-1 has been described 
as a proinflammatory cytokine coming in two forms—IL-1α and IL-1β. IL-1α is mainly membrane-bound or is re-
leased after cell death, while Il-1β is circulating in the blood stream [82]. IL-1 regulates macrophage activation, the 
infiltration of leukocytes, as well as ROS formation and apoptotic death of cardiomyocytes [83]. Recent studies have 
also indicated other functions of IL-1, such as mediating the phenotype of cardiac (myo)fibroblasts, which can have 
profound effects on the ECM production and the scar formation [84]. IL-6 is also an important proinflammatory 
cytokine that is closely associated with CRP levels. Following MI, its levels are increased within 1-2 days and it can 
remain elevated even 3 months afterward [85], stimulating various effects on a wide range of cell types [86]. In addi-
tion, IL-10 is an anti-inflammatory cytokine, which along with TGF-β plays an important role in the inhibition of the 
inflammatory phase and in the initiation of the granulation phase. It suppresses the release of both cytokines (e.g., IL-
1α/β, IL-6, TNF-α) and chemokines (several CC and CXC) [87], although it is not clear whether IL-10 is indispensable 
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for the wound-healing process [88]. Furthermore, as shown by a study with transgenic (Tg) mice, ablation of IL-23 
leads to increased inflammation and suppressed CF activation, which eventually lead to deleterious effects for the 
ischemic myocardium [89]. Lastly, IL-33 has recently been proposed as another player in the post-MI wound-healing 
process, however, its actions are still poorly understood since it can act as a pro- or anti-inflammatory cytokine, de-
pending on the disease state [90].

TGF-β is a pleiotropic cytokine that controls crucial functions regarding inflammation and cellular proliferation 
and orchestrates wound healing following ischemia [91] by acting on a wide range of cells, including macrophages, 
T-cells and other immune cells, cardiomyocytes, (myo)fibroblasts, and endothelial cells [92]. TGB-β can associate 
with two types of receptors—type I (TβRI) and type II (TβII)—and activates the TGF/Smad axis (Smad proteins being 
the downstream effectors) as well as other signaling pathways (including JNK, ERK, p38MAPK, and others) [93]. The 
inflammatory effects of TGF-β are very diverse and can range from inductive effects on monocyte trafficking (and 
so promoting cytokine/chemokine production) [94] to suppressive effects on neutrophils and macrophages, which 
eventually inhibit cytokine and chemokine release [91,95]. A decade ago, Ikeuchi et al. demonstrated that inhibition 
of TGF-β signaling following MI can have beneficial effects at first (in the early phase of wound healing); however, 
when the suppression is sustained it leads to adverse LV remodeling and HF development. The cardioprotective 
effect of this anti-TGF-β treatment in the early post-MI period and the adverse effects (including increased mortality) 
observed later were attributed to enhanced TNF-α, IL-1β, and MCP-1 levels in the infarct [96].

3.3.2.2  Chemokines
The inflammatory process implicates the mobilization of various immune cells that are strongly dependent 

on stimuli regulated by chemotactic chemokines. Several types of chemokines exist and each can bind to several 
receptors, increasing the complexity of the system. The importance of chemokines is enormous for the pre-MI 
phenomena [97], as well as for the post-MI wound-healing processes [98], and it is characteristic that different 
chemokines regulate each of the distinct four phases of the wound-healing process. Chemokines are divided into 
large families (CC, CXC, and CX3C—named according to the amino acid numbers present between the first two 
cysteines) and are of two kinds, either “homeostatic,” or involved in basal activity of leukocytes, or “inducible,” 
meaning that they play major roles in the inflammatory response after injury, or ischemia, leading to leukocyte 
activation. Furthermore, major roles in the activation of chemokines are played by the Toll-like receptors (TLRs) 
and the NF-κB system [99].

As explained in the following section (Cellular Immune Response Post-MI), the first cells that are recruited after 
MI (within minutes to hours) are PMNs, which directly lead to tissue injury via proteolytic enzymes or ROS activa-
tion. The two major families of chemokines orchestrating the triggering of leukocyte infiltration are CC and CXC. 
IL-8 (also known as CXCL8) is of paramount importance in the trafficking of neutrophils in dog and rabbit MI mod-
els, while it does not appear to be expressed in mice. Another important chemokine is interferon γ-induced protein 10 
(IP-10 or CXCL10), which has anti-angiogenic and anti-fibrotic effects, while playing a role in the activation of T-cells. 
Furthermore, MCP (also known as CCL2) is implicated in the infiltration of monocytes/macrophages, as well as in 
angiogenesis and (myo)fibroblast migration and activation [6]. Several other chemokines with important functions 
shortly following MI or I/R are CXCL1, CXCL2, CXCL6, CCL3, and CCL5 [98,100]. When the inflammatory phase is 
completed, TGF-β (possibly together with IL-10) inhibits IP-10 and mediates the release of proangiogenic molecules 
such as CXCL1, CXCL2, CXCL12, CCL2, and macrophage inhibitory factor (MIF), which initiate the de novo develop-
ment of blood vessels and capillaries [98]. It has to be noted that MIF mediates its proinflammatory effects via CXCR 
and CCR receptors [101] and leads to the recruitment of monocytes and T-cells and the regulation of smooth-muscle 
cells [102]. Its role in the development of atherosclerosis and in the plaque destabilization is well-defined [101], while 
the latest research proposes a direct effect of MIF in the inflammatory response following MI [102] or I/R [103]. It 
is beyond the scope of this chapter to provide an extensive review on the various cytokines and chemokines that 
characterize the inflammatory response before or after MI. For a more in-depth discussion regarding the different 
humoral effectors of the inflammatory response following MI, refer to Chapter 2 by Weirather and Frantz, as well as 
some excellent review papers by Frangogiannis [49] or Frangogiannis and Entman [104].

3.3.3  Cellular Immune Response Post-MI

The complex phenomena taking place during the post-MI immune response are characterized by the activation 
of a wide range of cells in the injured myocardium, which are activated in an extremely sophisticated and timely 
manner. As for the humoral effectors, a more exhaustive overview of the characteristics of leukocytes, neutrophils, 
monocytes, and macrophages can be found in Chapter 2. In this chapter, we will only provide a short resume of the 
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aforementioned cell types and also give a synopsis of other cell types (e.g., platelets, mast cells, DCs, CFs) that might 
also play important roles during the immune response following MI.

3.3.3.1  Leukocytes
The first inflammatory cell type that infiltrates the myocardium following ischemia is the PMN. PMNs are the 

most abundant white blood cell subtype in the circulation. They are crucial regulators of the immune response 
because they are important for the recruitment of monocytes and their activation into macrophages as well as 
for the activity of DCs and natural killer cells [105]. PMNs are the first cell type to be recruited into the infarct 
(within hours post-MI) and various chemoattractants, such as CXCL1, CXCL2, and IL-8 (CXCL8) as well as 
Complement 5a, mobilize PMNs from the blood stream into the infarct [106]. Before moving to the injury area, 
blood circulation PMNs first have to be attached to the endothelium (via cell adhesion receptors called selec-
tins) [107] and then be directed to the injured tissue mainly under the influence of the intercellular adhesion  
molecule -1 and -2 (ICAM-1/2) [108]. Furthermore, the transmigration of the PMNs is regulated by various 
chemokines [109]. Once infiltrating leukocytes reach the injured area, they release potent cytokines such as IL-1β 
and TNF-α, which in turn can stimulate the release of other cytokines like IL-1α/β, IL-6, and IL-8 [110] and drive 
the inflammatory response. Furthermore, the leukocyte-derived MIF is also another important proinflammatory 
factor mediating macrophage infiltration and the expression of several inflammatory markers [111], playing 
crucial roles in a later stage.

3.3.3.2  Monocytes
Monocytes are white blood cells that have a fundamental role in the inflammatory process [112] and are the 

circulating precursors of macrophages. Monocytes express several chemokines—namely, CCL2, CCL7, CX3CL1, 
and various chemokine receptors such as CCR1, CCR2, CCR5, CCR6, CCR7, CCR8, and CXCR2. These chemokines 
(and receptors) are the determinant factors in the regulation of monocyte trafficking [112]. Monocytes are import-
ant for the development of atherosclerosis [113] as well as the post-MI period [48]. The main source of monocytes 
following MI is the spleen, via IL-1β-mediated activation [114]. Monocytes infiltrate the myocardium within the 
first 12 h following the ischemic injury under the influence of neutrophil-derived chemokines [105]; two major 
types of monocytes exist in the mouse: the Ly-6Chigh monocytes, which are associated with inflammation and 
appear first, and the Ly-6Clow monocytes (less involved in inflammation) that start accumulating a bit later [115]. 
Following accumulation, monocytes start expressing several proinflammatory cytokines, such as TNF-α, IL-1β, as 
well as MMPs, which stimulate the digestion of the necrotic tissue. Afterward (after the 5th day post-MI), another 
subset of monocytes express factors that promote healing—namely, IL-10, TGF-β, vascular endothelial growth 
factor (VEGF), and so forth [115]. According to Nahrendorf et al., this coordinated activation of the two monocyte 
subsets is of paramount importance for a balanced and successful wound healing following MI. It is characteris-
tic that in patients who have suffered an acute MI, there is an inverse relationship between EF and high levels of 
circulating monocyte levels [116].

3.3.3.3  Macrophages
Macrophages are multifunctional cells that are major components of the innate immune system. Several 

phenotypes exist and one designation is between M1 (inflammation-related) and M2 (noninflammatory), play-
ing pivotal roles in atherosclerosis development (via their differentiation to foam cells) as well as following 
ischemia [117]. Various stimuli play a decisive role in the polarization of macrophages toward the M1 direction 
(e.g., Toll-like receptors, IFN-γ, TNF-α, etc.) or M2 (such as IL-4/10/13) [118]. The source of macrophages in 
the inflammatory phase following MI is mainly from the bone marrow and the spleen, where macrophages 
originate from blood monocytes, with CXCL12 and IL-1β playing important roles. Following recruitment in 
the border zone and then in the infarct area, macrophages start removing debris (via phagocytosis) in order for 
the scar formation to be possible [117]. M1 macrophages secrete proinflammatory cytokines (IL-12, IL-23) and 
chemokines (CXCL9, CXCL10). The M2 phenotype is associated with anti-inflammatory molecules (such as 
IL-10, CCL17/22/24) [119], and they can release a wide range of other molecules that play indispensable roles 
during wound healing, such as MCP-1, TNF-α, MMPs, angiotensin converting enzyme and angiotensinogen, 
various growth factors, and so forth [120]. This orchestrated biphasic function of M1/M2 macrophages appears 
to be crucial for the normal wound healing; as it has been demonstrated by the group of Lindsey, disturbances 
in the normal M1/M2 balance following MI can have devastating effects for the remodeling of the injured myo-
cardium [121].
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3.3.3.4  Nonimmune Cells
Platelets are mostly known for their crucial importance in hemostasis and thrombosis and have been targeted 

pharmacologically. Furthermore, their involvement in the inflammatory response that leads to the development 
of the atherosclerotic plaque is also well established [122], with platelets expressing a vast variety of cytokines and 
chemokines (CCL2, CCL5 or RANTES, CXCL1/2/4/8, to name a few) and growth factors as well as activating the 
complement system [123]. Moreover, their ability to interact with and activate lymphocytes and DCs (see below) 
and the fact that they express TLRs just like some immune cells make it easy to associate them as important players 
in the inflammatory response during atherogenesis [124]. In addition, it appears that their importance is not limited 
to the phenomena leading to MI, but also during wound healing after an ischemic episode by accumulating (even 
within 6 h post-MI) in the infarct area and maintaining local inflammation [125]. MPC-1, ICAM-1, and IL-1β originat-
ing from platelets have been shown to stimulate the endothelium and to promote the infiltration of neutrophils and 
monocytes to the endothelial surface, thus promoting the inflammatory response [126,127]. Furthermore, platelets 
appear to be associated with an induction of IL-1β and TNF-α levels in the infarct, contributing to LV remodeling and 
even infarct rupture in a mouse MI model [125].

Mast cells are best known for the production, storage, and release of histamine and are implicated in a variety of 
pathological conditions; however, their role in the heart and more importantly following MI is not very clear [128]. 
Frangogiannis et al. have shown not only that mast cells increase dramatically in number following MI [129], but 
also that mast cells are the major producers of TNF-α in the heart of dogs that have been subjected to I/R [130]. 
Furthermore, mast cells can release a wide range of other factors such as histamine, chemokines, and cytokines (e.g., 
IL-6/8/13), growth factors (e.g., vascular endothelial growth factor [VEGF]), prostaglandins, and so forth, all con-
tributing to the inflammatory response [131].

In addition, DCs are antigen-presenting cells that patrol the blood and stimulate the activation of T-cells to induce 
an immune response; hence, they play an important role in the inflammatory response of various pathologies. DCs 
were shown to infiltrate the infarcted myocardium in an early stage and could be major culprits in the development 
of HF [132]. Furthermore, DCs are the regulators of the fine balance between the monocyte and macrophage phe-
notype. Mice with defunct DCs show suppression of the anti-inflammatory type of monocytes (Ly6Clow) and M2 
macrophages and an increase in the proinflammatory-related monocytes (Ly6Chigh), M1 macrophages and IL-10, all 
leading eventually to adverse remodeling and higher mortality after MI [133].

The CF is a multifaceted cell type that exerts pleiotropic effects and together with its activated form—the 
myofibroblast—has been shown to be essential for a successful wound-healing post-MI. The (myo)fibroblast con-
fers its main function by producing and depositing ECM proteins, regulating a fine balance between MMPs and 
TIMPs, and playing a decisive role in the robustness of the scar [43]. Additionally, the CFs also appears to take part 
in the inflammatory response by releasing various proinflammatory cytokines and chemokines. Not only do CFs 
produce such mediators (TGF-β, TNF-α, IL-1β/6/8, CXCL1/8, etc.) but they also are stimulated by a wide range 
of factors (TGF-β, TNF-α, IL-1α/β, IL-17a/18, etc.) that are released from neighboring cells and affect the (myo)
fibroblast ECM producing/degrading action [134,135]. Lastly, the CFs are shown to play a critical role in the ter-
mination of the inflammatory response, a milestone that is necessary before the granulation tissue healing stage 
is initiated [135].

3.3.4  Other Factors Modulating the Immune Response Post-MI

Lately, the inflammasome, which is a group of protein complexes that recognize inflammation-related stimuli [136], 
has been suggested as another key player for the post-MI wound-healing process. It acts as a sensor for the inflam-
matory response, especially during I/R injury, and amplifies the inflammatory response. The presence of danger 
signals stimulates a set of proteins residing in the cytosol and this results in the activation of IL-1β and IL-18 [137]. 
Recently, it was shown that inhibition of the NLRP3 inflammasome following MI can suppress the injury after I/R 
[138]. Inhibition of the inflammasome in cardiomyocytes has been shown to be cardioprotective [139]: however, the 
complexity and variance of the different inflammasome types is large [140], so more research is needed to reveal the 
secrets of the inflammasome in infarct healing.

CRP is a major player in the inflammatory response, and it is a biomarker of inflammation in various pathol-
ogies. It has proatherogenic effects on blood vessels by inducing the monocyte-endothelial cell adhesion [141]; 
however, it is also regarded as a predictor of poor prognosis following MI. Patients with high CRP levels have 
increased risk of LV remodeling 2 and 24 weeks post-MI, compared to patients with lower CRP levels [142]. The 
deleterious effects of CRP following MI were also shown in a study by Griselli et al. who demonstrated that injec-
tion of CRP in rat infarcts leads to a dramatic increase in the infarct size by approximately 40% [143]. Increased 
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plasma CRP levels in the immediate period after MI provide an indication regarding cardiomyocyte necrosis and 
are connected to poor prognosis (including increased myocardial rupture, LV aneurysm, and overall cardiac death 
risks) even 1 year after the infarct [65]. Furthermore, increased CRP levels might also be predictive for the failure 
of thrombolysis in patients who have suffered ST-elevation MI (STEMI) [144], making the measurement of CRP 
levels an invaluable piece of information that can be utilized by clinicians for optimal management of each patient 
after an acute episode.

3.4  INFLAMMATION AS A PHARMACOLOGICAL AND BIOCELLULAR TARGET

3.4.1  Therapy Aimed at Inflammation Before MI

As mentioned earlier, the financial and societal burden for societies due to MI is enormous, hence, a reasonable 
strategy is the primary prevention of atherosclerosis development and MI occurrence. Various agents that are cur-
rently available in the market have been shown to modulate the inflammatory response via direct and indirect ways 
and hence can be used in anti-atherosclerotic therapy. Furthermore, various research groups have been active in the 
field, trying to utilize knowledge on inflammatory response mediators and formulate novel therapies to target in-
flammation before MI develops. In the following section, we will provide an overview of the current agents aiming 
to halt atheroma development and prevent MI from occurring and a synopsis of the latest novel research in the field. 
Figure 3.1 provides a graphic overview of these current and novel approaches.

3.4.1.1  Current Pharmacotherapy Targeting Inflammation Before MI
As discussed in Sections 3.2.1–3.2.3, the inflammatory response forms the basis of atherosclerosis; hence, any strat-

egy directed toward the modulation of inflammatory mediators can have profound effects on the development of the 
atherosclerotic plaque and the prognosis for a patient (whether this will lead to CHD or not).

FIGURE 3.1  Current (left-hand side) and novel (right-hand side) therapeutic approaches in manipulating the inflammatory response during 
atherosclerosis. ACEIs, Angiotensin coverting enzymer inhibitors; ARBs, angiotensin-II receptor blockers; CD3, cluster of differentiation 3; IL-2, 
interleukin-2; IL-6, interleukin-6; IL-19, interleukin-19: interleukin-2/6/19; miRNAs, microRNAs; OxOLs, (synthetic) oxidized phospholipids.



48	 3.  THE INVOLVEMENT OF INFLAMMATION BEFORE AND AFTER MYOCARDIAL INFARCTION 

1.  PATHOPHYSIOLOGY OF THE INFLAMMATORY RESPONSE IN HEART FAILURE

3.4.1.1.1  STATINS

Statins (HMG CoA reductase inhibitors) are lipid-lowering agents routinely used in cardiology for a wide variety 
of indications, ranging from primary and familial hypercholesterolemia, hyperlipidemia, and the prevention of car-
diovascular events [145]. The administration of such agents is mainly focused on taking advantage of their lipid-
lowering effects, thus, preventing atherosclerosis development. However, research is providing evidence for other 
accessory mechanisms, via which statins mediate their beneficial pleiotropic effects [146]. These include effects on 
the migration of various cell types (inflammatory and noninflammatory), the thrombogenicity of the atherosclerotic 
plaque, the physiological function of the endothelium [147], as well as ROS-mediated effects [148].

Statins have been shown to abrogate the inflammatory response within the atherosclerotic plaque, hence, reduc-
ing the magnitude of the atheroma buildup as well as improving the plaque stability, thus, lowering the risk of a 
rupture leading to MI [149]. Statins have been reported to supress the activation of various cell types. Atorvastatin 
or rosuvastatin can interrupt atherosclerotic development by enhancing the migration of macrophages away from 
the plaque [150]. On the other hand, atorvastatin inhibits neutrophil infiltration in the early phase of the athero-
sclerotic buildup via nitric oxide, and this appears to be independent of any lowering effects on the cholesterol 
levels [151]. Recent studies on leukocytes isolated from dyslipidemic patients are showing that simvastatin reduced 
the proinflammatory chemokine IL-8 [152]. In addition, combinational use of an Angiotensin-II receptor blockers 
[ARB] (telmisartan) with a statin (rosuvastatin) in patients with carotid atherosclerosis showed a remarkable effect 
on suppressing a wide range of inflammatory factors including IL-1β/2/6/10/17/23, TNF-α, CRP, and MCP-1 
[153]. Lastly, Duivenvoorden et al. recently provided an impressive report utilizing nanoparticles with reconstituted 
high-density lipoprotein (HDL) that can deliver statins right into the atherosclerotic plaque of apoE KO mice. This 
therapy was shown to suppress TNF-α and MCP-1 mRNA levels, as well as macrophage presence in the plaque 
without causing any side effects in the liver [154], opening new horizons in the drug therapy of atherosclerosis.

Furthermore, high-dose statin therapy has been studied by various groups and has been shown to provide ev-
idence for the inflammatory response as a target of statins. As mentioned earlier, high-sensitivity CRP is regarded 
as an independent predictor for CHD risk [155]; various clinical trials have demonstrated the inverse relationship 
between statin use and CRP levels, for example, the CARE [156], PRINCE [157], and JUPITER trials [158] with the 
CANTOS and CINT trials expected to provide more evidence on the role of inflammation in the statin-mediated ef-
fects [159]. Still, more research is needed to unveil the whole spectrum of the anti-inflammatory effects of statins that 
go beyond their lipid-lowering properties. For a more in-depth discussion on the effects of statins on HF, the reader 
is referred to Chapter 12.

3.4.1.1.2  HYPOGLYCEMIC AGENTS

Diabetes mellitus type II is a common comorbidity in patients with ischemic heart disease. Diabetic patients are 
treated with hypoglycemic agents, with several drug classes existing, including metformin and thiazolidinediones (with 
the latter group discussed in more detail in Chapter 11). These agents have significant effects on the control of blood 
glucose; nevertheless, they also reduce the overall cardiovascular risk. The reason for the latter is, in part, due to their 
anti-inflammatory effects. It is obvious that most of the clinical studies performed with oral hypoglycemic drugs 
involve diabetic patients; hence, the interpretation of their results might be an issue when trying to explain phenom-
ena in nondiabetic conditions. Carter et al. demonstrated that the widely-prescribed metformin can reduce the levels 
of CRP (but not C3 complement factor) in type II diabetic patients [160]. The thiazolidinedione rosiglitazone (4 mg 
daily) has been shown to have a suppressive effect on high-sensitivity CRP (68% reduction) and to lead to reduction 
of carotid artery intima-media thickness that is a major marker of atherosclerosis buildup [161]. Interestingly, in 
both aforementioned studies, the beneficial effects of the oral hypoglycemic agents on CRP were not blood glucose-
related; hence, it might also be interesting to investigate whether comparable effects are demonstrated in nondiabetic 
patients that are high-risk for atherosclerosis development. Furthermore, rosiglitazone (8 mg daily) reduces the pres-
ence of inflammatory cells, as well as TNF-α and NF-κB, leading to increased stability of atherosclerotic plaques of 
a group of diabetic patients [162].

On the other hand, there is data weakening the potential of hypoglycemic agents as potential strategies to reduce 
inflammation in atherosclerosis, such as the ability of metformin to increase TNF-α levels in lean subjects with CHD 
[163] and the increased risk of MI when patients are given rosiglitazone therapy [164]. Hence, more research is 
needed in the field to determine the real anti-inflammatory and cardioprotective benefit of the hypoglycemic agents.

3.4.1.1.3  RENIN ANGIOTENSIN SYSTEM TARGETING

Drugs targeting the renin angiotensin system (RAS)—namely, angiotensin converting enzyme inhibitors (ACEIs), 
ARBs, and renin inhibitors (e.g., aliskiren)—have also been shown to affect the inflammatory response. Although 
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they are not indicated for primary prevention of CHD, they are prescribed to patients with hypertension to lower 
the overall risk for CHD [145]. RAS has a multimodal effect on the pathogenesis of atherosclerosis. It acts via several 
molecular mediators (e.g., Angiotensin II, NADPH oxidase, peroxisome proliferator-activated receptor (PPAR), etc.), 
hence, the treatment strategy can be directed toward various targets [165]. It is hypothesized that the beneficial ef-
fects of the drugs targeting RAS are conferred not only via their effects on blood pressure, but also via mediation of 
the inflammatory response in the atherosclerotic plaque. In a very early study, Hernandez-Presa et al. demonstrated 
that the ACEI quinapril can suppress IL-8, MCP-1 and attenuate the infiltration of macrophages in the rabbit athero-
matous lesions, leading to their stabilization [166]. Enalapril has shown its effectiveness against Ang-II-induced ath-
erosclerosis by suppressing several inflammatory-related factors, including MCP-1 and inducing PPAR-α/γ, which 
possess anti-inflammatory actions [167]. In addition, a novel ACEI called XJP-1 exhibited suppressive effects on 
monocyte adhesion and TNF-α and MCP-1 levels in vitro (on HUVECs), increasing our knowledge on the mode of 
action of ACEI on endothelial cells [168]. Administration of the ARB candesartan to monocytes suppresses IL-1β/6, 
TNF-α, and MCP-1 levels, an effect that is mediated via an inhibition of TLR2/4 receptors [169] that are related to 
the inflammatory response as previously mentioned. A very recent study has reported anti-inflammatory effects of 
the ARB irbesartan in atheromatous plaques of apoE KO mice, via a suppression of macrophage infiltration [170]. 
Additionally, a meta-analysis of nine clinical trials has proven that telmisartan suppresses IL-6 and TNF-α [171], al-
though this is not confirmed by a recent study measuring inflammatory factors in hypertensive and atherosclerotic 
patients [172]. The combined use of ACEI and ARB seems to confer additional beneficial anti-inflammatory and 
anti-atherosclerotic effects in apoE-/- mice, mainly via effects on macrophage numbers [173]. Lastly, aliskiren has 
been shown to have plaque stabilizing actions [174] and has been lately associated with anti-inflammatory effects in 
the context of atherosclerosis development. A recent study on a Western-type diet fed mouse model showed that ali-
skiren exhibits an inhibitory effect on MCP-1 production of the aorta, as well as a suppressive effect on macrophages 
and adherence of monocytes and T-cells numbers. These effects appear to contribute to the halting of the progression 
of the atherosclerotic plaque, an effect that can be further improved when aliskiren is coadministered with a statin 
[175]. For a thorough review paper on the RAS as a target for the prevention of atherosclerosis development with 
data from both basic and clinical research, the reader is referred to the work of Montecucco et al. [176], as well as 
Chapter 10 (by Carbone & Montecucco).

3.4.1.1.4  P2Y12 RECEPTOR INHIBITORS

Lastly, various reports have linked platelets in the modulation of the inflammatory response during the devel-
opment of the atherosclerotic plaque [177], hence, targeting the platelets could potentially be an interesting strat-
egy. The platelet P2Y12 ADP receptor is a well-established target of the thienopyridine-class of antiplatelet drugs (e.g., 
clopidogrel). Blockade of the P2Y12 receptor leads to suppression of CD40 (which plays major roles in the interaction 
between platelets and other cell types contributing to atherogenesis), CRP and the prevention of platelet-leukocyte 
aggregation in various clinical pathologies involving atherosclerosis [122]. This effect that was not confirmed by a 
clinical study investigating the potential anti-inflammatory effects of ticagrelor or clopidogrel [178]. Furthermore, 
knocking out P2Y12 receptors in mice fed a high-fat diet led to a suppression of platelet factor 4 secretion, which is 
closely associated with the infiltration of monocytes [179]. Nevertheless, a very recent study that also used P2Y12 
KO mice advocated that it is the effect of P2Y12 receptors of the vessel wall and not of the platelets playing a part in 
atherogenesis, raising questions about the effectiveness of the drugs like clopidogrel in early development of athero-
sclerosis. Thus, further studies are needed to gain more insight in this area [180].

3.4.1.2  Novel Strategies Targeting Inflammation Before MI
As mentioned above, the current therapeutic agents against atherosclerosis are mainly focused on alleviating hy-

perlipidemia, hyperglycemia, and hypertension. However, recent evidence has demonstrated that statin treatment 
also has favorable effects on inflammation (as discussed in more detail below) [181]. Since inflammation has a pri-
mary role in the development of atherosclerosis, a considerable number of novel therapeutic strategies are emerging 
to intervene in the inflammatory cascade in order to dampen this development. Currently, several clinical trials are 
ongoing in an attempt to interfere with the inflammatory cascade, including immunosuppressives (methotrexate), 
PPAR agonists (thiazolidinediones), IL-1 receptor antagonists (Anakinra), and HDL mimetics (e.g., Apoa1-Milano) 
[182]. Notwithstanding all these novel trials, basic science is still in the search for new targets to reduce the develop-
ment of atherosclerosis.

MicroRNAs (miRNAs or miRs) have emerged as important regulators of the inflammatory response [183] and 
might thereby serve as potential therapeutic targets to control atherosclerosis. Recently, it has been demonstrated 
that systemic delivery of miR-181b in a mouse model for atherosclerosis inhibits the activation of NF-κB and thereby 
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inhibits lesion formation, proinflammatory gene expression, and influx of lesional macrophages and CD4+ T-cells in 
the vascular wall [184]. In addition, administration of miR-126 enables CXCR4 that in its turn increases the produc-
tion of CXCL12 and limited atherosclerosis [185]. Many other miRNAs have been considered as potential candidates 
for targeting atherosclerosis such as miR-155 and -146 (involved in DC functioning) [186] and miR-31 and -17-3p 
(involved in EC activation) [187]. However, our knowledge of the individual function of many miRNAs is still in an 
embryonic state, and their role in the setting of atherosclerosis development still has to be evaluated. For an in-depth 
analysis of miRNAs and their association with inflammation, the reader is reffered to Chapter 13.

Several other studies have attempted to unveil novel therapeutic targets of inflammation to prevent or reduce 
the development of atherosclerosis. One of these potential targets is CD3, which seems to play a major role in re-
cruitment of inflammatory cells to the developing plaque. Administration of anti-CD3 antibody in mice that had 
already developed atherosclerosis demonstrated a regression of atherosclerosis and reduced accumulation of mac-
rophages and CD4+ T-cells in the plaques, whereas the Treg population was increased [188]. Another possible can-
didate is IL-19. Recent evidence suggests that this is a potent inhibitor of atherosclerosis by acting through several 
mechanisms, including a decrease in macrophage infiltration and immune cell polarization [189]. Additionally, 
Wolfs et al. demonstrated that administration of antigens produced by helminths is able to reduce plaque size by 
44% in a mouse atherosclerosis model. This outcome is mediated by diminishing the inflammatory response as 
was shown by reduced circulatory neutrophils and inflammatory monocytes as well as increased production of the 
anti-inflammatory IL-10. Furthermore, the atherosclerotic lesion itself showed reduced inflammation as well, since 
it incorporated fewer inflammatory cells and had reduced expression of inflammatory markers [190]. The targeting 
of another IL, IL-2, has also given promising results. An Australian group examined the effects of an IL-2/anti-IL-2 
antibody complex in apoE−/− mice that were fed a high-fat diet. The therapy was shown to affect CD4+CD25+Foxp3+ 
regulatory T-cells in atherosclerotic lesions and hence suppress the development of atherosclerosis [191]. Lastly, 
IL-6 has been extensively investigated as a potential target for anti-atherosclerotic treatment with the monoclonal 
antibody tocilizumab being currently in the forefront [192]. Furthermore, the effects of synthetic oxidized phospholip-
ids (OxPLs), which are native regulators of inflammation on monocyte chemotaxis, have been investigated. In vivo 
administration of a specific OxPL—VB-201—in a mouse model for atherosclerosis reduced atheroma development 
by diminishing macrophage infiltration [193]. On the other hand, hypercholesterolemia-induced activation and 
priming of hematopoietic stem and progenitor cells, as well as endothelial specific overexpression of the lectin-like 
oxLDL receptor, aggravates atherosclerotic plaque development [194,195]. Counteracting these mechanisms could 
also be attractive strategies to reduce atherosclerosis. Lastly, in vitro work with macrophages has shown that a 
potent nutritional supplement, β-D-glucan, is able to inhibit oxLDL-induced proinflammatory effects through 
regulation of p38 MAPK phosphorylation [196].

Taken all together, there are numerous potential targets to attack the inflammatory response in the atherosclerotic 
plaque. Nevertheless, more knowledge has to be acquired to further understand the exact role of these therapeutic 
targets in atherosclerosis before new candidates advance into clinical trials.

3.4.2  Therapy Aimed at Inflammation After MI

3.4.2.1  Current Pharmacotherapy Targeting Inflammation After MI
The current pharmacotherapy for patients suffering an acute MI consists of ACEIs, ARBs, statins, beta-blockers, 

mineralocorticoid receptor antagonists (like spironolactone), antiplatelets (aspirin and P2Y12 inhibitors), glycoprotein 
(GP) IIb/IIIa receptor antagonists, calcium-channel blockers, nitrates, and others. Several of these drug classes form 
part of the algorithms that are recommended by the most current guidelines of the American College of Cardiology 
Foundation (ACCF) and the American Heart Association (AHA) for patients who have suffered STEMI [197], or 
non-STEMI [198]. Nevertheless, not all of these agents have been implicated in the regulation of the inflammatory 
response after acute MI. In the next section, we will make an attempt to provide a review of the current literature. 
Figure 3.2 provides a graphic synopsis of both currently available and contemporary strategies.

3.4.2.1.1  STATINS

As previously mentioned, statins are routinely prescribed following cardiovascular events [145]. They have been 
shown to decrease mortality and morbidity of patients with MI, and their beneficial effects were initially attributed 
to their ability to inhibit the biosynthesis of cholesterol. Nevertheless, further research is pointing toward additional 
effects (beyond their lipid-lowering action), such as effects on inflammation, oxidative stress, and others (which are 
not the focus of the current review) [181].
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Several animal studies have addressed the role of atorvastatin in the regulation of various critical cytokines 
following MI. Tawfik et al. demonstrated the ability of atorvastatin to suppress CRP and re-establish the balance 
between pro- (TNF-α) and anti-inflammatory (IL-10) cytokines following MI in the rat serum. [199]. Additionally, 
atorvastatin appears to target IL-6 and MCP-1 (but the effects on IL-10 are the most prominent) [200]. Similar results 
were shown by Sun et al. [201] in an I/R rat model. Simvastatin has been shown to suppress the proinflammatory 
TNF-α, and IL-1β/6 and induce the anti-inflammatory IL-10 in the infarct and remote areas, compared to control rats 
[202]. Analogous results were reported by another study showing beneficial effects of simvastatin on TNF-α and IL-6 
levels in MI rats, while it was demonstrated that TLR4 is implicated [203]. Finally, pravastatin (a newer member of 
the drug class) administration in Zucker rats following MI led to decreased serum levels of TNF-α and IL-1β, and this 
is speculated to play a role in the improved cardiac function in the treatment group [204].

Of course, the beneficial pleiotropic effects demonstrated by statins in basic research gave the stimulus to investi-
gate whether similar effects are observed in humans. One study (part of the larger PROVE IT—TIMI 22 clinical trial 
including patients with a first coronary incident) showed clearly that a high dose of atorvastatin (80 mg) reduced 
the levels of CRP substantially, and this plays a major role in the prognosis of the MI patients [205]. A South Korean 
group followed up with approximately 100 patients with a first MI for 8 months and showed that a moderate-high 
dose (40 mg) of atorvastatin decreased TNF-α and IL-6 levels compared to patients receiving a low dose (10 mg) and 
this was correlated with improved coronary flow [206]. Furthermore, Sposito et al. moved a step further to provide 
evidence regarding the importance of the dose and the duration of simvastatin therapy in the magnitude of the effect 
in the inflammatory response. They showed that early initiation and high dose was found to be the optimal [207]; 
while on the other hand, a Greek group demonstrated atorvastatin in a low dose to also be beneficial in decreasing 
IL-6 [208].

Factors implicated in these effects are mediating endothelial function, inhibition of inflammatory response, sup-
pression of vascular remodeling, stabilization of atheromatous plaques [146,181], and antioxidant (ROS) actions 
[181]. On the other hand, a wide range of signaling pathways and mediators have been proposed as important for 

FIGURE 3.2  Current (left-hand side) and novel (right-hand side) therapeutic approaches in manipulating the inflammatory response during 
post-MI wound healing. ACEIs, angiotensin coverting enzymer Inhibitors; ARBs, angiotensin-II receptor blockers; EPO, erythropoetin; HMGB1, 
high-mobility group protein B1; IL-1α/β, interleukin-1α/β; IL-8, interleukin-8; IL-10, interleukin-10; IL-33, interleukin-33; MI, myocardial in-
farction; miRNAs, microRNAs; MTX, methotrexate; PPAR, peroxisome proliferator-activated receptor; TLRs, toll-like receptors; TNF-α, tumor 
necrosis factor α.
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these pleiotropic effects, such as the PPAR/NF-κB axis, Rho/ROCK, Rac, eNOS, PI3K/Akt, heat shock protein 90, 
and others [148]. Nevertheless, the beneficial cholesterol-independent effects of statins post-MI are still being inves-
tigated in greater depth to reveal their exact mechanisms of action.

3.4.2.1.2  RAS TARGETING

The RAS has been established as a major regulator of the cardiovascular physiology and pathophysiology. Two 
main drug classes that mediate their effects via targeting of the RAS system are the ACEIs and the ARBs. These drugs 
are considered the golden standards in the pharmacotherapy following MI and have been shown to reduce mor-
bidity and improve survival after an ischemic attack [209,210]. They have profound Angiotensin-II-related effects 
(so having reducing effects on blood pressure and beneficial effects on cardiac output and stroke volume), however, 
research has also been pointing toward anti-inflammatory effects. ACEIs have been implicated in the regulation of 
the LV remodeling for more than 15 years now [211], however, their immunomodulating actions are only starting to 
be understood.

In a study conducted about a decade ago focusing on an I/R dog model, the effects of Ang-II inhibition (with 
ACEIs or ARBs) on the inflammatory response and cardiac function were investigated [212]. The cell type in focus 
was found to be the leukocyte, with captopril (but not losartan) affecting the infiltration of leukocytes and hav-
ing substantial effects on contractile function of the ischemic myocardium. On the other hand, a Japanese study 
suggested the macrophage infiltration as the target of ARB (candesartan) treatment following permanent LAD 
ligation in Wistar rats, an effect leading to suppressed myocardial fibrosis [213]. Leuschner et al. suggested that 
ischemia of the myocardium activates monocytes that are normally resident in the spleen and their mobilization is 
dependent on the Ang-II signaling. Indeed, by using an I/R mouse model, they showed that enalapril reduces the 
migration of monocytes from the spleen, and this has direct effects on EF and infarct size (compared to untreated 
apoE−/− mice) [214].

Lapointe et al. report the suppressing effect of the ACEI captopril on TNF-α levels in a rat MI model [215], while 
the ARB candesartan has been shown to reverse the changes in IL-6, IL-10, and TNF-α in an I/R canine model [216]. 
In addition, the cytokine-targeting effects of ACEIs have been demonstrated on patients suffering from HF. Kovacs 
et al. demonstrated that quinapril (10 mg daily) suppressed TNF-α and CRP 2 and 3 months following treatment ini-
tiation of MI patients [217]. Additionally, high-dose enalapril (40 mg daily) reduced the IL-6 activity, however, this 
treatment was unable to completely abrogate the inflammatory activation [211]. In a comparison of ACEI versus ARB 
treatment in a rat MI model, Sandmann et al. showed that olmesartan treatment is substantially more beneficial by 
suppressing IL-1β, IL-6, and macrophage infiltration (and having overall better effects on cardiac function parame-
ters), compared to ramipril, which suppressed only IL-6 [218]. Lastly, ACEIs and ARBs (and their combination) have 
been shown to target TGF-β1 and the Smad proteins [219], a signaling pathway that is well-known to regulate (and 
be regulated by) inflammation [220]. Hence, it is becoming apparent that the beneficial effects of ACEIs and ARBs 
are—at least partly—mediated via effects on the inflammatory response.

3.4.2.1.3  MINERALOCORTICOID RECEPTOR ANTAGONISTS

As discussed earlier, the RAS targeting has been in the forefront of clinical use as well as research for decades 
now. Mineralocorticoid receptor antagonists (spironolactone and eplerenone) play a central role in the pharmacotherapy 
post-MI. In contrast to glucocorticoids, which have been shown to impair myocardial function and increase infarct 
rupture (and so mortality) [221–223], the mineralocorticoid manipulation can have beneficial effects following MI. 
This is demonstrated by animal model work [224] as well as by large clinical trials on morbidity and mortality in pa-
tients with severe HF [225,226]. The implication of aldosterone to the promotion of inflammation is well established 
[227], with ROS-mediated effects on macrophages, fibroblasts, lymphocytes, and other cell types with proinflamma-
tory actions being to blame; hence, the blockade of aldosterone’s effects has beneficial properties. Indeed, recent stud-
ies, like the one by Fraccarollo et al., have revealed the involvement of several cytokines (IL-1β/4/6/10 and TNF-α) 
and the chemokine MCP-1 in the cardioprotective effects of eplerenone in a rat MI model [228].

3.4.2.1.4  BETA-BLOCKERS

Beta-blockers have been routinely used following acute MI for several decades and various clinical trials have 
proven their beneficial effects on reducing mortality and reinfarction [229], especially in combination with other 
agents such as ACEI or ARBs [230,231]. Nevertheless, publications connecting beta-adrenoceptor blocking agents 
with effects on the inflammatory cascade following MI are very scarce; this indicates that the immunomodulatory 
effects they might have (e.g., on monocytes [232]) are probably not the main mechanism by which they produce their 
beneficial effects following MI.
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Recent research has shown that beta-blockers appear to have only a minimal (nebivolol) or no effect (metoprolol) 
on proinflammatory genes in endothelial cells [233]. In contrast, in another study carvedilol (a beta-blocker well 
known for its anti-inflammatory and antioxidant properties) [234] was found to suppress plasma levels of TNF-α 
and IL-6 in ischemic and nonischemic dilated cardiomyopathy, but with effects more marked in nonischemic pa-
tients [235]. It is important to note here that there is evidence against the coadministration of some beta-blockers 
with statins, as the benefit of the latter might be reduced in acute MI patients [236]. The researchers demonstrated 
that metoprolol or propranolol might reduce the anti-inflammatory effects of simvastatin (which suppresses CRP), 
hence their simultaneous use (a very common combination in clinical use) might lead to a reduced statin-mediated 
beneficial effect.

3.4.2.1.5  ANTIPLATELET AGENTS

Aspirin has been one of the most cost-effective therapies in the management of CHD, including acute MI and 
primary/secondary CHD prevention. A major study approximately 17 years ago demonstrated that aspirin (162 mg 
daily) dramatically reduced mortality, reinfarction, and the occurrence of stroke in patients with acute symptoms 
of MI [237]. Furthermore, it has been suggested that the beneficial cardioprotective effects of aspirin are further ex-
panded when this is coadministered with a statin [238]. Aspirin has been known for decades as an anti-inflammatory 
agent (and specifically via the NF-κB signaling pathway) [239]. Nevertheless, evidence connecting aspirin with 
anti-inflammatory effects following MI is very limited. Solheim et al. showed that aspirin therapy (160 mg daily) can 
suppress CRP levels (and TNF-α to a lesser extent) even 3 months after acute MI, however, the research team could 
not link this reduction to clinical end-points [240]. Similar results were demonstrated by Adamek et al. who point 
out that high-dose aspirin (120 mg/kg of weight) has a suppressive effect on IL-1β and TNF-α in a mouse MI model, 
however, this has no consequence on functional or volumetric (dilatation) cardiac parameters [241]. Nevertheless, 
the dose of aspirin used is high and so any extrapolation to the clinical setting should be made with caution.

The GP IIb/IIIa receptor antagonists (e.g., abciximab) are potent inhibitors of platelet aggregation utilized routinely 
after MI and especially in patients that undergo PCI [242] in order to reduce the likelihood of thrombogenesis. 
Platelets are cells that can drive inflammation by releasing various cytokines (especially IL-1β) once they are acti-
vated [243] and by expressing a range of chemokine receptors—namely, CCR1/3/4 and CXCR4 [244]. Furthermore, 
platelets can form aggregates with white blood cells (leukocytes) and hence play a role in thrombus formation. GP 
IIb/IIIa receptor antagonists have been found to suppress IL-1β and prevent platelet-leukocyte aggregation and 
hence prevent thrombosis [245]. The anti-inflammatory actions of GP IIb/IIIa receptor antagonists have also been 
confirmed by more recent studies (not on ischemia models though) reporting effects on TNF-α, IL-6 [246], as well as 
CRP [246,247]. Hence, it is possible that GP IIb/IIIa receptor antagonists mediate their beneficial effects following 
MI, not only via anti-thrombosis but also via inflammatory modulating actions, however, more research should be 
performed to investigate this in further depth.

Lastly, the P2Y12 receptor inhibitors (examples including clopidogrel, prasugrel, etc.) have been part of the ther-
apeutic arsenal following acute MI (among other indications), in combination with other agents. Members of this 
drug class target platelets, inhibit their activation and aggregation, and demonstrate antithrombotic effects. The role 
of these agents in the regulation of the inflammatory response is well established [248] by affecting neutrophils and 
macrophages and suppressing IL-1β and TGF-β [249], however, its significance in the post-ischemia period is still not 
clear. One of the very few studies in which this relationship was investigated is the one by Xiao and Theroux [250]. 
They showed that clopidogrel (300 mg single dose after an acute coronary syndrome) can suppress the aggregates of 
platelets with both monocytes and neutrophils; nevertheless, whether this might have any clinical benefit for these 
patients remains unexplained.

3.4.2.2  Novel Strategies Targeting Inflammation After MI
Currently, there is intensive work being performed that focuses on the inflammatory response in order to identify 

novel targets and strategies for the post-MI treatment. In this section, we will attempt to provide a short overview of 
several of these novel approaches. For further insight in the contemporary research strategies in the field, the reader 
is referred to Chapter 14 by Mann et al.

The importance of IL-1α/β, IL-8, IL-10, and other ILs, as well as TNF-α during the inflammatory stage post-MI, 
is well established and has attracted a considerable amount of interest as a target for therapies aiming to prevent 
adverse remodeling. Several studies have investigated the effects of the manipulation of these factors via various 
strategies.

There are a number of studies focusing on manipulations of ILs, in order to improve wound-healing post-MI. The 
neutralization of IL-1α/β by the use of a recombinant fusion protein (IL-1 Trap) has been shown to confer beneficial 
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effects in a mouse MI model. Treatment with IL-1 Trap leads to an inhibition of cardiomyocyte apoptosis, suppression 
of IL-6 levels, and improvement of cardiac function 1 week post-MI [251]. Similar results have been demonstrated in a 
study that selectively blocked IL-1β in a mouse permanent MI model [252]. The beneficial effects of the IL-1 blockade 
were confirmed by a clinical study involving the use of the IL-1 antagonist anakinra in patients with STEMI. This trial 
[253] showed that anakinra can prevent LV remodeling and its demonstrated safety warranted the continuation of 
the clinical trial on a larger scale. IL-8 is a proinflammatory chemokine that might also be a potential target following 
MI. Transfusion of endothelial cells, which overexpressed IL-8 receptors (IL8RA/B) in a rat MI model, demonstrated 
beneficial effects on infarct size, LV remodeling, neutrophil infiltration, and proinflammatory cytokine levels [254]. 
Nevertheless, studies involving patients with a first MI and studying the risk for further ischemia have revealed con-
tradictory results. Elevated IL-8 levels in the serum of men are associated with increased risk of MI recurrence, while 
the opposite was shown for women. Hence, it is not very clear which strategy (induction or inhibition of IL-8) would 
be optimal for post-MI wound healing and whether this would necessarily apply to both genders [255]. Moreover, the 
anti-inflammatory IL-10 has been suggested as a potential target in the last few years. Although early studies with IL-10 
KO mice failed to demonstrate any deleterious effect for the wound healing (indicating that IL-10 might not be that im-
portant for wound healing) [88], subsequent studies reported controversial results. Two separate studies showed that 
IL-10 treatment inhibits the inflammatory response and improves LV architecture and function following MI in mice 
[256] and rats [257], reviving the interest for IL-10 targeting. IL-33, which belongs to the IL-1 cytokine superfamily, has 
shown bimodal anti- and proinflammatory actions [90]. IL-33 and its corresponding receptor ST2 have been implicated 
in anti-apoptotic beneficial effects after MI in mice [258] leading to improved LV function and architecture as well as 
reduced mortality. The beneficial effects of IL-33 have been recently confirmed by Yin et al. [259] in a mouse MI model. 
The authors showed that recombinant IL-33 treatment leads to reduced macrophage activation, suppressed cytokine 
cardiac levels, and improvement in the LV function, making further research on this cytokine of greater interest.

Furthermore, TNF-α has been proposed as a potential therapeutic target for a few decades now and both basic 
research and clinical trials have been performed yielding interesting but conflicting results. Gurevitch et al. reported 
that the administration of an antibody against TNF-α [260] leads to a reduction of the ischemic damage and prevents 
adverse remodeling in a rat I/R model. Sun et al. came to some very important conclusions after studying wild-type 
(WT) versus TNF−/− mice following permanent coronary artery ligation. The knocking out of TNF was shown to 
dramatically suppress infarct rupture rate and reduce apoptosis of cardiomyocytes and the overall LV remodeling—
effects mediated via a depression on NF-κB, immune cell infiltration and MMP activity [261]. Ramani et al. demon-
strated that the TNF-α receptor 1 is very important for the observed effects [262]. More recent research with Tg mice 
in the field of TNF-α targeting reports that a major contributor to the beneficial or detrimental effect on the ischemic 
myocardium is the type of TNF-α receptor that is stimulated. Activation of TNF-receptor type 1 (TNFR1) leads to 
adverse cardiac effects, while activation of TNFR2 can act in a cardioprotective way. In this sense, blockade of TNFR1 
could confer a beneficial overall effect following ischemia [80,263]. Moreover, a study by Sugano et al. confirmed 
this theory by blocking TNF-α via in vivo transfer of soluble TNF receptor 1 to rats in a permanent MI model [264] 
and showing beneficial effects on LV function and infarct size. Unfortunately, the blockade of TNF-α in the clinical 
setting—using etanercept, a recombinant human TNF receptor that can render TNF inactive—failed to show bene-
ficial effects in patients with acute MI [265]. Although etanercept showed promising results in animal studies [266], 
upcoming clinical trials [267] are expected to shed more light in its potential for the prevention and treatment of MI. 
For a complete outlook in the area of clinical trials focusing on TNF, we refer the reader to Chapter 14.

miRNAs are gaining more and more interest in all kinds of research fields, including cardiology. They are impli-
cated in various processes (physiological and pathological) of the cardiovascular system, and they have been shown 
to play key roles during wound-healing post-MI [268]. More specifically, several reports have been pointing toward 
the importance of several miRNAs and effects on the inflammatory response in a wide range of cardiovascular dis-
eases [183]. A study by Zidar et al. has shown that miR-146a, miR-150, and miR-155 levels are dramatically increased 
as early as 24 h after an acute MI and the first two are still elevated after a week [269]. MiR-146a levels are induced 
by TNF-α [270], while miR-146a has been shown to be induced by NF-κB stimulation of monocytes and be under the 
control of TLR [271]. Moreover, miR-155 overexpression leads to induction of TNF-α [272]; a more recent study has 
demonstrated that miRNA-155 is closely associated with the expression of Th17 cells and IL-17a of peripheral mono-
nuclear cell origin in patients with an acute coronary syndrome (including acute MI) [273]. In addition, miR-155 has 
been implicated in the regulation of inflammation in nonischemic injury involving hypertrophy and HF, with miR-
155 KO mice showing depressed monocyte/macrophage activation [274]; thus, it would be extremely interesting to 
see future studies involving the deletion of miR-155 in MI animal models. Further research on the aforementioned 
miRNAs involving MI models will illustrate the exact cross-talking mechanisms and regulation pathways with the 
inflammatory response and whether they could be considered as reliable strategies for post-MI therapies.
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TLRs—covered extensively in Chapter 2—belong to a family of receptors that recognize conserved pathogen motifs 
called pathogen-associated molecular patterns (PAMPs) and thus help in the initiation of the innate immune response 
after infection. In addition, TLRs can also respond to signals from damage-associated molecular patterns (DAMPs), 
such as the ones observed following I/R or permanent ischemia. Indeed, TLR stimulation leads to activation of NF-
κB, which eventually switch on various immunomodulatory molecules (e.g., TNF-α, IL-1β, interferons, etc.) [275,276]. 
Hence, the interest for their function in the setting of MI has increased in recent years. Several studies have been 
performed focusing on TLR2 and TLR4 modulation in mostly I/R models and have demonstrated beneficial effects 
[276]. Sakata et al. demonstrated that knockout of TLR2 causes a suppression of TNF-α and IL-1β levels in Langerdoff-
perfused mouse hearts following I/R, and this prevents LV dysfunction [277]; however, Shishido et  al. could not 
acknowledge similar effects since their TLR2 KO and WT animals showed the same immune cell infiltration after MI 
[278]. Lu et al. investigated the roles of TLR3 in both permanent MI and transient I/R by utilizing TLR3 KO mice. This 
group reported a suppression of NF-κB, IL-1β, and TNF-α and inflammatory cell infiltration in the ischemic myocar-
dium [279]. On the other hand, a study on TLR4 KO mice exhibited dramatic effects on the expression of several cyto-
kines (IL-2/6/17, TNF-α, and interferon-γ) and an overall cardioprotective effect following MI in a mouse MI model 
[280]. For more in-depth information regarding the role of TLR in the control of the immune response following MI, 
the reader is referred to an excellent review paper by Feng and Chao [276]. NF-κB is a major factor playing a role in the 
inflammatory response. NF-κB activation can lead to the stimulation of transcription of various cytokine modulator 
genes (such as IL-1/6 and TNF-α), as well as of some chemokines (CXCL10, CCL2, etc.) [281]. Nevertheless, data are 
conflicting, with studies demonstrating, on the one hand, beneficial effects from the amelioration of NF-κB in a I/R 
mouse model [282] but also proving that NF-κB might be having an anti-inflammatory effect [283].

As mentioned previously, oxidative stress is one of the key components stimulating the inflammatory response 
following MI and, hence, antioxidant agents—targeting mostly ROS—have been shown to confer beneficial effects 
after ischemia. The effects of the antioxidant enzymes superoxide dismutase plus catalase were investigated about 
30 years ago in an I/R dog model and showed beneficial effects on reduction of the infarct size [284]; nevertheless, a 
preceding animal study [285] and a clinical trial [286] failed to yield similar results. The group of Sia et al. [287] pro-
vided evidence that long-term use of the antioxidant (and cholesterol-lowering) probucol can reduce mortality, re-
duce fibrosis, and improve cardiac function in a rat MI model. The beneficial effects were mediated via a suppressed 
oxidative stress response and repression of IL-1β/6. Nevertheless, research on probucol has been halted, following 
the finding that it can lower HDL levels [288]. Lastly, several studies have focused on vitamins (E and C) operating as 
free-radical scavengers and their potential as antioxidant and anti-inflammatory agents following acute MI. For more 
information on the matter, the reader is directed to a review publication by Rodrigo et al. [289]. To sum up, studies 
on antioxidant strategies have not yet shown robust results, so more research is needed to ascertain whether they can 
demonstrate any potential benefits that can be utilized in the clinical setting.

Methotrexate (MTX), a drug agent used in rheumatoid arthritis, psoriasis, and several types of cancer [145] has 
also been suggested as a novel strategy toward suppressing the deleterious inflammatory response in cardiovascular 
incidents. MTX is a potent anti-inflammatory agent that has been shown to reduce TNF-α, IL-1β, IL-6, and CRP levels 
when used in very low doses (10-30 mg once a week) [290,291] and produces effects on various inflammation-related 
cell types [292]. A meta-analysis on patients suffering from rheumatoid arthritis showed that MTX treatment reduces 
the risk of cardiovascular events by 21% compared to patients on other disease-modifying anti-rheumatic drugs 
[293]. Additionally, MTX and its derivative (MX-68) were shown to have beneficial effects on limiting infarct size in 
a dog I/R model [294]. Two clinical trials, CIRT [295] and TETHYS [296], are aiming to gain insights into the actions 
of low-dose MTX in reducing cardiovascular inflammation and to investigate whether MTX could be part of a novel 
treatment strategy to prevent re-occurrence of MI or to treat patients who have suffered an acute ischemic episode.

Erythropoetin (EPO) is a polypeptide hormone that is activated in hypoxic conditions and plays a crucial role in 
erythropoiesis [297]. Furthermore, EPO expression can, amongst others, be stimulated by TNF-α, IL-1β, and IL-6 
[297], making it an attractive target after MI and during the inflammatory response. Notably, various studies have 
demonstrated beneficial effects of EPO following permanent MI [298], as well as I/R [299] in rodent models, hence, 
interest grew on EPO. Following I/R, EPO was able to suppress proinflammatory cytokines, such as TNF-α and IL-6, 
and to induce anti-inflammatory cytokines, like IL-10 [300]. While in a permanent coronary ligation model, EPO had 
similar effects but also targeted IL-1β and TGF-β [301]. Still, in the latter study, the fact that EPO was administered 
4 weeks post-MI might give misleading conclusions, as EPO would not be able to target the early inflammatory re-
sponse post-MI. Hence, more research needs to be performed before safe conclusions regarding the potential of EPO 
as an anti-inflammatory strategy can be made.

For a long time, the Wnt/frizzled signaling pathway has been in the research focus of several physiological and patho-
physiological mechanisms, including the post-MI wound-healing process [302]. The essential immune-regulatory role 
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of Wnt/frizzled signaling pathway is also well established. Both divisions of the signaling cascade, the β-catenin “canon-
ical” [303] and the β-catenin independent (noncanonical) [304] have been implicated in the regulation of inflammatory 
cells and ILs. Wnt5a can alter the expression of macrophage-derived IL-1β and IL-6 [304], while Wnt3a and Wnt5a 
have been associated with TLR/NF-κB activation (pathways that are known to regulate inflammatory cell recruitment) 
[305,306]. Hence, a very reasonable approach would be to investigate the potential effects of manipulations of Wnt/
frizzled signaling on the inflammatory response post-MI and to verify whether they can be utilized as novel strategies. 
The direct regulatory role of Wnt signaling factors (such as Dickkopf-1) has been demonstrated in the development of 
the atherosclerotic plaque [307], however, reports on the Wnt cascade association with the post-MI inflammation are 
extremely limited. Actually, the only study in this field is the one from Barandon et al. The group transplanted bone 
marrow cells from Tg mice overexpressing secreted frizzled-related protein 1 (sFRP-1) and subjected them to MI. They 
reported a suppression of the proinflammatory IL-6 and an induction of the anti-inflammatory IL-10 levels in the scar 
of sFRP-1 transplanted mice 4 days post-MI, compared to controls (without any effect observed on TNF-α or IL-1β). 
These observations were correlated to reduced rupture incidence and scar size while cardiac performance parameters 
were improved [308]. This study confirms that a fine balance between anti- and proinflammatory factors is crucial for 
the early wound-healing post-MI, however, more research is needed to investigate the effects of Wnt signaling manip-
ulations in the early inflammatory response post-MI, before any firm conclusions can be drawn.

Recently, it has been suggested that exogenous high-mobility group protein B1 (HMGB1) is involved in the inflam-
matory response and could potentially be part of the therapeutic strategy to modify the inflammatory response 
after ischemia. HMGB1 is a multifunctioning cytokine that is secreted by inflammatory cells (including monocytes, 
macrophages, and DC) [309] and targets receptors such as TLR [310]. The actions of HMGB1 on inflammation are 
quite variable and various studies report both anti-inflammatory [311] and proinflammatory [312] effects. HMGB1 
can increase TNF-α in macrophages, TNF-α, and IL-1β/6 in monocytes and TNF-α and IL-1β in neutrophils, while 
there are reports that it can induce its own release from various inflammatory cell types [312]. Specific research on the 
cardiovascular system is still inconclusive. An interesting finding was that levels of HMGB1 in serum of MI patients 
are correlated with CRP and Troponin I levels [313]. Furthermore, Xu et al. showed that HMGB1 plays a major role in 
I/R injury by working via TNF-α and the JNK signaling pathway, implying that the blockade of HMGB1 could yield 
cardioprotective effects [314]. The injection of HMGB1 in rat hearts improved cardiac function and measurements 
with a suppressive effect on DCs to be the working mechanism [315], although the administration of HMGB1 at 
3 weeks post-MI might suggest that the acute inflammatory response after MI was not the target. On the other hand, 
treatment with an anti-HMGB1 antibody suppressed the upregulation of TNF-α and IL-1β in the infarct and dimin-
ished macrophage presence, however, LV adverse remodeling was worsened, an effect due to the HMGB1-inhibitory 
action on wound healing [316]. It is apparent that the results from the HMGB1 effects on the inflammatory process 
post-MI or following I/R studies are not conclusive and different models, routes of administration, and different 
inflammatory cell types targeted might be leading to variable results; thus, more research will shed light in the true 
potential of HMGB1 as a target.

The nuclear receptor superfamily of PPAR (covered extensively in Chapter 11 by Planavila & van Bilsen) and espe-
cially the PPAR-α and PPAR-γ families, is a well-established modulator of the inflammatory response in a wide range 
of conditions [317]. PPAR is expressed in a variety of immune-related cell types, such as neutrophils, monocytes, 
macrophages, DCs, lymphocytes, and so forth [318], while PPAR ligands have been shown to regulate factors such 
as TNF-α, IL-1β, and IL-6 [317]. Wayman’s group has shown that PPAR-α and -γ ligand administration following 
I/R in rats can lead to MCP-1 and ICAM-1 suppression, which eventually plays a role in the reduction of the infarct 
size [319] by modulating immune cell trafficking [109]. In addition, another I/R study demonstrated that a PPAR-α 
ligand (GW7647) suppresses neutrophils and IL-6 levels, leading to cardioprotective effects [320]. It is interesting 
to note that both studies have implicated the regulation of NF-κB in the observed effects. Furthermore, PPAR-δ has 
also been suggested as an important player in I/R models, as its ligand (GW0742) can inhibit IL-6, IL-8, ICAM-1 and 
MCP-1 in Zucker fatty rats leading to improved cardiac function and reduced infarct size [321]. It should be noted 
here that the PPAR family has been implicated in the working mechanism of statins following MI [148] and several 
studies have provided solid evidence for the implication of PPAR-mediated pathways in the statin beneficial effects.

3.5  CONCLUSIONS

In this chapter we have provided an overview of the inflammatory process and its mediators that play a crucial 
role before the development of MI (atheromatous plaque buildup, transition from stable to unstable), as well as af-
ter the ischemic injury occurs (wound-healing post-MI). Targeting of inflammation gained research interest about 
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20-25 years ago, however, the results from the majority of clinical trials in patients with MI were rather disheartening 
[6]. New research has been soaring and inflammation is attracting interest again as a potential target to prevent and 
to heal MI, since the inflammatory response is of critical importance for the evolution of atheroma; hence, targeting 
of inflammation during the maturation of the atheromatous plaque (and before this ruptures) could be an attractive 
strategy for the prevention of ischemic episodes. Furthermore, the inflammatory cascade has been shown to serve es-
sential roles in the early stages following MI and thus, more novel strategies are urgently needed to improve wound 
healing and prevent LV remodeling and progression to HF.

The optimal preventive drug strategy targeting the inflammatory process before MI should lead to a stable ather-
omatous plaque and prevent MI and other cardiovascular events from occurring. On the other hand, the ideal thera-
peutic drug approach focusing on inflammation following MI would be directed toward a robust and properly-healed 
scar, without the establishment of fibrosis in the remote areas or dilatation of the infarcted LV, while it should of 
course have minimal side effects. The current pharmacotherapeutic arsenal (both in the primary prevention and ther-
apy of MI) is effective in reducing overall mortality and morbidity, however, it cannot avert cardiovascular episodes; 
following MI it can only delay the development of adverse remodeling, dilatation, and HF. Moreover, all drug classes 
currently available in this field have a considerable amount of side effects, which can lead to reduced adherence, 
worse clinical outcomes, and poor quality of life for the patient. From all this, it is obvious that new strategies have 
to be laid out urgently.

One possible scenario could be to invest on acquiring an in-depth understanding of the exact mechanisms by 
which current pharmacotherapy achieves its beneficial effects via modulation of the inflammatory response. Surely 
this approach would save research time and also would reduce the cost, compared to starting research of new tar-
gets with new molecules. On the other hand, recent data indicates that there are several novel areas to target the 
inflammatory response before or after MI; their application could prevent atherosclerosis development (and hence 
diminish dramatically the occurrence of MI) and also deliver attractive results in the wound healing of the infarcted 
myocardium. Still, the inflammatory cascade is a remarkably complex network consisting of various steps and deter-
mined by a plethora of mediators that depend on spatial and temporal factors. The exact mechanisms by which the 
inflammatory response leads to atherosclerosis, progresses to MI, and participates in wound healing of the injured 
myocardium are not entirely understood and further research is required to uncover its secrets. Lastly, an important 
aspect of the inflammatory cascade that should be highlighted is the lack of sufficient knowledge on its regulation 
and so its activation or depression should be judged on a specific-case basis. Hence, any novel targets and strat-
egies aiming to affect the inflammatory response in order to target atherosclerosis (MI prevention) or to improve 
wound-healing post-MI should be tailored-made for each individualized patient (personalized medicine).
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4.1  INTRODUCTION

Cardiovascular disease is a leading cause of mortality, with myocardial infarction (MI) significantly contributing 
to the majority of morbidity and mortality [1]. Immediate survival in post-MI patients has greatly improved over 
the past three decades, mainly due to coronary reperfusion therapy and other therapeutic strategies. However, the 
incidence of chronic heart failure post-MI has substantially increased as a direct consequence.

Post-MI, the left ventricle (LV) undergoes a series of remodeling events, with inflammation initiating healing and 
scar formation [2]. While activation of the inflammatory response is important for wound healing, it is also harmful 
in generating additional injury that further promotes LV dilation. Neutrophils, macrophages, and fibroblasts are key 
cells involved in extracellular matrix (ECM) remodeling.

In the absence of reperfusion, neutrophils are the initial leukocytes that respond to the ischemic stimulus and 
provide chemotactic signals for subsequent macrophage recruitment [3]. Migrated macrophages engulf dead tissue 
and apoptotic neutrophils and generate matrix metalloproteinases (MMPs) and inflammatory mediators, such as 
cytokines, chemokines, and growth factors [4]. MMPs are responsible for ECM breakdown and coordinate many 
aspects of the inflammatory response through direct and indirect effects. Chemokines signal additional leukocyte 
migration to the site of injury by altering cell adhesiveness and regulating directional movement [5]. In response to 
inflammatory mediators, the fibroblast population within the injured myocardium differentiates into myofibroblasts 
and synthesizes a multitude of ECM proteins, including collagens. ECM breakdown by MMPs and ECM synthesis 
by fibroblasts set up a yin-yang relationship for scar formation.
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An appropriate extent of inflammation and ECM accumulation is important for post-MI infarct healing. An imbal-
ance between ECM deposition and degradation can result in adverse LV remodeling. In this chapter, we summarize 
the current literature on the roles of leukocytes and fibroblasts to oversee the inflammatory and ECM responses in 
the infarcted LV and discuss research issues to be addressed in future studies.

4.2  ROLES OF INFLAMMATION IN THE MI SETTING

After MI, neutrophils and macrophages are the predominant leukocytes recruited to the site of ischemia. They 
play key roles in regulating the inflammatory, angiogenic, and fibrotic responses by secreting a multitude of inflam-
matory mediators and proteinases.

4.2.1  Neutrophil Degranulation

We have previously reviewed in detail the roles of neutrophils in LV remodeling post-MI [3]. Briefly, neu-
trophils are recruited into the infarcted tissue within minutes (for ischemia/reperfused myocardium) to hours 
(for myocardium supplied by a persistently occluded coronary artery) after MI, and infiltration peaks at days 
1-3 post-MI [3]. Neutrophil depletion results in reduced infarct size and a lesser extent of ischemic myocardial 
injury, indicating that neutrophil infiltration can extend injury past the initial ischemia [6,7]. When degranulated, 
the neutrophil releases multiple proteases (e.g., serine elastase and MMPs) necessary for degrading the ECM 
surrounding the necrotic cardiomyocytes [3]. Neutrophil elastase hydrolyzes several ECM proteins (e.g., elastin, 
fibronectin, and collagen types III, IV, and VIII) and plasma proteins (e.g., complement and clotting factors), 
providing a mechanism of communication between leukocytes and ECM components [3,8]. Neutrophils are a 
rich source of MMP-9 early post-MI, which degrades ECM to provide a favorable environment for additional 
leukocyte (e.g., neutrophil and macrophage) infiltration [9]. Both neutrophil-derived elastase and MMP-8 have 
been shown to cleave elastin and fibronectin, respectively, to generate peptide fragments that are chemotactic for 
monocytes [10,11].

4.2.2  Macrophage Activation

Adherence of monocytes to infarcted tissue initiates their conversion to macrophages by inducing expres-
sion of factors such as macrophage colony stimulating factor and tumor necrosis factor (TNF)-α [4]. Following 
the influx of neutrophils, macrophages dominate the cellular infiltrate for the first 2 weeks after MI, thus exert-
ing key roles in cardiac repair [12]. The exact roles of macrophages in the healing myocardium have not been 
fully elucidated, in part, because the heterogeneity of the macrophage in this setting has only recently been ap-
preciated. In permanent coronary occlusion animal models of MI, macrophage numbers have been negatively 
and positively associated with LV remodeling, depending on the timing of the evaluation [13–16]. Specifically, 
inhibiting macrophage recruitment by anti-monocyte chemoattractant protein-1 gene therapy attenuates LV 
remodeling and dysfunction post-MI [13]. To the contrary, activated macrophages also improve LV healing 
and function post-MI [15]. Recent identification of the existence of macrophage population subsets, mainly 
pro- (M1 macrophages) and anti-inflammatory (M2 macrophages) phenotypes, has opened this research arena 
to new concepts.

In general, M1 macrophages promote inflammation and ECM destruction, while M2 macrophages facilitate an-
giogenesis, cell proliferation, and ECM reconstruction [4]. The M1 phenotype is also known as the classically acti-
vated macrophage, and these cells are characterized by upregulated secretion of proinflammatory mediators such 
as interleukin (IL)-1β, IL-6, and TNF-α. M1 macrophages are the source of several MMPs, including MMP-1, -3, 
-7, -10, -12, -14, and -25 [17]. In contrast, activation of the M2 phenotype is characterized by increased secretion of 
anti-inflammatory mediators such as IL-10, arginase, and transforming growth factor (TGF)-β1. In addition, M2 
macrophages produce lower levels of MMP-2, -8, and -19 but increased levels of MMP-11, -12, and -25, compared to 
M1 macrophages [17]. Therefore, the timing of when the inflammatory response is studied post-MI is crucial, since 
macrophages will have different functions and express different molecules at distinct times along the wound-healing 
continuum.
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4.3  CYTOKINE AND CHEMOKINE ROLES IN  LV REMODELING

4.3.1  Cytokines Regulate Fibroblast Phenotype and Function

Acute MI initiates a cytokine and chemokine cascade in both the infarcted and noninfarcted myocardium. Early 
post-MI, cytokines such as IL-1β, IL-6, and TNF-α, which are present at very low levels in the normal heart, are 
substantially upregulated [18,19]. This robust upregulation may be short term if the infarcted area is small or reper-
fused [18]. However, in the case of a large infarcted region, or with permanent coronary occlusion, this upregula-
tion may be sustained, corresponding to the chronic remodeling phase. IL-1β and TNF-α affect LV remodeling by 
activating fibroblasts and inducing their migration through MAP kinase pathways [20]. Both cytokines also activate 
endothelial cells, which facilitate the recruitment and migration of leukocytes into the injured myocardium, forming 
a positive feedback mechanism [21]. In a permanent coronary occlusion animal model of MI, IL-1β and IL-6 robustly 
increased in the infarcted area and in the remote region starting at 3 h post-MI [18]. These changes preceded the in-
crease in MMP-9 levels in the infarct area and collagen expression in the noninfarcted myocardium, suggesting that 
IL-1β and IL-6 act as upstream molecules to promote degradation of the necrotic tissue, ECM remodeling, and early 
induction of fibrosis after MI.

TGF-β1 is a 25-kDa cytokine expressed by neutrophils, macrophages, and fibroblasts and participates in several 
processes during LV remodeling post-MI. Latent TGF-β1 is activated by a number of molecules including integrins, 
MMP-2, MMP-9, plasmin, reactive oxygen species, and thrombospondin (TSP)-1 [22]. The common denominator in 
the variety of components that can activate latent TGF-β1 is the fact that they all indicate changes in ECM homeostasis.

Post-MI, TGF-β1 is upregulated early. TGF-β1 is a dual regulator of the inflammatory response. In the early stage 
of MI, TGF-β1 elicits a direct chemotactic response to neutrophils and monocytes [23,24]. Conversely, TGF-β1 deac-
tivates inflammatory macrophages at the late stage of MI, facilitating repair response [22]. TGF-β1 influences LV fi-
brosis by stimulating fibroblast differentiation to myofibroblasts, and enhancing ECM protein synthesis [25]. TGF-β1 
also inhibits MMP expression and induces the expression of tissue inhibitor of metalloproteinases [26]. Therefore, 
TGF-β1 has been considered as a master switch controlling inflammation and ECM deposition and as a target for 
therapies to prevent adverse LV remodeling [22].

4.3.2  Chemokines Regulate LV Remodeling

The chemokines CCL2/monocyte chemoattractant protein-1, CXCL8/IL-8, and CXCL10/interferon-γ-inducible 
protein-10 are consistently upregulated in experimental models of MI [27]. CCL2 is produced by a variety of cell 
types; however, macrophages and endothelial cells are the major contributors [28]. CCL2, a potent monocyte chemo-
attractant, recruits monocytes to the site of injury and forms a positive feedback loop for additional cell infiltration, 
which is a critical event for acute inflammation initiation. Additionally, CCL2 has been associated with modulation 
of cardiac fibroblast phenotype and activation by inducing collagen, TGF-β1, and MMPs [29].

In both experimental animals and in human MI studies, serum CCL2, CCL3, and CCL5 levels increase and are 
higher in patients who progress to heart failure [30]. CC chemokine receptor 5 (CCR5) is the natural receptor for 
CCL2, CCL3, and CCL4, making it important for macrophage recruitment into the infarcted myocardium. In a mu-
rine MI model, CCR5 deletion impaired LV remodeling by inhibiting macrophage activation [31]. Macrophages iso-
lated from infarct LV in CCR5 null mice showed a >50% reduction in gene expression levels of the proinflammatory 
cytokines IL-1β, IL-6, and TNF-α, highlighting the pathogenic effects of CCR5 in LV remodeling.

The balance in post-MI inflammatory and fibrotic responses is crucial for appropriate scar formation. On one 
hand, cytokines and chemokines attract leukocytes that remove the necrotic tissue, induce angiogenesis, and trigger 
new ECM synthesis by myofibroblasts. Conversely, these cells can secrete MMPs and reactive oxygen species that 
compromise tissue integrity. The dynamic balance between the two constitutes the remodeling process.

4.4  MMP ROLES IN THE INFARCTED MYOCARDIUM

4.4.1  MMPs

Inflammatory cells secrete a group of MMPs responsible for degradation of the ECM surrounding necrotic cardio-
myocytes. For the most part, MMPs consist of four domains: a pro domain, a catalytic domain, a hinge region, and a 
hemopexin domain [32]. MMPs are secreted in the zymogen form and are activated by a cysteine switch mechanism 
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involving zinc dissociation to expose the MMP active site [33]. The exception to this mechanism is MMP-23, which 
lacks the cysteine switch motif. MMPs have been classified into five groups based roughly on localization of where 
the MMP was first identified and initial in vitro substrate specificity profiles. The groups include collagenases, gelati-
nases, stromelysins, matrilysins, and membrane-type (MT)-MMPs. Some MMPs have not been assigned to the above 
groups and are cataloged as other MMPs. However, with the growing knowledge about MMPs, this cataloging is no 
longer useful. For example, MMP-14 is a collagenase but also is a MT-MMP. In the following section, we will focus 
only on those MMPs that have been evaluated in the post-MI setting (Table 4.1).

4.4.2  MMP-1

MMP-1, also known as collagenase-1, was the first MMP identified by Gross and Lapiere in 1962 [34]. Humans 
express MMP-1 while rodents have two MMP-1 isoforms—namely, MMP-1a and -1b. MMP-1 cleaves both ECM and 
non-ECM substrates such as collagen, gelatin, laminin, complement C1q, IL-1β, and TNF-α, suggesting a crucial role 
in inflammatory and fibrotic responses [32]. MMP-1 can also activate MMP-2 and -9, initiating an activation cascade 
[32]. MMP-1 activity increases 4.5-fold at day 2 following MI and peaks at day 7 [35]. Plasma MMP-1 concentration 
positively correlates with LV dilation and dysfunction, suggesting that it may be due, at least in part, to increased 
collagen degradation by MMP-1 [36].

4.4.3  MMP-2

MMP-2, also known as gelatinase A, is secreted by cardiomyocytes, fibroblasts, and myofibroblasts. MMP-2 has 
a wide range of substrates, which include collagen, elastin, endothelin, fibroblast growth factor, MMP-9, MMP-13, 
plasminogen, and TGF-β, indicating comprehensive roles of MMP-2 [32]. MMP-2 activity increases at day 4 post-MI 
and reaches a maximum by day 7 [37]. In animal models of acute MI, MMP-2 deficiency attenuates LV rupture and 
improves survival, which is strongly related to reduced macrophage recruitment and ECM degradation [38]. MMP-2 
deficiency results in decreased ECM degradation, thus limiting macrophage migration into the necrotic tissue and 
LV rupture.

4.4.4  MMP-3

MMP-3 was first named stromelysin-1 and is secreted by cardiomyocytes, fibroblasts, and macrophages [39]. 
MMP-3 actively interacts with other MMPs such as MMP-1, -3, -7, -8, -9, and -13 [40]. Post-MI, MMP-3 expression is 
markedly increased. In patients with acute MI, plasma MMP-3 concentration correlates with patient age and gender 
(e.g., higher levels in males), creatinine concentration, and hypertension, but negatively associates with LV function 
[41]. As such, MMP-3 may serve as a novel predictor for adverse LV remodeling after MI.

TABLE 4.1  MMPs in the MI Setting

Name Post-MI Expression Post-MI Roles

MMP

1 ↑ Predicts LV dysfunction and mortality in MI patients

2 ↑ ↓ Survival, ↑ LV rupture, ↑ macrophage infiltration, ↑ ECM degradation

3 ↑ Correlates with LV dysfunction and mortality in MI patients, activates MMP-1, -3, 
-7, -8, -9, -13

7 ↑ ↓ Survival, ↓ conduction velocity by connexin-43 cleavage, activates MMP-1, -2, -9

8 ↑ Degrades collagen, ↑ neutrophil infiltration, ↑ LV rupture

9 ↑ ↑ LV dilation, ↓/↑ LV function, ↑/↓ inflammation, ↑ collagen deposition

13 ↑ Activates MMP-9

14 ↑ ↑ Fibrosis, ↓ survival, ↓ LV function, activates MMP-2 and -13

28 ↓ in cardiomyocyte
↑ in macrophage

↓ Rupture, ↓ mortality, ↑ LV function, ↑ M2 macrophage differentiation, ↑ collagen 
deposition and cross-linking

MMPs, matrix metalloproteinases; MI, myocardial infarction; LV, left ventricle; ECM, extracellular matrix
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4.4.5  MMP-7

MMP-7, the smallest MMP member, is expressed in cardiomyocytes and macrophages. The ECM substrates for 
MMP-7 include collagen type IV, fibronectin, laminin, and non-ECM substrates, such as MMP-1, -2, and -9 and 
TNF-α [42]. Cardiac MMP-7 expression increases in the infarct and border region during the first week post-MI and 
returns to basal levels by 8 weeks [37,42]. Our laboratory demonstrated improved survival rate and conduction ve-
locity in MMP-7 null mice subjected to MI through interaction with connexin-43, fibronectin, and tenascin-C [42].

4.4.6  MMP-8

MMP-8, also known as neutrophil collagenase, is expressed not only by neutrophils, as it was suggested before, 
but also by macrophages. Substrates for MMP-8 include both ECM (e.g., aggrecan and collagen) and non-ECM 
(e.g., angiotensin and plasminogen) proteins [32]. At 1 day post-MI, infiltrated neutrophils release abundant MMP-8, 
which, in turn, increases additional neutrophil infiltration by cleaving collagen, suggesting a positive feedback loop 
[43]. MMP-8 expression remains elevated in the infarcted regions through 8 weeks post-MI, indicating that other cell 
types, including fibroblasts and endothelial cells, may be rich sources of MMP-8 [37].

4.4.7  MMP-9

MMP-9, also known as gelatinase B, is secreted by a wide range of cells, such as the cardiomyocyte, fibroblast, 
neutrophil, macrophage, vascular smooth muscle cell, and endothelial cell [39,44]. Early increase in MMP-9 after MI 
is derived from infiltrated neutrophils, while late increase is mainly due to recruited macrophages [3]. Known sub-
strates for MMP-9 activity include aggrecan, collagen, gelatin, laminin, and a variety of non-ECM substrates such as 
angiotensin II, casein, plasminogen, and TGF-β1 [32,39]. Plasma MMP-9 concentration correlates with the develop-
ment of LV dysfunction and survival post-MI, and is thus identified as a novel predictor of mortality in MI patients 
[45]. MMP-9 null mice have smaller LV dimensions, reduced collagen deposition, decreased macrophage numbers, 
and increased expression of MMP-2, MMP-13, and tissue inhibitor of metalloproteinases-1 following MI in compar-
ison to wild-type mice [46]. Interestingly, MMP-9 overexpression in macrophages also attenuates the inflammatory 
response and improves LV function in animal models of acute MI [47]. This indicates complicated roles of MMP-9 in 
LV remodeling, depending on the cellular source and temporal and spatial expression.

4.4.8  MMP-13

MMP-13, or collagenase 3, degrades casein, collagen, fibrinogen, and gelatin. MMP-13 is expressed in cardiac 
fibroblasts and macrophages [32,39]. MMP-13 tissue levels were elevated by 1 week post-MI and remained elevated 
up to 8 weeks in the infarct region in rats [39]. MMP-13 is an activator of MMP-9. As a compensatory mechanism, 
MMP-9 deficiency induces synthesis of MMP-13 in mice, which, in turn, tries to activate MMP-9. This may explain 
why MMP-9 null mice show higher expression of MMP-13 post-MI [46].

4.4.9  MMP-14

Unlike classic MMPs, MMP-14 belongs to a MT-MMP, also named MT1-MMP. In addition to cleaving the ECM 
(e.g., collagen, fibronectin, and gelatin), MMP-14 can activate MMP-2 and -13 [32]. MMP-14 level increases post-MI 
in cardiac fibroblasts and cardiomyocytes and positively correlates with cardiac fibrosis, LV dysfunction, and poor 
survival [39].

4.4.10  MMP-28

MMP-28, or epilysin, is released from cardiomyocytes under normal conditions. MMP-28 cleaves casein, neural cell 
adhesion molecule, and Nogo-A (a myelin component) [48]. Post-MI, MMP-28 tissue levels decrease, due to the loss 
of cardiomyocytes; however, macrophage-derived MMP-28 is upregulated [49]. In mice studies of acute MI, MMP-28 
deletion is associated with a higher incidence of LV dysfunction, cardiac rupture and mortality, as well as impaired 
ECM deposition and M2 macrophage activation [49]. In supporting of the above findings, peritoneal macrophages 
isolated from MMP-28 null mice have impaired M2 macrophage polarization in response to IL-4 stimulation [49]. This 
challenges our perception that all MMPs adversely affect LV remodeling and that inhibiting their action is beneficial.
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In summary, individual MMPs play different and even opposite roles in post-MI LV repair. Further, depending on 
timing and when different substrates are present, the same MMP potentially also has opposite roles. This may partly 
explain the failure of broad spectrum MMP inhibitors to improve outcomes in large-scale clinical trials. These studies 
suggest that selective MMP inhibitors are needed to specifically suppress individual MMP without impacting other 
members and that we need more information on optimal timing strategies.

4.5  ECM ROLES IN THE MI SETTING

The ECM is composed mainly of structural proteins and nonstructural matricellular proteins, as well as protein-
ase enzymes and their inhibitors. The cardiac ECM provides structural support by serving as a scaffold for cells and 
transduces mechanical, chemical, and biological signaling to regulate LV homeostasis and the response to MI.

4.5.1  Structural ECM

Collagens, fibronectin, and laminins are structural ECM proteins that maintain architecture and function in 
the normal heart. They also play a critical role in regulating the inflammatory response and LV repair after MI 
(Table 4.2) [50].

4.5.2  Collagens

Collagen is the major cardiac ECM protein, with collagen type I being the most abundant fibrillar collagen in the 
normal heart [51]. Macrophage and cardiac fibroblast production of collagen type I, III, IV, V, and VI increases follow-
ing MI, and collagen type I and III are major components of the scar [52]. Several studies demonstrate that collagen 
type III is deposited in the earlier phases of LV remodeling, while collagen type I deposition predominates in the 

TABLE 4.2  Roles of ECM Proteins Post-MI

Name Post-MI Roles

Structural

Collagen type I, III Scar components

Collagen type IV Basement membrane component, ↑ angiogenesis

Collagen type V Regulate collagen type I fibril assembly

Collagen type VI ↓ LV function, ↑ cardiomyocyte apoptosis, ↑ collagen deposition

Fibronectin-EDA ↑ LV dilation, ↓ LV function, ↑ collagen synthesis, ↑ inflammation, ↑ MMP activity, 
↑ myofibroblast accumulation

Laminin Basement membrane component, correlates negatively with LV function

Matricellular

CCN-1 ↑ Apoptosis, ↓ inflammation, ↓ fibrosis

CCN-2/CTGF ↓ Ischemia/reperfusion infarct size

CCN-4 ↑ Hypertrophy, ↓ cardiomyocyte apoptosis, ↑ fibroblast proliferation

Osteopontin ↓ Remodeling, ↓ LV dilation, ↑ collagen, ↑ angiogenesis

Periostin ↑ LV function, ↓ LV rupture, ↓ fibrosis, ↑ cardiac regeneration

SPARC ↑ LV function, ↓ LV rupture, ↓ mortality, ↑ macrophage infiltration, ↑ scar quality

Tenascin-C ↑ LV remodeling, ↓ LV function, ↑ fibrosis, ↑ fibroblast migration and differentiation

TSP-1 ↓ LV remodeling, ↑ LV function, ↓ inflammation, ↓ angiogenesis

Note that each of these proteins also has additional possible roles when degraded by MMPs to form ECM-derived fragments. ECM, extracellular matrix; MI, myocardial infarction; 
MMPs, matrix metalloproteinases; LV, left ventricle; EDA, extra domain A; CTGF, connective tissue growth factor; SPARC, secreted protein acidic and rich in cysteine; TSP-1, 
thrombospondin-1.
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intermediate and late remodeling phases [52,53]. The process of collagen turnover after MI may last months or even 
years before good scar quality is achieved [54].

Cardiomyocytes are surrounded by a basement membrane that is mainly composed of collagen type IV. Collagen 
type IV has a critical role in the regulation of angiogenesis. Collagen type IV induces the formation of neovessels, sta-
bilizes neovascular outgrowth, and prevents vascular regression [55]. Post-MI, collagen type IV expression is elevated 
in the border zone at day 3, peaking at days 7-11 [56]. In the infarcted LV, collagen type IV expression only starts to 
increase at day 10. These data suggest that the absence of collagen type IV in the earlier stages of LV remodeling fa-
cilitate leukocyte and fibroblast migration, while at a later stage collagen type IV is necessary for scar vascularization.

Collagen type V is a low abundance but widely distributed protein. Collagen type V is necessary for collagen 
type I fibril assembly and can regulate fibril size and organization, thus possibly playing a critical role during scar 
formation [57]. Collagen type V knockout mice are embryonic lethal due to cardiovascular failure [58]. Although the 
specific function of collagen type V in the heart is not yet defined, it is secreted in the myocardium by cardiac fibro-
blasts and vascular smooth-muscle cells suggestive of an important role during fibrosis and angiogenesis.

Collagen type VI is a nonfibrillar collagen and forms a microfilament network that organizes the fibrillar collagen 
type I and III, anchoring them to the basement membrane [59]. In vitro, collagen type VI can induce myofibroblast 
differentiation, indicating possible roles in post-MI LV repair [60]. Interestingly, collagen type VI deletion has been 
shown to attenuate LV remodeling and function post-MI by inhibiting apoptosis and collagen deposition [61].

4.5.3  Fibronectin

Fibronectin regulates cell morphology and movement by adhering to other ECM proteins. In response to MI, 
fibronectin is generated by endothelial cells, fibroblasts, and macrophages. Fibronectin contains an alternatively 
spliced exon encoding type III repeat extra domain A (EDA). EDA acts as an endogenous ligand for toll-like re-
ceptor (TLR)-2 and -4, resulting in induction of proinflammatory gene expression and monocyte activation [62]. 
EDA injection into murine joints induces an inflammatory response via the activation of nuclear factor-κB [63]. In 
addition to its proinflammatory properties, EDA can bind to several integrins and regulate cell adhesion and pro-
liferation [64,65]. In EDA null mice, less LV dilation and enhanced LV systolic performance are observed after MI 
compared with wild type mice. EDA null mice also exhibit reduced inflammation, MMP- 2 and -9 activities, and 
myofibroblast accumulation [66]. Proteomics studies from our laboratory demonstrated that fibronectin is an in vivo 
substrate for both MMP-7 and -9, which may partially explain the beneficial effects observed in mice deficient in 
MMP-7 or -9 [67,68].

4.5.4  Laminins

Laminins, the first ECM glycoproteins detectable in the embryo, are found in basement membrane. Laminins 
consist of three peptide chains: α, β, and γ. Laminin protein is detected in the infarct area at day 3 post-MI, peaks in 
concentration at days 7-11, and then returns to baseline levels [69]. The wide existence of laminins throughout the 
infarct area suggests that they may directly regulate LV repair post-MI [69]. In patients with acute MI, serum laminin 
level is higher than in patients with stable coronary artery disease and those without coronary artery disease [70]. 
This report suggests the possibility that serum laminin could be a potential prognostic marker for MI patients.

4.5.5  Matricellular Proteins

Although matricellular proteins do not serve a direct structural role in the ECM, they are capable of interacting 
with cell surface receptors, proteinases, growth factors, and other ECM proteins. Matricellular proteins are expressed 
at very low concentrations in the LV at baseline but increase substantially following MI, implying their involvement 
in LV remodeling and repair [50]. Matricellular proteins include CCN family, osteopontin (OPN), periostin, secreted 
protein acidic and rich in cysteine (SPARC), tenascins, and TSPs [50]. Their roles in LV repair post-MI are summa-
rized in Table 4.2.

4.5.6  CCNs

The CCN family consists of cysteine-rich protein 61 (CCN1), connective tissue growth factor (CTGF, CCN2), 
nephroblastoma overexpressed protein (CCN3), and Wnt-inducible secreted proteins CCN4, CCN5, and CCN6. 
CCN proteins modulate cell adhesion, migration, and survival. CCN1, CCN2, and CCN3 promote migration of 
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inflammatory cells, endothelial cells, and fibroblasts, while CCN4 and CCN5 inhibit their migration [71,72]. CCN1 
induces proinflammatory polarization of macrophages, and promotes the expression of genes responsible for ad-
hesion, angiogenesis, and ECM turnover [73]. CCN1 is highly induced in end-stage ischemic cardiomyopathy and 
regulates apoptosis, angiogenesis, inflammation, and the fibrotic response [74,75]. In an ischemia reperfusion model, 
CCN2 overexpression in cardiomyocytes reduces infarct size by regulating the Akt/p70S6 kinase/GSK-3β kinase 
pathway [76]. In vitro, CCN4 stimulates cardiomyocyte hypertrophy, inhibits cardiomyocyte apoptosis, and facili-
tates cardiac fibroblast proliferation [77]. After MI, CCN4 induction in the infarct border and remote regions peaks at 
24 h [77].The actions of other CCN members in the MI setting have not been investigated.

4.5.7  Osteopontin

OPN, originally identified as a bone matrix protein, is a phosphorylated acidic glycoprotein expressed in many 
immune cells (e.g., macrophages and dendritic cells). OPN is significantly increased post-MI [78]. OPN signaling is 
achieved through integrin- or CD44 mediated pathways and modulates cell adhesion, survival, and gene expression 
[50,79]. OPN promotes migration of monocytes, T cells, endothelial cells, and smooth muscle cells [79]. In the post-MI 
setting, OPN co-localizes with macrophages infiltrating the infarct area, indicating OPN originates from or cross 
talks with macrophages. OPN can activate macrophages via induction of IL-12 synthesis and suppression of IL-10 ex-
pression [80]. In studies conducted in animals, OPN deficiency exacerbates MI-induced LV dilation and remodeling, 
without influencing infarct size or survival [81]; the underlying mechanisms are associated with reduction in TGF-β1 
signaling, collagen levels, and angiogenesis.

4.5.8  Periostin

Periostin binds to the ECM to mediate smooth muscle cell migration and invasion of mesenchymal cushion 
cells via αvβ3 and αvβ5 signaling [82]. Tissue periostin level is markedly increased post-MI and mainly local-
izes to fibroblasts in the infarct area [83]. Fibrogenic activity of periostin is attributed to enhancement of the 
TGF-β/Smad signaling pathway [84]. Periostin null mice show an increased incidence of cardiac rupture in the 
first 10 days after MI, compared to wild-type mice [85]. Interestingly, myocardial administration of periostin in 
post-MI mice resulted in improved cardiac function, cardiomyocyte proliferation, and reduced cardiac fibrosis, 
suggesting that periostin may enhance the regenerative capacity of the myocardium without inducing fibrosis 
[86]. Dissecting the specific pathway responsible for the proregenerative activities of periostin may identify se-
lective intervention targets.

4.5.9  SPARC

SPARC regulates ECM deposition and proteinase activity. LV SPARC expression is markedly increased after MI, 
and is mainly localized to infiltrating macrophages, endothelial cells, and myofibroblasts [87]. Post-MI, SPARC null 
mice exhibit fewer macrophages in the infarct region, suggesting that SPARC may regulate macrophage viability 
and the chronic immune response [87]. SPARC increases the expression of TGF-β in cardiac fibroblasts and regu-
late macrophage clearance through interaction with scavenger receptor stabilin-1 [50,79,88]. In the post-MI setting, 
deletion of the SPARC gene results in the formation of disorganized, immature scar tissue and rupture phenotype, 
and infusion of TGF-β rescues SPARC null hearts from rupture [87]. Mice studies from our laboratory indicate that 
SPARC deletion preserves LV function at day 3 post-MI but may be detrimental for the long-term response due to 
impaired fibroblast activation [89].

4.5.10  Tenascin-C

Tenascin-C is an oligometric glycoprotein exclusively expressed in the chordae tendineae and base of valve 
leaflets in the normal heart. In animal models of MI, tenascin-C expression can be detected in the infarct bor-
der zone, and is thought to loosen the strong adhesion of surviving cardiomyocytes to connective tissue [90]. 
Accordingly, tenascin-C aggravates LV remodeling and dysfunction after MI in mice; its deletion attenuates 
adverse LV fibrosis and dysfunction, without affecting infarct sizes or survival rates [91]. In  vitro, tenascin-C 
fosters fibroblast migration and differentiation, and collagen gel contraction [92]. In patients with MI, serum 
concentration of tenascin-C positively correlates with the incidence of adverse cardiac remodeling and worse 
clinical outcomes [93].
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4.5.11  Thrombospondin-1

TSP-1 is a multimodular, calcium-binding glycoprotein and an endogenous inhibitor of angiogenesis. It inhib-
its endothelial function, stimulates apoptosis, and suppresses nitric oxide and vascular endothelial growth factor 
signaling [94]. TSP-1 activates TGF-β1 by preventing its latency-associated peptide from deactivating the mature 
domain of TGF-β1 [95]. TSP-1 mRNA and protein are induced markedly after MI [96]. Absence of TSP-1 exacerbates 
MI-induced LV adverse remodeling and dysfunction via enhancing inflammation duration, extent, and infarct ex-
pansion [96]. Hence, TSP-1 protects adverse cardiac repair by limiting the inflammatory response.

4.6  MATRICRYPTINS: ECM FRAGMENTS WITH BIOLOGICAL ACTIVITY

Biologically active fragments of the ECM, termed matricryptins, are produced by various mechanisms, such as 
enzymatic degradation and denaturation. Matricryptins exert important actions post-MI, including regulating the 
inflammatory reaction and angiogenesis [97]. Peptide fragments from collagen type IV exhibit chemotactic prop-
erties to neutrophils, while a fragment from the α3 chain of collagen type IV inhibits neutrophil activation [98,99]. 
MMP-9 is reported to generate tumstatin, which inhibits angiogenesis, by cleaving the α3 chain of collagen type IV 
[100]. Furthermore, MMPs generate both pro- and anti-angiogenic fragments from collagen type IV [101].

Endostatin, the carboxy-terminal fragment of collagen type XVIII, exhibits a potent anti-angiogenic activity by 
inhibiting the proliferation and migration of endothelial cells [102]. In a rat MI model, tissue endostatin levels are 
elevated; neutralization of endostatin results in marked increase in the expression and activity of MMP-2 and -9, 
adverse LV remodeling, and higher mortality [103].

Fibronectin fragments, derived from MMP cleavage, are also reported to increase MMP activity, suggesting a 
positive feedback loop [104]. Macrophages stimulated with fibronectin fragments in vitro produce soluble factors 
that protect hypoxic cardiomyocytes from apoptosis [105]. Neutrophil elastase digests laminin to generate fragments 
chemotactic to neutrophils [106]. Laminin α5 fragment induces cytokine production from macrophages, resulting 
in a chemotactic response [107]. In addition, MMP-9 expression in macrophages is enhanced by laminin α1 peptide 
[108]. Both laminin and its fragments may play an important role in regulating inflammation in the post-MI setting.

In summary, ECM proteins not only constitute the major components of reparative scar, but also directly regulate 
LV repair by regulating inflammation, angiogenesis, and fibrosis.

4.7  FUTURE DIRECTIONS

The inflammatory response initiates the repair process and tightly regulates the healing response after MI. 
Appropriate inflammation facilitates favorable infarct healing, while insufficient or excessive inflammation may im-
pair stable scar formation and damage viable myocardium [49]. Balanced ECM turnover, through regulation of syn-
thesis by myofibroblasts and degradation by MMPs is critical for appropriate cardiac repair post-MI. Matricellular 
proteins regulate ECM deposition, inflammation, angiogenesis, and fibrosis. Hence, inflammatory leukocytes and 
mediators and ECM molecules together coordinate the repair response post-MI.

Despite the great progress in understanding the mechanisms of LV remodeling post-MI, additional studies are 
still necessary to further clarify issues (Table 4.3). First, the key molecules and signaling pathways that most influ-
ence extension and resolution of inflammation need to be identified. For example, enumerating TGF-β1 downstream 
signals may help identify therapeutic targets. Second, key molecules and signals responsible for communication 
between neutrophils, macrophages, and fibroblasts need to be elucidated. Previous studies showed that neutrophils 
and macrophages are sequentially recruited to the ischemia site, and fibroblasts are activated by leukocyte secreted 
mediators; however, the precise molecular mechanisms responsible for these processes are still poorly understood. 
Third, additional information regarding matricryptins and their roles in infarct healing are needed. Simply mea-
suring levels of MMPs and ECM proteins following MI is not insufficient; an in-depth knowledge of the temporal 
sequences of these changes and the resultant downstream effects and mechanisms is required.

TABLE 4.3  Research Directions for Future Studies

1.	Identify the primary pathways that regulate post-myocardial infarction inflammation
2.	Identify the key signals between leukocytes and fibroblasts that regulate intercellular communication
3.	Elucidate how matricryptin signaling influences the post-myocardial infarction response
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4.8  CONCLUSIONS

In conclusion, MI remains a major cause of congestive heart failure. LV repair following MI is highly dependent on 
the inflammatory response and scar formation. Elucidating the events regulating the transition of MI to heart failure 
may help to identify novel interventions that promote a favorable wound-healing response.
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5.1  CARDIOVASCULAR DISEASE AND BRAIN DISORDERS

5.1.1  Introduction

Cardiovascular diseases are found to frequently coincide with disorders of the brain, such as depression, anxiety, 
and cognitive decline. Cardiovascular disease and major depression are two of the most prevalent illnesses in Western 
populations, affecting a large part of the population and leading to a high economic burden. The lifetime prevalence 
of major depression is 8.3-16.2% [1–3], while cardiovascular disease still is the leading cause of death worldwide. In 
recent years, there has been more interest in the link between cardiovascular disease and brain disorders. It is known 
that patients with cardiovascular disease, including heart failure and acute myocardial infarction, have an increased 
risk of developing depression and cognitive decline. On the other hand, patients suffering from depression or chronic 
stress are more likely to develop cardiovascular disease, including myocardial infarction. Cardiovascular disease with 
co-morbid depression is associated with lower adherence to medication and lifestyle advises, increased morbidity, 
and substantially worse prognosis. Although the underlying mechanism of the interaction between these distinct 
pathologies is still largely unknown, inflammation is thought to play a major role. Both cardiovascular disease and 
depression share an increased expression of cytokines, with substantial overlap [4]. Optimal cardiovascular therapy 
improves cardiovascular prognosis without major effects on depression. Alternatively, antidepressant therapy in car-
diovascular disease is associated with modest improvement in depressive symptoms, however, without improvement 
in cardiac outcome. Neuroimmune interactions may provide a novel way to view these severely ill patients.

5.1.2  Brain Disorders Leading to Cardiovascular Disease

Major depression is a common disorder with a lifetime prevalence of 13% [4]. In the past few years, the comor-
bidity of depression and congestive heart failure has been thoroughly investigated. Epidemiological data clearly 
suggests that depression is an independent risk factor for acute myocardial infarction and heart diseases in general. 
Patients with depression have a greater mortality risk due to cardiovascular related conditions up to 10 years after 
the diagnosis [5], which accounts for a mild as well as for major depression [6].

In addition, prospective studies with depressed individuals showed that a history of a major depressive episode 
was associated with a higher risk of acute myocardial infarction, even after correction for major coronary risk factors 
[7,8]. Also, in patients who already have developed congestive heart disease, the impact of depression is of great 
importance. A prospective population-based cohort study, investigated age- and sex-adjusted hazard ratios for death 
from all causes. Results from this study showed that patients with only depressive symptoms had a higher odds 
ratio (OR: 2.10) compared with patients with only congestive heart disease (OR: 1.67). However, patients with both 
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congestive heart disease and depressive symptoms displayed an additive hazard ratio for death (OR: 4.99) [9]. Junger 
and coworkers [10] found similar results; they concluded that “…depression score predicts mortality independent 
of physical parameters in congestive heart failure patients not treated for depression. Its prognostic power increases 
over time and should, thus, be accounted for in risk stratification and therapy.”

Apart from depression, chronic stress is a well-recognized risk factor for cardiovascular disease, by deregulation 
of complex physiological systems promoting hypertension, dyslipidemia, diabetes, and atherosclerosis. Moreover, 
the brain-heart interaction may even have direct effects on the myocardium, the cardiac myocyte. The so-called 
Takotsubo cardiomyopathy, consisting of transient left-ventricular dysfunction triggered by acute emotional or 
physical stress, presents like an acute myocardial infarction, including mild inflammatory cell infiltration and con-
siderable increase in extracellular matrix proteins [7].

5.1.3  Cardiovascular Disease Leading to Brain Disorders

It is commonly known that patients suffering from cardiovascular disease have a greater chance of developing 
various complications. According to Triposkiadis et al. [11], inflammation could be regarded as a common denomi-
nator of heart failure and associated peripheral noncardiac comorbidities. In line with this, brain-associated comor-
bidities, such as depression, anxiety, and also fatigue and inactivity, are associated with inflammation [12].

Depression is a complication, which is of particular interest because of its recognized high impact on the quality 
of life. Up to 65% of patients recovering from acute myocardial infarction show symptoms associated with depres-
sion [13], and from those patients, 15-30% develop a major depression [14,15]. These data are consistent with a 
meta-study, where one in three patients hospitalized for acute myocardial infarction had “at least mild-to-moderate 
symptoms of depression” [16]. Both clinical depression and elevated levels of subclinical depressive symptoms are 
common in the weeks following acute coronary syndrome (including myocardial infarction or unstable angina) [16] 
and predict recurrent cardiac events and cardiovascular mortality [17].

Although interest in cognitive impairment in cardiovascular disease is growing, this could also be regarded as a 
consequence of depression, that is, as depression independently predicted cognitive outcome [18]. Moreover, when 
depression is subdivided into cognitive and somatic subscales, the somatic rather than the cognitive scores are pre-
dictive for prognosis and association with inflammation [19].

While optimal treatment of cardiovascular disease usually has no major effects on depression, treatment of de-
pression in these patients, though associated with modest improvement in depressive symptoms, does not improve 
cardiovascular prognosis [20]. Interestingly, in women when the depression is treated with anxiolytics and/or anti-
depressants, the mortality due to cardiovascular events is even significantly higher compared to untreated women 
[21]. The mechanism behind this has yet to be discovered but might indicate depression/anxiety as a functional 
response.

5.1.4  Inflammation as the Link in Neurocardiac Interaction

Abnormal levels of inflammatory proteins, and in particular increased proinflammatory cytokines and products 
of inflammatory processes [22,23], have been found in heart failure as well as in depression [24], with clear overlap 
[4]. The proinflammatory cytokines TNF-α, IL1-β, IL-2, and IL-6 are reported to be elevated in heart failure as well as 
in depression. The coexistence of depression and heart failure has been found to be related to higher levels of circulat-
ing proinflammatory proteins [25,26]. However, due to the wide variation in expression of symptoms of depression 
and the variable etiology of heart failure, detailed information on more specific inflammatory markers associated 
with symptoms of depression in heart failure is still lacking. In this regard, the newly described circulating indicator 
for heart failure [27] and depression [28], as well as the combination [29]; neutrophil gelatinase associated lipocalin 
(Lipocalin-2/NGAL), might provide an interesting candidate. Depression is associated with excessive secretion of 
TNF-α, IL1-β, and interferon. Although these proinflammatory cytokines are associated with rather nonspecific im-
mune responses, however, when TNF-α is administered to humans, it results in depressive symptoms, such as fa-
tigue, malaise, lethargy, and anorexia [30].

Myocardial infarction, as the most common cause of heart failure, can be regarded as a healing wound, as re-
viewed by Frantz et al. [31]. Proper healing of this wound is essential for survival. Activation of the innate immune 
system by cardiac injury evokes release of several inflammatory mediators and inflammatory cells to the site of 
injury. Certain products of tissue injury, including reactive oxygen species (ROS) and intracellular proteins released 
from necrotic cells, initiate an inflammatory response, leading to pattern recognition receptors such as toll-like 
receptors (TLRs) and the transcription factor nuclear factor kappa B (NF-κB). Studies in KO mice support the role 
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for TLRs and NF-κB in activation of inflammatory cells after cardiac injury as important initiators of inflammation 
and healing. Subsequently, NF-κB leads to production of proinflammatory cytokines, including TNF-α, IL1-β, IL-2, 
and IL6, which in turn stimulates NF-κB (positive feedback) and activates danger-associated-molecular patterns 
(DAMPS). Systemic TNF-α, as a necessary and sufficient mediator of local and systemic inflammation, depresses 
cardiac output, inducing microvascular thrombosis and mediate systemic capillary leakage [32,33]. Similarly, in 
the brain TNF-α induces leakage of the blood-brain barrier [34]. TNF-α amplifies and prolongs the inflammatory 
response by activating other cells to release cytokines, such as IL-1, and other mediators, such as eicosanoids, nitric 
oxide, and ROS, which promote further inflammation and tissue injury [35]. TNF-α is essential for the complete 
expression of inflammation, and self-limited inflammation is normally characterized by decreasing TNF-α activity. 
In a successful inflammatory response, the duration and magnitude of TNF-α release is limited, its beneficial and 
protective effects predominate, and it is not released systemically [32]. The prolonged and exaggerated TNF-α levels 
in plasma from rats with myocardial infarction as well as in heart failure patients, hence, is suggestive for a dis-
turbed inflammatory process in heart failure. Repair of the infarcted myocardium must be well balanced and timely 
suppressed, for instance, by the release of the anti-inflammatory cytokines, such as IL-10. It is clear that defects in 
this initially beneficial response may contribute to prolonged and extended inflammation, which can contribute to 
the progression of heart failure [36].

There are several hypotheses with respect to the source of proinflammatory cytokines in cardiovascular disease 
[4]: activation of the immune system in response to tissue injury; the failing heart itself becomes the source of TNF-α 
production and elevated TNF-α levels represent spillover of cytokines that were produced locally within the myocar-
dium, leading to secondary activation of the immune system; the decreased cardiac output leads to the elaboration 
of TNF-α by underperfusion of systemic tissues. An extension of this hypothesis is that gut wall oedema allows 
translocation of endotoxin, which activates cytokine production. Circulating cytokines then may enter the brain, 
facilitating neuronal dysfunction.

On the other hand, proinflammatory cytokines infused into various brain areas result in significant hemody-
namic and neurohormonal responses that are typical for cardiovascular diseases [37]. Central infusions of TNF-α or 
IL1-β were found to increase blood pressure, sympathetic activity, and synthesis of renin, aldosterone, atrial natri-
uretic peptide, and vasopressin. Inhibition of TNF-α synthesis by pentoxiphyllin or inhibition of TNF-α by etaner-
cept in rats with post-myocardial infarction-induced heart failure resulted in reduced stimulation of neurons in 
the paraventricular nucleus (PVN) of the hypothalamus, decreased renal sympathetic nerve activation, and lower 
plasma catecholamines [38,39]. Chronic central blockade of TNF-α in these rats had similar effects. Accordingly, 
etanercept reversed depressive behavior in these rats [40,41]. Alternatively, increase in the brain concentration of the 
anti-inflammatory cytokines, IL-1ra or IL-10, exerted the opposite effects; cerebroventricular transfer of IL-10 gene 
reduces hemodynamic and neurohumoral indices of heart failure in infarcted rats, while central infusion of IL-1ra 
decreased the hypertensive response to acute stressors in healthy rats.

What is interesting in this regard, is cytokines in the brain exert their action by the influence on the synthesis of 
other mediators, including eicosanoids, nitric oxide, Angiotensin II, and their receptors [37,42], the latter being fac-
tors of the Renin Angiotensin System, which is now well recognized to play a major role in the pathophysiology of 
heart failure and hypertension.

5.2  CROSS TALK BETWEEN BRAIN AND CARDIOVASCULAR SYSTEM

5.2.1  Cardiovascular Regulation and the Brain

Recently, the interaction between heart and brain has received more attention. However, even the ancient Greeks 
appreciated this interaction as they regarded the heart as the location of memory, while the brain was indicated to 
cool the blood. As reviewed by de la Torre [43], several researchers in the late 1970s became aware of an intriguing 
link between a sick heart and the start of cognitive deterioration, “cardiogenic dementia” [44], which was later put 
aside as a myth [45]. This was further established in studies on vascular Alzheimer’s disease. Hypoperfusion of 
the brain attributed to cardiovascular disease was associated with cognitive decline and dementia [43], and may 
be mediated by alterations in axons and myelin, which are suggested to contribute to the multiple autonomic and 
neurophysiological symptoms in heart failure [46]. Today, under normal physiological conditions, regulation of 
the cardiovascular system by the central nervous system is well recognized, implicating extensive cross talk be-
tween heart and blood vessels and the brain. This cross talk is indicated to involve several pathways, including 
neuronal paths as well as circulating factors, such as saturable transport across the blood-brain barrier; brain 
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circumventricular organs; cytokines binding to brain endothelial cells, evoking release of paracrine factors; and 
cytokines activating peripheral sensory nerves [47].

One of the first experimental studies showing a direct effect of cardiovascular disease on the brain is reported by 
the group of Patel [48], showing increased hexokinase activity in the hypothalamus of rats with chronic myocardial 
infarction. This area (PVN) is specifically associated with the connection of sympathetic outflow to the body with the 
vasopressin-mediated reflection to higher brain areas. Later on, the PVN is broadly acknowledged for its altered ex-
pression of mediators linking cardiovascular dysfunction to the brain [38,49–52]. This includes increased expression 
of TNF-α [38], IL1-β [53], and cyclooxygenase II [53], but also factors of the renin angiotensin system and sympathetic 
nervous system (noradrenaline) [54]. However, how this increased expression relates to changes in brain areas is 
associated with depression and cognition is far from clear. In most of the above mentioned studies, expression mea-
sured in the cortex was not altered, indicating area-specific responses. The main areas in the brain that are involved 
in cardiovascular regulation in health and disease are thoroughly reviewed by Szczepanska et al. [37,42] indicating 
a central role for the nucleus tractus solitaries in the interaction between hypothalamic regulation of the peripheral 
cardiovascular system and the brain areas involved in cognition and emotion. In patients with heart failure, specific 
areas, such as mammillary bodies and fornix fibers [55] and putamen [56], are reduced in volume, and areas associ-
ated with autonomic, emotional, and cognitive regulation are found injured [57]. The main mechanisms involved in 
the cross talk between heart and brain are summarized in Figure 5.1.

5.2.2  Inflammation

5.2.2.1  Circulating Cytokines
Recently, more attention has been paid to the role of inflammation in the cross talk between heart and brain. Is it 

possible that the peripheral inflammatory response evoked by cardiovascular events, such as myocardial infarction, 
can induce neuroinflammation?

Animal models of myocardial infarction-induced heart failure have reported increased levels of, among others, 
circulating TNF-α [59,60]. However, although the inflammatory response in the heart is meant to remove dead 
cells and initiate repair and scar formation, which is merely finished 3-4 weeks after infarction in rats, TNF-α 
levels kept increasing for at least 4 weeks, and may contribute to neuroinflammation. Experiments investigating 

FIGURE  5.1  Mechanisms involved in the cross talk between 
heart and brain in normal regulation as well as in case of a myocar-
dial infarction. Occlusion of the coronary artery (blue arrowhead) will 
deprive the area perfused by that artery from blood flow. Damaged 
cardiac tissue evokes wound-healing processes to repair or replace the 
damaged tissue. These processes include production of cytokines and 
chemokines, stimulation of cardiac sensory nerves, and infiltration of 
inflammatory cells (neutrophils, macrophages), that further contribute 
to the production/release of cytokines. Cytokines released or produced 
in circulation may enter the brain through leaky regions and/or affer-
ent nervous, stimulating the local inflammatory cells in the brain, the 
microglia and astrocytes, to produce cytokines. Subsequently, these 
cytokines lead to stimulation of sympathetic as well as vagal efferent 
stimulation, with a balanced effect on macrophage activity. Moreover, 
sympathetic stimulation activates the HPA axis. Glucocorticosteriods 
act on the infarct as well as on the macrophages. All activated mech-
anisms initially are aimed to repair the damaged cardiac tissue and to 
constrain the inflammatory response to this site of action. However, 
in case of heart failure the inflammatory response seems to persist or 
even progresses into the circulation and into the brain, where it may 
cause neuronal changes that could be associated with brain disorders, 
such as depression, anxiety, and cognitive decline. PVN, paraventricu-
lar nucleus hypothalamus; NTS, nucleus solitary tract; ACTH, adreno-
corticotrophic hormone; NE, norepinephrine; Ach, acetylcholine (free 
to Raison et al. [58]).
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the effects of myocardial infarction on cerebral activity showed a selective regional endothelial leakage mainly in 
the prefrontal cortex and most severe in the anterior cingulate cortex, an effect that can be mimicked by intrave-
nous infusion of the proinflammatory cytokine TNFα [61]. The effects of TNF-α on blood-brain barrier function in 
cardiovascular disease was recently thoroughly reviewed by Liu et al. [34]. The findings suggest that after infarc-
tion, increased circulating proinflammatory cytokines may enter the brain; for instance, TNF-α is observed to be 
increased in the heart as well as in the hypothalamus in the first hours after myocardial infarction [60]. However, 
circulating cytokines crossing the blood-brain barrier may not be the only way to explain increased brain levels 
of cytokines, because PVN mRNA levels for TNF-α had also increased until at least 4 weeks after myocardial in-
farction, indicating local production of TNF-α [60]. This effect is not limited to TNF-α, as IL1-β, COX-2 mRNA, as 
well as protein levels are elevated in the hypothalamus [53]. The proinflammatory activity in the PVN is further 
supported by the observed microglia activation in this area [49,62]. Microglia activation in the PVN is reported to 
depend on the distance from the 3rd ventricle [49], suggesting “diffusion processes” from the cerebrospinal fluid 
into brain tissue to play a role as well.

Rats with myocardial infarction show depressive behavior as well [40,63–66]. Indeed, reduction of circulating 
proinflammatory cytokines seems to improve this depressive behavior [40,65]. These results match the clinical data 
regarding antidepressant effects of TNF-α blockade [4] as well as the induction of depressive behavior by intrave-
nous infusion of TNF-α [30].

The biological mechanisms involved in the relationship between depression and heart disease are thoroughly 
reviewed by Grippo and Johnston [12]. Proinflammatory cytokines have been found to have profound effects on 
the peripheral and brain serotonergic systems. Serotonin plays a major role in depression. Administration of IL-1β, 
INF-γ, or TNF-α increases extracellular serotonin concentration in several brain areas, including the hypothalamus, 
hippocampus, and cortex [67]. IL-1β modulates the activity of the serotonin transporter, which plays a central role in 
serotonergic neurotransmission by reuptake of serotonin. Proinflammatory cytokines, such as IL-1 and INF-γ, may 
induce activity of indoleamine-2,3 dioxygenase, which converts tryptophan, a precursor of serotonin, to kynurenic 
acid and quinolinic acid. Induction of indoleamine-2,3 dioxygenase due to inflammation may be detrimental because 
of depletion of plasma tryptophan and reduced synthesis of serotonin in the brain. Although the exact cellular targets 
of proinflammatory cytokines in the brain are still elusive, it is evident from animal studies that receptors for IL-1, 
IL-2, IL-6, and TNF-α have been localized in the brain, with the highest density in the hippocampus and the hypo-
thalamus [4].

Intriguing in this regard is the newly discovered plasma marker in patients with depression and/or Alzheimer’s 
Disease—namely, NGAL. This proinflammatory cytokine has a history as a marker for acute tubular damage, renal 
disease, and heart failure [27]. NGAL is produced after stimulation with TNF-α in neurons, astrocytes, and microg-
lia, among others [68], but also in cardiomyocytes after myocardial infarction in rats [69]. This latter phenomenon is 
observed both at mRNA as well as protein level and lasts at least until 9 weeks after infarction, hence, substantially 
longer than the initial healing phase of the infarct (scar formation). NGAL is noticed as a regulator of inflamma-
tory processes [70–72]. Recently, we showed that in heart failure patients, depression is significantly correlated with 
plasma NGAL levels, irrespective of measures for cardiac dysfunction and/or renal dysfunction [29].

5.2.2.2  Autonomic Nervous System
Indeed, retrograde transneuronal viral labeling with pseudo-rabies virus injection in different parts of the heart 

showed bilateral supraspinal infections in brain areas, including the nucleus of the soletary tract, area postrema, ra-
phe nuclei, and also the hypothalamus, amygdala, and cortical areas, including the prefrontal cortex [61]. Right atrial 
stretch activates neurons in several key autonomic regions, PVN, NTS, and caudal ventrolateral medulla (CVLM), 
which project directly to the rostral ventrolateral medulla, a critical region in the generation of sympathetic vasomo-
tor tone [73]. As the heart and blood vessels are innervated by sympathetic as well as parasympathetic nerves, the 
autonomic nervous system carefully balances heart rate, blood pressure, and tissue perfusion to its physiological 
requirements—regulation by neuronal function, supported by circulating hormones. The rostral ventrolateral me-
dulla and the nucleus of the solitary tract, located in the brain stem, form the main centers for this cardiovascular 
regulation. The hypothalamic-pituitary-adrenal (HPA) axis supports the cardiovascular regulation; hypothalamic 
neurons synthesize and release corticotrophin-releasing hormone to the hypothalamo-hypophyseal portal system 
and induce the release of adrenocorticotropic hormone, which evokes glucocorticoids secretion from the adrenals. 
Similar mechanisms may play a role in the cardiovascular regulation in cardiovascular disease and its link with brain 
disorders. Stress is most extensively studied in this regard as it is associated with stimulation of the HPA axis. Using 
magnetic resonance T2 relaxometry across the entire brain revealed brain injury in autonomic, emotional, and cogni-
tive regulatory areas in patients with heart failure [57].
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5.2.2.2.1  SYMPATHETIC ACTIVATION

It is generally acknowledged that cardiovascular disease is accompanied by increased sympathetic drive, or 
a shift in autonomic balance toward more sympathetic and/or less parasympathetic tone. Although this alter-
ation is initially suggested to have a functional role in compensating the loss of function in the cardiovascular 
system, when activation is persistent, it may contribute to further progression of heart failure and associated 
comorbidities.

Indeed in rats with heart failure, sympathetic activation is consistently shown and is related to alteration at 
the level of the hypothalamus [74,75]. Persistent alterations in heart rate variability, baroreflex sensitivity, and 
anxiety-like behaviors in rats with heart failure support long-term sympathetic activation [41]. The interrelation 
between the sympathetic nervous system and inflammation is rather complex as it may integrate signals from 
different pathways. Sympathetic outflow to the cardiovascular system is mainly regulated in the PVN. TNF-α in 
the PVN contributes to sympathoexcitation in heart failure by modulating AT1 receptors and neurotransmitters 
[38,39]. The increase in PVN noradrenaline levels as well as the increased renal sympathetic nerve activity after 
myocardial infarction can be completely prevented by the cytokine synthase inhibitor pentoxyfillin or etanercept. 
Felder [76] revealed that brain mineralocorticoid receptors might influence sympathetic discharge by regulating 
the release of proinflammatory cytokines into the circulation. Alternatively, inflammation is associated with in-
creased sympathetic drive in cardiovascular disease [53]. Blood borne proinflammatory cytokines act upon recep-
tors in the microvasculature of the brain to induce COX2 activity and the production of prostaglandin E2, which 
penetrates the blood-brain barrier to activate the sympathetic nervous system. Brain mineralocorticoid receptors 
may influence sympathetic drive by upregulating the activity of the brain renin angiotensin system [76]. Treating 
heart failure in rats for 6 weeks with the mineralocorticoid receptor blocker Eplenerone, as proven to be effective 
therapy in heart failure treatment in patients, reduces plasma levels of TNF-α, IL1-β, and IL-6, and is associated 
with fewer PVN neurons stained positive for TNF-α, IL1-β, or CRH. However, this could not be associated with 
improved cardiac output [54].

5.2.2.2.2  PARASYMPATHETIC INHIBITION

Neural reflex circuits sense peripheral inflammation and provide regulatory feedback through specific ner-
vous signals and humoral factors—namely, the inflammatory reflex [77]. Sensory vagal fibers innervate many or-
gans, including the cardiovascular system. They are activated by cytokines induced by tissue damage or PAMPs 
in the periphery and transmit signals to the NTS in the brain stem. Polysynaptic relays connect to the vagal 
motor neurons in the dorsal vagal motor nucleus and nucleus ambiguous and sympathoexcitatory neurons in 
the rostral ventrolateral medulla. Efferent vagal nerve signals travel to the celiac plexus and directly to target 
organs and suppress innate immune responses. Activation of afferent vagal signals also activates the HPA axis, 
which promotes glucocorticoid release from the adrenal glands. Hence, the central nervous system can rapidly 
inhibit the release of macrophage TNF-α and attenuate systemic inflammatory responses acting through the 
vagus (parasympathetic) nerve [47]. This physiological mechanism, termed the “cholinergic anti-inflammatory 
pathway” [78] has major implications in immunology and therapeutics [79]. The main vagal neurotransmitter, 
acetylcholine, inhibits lipopolysaccharide-induced TNF-α, IL1-β, and IL6 release, but not the anti-inflammatory 
cytokine IL-10. Peripheral vagal stimulation inhibits liver TNF-α production, attenuates peak serum TNF-α, and 
prevents development of shock during lethal endotoxemia in rats [78]. As indicated by Fernandez and Acuna-
Castillo [47], the spleen plays a crucial role in vagal nerve control of inflammation. The spleen is the major 
source of serum TNF-α during endotoxemia [80]. In splenectomized rats, serum TNF-α is reduced by 70% and 
vagal nerve stimulation does not further suppress TNF-α. The spleen is innervated by the splenic nerve, which 
is composed mainly of catecholaminergic fibers, which terminate in close proximity to immune cells [81]. Hence, 
vagus nerve stimulation-induced inhibition of splenic TNF-α production is mediated by norepinephrine released 
from splenic nerve endings. This stresses the importance of adrenergic transmitters in the regulation of the im-
mune response. Still, all immune cells possess the essential components of cholinergic pathways independent 
of cholinergic innervation; acetylcholine acts as immunomodulator via both muscarinic and nicotinic receptors 
[82,83]. Nicotine inhibits cardiac apoptosis induced by LPS in rats [84]. Much less is known about the effects of 
the immune system on the brain. In response to plasma levels of TNF-α, vagal immunosensory activity increases 
or decreases vagal motor activity [85,86]. Inflammation and endothelial dysfunction play an important role in 
hypertension-induced tissue damage. A role for α7nAChR in this process was evidenced from increased end-
organ damage, and higher proinflammatory cytokine levels in α7nAChR deficient mice subjected to hyperten-
sion [87]. Chronic administration of a α7nAChR antagonist reduced levels of TNF-α, IL1-β, and IL6 and decreased 
end-organ damage in spontaneously hypertensive rats [88].
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5.2.2.2.3  SYNERGISM

High sympathetic activity and, consequently, increases in catecholamines stimulate the beta-receptor-dependent 
release of IL 10, a potent anti-inflammatory cytokine from monocytes [89]. Thus, the anti-inflammatory effects of 
the sympathetic and parasympathetic nervous system seem to be synergistic in this setting [32]. In addition to the 
well-known reciprocal actions, synergistic actions of sympathetic and parasympathetic activation were described 
in 1982 [90]. Cardiac output increases more at co-stimulation of sympathetic and parasympathetic nerves than by 
stimulation of either nerve alone; an effect that is originated in the hypothalamus. Fight or flight activation of sym-
pathetic responses also stimulates increased vagus output. The combined action of these neural systems is signifi-
cantly anti-inflammatory and is positioned anatomically to constrain local inflammation by preventing spillover of 
potentially lethal toxins into the circulation through both local (neural) and systemic (humoral) anti-inflammatory 
mechanisms [32]. Neuronal regulation of discrete, distributed, localized inflammatory sites provides a mechanism 
for integrating responses in real time. It is intriguing to consider that, in addition to the development of immuno-
logical memory, the involvement of the cholinergic anti-inflammatory pathway might also modulate processes that 
promote neural memory of the peri-inflammatory events, such as “sissing of the snake” [32]. Accordingly, Clark 
et al. [91] indicted that electrical stimulation of the vagus nerve in humans significantly enhanced word recognition 
memory, indicating that memory function and vagus nerve activity are closely linked.

5.2.2.3  Cytokine Functions in the Brain
Cytokines, such as TNF-α, Il-1β, and Il-6, have been shown to be elevated in patients with heart failure in plasma, 

circulating leukocytes, and myocardial tissue. Although there are strong indications for an involvement of inflamma-
tory processes, it is far from clear whether immune modulatory treatment of heart failure would be useful. Given the 
overall importance of TNF in heart failure, clinical trials have concentrated mainly on anti-TNF treatment strategies. 
So far, anti-TNF treatments using Etanercept (recombinant sTNFR2) have yielded mixed results. Infliximab, a mono-
clonal anti-TNF antibody, even showed adverse effects, which might be due to its binding and blocking soluble as 
well as membrane-bound TNF [92]. It is now generally believed that other molecules of the TNF and TNF receptor 
superfamily (OPG, RANK, RANK ligand) and other cytokines, such as IL-1β, IL-15, and IL-18, may be involved in 
heart failure, and future studies may resolve the complex interaction of immune mediated signaling in heart failure. 
Triggered by observations in animal and human sickness behavior, it became obvious that sickness behavior and 
depression share remarkable similarities [93]. For example, intracisternal injection of LPS resulted in animal models 
in neuroinflammation and induced distinct behavioral changes resulting in anhedonia, social withdrawal, and other 
aspects similar to depression [94,95]. In several studies, increased cytokine levels have been observed to be related 
with depression. Cytokines can enter the brain directly across the blood-brain barrier by a saturable transport mech-
anism; for example, via the interaction of cytokine with circumventricular organs such as the orgnum vasculosum 
of the lamina terminalis (OVLT) and area postrema, which lack a blood-brain barrier, or by activation of afferent 
neurons of the vagal nerve [96]. But nearly all types of brain cells like microglia, astrocytes, and neurons can also 
produce cytokines. In fact, the innate immune response is absolutely important for the maintenance of the brain ho-
meostasis. Therefore, the neuroinflammatory response has to be considered as protective in its very essence. Upon 
stress, microglia gets activated, their morphology is changed, and they start to secrete proinflammatory cytokines. 
Proinflammatory cytokines such as interleukin (IL-1), TNFα, and IFNγ coordinate the local and systemic inflamma-
tory response to pathogens. As an example: upon local challenges such as ischemia (in stroke) or amyloid precipita-
tions (in Alzheimer’s disease), TNFα and its receptors become strongly expressed locally. TNFα does not necessarily, 
however, damage the brain tissue via activating TNF receptor 1 (TNFR1). In contrast, by stimulation of TNF receptor 
2 (TNFR2) through the membrane form of TNFα, it antagonizes TNFR1 death signals by inducing a neuroprotective 
signaling cascade that requires the activation of protein kinase B/Akt and nuclear factor kappa B (NF-κB) [97]. It 
seems that under normal conditions, the TNFR2 protective effect mainly triggered through the membrane standing 
form of TNF is dominant over the proapoptotic signaling of TNFR1, which is mainly due to the soluble form of TNF 
[97,98]. A gene array study analyzing neuronal cells treated with TNF revealed that among those factors upregulated 
selectively via TNFR1 is Lipocalin-2/NGAL. A protein released mainly from astrocytes. Also microglia and neurons 
have been shown to antagonize the protective TNFR2 function and to sensitize neurons against amyloid beta [68]. 
It was shown that this protein is upregulated in the hippocampus of Alzheimer patients. Interestingly, it was also 
found to be increased in patients with heart failure and depression [29].

Whereas the role of proinflammatory cytokines in tissue damage can be thoroughly studied in rather easy ex-
perimentally accessible models, the investigation of inflammatory signals on behavioral and cognitive functions is 
more difficult. Although we know about the effects of inflammation on mood and social behavior (simply because 
everyone has experienced a common cold during his or her life), it took a surprisingly long time until the link 
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between sickness behavior and depression became obvious. Although the molecular mechanisms for how cytokines 
contribute to sickness behavior and depression are far from being understood, one clearly identified mechanism 
may influence serotonin metabolism. It was shown that LPS and cytokines, such as interferons or TNF, influence the 
production of indoleamine,2,3-dioxygenase (IDO). IDO is involved in the catabolism of tryptophan and may there-
fore lower the availability of serotonin. In addition, it was shown that some of the resulting catabolites also influence 
neuronal function. In an experimental setting, it was shown that blockade of IDO prevents depressive behavior in 
mice besides leaving the neuroinflammatory response to LPS unaffected [94]. However, lower serotonin levels or 
tryptophan catabolites alone probably do not explain the development of depressive symptoms associated with neu-
roinflammation. Other inflammatory mediators and mechanisms may be involved in what we consider heart failure 
associated depression. Hwang and coworkers [99] convincingly showed enhanced cell proliferation and neuroblast 
differentiation in the hippocampus after myocardial infarction in rats, which they associate with neuronal damage in 
the limbic system, such as the amygdala. Iosif et al. [100] indicated a strong role for TNFα in this hippocampal neu-
rogenesis, with a suppressive effect of the TNFR1 receptor and a neutral or stimulating effect of the TNFR2 receptor. 
As depression may be associated with a proinflammatory cytokine profile, this would indicate a negative regulation 
of progenitor proliferation in hippocampal neurogenesis. Although underlying mechanisms of neurocardiac interac-
tion in heart failure are not widely investigated in patients, Woo and coworkers [57], showed a thorough overview 
of brain areas that are injured in heart failure, providing an interesting base for further animal research. It was also 
shown that cytokines could directly influence neuronal functions such as long-term potentiation [101,102]. This may 
explain some behavioral and perhaps also cognitive changes observed related to sickness, as a result from direct 
interaction with cytokines and their receptors in neuronal and glial cells. In fact, neuroimmunological influences are 
discussed not only in response to neurological diseases such as Alzheimer’s disease or Parkinson’s disease but also 
may be involved in the initiation of the disease by upregulation of factors such as Lipocalin-2/NGAL. NGAL was 
shown to be unregulated by TNF via TNFR1 and to sensitize neurons against Aβ [68]. It was also shown that NGAL 
levels increase with age and might link aging with neurodegenerative diseases [28].

5.3  CONCLUSIONS

As most cardiovascular diseases and their comorbidities can be associated with peripheral inflammation, this 
inflammatory response may well be reflected in the brain as neuroinflammation. This process can be attributed to 
direct diffusion of inflammatory mediators from circulation into the brain, passing the blood-brain barrier, or at leaky 
regions, induced by circulating inflammatory mediators. Moreover, peripheral inflammation stimulates afferent neu-
rons from the autonomic nervous system, thereby activating inflammatory regulation in the brain (hypothalamus). 
Under normal circumstances, the inflammatory responses are activated to save/repair tissue and should subside 
when the process is finished. For some reason, as in cardiovascular disease, the proinflammatory state persists or 
even progresses. In brain tissue, persistent inflammation is associated with neuronal damage, which can lead to neu-
rodegeneration in vulnerable areas in the brain. Neurodenegeration can be associated with loss of function, which 
becomes apparent as psychiatric disorders such as major depression or cognitive decline, negatively affecting prog-
nosis. Because therapy in heart failure patients usually is not aimed at concomitantly treating cardiovascular disease 
as well as associated brain disorders, (neuro)inflammation may provide a novel target for therapy in this regard.
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6.1  INTRODUCTION

Animal models remain an invaluable tool in the study of cardiovascular diseases. Over the last few decades, the 
advent of genetic manipulation has allowed extensive characterization of the pathophysiological impact of gain or 
loss of function of virtually every known gene or coding sequence. Mice in particular have proven to be amenable 
to this type of approach and more than 100 million mice are used each year for research. There are many other ad-
vantages to mouse research, including a great similarity of mouse and human genomes (more than 99% of the of 
mouse genes have a homologue in the human genome [1]) reasonable closeness of biochemical pathways, physio-
logical, pharmacological, and organ functions, short gestation period (19 days), large litters (5-8 pups) and low cost 
(see Table 6.1). Advanced techniques such as high-resolution echocardiography, magnetic resonance imaging, pos-
itron emission tomography, invasive hemodynamic measurements, and electrocardiography have been developed 
to allow for the accurate evaluation of heart function, infarct size, and quantitative characterization of post-infarct 
remodeling and electrophysiological aspects in these small species [2].

In addition to mice, other mammals, including rats, rabbits, dogs, pigs, goats, sheep, cows, and primates, have 
been extensively studied in models of cardiovascular disease. Large-animal models often allow for a more straight-
forward translation to humans due to the greater similarity between LV geometry, loading conditions, heart rate, 
oxygen consumption, and associated valvular disease. Other advantages of studying larger animals include the pos-
sibility to serially harvest samples and perform procedures that are not always possible in smaller organisms. Finally, 
studies in large animals are required before new drug treatments, surgical therapies, and devices can be tested in 
clinical trials.

There are limitations to all animal models. First, most experimental studies are undertaken in young, healthy ani-
mals, which may not reflect the age and comorbidities of most human patients. Furthermore, the models themselves 
imperfectly reflect the development of human pathologies.

In mice studies, many examples exist of genetic diseases in humans whose equivalent in genetically modified 
mice results in very different phenotypes or no phenotype at all. This discrepancy may reflect differences between 
murine and human genome or physiology. For instance, although calcium removal from the cytosol is dominated 
by the activity of the SR Ca2+-ATPase in humans and rodents, the Na+/Ca2+-exchanger activity is less relevant 
in rodents than in humans [3]. The cardiomyocyte action potentials of rat and mouse have a very short duration 
and lack a plateau phase and the force-frequency relation is inverse [4]. The resting heart rate is five times higher 
in mice than in humans. Oxygen consumption, adrenergic receptor ratios, and the response to loss of regulatory 
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proteins are different when mice are compared to humans [5]. In addition, the expression of contractile pro-
teins—specifically the predominant myosin isoforms—is different between the two species leading to a different 
excitation-contraction coupling process [5]. As a result, it is difficult to extrapolate murine systems when making 
interpretations of human heart failure pathophysiology, particularly after induction of cardiovascular stress. 
Therefore, large-animal models of heart failure, which more closely resemble human physiology, function, and 
anatomy, are essential to bridge the discoveries from murine models into clinical therapies and interventions for 
heart failure.

Alternatively, compensatory mechanisms may develop in mice that lack a specific gene. The generation of induc-
ible genetic modifications [6], in which the modification can be induced after embryonic life, may reduce the latter 
issue. In other occasions, a phenotype only becomes apparent when a mouse is exposed to particular stressors. The 
phenotypical abnormalities attributed to the null mutation in several studies can sometimes result from interaction 
of effects caused by the mutation with the effects of strain specific genes or alleles, demonstrating the critical impor-
tance of genetic background.

Regarding large-animal studies, cost as well as the regulatory burden associated with researching larger animal 
models can be prohibitive. Furthermore, genetic modifications techniques are not available in large animals, thus 
pathway analysis is often less extensive in larger animals than in mice, resulting in a poorer understanding of disease 
mechanisms in larger species relative to mice. Finally, unlike studies in mice on fixed genetic backgrounds, studies 
in larger animals may yield noisy results due to genetic variation.

6.2  ANIMAL MODELS OF ACQUIRED CARDIOMYOPATHY

6.2.1  Models of Ischemia-Reperfusion and Infarction

Coronary heart disease, leading to the development of myocardial infarction (MI) or ischemia, is the principal 
cause of congestive heart failure (CHF) in the majority of patients [7]. With the wide application of reperfusion 
therapies in the treatment of patients with acute MI, cardiac dysfunction resulting from ischemia/reperfusion 
(I/R) injury is an increasingly important pathology. A number of animal models have been developed to study 
the processes of MI and I/R injury. These models employ either a catheterization to perform coronary emboli-
zation or a balloon occlusion, or, more frequently, a surgical intervention to place a ligature around a coronary 
artery after a thoracotomy. The ligation is either performed in a permanent way to induce a MI or in a temporary 

TABLE 6.1  Advantages and Limitations of Animal Models

 Advantages Limitations

Choice of animals  Often young and healthy animals

Models  May not represent clinical evolution

Mice Genetic modifications: investigating one gene Genetic modifications: not always relevant to humans 
(multigenic)

Genome similar Some differences in genome

Inexpensive  

Fast breeders  

 Compensatory mechanisms

 Genetic background may induce different phenotypes

Rats/rabbits  Possible genetic modifications but less versatile

Large animals Closer in anatomy and physiology to humans Differences exist (ex: coronary collaterals in dogs)

Less mechanistic insights and genetic modifications

Genetic variations among animals

Expensive
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way to induce I/R injury. The MI model is used to investigate changes in the myocardium that occur over an 
extended period of time, whereas the I/R model is mostly used to examine short-term consequences of ischemic 
injury to the heart [8].

6.2.1.1  Small Rodent Models
Myocardial infarction and I/R in mice have been extensively studied and nonreperfused MI is a recognized model 

used to study the development of heart failure. Limitations include the technical challenge, the fact that only the left 
anterior descending artery (LAD) is large enough to be ligated, and the large variations in infarct size (the standard 
deviation is usually approximately 10% [9]).

The mouse model of LAD ligation to induce MI was first described three decades ago by Zolotareva et al. [10] and 
more recently I/R in mice was described by Michael with others [11]. In the latter publication, the highly variable 
anatomy of the mouse LAD and the variable MI size were identified. Specific approaches have been developed to 
keep the variability of the infarct size to a minimum [12,13]. Mortality associated with MI induction in mice depends 
on the MI size and can vary between 20% and 50% [9,11]. Most cases of death occur within the first days after MI. 
Recently, a new method was developed without mechanical ventilation in which survival rates were improved by 
20% in comparison to the classic method [14].

The induction of left ventricular MI in rats was first established by Pfeffer et al. [15]. Rats with MIs greater than 
46% of the LV may develop overt CHF after 3-6 weeks, however, this HF is not uniform. Interestingly, LV remodeling 
and failure depends on the strain. In a comparative study by Liu et al., the mortality of Sprague-Dawley rats was 36% 
whereas in Lewis inbred rats it was only 16% [16]. In addition, Liu et al. reported that the position and the branching 
of the LAD in Sprague-Dawley rats is more heterogeneous compared to Lewis inbred rats. Concomitantly, infarct 
sizes were more uniform in Lewis inbred rats after LAD ligation [16].

Similar to the MI models, the induction of I/R involves a ligation of the LAD, but to allow for an easier and safe 
relief of the occlusion, a small plastic tube is placed between the ligated vessel and the knot [11]. Additionally, a 
“closed chest” ligation model of myocardial I/R injury has been developed to minimize interfering inflammatory 
effects induced by surgery, however, this model has not been extensively used [17]. In comparison to the MI model, 
the I/R injury model is associated with smaller MI sizes, a higher infiltration of inflammatory cells, enhanced neo-
vascularization in the infarct area, and attenuated fibrotic remodeling [18].

6.2.1.2  Large-Animal Models
Canine models of ischemia and myocardial infarctions have provided critical data about the ischemic cascade 

ultimately leading to necrosis following coronary occlusion [19], subsequent LV remodeling, and heart failure 
following MI and potential impact of early reperfusion [20]. Permanent or temporary coronary occlusion by ei-
ther open-chest coronary ligation or closed-chest percutaneous procedure are commonly used; these models are 
representative of the MI seen clinically (followed or not by reperfusion). However, canine models of myocardial 
ischemia and infarction have the drawback that extensive collateral circulation can develop after ligation, which 
in turn induces variable reperfusion and salvage of the ischemic tissue, making inconsistent degrees of myocar-
dial injury and post-MI remodeling [20]. To circumvent this problem, in canines the repetitive left-sided coronary 
artery microembolization model can be performed [21]. The canine microembolization model recapitulates the 
clinical phenotype of ischemic cardiomyopathy, however, it does so through multiple sites of infarction and re-
modeling as opposed to single, discrete lesion of a large, focal MI. This multiplicity and heterogeneity of the myo-
cardial response to the microembolizations can make the interpretation of the biological responses difficult. The 
CHF induced by this model is irreversible, but malignant dysrhythmias contribute to high mortality rates. A major 
advantage of this model is that varying degrees of dysfunction can be regulated by the number of embolic events.

The canine models have helped to describe the inflammatory response following ischemic events and associated 
reperfusion injury. Proinflammatory cytokines such as IL-1 and TNF-alpha have been linked to contractile dysfunc-
tion in ischemic myocardium [22,23], with evidence of neutrophil-mediated injury [24]. Several inflammation-based 
therapies such as corticosteroids, alteration of complement system, or interaction with neutrophils were found to 
reduce infarct size in dogs and nonhuman primates, but subsequent clinical trials have triggered disappointing 
results [25–27]. The presence of collateral circulation in canine models limits the creation of consistent infarct size 
and location, and therefore increases the variability in the resulting phenotype, an important factor to account for 
since these large-animal studies have typically limited sample size. In part, and for that reason, similar models have 
been created in pigs and sheep [28]. Both pigs and sheep display consistent coronary anatomy, lack of preformed 
collateral vessels, and provide the ability to create infarctions of predictable size and location [28,29]. The coronary 
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artery anatomy and gross anatomical structure of porcine heart, in particular, is very similar to that of humans, and 
hence has been the subject of translational studies [28]. A difficulty in pig MI models is the predisposition of pigs to 
refractory arrhythmogenesis, necessitating aggressive airway protection and ventilatory management, electrolyte 
supplementation, and antiarrhythmetic administration.

Ovine models are often used to study the pathogenesis and impact of functional regurgitation in the setting of 
ischemic and nonischemic heart failure, in part, because of anatomic similarities with human mitral apparatus and 
papillary muscles configuration. Such studies help to understand the relation between infarct location and second-
ary functional mitral regurgitation [29], as well as the impact of secondary mitral regurgitation on subsequent LV 
remodeling [30].

6.2.2  Animal Models of Pressure and Volume Overload

6.2.2.1 The Mouse Model of Transverse Aortic Constriction
Rockman et al. were the first investigators to describe the transverse aortic constriction (TAC) model [31], in which 

a mechanical obstacle distal to the LV is produced by constriction of the transverse aorta. An advantage of this model 
is the ability to quantify the pressure gradient across the aortic constriction. Typically, the diameter of the aorta 
is reduced by approximately 50%, and a 50-60 mmHg systolic pressure gradient is created between LV and aortic 
pressure. The gradient varies depending on the hemodynamic conditions, and the severity of the ligation itself can 
be variable, necessitating superior technical skills. TAC causes a sudden onset of hypertension leading to an approx-
imately 50% increase in LV mass within 2 weeks. The development of LV dysfunction, heart failure, and its timing 
are highly dependent on the experimental conditions, and differing results have been reported for the same genetic 
modification depending on the TAC surgery [32,33]. One limitation of the model is that the acute onset of severe hy-
pertension that characterizes this model lacks direct clinical relevance. Models of suprarenal aortic constriction and 
of angiotensin chronic infusion have also been developed but are rarely used for the investigation of CHF.

6.2.2.2 The Rat Model of Aortic Constriction
Suprarenal constriction of the aorta is often used in rats and produces LV hypertrophy and subsequent CHF. After 

20 weeks of aortic banding, two distinctive groups can be identified, including rats with and without a significant 
reduction in LV systolic pressure [34]. Ascending aortic stenosis (which is not frequently used in mice) is a severe 
model of pressure overload and rapidly induces overt heart failure [35] when acutely performed in adult animals. 
Another technique that may better reflect clinical conditions is to place a suture around the ascending aorta in rat 
weanlings, which progressively constricts the aorta as the animal grows [36].

6.2.2.3  Spontaneous Hypertensive Rats
The spontaneous hypertensive rat (SHR) has been used as a well-established model of genetic hypertension and 

age-dependent LV dysfunction. More than 50% of the animals show clinical signs of HF at the age of 18-24 months. 
During the development of LF dysfunction, increased fibrosis and an altered LV geometry are observed [37,38]. The 
model of SHR rats is a good model to reproduce hypertension-induced HF in humans and to study the transition 
from hypertrophy to HF. An additional advantage of this model is that it does not require surgical procedures or 
pharmacological intervention.

6.2.2.4  Large-Animal Models
A comparatively smaller number of studies have used large-animal models to create pressure overload; however, 

models of aortic valvular stenosis, renovascular hypertension, or aortic banding have been successfully used be-
fore [39–41], with a resulting phenotype characterized by concentric hypertrophy, myocardial fibrosis, and diastolic 
dysfunction.

A larger number of studies have used large-animal models of volume overload mimicking the effect of acute or 
chronic valvular diseases. Mitral subvalvular chordaes disruption has been employed to create severe regurgitation 
[42], with subsequent LV eccentric hypertrophy and loss of systolic function. Other approaches have utilized the 
implantation of an LV-to-LA shunt with the advantage of predictable and standardized degrees of volume overload 
[43]; systemic arterio-venous shunts have been also described [44]. These models can be used alone or in combination 
with infarction to reproduce different physiologies seen clinically. Canine and ovine models of mitral regurgitation 
are regularly employed to investigate the effect of medical or surgical therapies on LV remodeling and failure [43,45]. 
Of note, a similar model of volume overload by aorta-caval fistula has been described in rats [46]; it is difficult, al-
though feasible, to reliably reproduce it in mice [47].
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Tachycardia-induced CHF through prolonged rapid pacing is the most commonly utilized model of nonischemic 
dilated cardiomyopathy (DCM). Rapid pacing (>200 bpm over 3-4 weeks) consistently result in global LV dilatation, 
systolic dysfunction, and humoral activation seen in heart failure [48]. Monocyte infiltration suggestive of active 
inflammation was shown following rapid pacing in dogs [49]. One advantage of this approach is the possibility of 
changing the pacing rate and duration to obtain the desired degree of LV dysfunction. This model has been utilized 
to investigate mechanisms and therapies for nonischemic heart failure irrespective of the underlying etiology. While 
tachycardia-induced systolic dysfunction is by itself a clinically relevant disease for which rapid pacing models are 
perfectly suited, it should be remembered that the causes of dilated cardiomyopathies are various and heteroge-
neous, and therefore caution is needed when translating the findings of tachycardia-induced HF models to other 
causes of heart failure.

6.2.3  Animal Models of Toxic Cardiomyopathy

The clinical relevance of chemotherapy-induced cardiomyopathy has prompted the development of animal mod-
els. Much effort has been made to reproduce features of cardiotoxicity induced by the antineoplastic anthracycline 
drugs in laboratory animals, encompassing rabbits, rats, mice, pigs, nonhuman primates, and dogs.

The first animal studies to investigate chemotherapy-induced cardiomyopathy were performed in rabbits. 
Generally, cardiotoxicity was induced by repeatedly administering anthracyclines over a period of 10-18 weeks with 
cumulative doses of 20-30 mg/kg [50]. Initial rodent studies showed signs of CHF in Fischer rats several weeks after 
chronic doxorubicin exposure [51]. In search of an improved rat model, it was discovered that spontaneously hyper-
tensive rats were more sensitive to doxorubicin-associated cardiotoxicity than normotensive rats [52], a finding simi-
lar to humans [53]. Because of this increased sensitivity and the high reproducibility of anthracycline-induced cardiac 
lesions, spontaneously hypertensive rats have been considered more suitable than other rat strains as small-animal 
models of anthracycline-induced cardiotoxicity. In addition to rats, mice have also been used to study toxic cardio-
myopathy. A drawback of this model is the technical difficulty associated with multiple intraperitoneal or intrave-
nous injections of corrosive drugs. The magnitude of left-ventricular dysfunction in these models is generally mild; 
however, sensitive, noninvasive myocardial deformation parameters have been validated in this species, allowing 
detection of subtle anthracycline-induced cardiac dysfunction [54].

In addition to rodents, large-animal models have been used to study anthracycline-induced cardiomyopathy be-
cause of a greater similarity in cardiac anatomy and physiology with humans. These large-animal models include 
pigs (full-size and miniature), in which characteristic cardiac lesions were observed following chronic exposure to 
lower doxorubicin doses [55]. In addition, cardiotoxicity has been induced in nonhuman primates by anthracycline 
administration [56,57]. The resulting cardiac alterations resembled those found in patients, although cardiotoxicity 
was detected at lower cumulative doses. Finally, dogs represent a valuable animal model of anthracycline-induced 
cardiotoxicity because of the uniformity of the cardiotoxic response in different animals and the lack of significant tox-
icity in noncardiac tissues [56]. The main obstacle in using large animals is the expense involved in the experiments.

Both (sub)acute and chronic cardiotoxicity have been investigated in laboratory animals. Acute cardiotoxicity 
is generally evaluated within hours or days after a single administration of a relatively high anthracycline dose. 
Chronic cardiotoxicity is induced by repeatedly administering lower drug doses and is evaluated weeks to months 
after cessation of anthracycline treatment. Although the chronic model is clinically more relevant, it is associated 
with higher costs and extended study time frames.

6.2.4  Models of Sepsis-Associated LV Dysfunction

Although translation of findings in animal models of systemic inflammation to the clinic has been marred by 
failure, they have considerably advanced our understanding of the pathological mechanisms contributing to the 
morbidity and mortality associated with sepsis [58]. Here, we will focus on how animal models have helped us un-
derstand the cardiovascular sequelae of sepsis and the role of nitric oxide (NO) signaling therein.

It is now recognized that both refractory hypotension and myocardial depression contribute significantly to 
the morbidity and mortality of sepsis and septic shock. The life-threatening cardiovascular dysfunction in septic 
shock originates, at least in part, from NO overproduction [59], historically believed to derive from transcrip-
tionally regulated inducible NO synthase (NOS2). Administration of a highly selective NOS2 inhibitor prevented 
systemic hypotension and LV systolic and diastolic dysfunction associated with endotoxin challenge in mice [60]. 
Cardiac dysfunction and systemic hypotension were less pronounced in NOS2-deficient mice challenged with 
high doses of endotoxin than in WT mice, suggesting a critical role of NOS2 in the pathogenesis of LV dysfunction 
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associated with endotoxemia [61]. In contrast, administration of L-NAME, an inhibitor of all three NOS isoforms, 
exacerbated mortality and cardiac dysfunction in mice challenged with endotoxin [60]. These observations sug-
gest that although inhibition of NOS2 may be beneficial in septic shock, concurrent inhibition of NOS1 and NOS3 
may be deleterious, implying that NO can act as a double-edged sword during septic shock. Protective effects of 
NOS1 and/or NOS3 against the LV dysfunction associated with endotoxemia in mice may help to explain the 
generally disappointing results reported from clinical trials of patients with septic shock treated with nonselective 
NOS inhibitors [62]. It is of note that the serious adverse events in a multicenter trial with L-NMMA appeared to 
be primarily of cardiac origin [62].

There are limitations to the septic shock animal models. In patients, the course of infection is slower in onset and 
less fulminant than after administration of endotoxin (the most utilized model of sepsis). Furthermore, different 
animal models are often difficult to compare, not only due to obvious species-related differences but also because 
of variances in methodology, including anesthesia protocol, dosage of the compound injected, timing, duration and 
route of administration, and regime of treatment. In human studies, supportive therapies in the form of fluids or anti-
biotics and the presence or absence of comorbidities that are not typical in animal models may influence the outcome. 
Lastly, the unfortunate reality that promising therapeutic strategies tested in animal models get lost in translation is 
also due to flawed patient selection. For example, lessons learned from models of sepsis that involve administration 
of bacteria to young adult mice may not necessarily be relevant to patients of different age and ethnicity with a very 
diverse array of initial events (including burns, trauma, surgical procedures).

6.3  ANIMAL MODELS OF GENETIC CARDIOMYOPATHIES

Familial cardiomyopathy results from inherited defects in genes encoding a broad range of proteins, including sar-
comeric, cytoskeletal, desmosomal, and nuclear membrane proteins, as well as proteins involved in Ca2+-metabolism 
and energy production and regulation [63]. Animal models of familial cardiomyopathy have been instrumental in 
confirming causality of gene mutations and dissecting out key molecular pathways involved in the development of 
cardiomyopathy and its sequelae, including heart failure and sudden death.

Animal models of familial hypertrophic cardiomyopathy (HCM) mainly harbor mutations in the cardiac β-myosin 
heavy chain (MYH7), troponin T (TNNT2), and myosin-binding protein C (MYBPC3) genes, since mutations in 
these three genes are encountered in more than 70% of HCM patients [64]. The first mutation associated with HCM 
in humans was a missense mutation, R403Q, in MYH7, causing severe, early-onset disease in patients [65]. In the 
representative mouse model, this mutation was introduced in the α-myosin heavy chain gene (MYH6) instead of the 
MYH7 gene, because of the disparate myosin heavy chain isoform content in humans and mice. These knock-in mice 
provided definitive evidence that a mutation in a sarcomeric gene leads to HCM [66]. Since the sarcomeric protein 
composition in rabbits more closely resembles that of humans, transgenic rabbits expressing the MYH7 R403Q mu-
tant were also generated [66,67].

In contrast to individuals with MYH7 mutations, ventricular hypertrophy is generally mild or absent in patients 
with TNNT2 mutations. Nevertheless, these mutations herald a high incidence of premature sudden cardiac death 
[68]. A TNNT2 mutation, resulting in a truncated cardiac troponin T protein in patients, was mimicked in both a 
mouse and a rat model [69,70]. In addition, mice were genetically modified to express human TNNT2 containing 
the missense mutation I79N or R92Q, revealing that an increased Ca2+-sensitivity of cardiac muscle contraction is 
involved in the pathogenesis of HCM associated with these TNNT2 mutations [71].

In addition to MYH7 and TNNT2 mutations, mutations in MYBPC3 also represent a frequent genetic cause of 
human HCM, and are associated with a late onset of disease, lower incidence of hypertrophy, and a good prognosis 
[72]. A comparable disease presentation was observed in mice expressing a truncated myosin-binding protein C, 
lacking the titin- and myosin-binding domains [73]. Moreover, mice with MYBPC3 ablation showed that, although 
myosin-binding C protein is not essential for formation and maintenance of the sarcomere ultrastructure, its absence 
results in HCM [74]. Mutations in genes encoding cardiac troponin I, α-tropomyosin, and ventricular regulatory 
myosin light chain have also been identified in HCM patients and were successfully reproduced in animal models 
[75–77].

Besides this artificially induced HCM in laboratory animals, naturally occurring HCM (and the resulting CHF 
and cardiac death) has been reported in a colony of Maine coon cats, although its genetic basis remains to be de-
termined [78].

With regard to familial DCM, mutations have been identified in 30-35% of the patients, with the majority occur-
ring in the titin (TTN), lamin A/C (LMNA), β-myosin heavy chain (MYH7), and cardiac troponin T (TNNT2) genes. 
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In order to characterize the morphological and functional impairments resulting from a TTN truncation mutation 
identified in DCM patients, knock-in mice recapitulating this mutation were generated [79]. In addition, two MYH7 
missense mutations causing DCM in humans, S532P and F746L, have also been investigated in knock-in mice, and 
have provided important pathogenic insights [80]. Similarly, a causal TNNT2 deletion mutation, ΔK210, was intro-
duced in mice, resulting in adverse cardiac alterations closely resembling the clinical phenotype in patients [81].

In some instances, reports on animal models of DCM preceded the recognition of a mutation in the same gene in 
humans and contributed to the discovery of genetic forms of human DCM. In fact, one of the first engineered murine 
models of DCM was the muscle LIM protein knock-out mouse, which exhibits many phenotypic features of human 
DCM [82]. It is also noteworthy that some animal models of DCM, such as desmin-deficient mice, are associated with 
skeletal myopathy [83].

Finally, the cardiomyopathic Syrian hamster is an established animal model of naturally occurring hypertrophic 
and DCM. Hamster strains Bio 14.6, UM-X7.1, CHF 146, and CHF 147 are characterized by significant cardiac hyper-
trophy with progressing ventricular dilatation, whereas strains 53.58 and Bio TO-2 display dilatation without hyper-
trophy. Genetic studies have shown that a mutation in the δ-sarcoglycan gene is responsible for both hypertrophic 
and DCM [84].

6.4  IMPROVEMENTS IN ANIMAL MODELS (TABLE 6.2)

When designing an experiment, many factors have to be considered, particularly, the balance between the incre-
mental value of improving the model and the feasibility of the improvement. Aging animals with multiple cardio-
vascular risk factors may reflect human patients better, however, inducing cardiovascular risk factors (for example, 
insulin resistance using high-fat diet or pressure overload using aortic constriction [85]) increases the variability of 
the cardiac response, the length of the experiment, and the overall cost. Furthermore, these modifications are by es-
sence imperfect reflections of the clinical development of human risk factors.

Recently, mice with polygenic abnormalities have been developed, in order to better mimic human pathologies. 
For example, mice with polygenic abnormalities that develop progressive obesity have been generated [86]. The 
advantage of these mice, however, may be limited by the decrease in mechanistic insights when multiple genes are 
involved in the development of a pathology. Recent advances in the generation of genetically modified mice have 
included inducible gene modifications and the generation of knock-in mice, in which the nonmouse gene of interest 
is inserted at a particular chosen locus as opposed to randomly.

Attempts should be encouraged to develop more physiological procedures. Progressive aortic constriction, 
which, for example, is extensively used in rats, better mimics the development of chronic hypertension or aortic 
stenosis than an acute banding and is being developed in mice. The disadvantage of this model, however, is that is 
it performed on very young mice as the progression of the constriction occurs as the mice are growing. Models of 
coronary clots formation in dogs thought to better mimic a thrombogenic event than coronary ligation have been 
reported [87] but have not been used recently due to their variability. Similarly, diets have been perfected to better 
reflect human diets, however, applying them in mice with different metabolic capabilities than humans still remain 
problematic.

Finally, in selected investigations, a process of high throughput triage of genes or treatments through the use of a 
crude model, such as the zebrafish, can be envisioned [88]. Once the selection is achieved, more sophisticated models 
are employed, bridging the gap toward the clinical environment.

TABLE 6.2  Possible Changes in Animal Models to Better Reflect Human Pathologies

Animals Aging

Sedentary
Added CV risk factors

Mice Polygenic (but may limit mechanistic insights)
Knock-ins/inducible

Models More physiological

Strategy High throughput followed by more clinically relevant but fewer animals
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7.1  INTRODUCTION

What is a biomarker? In 2001, the “biomarkers definitions working group” defined a biomarker as a “character-
istic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes 
or pharmacologic responses to a therapeutic intervention” [1]. According to this broad definition, physiologic mea-
surements and quantitative imaging studies should also be considered biomarkers [2]; however, in most cases, the 
term is restricted to molecular or biochemical indicators [3]. Over the last few decades, the use of biomarkers has 
been expanded in all areas of clinical decision making. Biomarkers are potentially useful along the whole spectrum 
of the disease process. Prior to diagnosis, markers may be used for screening and risk assessment. Antecedent 
biomarkers determine the risk of developing a pathologic condition and screening biomarkers identify individuals 
with subclinical disease, whereas diagnostic biomarkers are important tools in diagnosing overt disease. Other 
types of biomarkers are useful for assessment and treatment of patients after the diagnosis has been established. 
Thus, staging biomarkers assess disease severity and prognostic biomarkers provide information on the course of a 
disease, and guide therapy by predicting responses to specific therapeutic interventions, or by monitoring efficacy 
of treatment [2,4].

Advances in basic and clinical research resulted in successful introduction of biomarkers to expedite diagnosis, 
predict mortality and morbidity, and guide therapy in patients with heart failure [5,6]. Biomarkers that reflect myo-
cardial stretch, such as the natriuretic peptides, have been successfully introduced in clinical practice as diagnostic 
tools, prognostic indicators, and relevant guides for effective therapy of patients with heart failure [7]. Indicators 
reflecting cardiomyocyte injury (such as the cardiac troponins) [8] and neurohormonal biomarkers [5,6] may also 
prove useful independent prognostic tools for patients with heart failure. Recognition of the role of inflammatory 
cascades in the pathogenesis of heart failure generated intense interest in the potential role of inflammatory bio-
markers as prognostic indicators and therapeutic guides [9]. Since the early findings by Levine and coworkers doc-
umenting elevated tumor necrosis factor (TNF) levels in patients with heart failure [10], numerous studies have 
suggested the potential usefulness of a wide range of inflammatory biomarkers, including several members of the 
cytokine and chemokine family, in heart failure [9]. In most cases, the role of these indicators in clinical practice has 
not been established. However, the significance of these biomarkers should not be limited to their potential asso-
ciations with severity and progression of the disease. Perhaps the most promising potential role of biomarkers in 
patients with heart failure is to provide a window into the molecular and cellular environment of the failing heart, 
allowing identification of patient subpopulations with distinct pathophysiologic responses, and guiding therapeutic 
decisions on the basis of knowledge of the underlying biology. Such an approach could be most productive in the 
setting of post-infarction heart failure, where the balance between pro- and anti-inflammatory responses may drive 
morphologic and structural changes of the remodeling myocardium affecting the functional response. This chapter 
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discusses our knowledge on the role of inflammatory biomarkers in heart failure with an emphasis on their signif-
icance in predicting the development of heart failure following myocardial infarction. In addition to a systematic 
review of the clinical evidence, we highlight the links between the proposed biomarkers and the pathophysiology of 
post-infarction heart failure. Considering the pathophysiologic complexity of the response to myocardial infarction 
in human patients, we stress the need for development of biomarker-based approaches to identify subpopulations of 
patients with distinct responses in order to guide therapy.

7.2  THE ROLE OF THE INFLAMMATORY RESPONSE IN REPAIR AND REMODELING 
OF THE INFARCTED HEART

Reperfusion strategies have significantly improved survival in patients with acute myocardial infarction. 
However, improved survival of patients after the acute event results in an increased pool of individuals at risk of 
developing heart failure. The pathogenesis of heart failure following myocardial infarction is intricately linked 
with ventricular remodeling, a constellation of morphologic, molecular, and proteomic changes that lead to di-
lation and increased sphericity of the ventricle following myocardial infarction [11]. Adverse post-infarction 
remodeling is dependent on the size of the infarct and on the characteristics of the healing wound. Extensive 
evidence from experimental studies suggests that defective repair of the infarcted heart is associated with ac-
centuated dilative remodeling following myocardial infarction [12]. Healing of the infarcted heart is dependent 
on a superbly orchestrated reparative response that can be divided into three distinct but overlapping phases. 
During the inflammatory phase (see Figure 7.1), activation of danger signals by dying cardiomyocytes triggers 
chemokine-driven inflammatory leukocyte recruitment. Inflammatory leukocytes serve to clear the wound from 
dead cells and matrix debris and set the stage for activation of mesenchymal reparative cells. As the infarct is 
debrided, inflammatory leukocytes undergo apoptosis and proinflammatory cytokine and chemokine synthesis 
is repressed. Timely resolution of the inflammatory reaction is critical for the transition to the proliferative phase 
of cardiac repair. During the proliferative phase, resident cardiac fibroblasts undergo transdifferentiation into 
myofibroblasts through interactions that involve transforming growth factor (TGF)-β [13] and specialized matrix 
proteins [14–16]. Inhibition of fibrogenic signaling marks the end of the proliferative phase and the transition to 
maturation of the scar. During the maturation phase, the matrix becomes cross-linked, while fibroblasts become 
quiescent and may undergo apoptosis [17].

Disruption of the sequence of events that leads to formation of a collagen-based scar is associated with di-
lative remodeling [18]. Overactive, prolonged, or spatially unrestrained proinflammatory activation triggers 
excessive matrix degradation, resulting in dilation of the chamber. In contrast, overactive matrix-preserving 
responses may be associated with uncontrolled fibrosis and development of diastolic dysfunction. Biomarkers 
mirroring the intensity of the inflammatory and fibrotic response following myocardial infarction may provide 
key information on the underlying pathophysiology in human patients, thus guiding therapeutic strategies [4]. 
Although the potential role of biomarker-based strategies in designing therapy for patients with acute myo-
cardial infarction has not been tested, several studies have examined the prognostic implications of specific 
inflammatory mediators.

FIGURE  7.1  The inflammatory phase of cardiac repair. In the infarcted 
myocardium, release of danger-associated molecular patterns (DAMPS) by 
dying cardiomyocytes (CM) and matrix fragments (MF) induces activation 
of inflammatory cascades, leading to upregulation of chemokines and cyto-
kines. Chemokines bind to glycosaminoglycans on the endothelial surface 
and activate rolling neutrophils (N) and mononuclear cells (M), ultimately 
leading to their extravasation and recruitment into the infarcted area. Both 
blood-derived cells (such as leukocytes and platelets/P) and resident myocar-
dial cells (cardiomyocytes, fibroblasts/F, endothelial cells/E) contribute to the 
post-infarction inflammatory reaction.
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7.3  SPECIFIC INFLAMMATORY BIOMARKERS AS PREDICTORS  
OF POST-INFARCTION REMODELING

7.3.1  General Markers of Inflammation

7.3.1.1  C-Reactive Protein
An acute phase protein produced by the liver in response to stimulation with proinflammatory cytokines, 

C-reactive protein (CRP) has been extensively studied as a biomarker in cardiovascular disease. A growing body 
of evidence suggests that CRP may be a useful biomarker for prediction of adverse outcome and development 
of heart failure in patients surviving from acute myocardial infarction. Elevated peak CRP levels independently 
predicted cardiac rupture in patients with acute myocardial infarction [19,20], and admission CRP levels predicted 
mortality and dysfunction in patients with acute myocardial infarction receiving thrombolytics [21]. In 112 patients 
with ST elevation myocardial infarction (STEMI) undergoing primary percutaneous coronary intervention (PCI), 
pre-discharge high-sensitivity CRP (hs-CRP) levels were independently associated with the development of dilative 
remodeling (defined as a >20% increase in left ventricular end-diastolic volume 6 months after the acute event) [22]. 
Several additional studies have suggested a relation between elevated hs-CRP levels and adverse dilative remod-
eling following myocardial infarction (see Table 7.1) [23–25,32,33]. Elevated peak CRP levels were associated with 
a greater increase in left ventricular end-diastolic volumes following an anterior infarction [26,27] suggesting that 
hs-CRP may be a useful tool in predicting chamber dilation. In a study enrolling 106 Chinese patients with acute 

TABLE 7.1  Association Between Circulating CRP Levels and Post-infarction Remodeling or Development of Heart Failure in Patients 
with Acute Myocardial Infarction

Study Number of Patients Clinical Setting Timing of Sampling

Method and Timing 
of Remodeling 
Assessment Main Finding

Anzai et al. [19] 220 First STEMI Within 24 h of onset  
of AMI

Echocardiography. 
Patients were 
followed for 
>12 months

Positive correlation 
between CRP 
elevation and 
cardiac rupture, LV 
aneurysm formation, 
1-year cardiac death

Ueda et al. [20] 37 AMI with or without 
cardiac rupture

24 h after the onset of 
acute myocardial 
infarction

Echocardiography persistently high serum 
CRP level of >20 mg/
dl predicted cardiac 
rupture after MI

Urbano- 
Moral et al. [22]

112 STEMI At discharge 6-month follow-up, 
echocardiography

CRP predicted dilative 
remodeling in STEMI 
patients treated with 
primary PCI

Fertin et al. [23] 246 STEMI At hospital discharge 
and the 1-month, 
3-month, and 1-year 
follow-up visits

Echocardiographic 
studies at hospital 
discharge, 3 months, 
and 1 year after MI

Absence of 
independent relation 
between CRP 
levels and dilative 
remodeling

Mather et al. [24] 48 STEMI 2 days, 1 week,  
1 month, and 
3 months after 
presentation

Cardiovascular 
magnetic resonance 
(CMR); 72 h, at 
1 week, 1 month, and 
3 months

CRP assessed 2 days 
after reperfusion 
was the strongest 
independent 
predictor of dilative 
remodeling at 
3 months

Orn et al. [25] 42 First time STEMI On admission to 
the hospital, and 
2 days, 1 week, and 
2 months following 
hospitalization

Cardiovascular 
magnetic resonance; 
2 days, 1 week, 
2 month

CRP predicts adverse 
remodeling

(Continued)
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myocardial infarction, both NT-proBNP and hs-CRP measured 3 days after the acute event correlated with increases 
in left ventricular end-diastolic volume (LVEDV) during the remodeling phase; however, the correlation coefficient 
was lower for hs-CRP [28]. A growing body of evidence suggests that elevated hs-CRP not only is associated with 
adverse remodeling, but also predicts the development of heart failure following acute infarction. In patients with 
acute myocardial infarction, high peak levels of CRP were independently associated with the development and pro-
gression of heart failure [29]. In a multimarker approach, baseline troponin, BNP, and CRP measurements provided 
independent unique prognostic information predicting the development of heart failure [34]. In patients surviving 
myocardial infarction, there was a strong positive graded association between CRP levels and the risk of develop-
ing heart failure; this relation was independent of the size of the infarct and of the occurrence of recurrent ischemic 
events [30]. In patients with ACS, CRP (and other more specific inflammatory mediators, including interleukin-6 (IL-
6), sPLA(2)-IIA and intercellular adhesion molecule (ICAM)-1) assessed on the first day after the acute event, were 
associated with long-term mortality and development of heart failure, but not with reinfarction [31]. The usefulness 
of CRP as a biomarker providing relevant pathophysiologic information in patients with myocardial infarction is 
limited by its nonspecific role in the inflammatory process; use of CRP in this setting may be more informative when 
accompanied by measurement of other more specific inflammatory mediators.

7.3.1.2  Myeloperoxidase
Myeloperoxidase (MPO), an enzyme with potent oxidant effects that is abundantly produced and released by 

myeloid cells [35], is expressed in vulnerable plaques and is considered a marker for unstable coronary lesions. 
Increased serum MPO levels have adverse prognostic implications in healthy individuals, predicting risk of coronary 
heart disease [36]. In patients with established coronary disease, MPO levels provide important prognostic infor-
mation. Baseline plasma levels of MPO were associated with the incidence of recurrent ischemic events in patients 

Study Number of Patients Clinical Setting Timing of Sampling

Method and Timing 
of Remodeling 
Assessment Main Finding

Takahashi et al. [26] 31 STEMI On admission, and 
2 weeks and  
6 months after AMI

Coronary angiography; 
on admission, and 
then 2 weeks and 
6 months after 
infarction

Increased peak serum 
CRP level was 
associated with a 
greater increase in LV 
volume after anterior 
AMI

Uehara, et al. [27] 139 STEMI Immediately after 1,  
2, 3, and 7 days,  
and 1 month after  
the onset of AMI

Echocardiography, 
1 month after 
infarction

CRP is a useful factor 
for predicting LV 
remodeling

Xiaozhou et al. [28] 106 First infarction 3 days after AMI Echocardiography on 
the third day and 
third month after 
infarction

NT-proBNP was more 
effective than hs-CRP 
as a predictor of 
dilative remodeling

Berton et al. [29] 220 Myocardial infarction On the first, third,  
and seventh day  
after admission

Echocardiogram 
between the third 
and the seventh 
day after admission 
and 1 year after 
recruitment

Peak CRP is a strong 
independent 
predictor of global 
and heart failure-
related mortality 
following infarction

Bursi et al. [30] 329 STEMI and non- 
STEMI

On admission Evaluation of 
medical records 
(1.0 ± 0.6 years after 
the event)

CRP is an independent 
predictor of heart 
failure and death

Hartford et al. [31] 1618 Acute coronary 
syndromes

Day 1 (n = 757) or day 
4 (n = 533) after 
admission

Follow up 75 months CRP is associated with 
long-term mortality 
and heart failure, but 
not reinfarction

TABLE 7.1  Association Between Circulating CRP Levels and Post-infarction Remodeling or Development of Heart Failure in Patients 
with Acute Myocardial Infarction—Cont’d

108	 7.  INFLAMMATORY BIOMARKERS



	 7.3  Specific Inflammatory Biomarkers as Predictors of Post-infarction Remodeling 	 109

2.  INFLAMMATORY BIOMARKERS

with acute coronary syndromes [37] and with increased mortality and nonfatal infarction in patients with STEMI 
[38]. Experimental evidence has suggested a crucial role for MPO in the pathogenesis of post-infarction cardiac re-
modeling mediated through activation of oxidative stress [39,40]. MPO was an independent predictor of mortality in 
STEMI patients presenting with cardiogenic shock [41]; however, diurnal variations in MPO levels [42] and the ab-
sence of systematic analysis of time-dependent changes following myocardial infarction makes interpretation of the 
findings quite challenging. Thus, the potential role of MPO as a biomarker predicting development of post-infarction 
heart failure remains poorly supported by clinical data.

7.3.2  Cytokines (Table 7.2)
7.3.2.1 The TNF-α System

TNF-α is the best-studied cytokine in heart failure. Elevated plasma TNF-α levels are consistently observed in 
patients with heart failure [10,50]; extensive evidence suggests that TNF levels correlate with disease severity [51]. 
Moreover, in patients with severe chronic heart failure, increased plasma levels of TNF-α predict adverse outcome 
and are associated with increased mortality [52]. The role of plasma TNF-α levels as a biomarker predicting adverse 

TABLE 7.2  Associations Between Circulating Cytokines and Cytokine Receptor Levels and the Development of Post-infarction 
Remodeling or Heart Failure in Patients with Acute Myocardial Infarction

Cytokine/Cytokine 
Receptor Study Number of Patients Clinical Setting Timing of Sampling Main Finding

IL-6 Hartford et al. [31] 1618 Acute coronary 
syndromes

Day 1 (n = 757) or day 
4 (n = 533) after 
admission

IL-6 is associated with long-term 
mortality and heart failure, 
but not reinfarction

TNF-α, IL-6, 
sTNFR1,  
sTNFR2

Valgimigli et al. [43] 184 STEMI 0.5-34 h after  
symptom onset

sTNFR-1 is a major short- and 
long-term predictor of 
mortality and HF in patients 
with AMI

ST2 Shimpo et al. [44] 810 patients enrolled 
in TIMI- 14 (362 
patients), or TIMI 23 
(448 patients)

STEMI At baseline and 1, 3, 
12, and 24 h after 
enrollment (TIMI-14)

Serum levels of ST2 predict 
mortality and heart failure 
in patients with acute 
myocardial infarction

ST2 Sabatine et al. [45] 1239 patients enrolled 
in TIMI-28

STEMI Time of enrollment In STEMI, high baseline ST2 
levels predict cardiovascular 
death and heart failure 
independently of baseline 
characteristics and NT-
proBNP. The combination 
of ST2 and NT-proBNP 
significantly improves risk 
stratification

ST2 Kohli et al. [46] 4426 (TIMI-36) Non-STEMI Time of enrollment ST2 correlates weakly with 
biomarkers of acute injury 
and hemodynamic stress but 
is strongly associated with 
the risk of heart failure after 
NSTE-ACS

ST2 Dhillon et al. [47] 667 STEMI 3-5 days after  
admission

Elevated ST2 and IL-33 were 
both associated with increased 
mortality. ST2 demonstrated 
incremental value over 
contemporary risk markers 
but IL-33 did not

GDF-15 Wollert et al. [48] 2081 Non-STEMI On admission GDF-15 levels are strongly 
associated with mortality

GDF-15 Kempf et al. [49] 741 STEMI Upon enrollment GDF-15 levels predicted 
mortality
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remodeling and heart failure following myocardial infarction is less convincingly established. In experimental mod-
els of myocardial infarction, TNF-α expression is upregulated [53,54] and TNF bioactivity is increased in the cardiac 
interstitium [55]. In 184 human patients presenting with acute myocardial infarction, admission plasma levels of 
TNF-α and its type 1 and 2 soluble receptors (sTNFR1 and sTNFR2) were significantly increased [43]. Although in 
univariate analysis TNF, sTNFR-1, and sTNFR-2 levels predicted the composite endpoint of death and new onset 
heart failure, multivariate analysis suggested that only sTNFR-1 was an independent predictor of adverse outcome 
following acute infarction [43]. In a much smaller population of 33 patients undergoing PCI for acute myocardial 
infarction, TNF-α levels increased significantly 7-14 days after the acute event but were not associated with worse di-
lative remodeling [56]. In patients with heart failure, sTNFR levels may provide greater prognostic information than 
TNF-α levels, better reflecting global systemic inflammation, as several proinflammatory mediators promote sTNFR 
shedding. Moreover, elevated sTNFR levels may better identify patients with tissue activation of the TNF-α cascade.

7.3.2.2  IL-6
Several studies have suggested a role for IL-6 as a biomarker in patients with heart failure. In elderly subjects with-

out prior myocardial infarction (and free of heart failure), baseline levels of IL-6 predicted the development of heart 
failure [57]. Extensive evidence from clinical investigations suggested that in patients with chronic heart failure, 
plasma IL-6 levels are elevated [58] and correlate with the severity of disease [59]. In patients with advanced heart 
failure, increased IL-6 levels predict adverse outcome and are associated with higher mortality [60,61]. Although 
IL-6 is upregulated in the infarcted heart and may play a role in the pathogenesis of post-infarction remodeling, the 
significance of elevated IL-6 levels in prediction of chamber dilation and post-infarction heart failure remains poorly 
documented. In a study examining plasma cytokine levels in 184 patients presenting with acute myocardial infarc-
tion, admission IL-6 levels were elevated [43]. In univariate analysis, IL-6 levels predicted the occurrence of death or 
new onset of heart failure. However, multivariate analysis suggested that the prognostic information provided by 
IL-6 levels was not independent of left ventricular systolic function, Killip class, and peak CK-MB [43]. Moreover, 
in a small study using cardiac magnetic resonance to evaluate cardiac remodeling in 42 patients undergoing PCI for 
acute myocardial infarction, elevated IL-6 levels were associated with worse systolic function and adverse cardiac 
remodeling [25].

7.3.2.3 The Expanding Role of ST2
IL-1 signaling is centrally involved in post-infarction inflammatory response and in the pathogenesis of cardiac re-

modeling [62–64]. The IL-1 family is comprised of agonists, receptors, and antagonists; one of the receptor members 
of the family, ST2, has great potential as a prognostic biomarker for patients with heart failure and acute myocardial 
infarction [65,66]. ST2 is found in both soluble and transmembrane forms and is markedly induced in cardiomyo-
cytes and fibroblasts in response to mechanical strain and to stimulation with proinflammatory cytokines [67,68]. ST2 
levels carry important and independent prognostic information in patients with acute heart failure [69] and in indi-
viduals with chronic heart failure [70]. ST2 levels were significantly elevated in the first day after acute myocardial 
infarction peaking at 12 h; elevated ST2 levels were associated with 30-day mortality [44,71]. In patients with STEMI, 
high baseline ST2 was a strong independent predictor of cardiovascular death and heart failure [45]. Moreover, 
ST2 levels were strongly associated with the risk of heart failure in patients with non-ST elevation acute coronary 
syndromes despite a weak correlation with markers of acute injury [46]. Although ST2 may play a role in risk strat-
ification of patients with acute myocardial infarction, its ligand IL-33 may have much less value as a biomarker; a 
recent investigation suggested that when measured 3-5 days after STEMI, IL-33 levels were independently associated 
with 30-day and 1-year mortality, but (in contrast to ST2 levels) did not add incremental value over GRACE-RS and 
natriuretic peptide assessment [47].

7.3.2.4 The Role of Growth Differentiation Factor-15, a TGF-β Family Member
Members of the TGF-β family, including the TGF-β isoforms TGFβ1, β2, and β3 [72], activin A, [73] and growth dif-

ferentiation factor (GDF)-15 [74] are markedly upregulated in the infarcted myocardium. Most members of the TGF-β 
family may have a limited role as circulating biomarkers because they are bound to tissues and are locally activated to 
modulate cellular responses [75]. GDF-15 is a notable exception; extensive evidence suggests that GDF-15 may be an 
important prognostic biomarker for patients with heart failure and coronary artery disease [76]. GDF-15 is a predictor 
of mortality in both STEMI and non-STEMI populations [49,77]. In patients with acute coronary syndromes, GDF-15 
levels are associated with recurrent events independent of clinical indicators, natriuretic peptide, and hs-CRP levels 
[48,78]. A growing body of evidence suggests that GDF-15 levels may also predict the development of heart failure 
and adverse remodeling following myocardial infarction. In 1142 patients with acute myocardial infarction (STEMI 
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and non-STEMI), GDF-15 levels measured 3-5 days after the acute event predicted death and the development of heart 
failure [79]. Moreover, in 97 patients with STEMI, GDF-15 levels measured on the first day after myocardial infarction 
independently correlated with the development of adverse dilative remodeling [80].

7.3.2.5  Chemokines
Although chemokine induction is a hallmark of the post-infarction inflammatory response, and several members 

of the family are implicated in the pathogenesis of cardiac remodeling [81], the usefulness of chemokines as biomark-
ers in cardiovascular disease remains limited. Chemokine-mediated actions are dependent on their binding to endo-
thelial glycosaminoglycans; this important biological property may limit their potential significance as circulating 
indicators of myocardial inflammation. In patients with acute coronary syndromes, persistent elevation of CCL2/
monocyte chemoattractant protein (MCP)-1 levels (assessed 30 days after the acute event) was associated with in-
creased mortality [82]. Adverse prognosis in patients with prolonged elevation of chemokine levels was not associated 
with recurrent coronary events; whether accentuation of inflammatory myocardial injury was responsible for worse 
remodeling in these patients is unknown [83]. Limited evidence suggests the role of MCP-1 as a biomarker predicting 
adverse remodeling following myocardial infarction [84]. Weir and coworkers [85] measured serum MCP-1 levels 
in 100 patients with acute myocardial infarction and systolic dysfunction at baseline and at 24 weeks after the acute 
event. Changes in MCP-1 levels correlated positively with indicators of adverse remodeling [85] assessed through 
magnetic resonance imaging. In a small study enrolling 35 patients with acute myocardial infarction, elevated base-
line CCL3/macrophage inflammatory protein (MIP)-1α levels were associated with accentuated dilative remodeling 
[86]. Because of their marked induction in experimental models of myocardial infarction [87–89], several members 
of the CXC chemokine family have also attracted interest as potential biomarkers in patients with acute myocardial 
infarction. Serum CXCL10/interferon-γ-inducible protein (IP)-10 levels were found to be elevated following myocar-
dial infarction and independently associated with the cumulative creatine kinase (CK) release [90]. Orn and cowork-
ers measured levels of several chemokines over the first week following acute myocardial infarction and examined 
their relation with indicators of myocardial injury, dysfunction, and remodeling. CCL4/MIP-1β, CXCL16, CXCL10/
IP-10, and CXCL8/IL-8 levels correlated with infarct size and with impaired function 2 months after the acute event 
[91]; the findings may simply reflect a more intense inflammatory response in patients with larger infarcts. Despite 
the direct involvement of members of the chemokine family in post-infarction remodeling, several relatively small 
studies failed to provide significant support for the potential role of chemokines as biomarkers.

7.3.3  The Matrix

Activation of inflammatory signaling in the infarcted heart induces dynamic changes in the matrix network; these 
alterations are critically implicated in post-infarction remodeling and in the pathogenesis of heart failure following 
myocardial infarction [92]. Thus, serum biomarkers that reflect matrix activity could serve as useful windows to the 
remodeling heart and may reflect activation of inflammatory signaling. Several matrix-related biomarkers have been 
tested as prognostic indicators following myocardial infarction.

7.3.3.1  Matrix Metalloproteinases
Induction and activation of matrix metalloproteinases (MMPs) promote matrix degradation, contributing to 

clearance of the wound following myocardial infarction. In the healing infarct, unrestrained inflammatory signal-
ing activates MMPs and accentuates chamber dilation, playing an important role in the pathogenesis of cardiac 
remodeling [93,94]. Several small investigations have suggested relations between serum MMP levels and the 
development of adverse remodeling following myocardial infarction [95]. Most studies have focused on mea-
surement of serum levels of the gelatinases MMP-2 and MMP-9; results on the predictive value of these proteases 
have been conflicting. Squire and coworkers measured serum MMP-9 and MMP-2 levels in 60 patients with acute 
myocardial infarction and found no relation between MMP levels and the development of dilative remodeling 
6 weeks after the acute event [96]. In a study measuring MMP levels in 52 clinically stable patients surviving acute 
infarction, Orn et al. found no association between gelatinase levels and dilative remodeling [97]. On the other 
hand, Webb and coworkers found that persistent elevations of MMP-9 levels 5 days after acute infarction had im-
portant prognostic implications, predicting chamber dilation 28 days after the acute event [98]. In a larger study 
of 404 patients with acute infarction, MMP-9 and tissue inhibitor of metalloproteinases (TIMP)-1 levels predicted 
chamber dilation. Differences in timing of MMP measurements in relation to the acute event, the specificity and 
sensitivity of various assays, and the use of various strategies examining temporal changes in protease expression 
may explain the conflicting results.
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7.3.3.2  Matricellular Proteins
Induction of matricellular proteins is a crucial event in the healing infarct and critically regulates the inflammatory 

and reparative response. Because several matricellular proteins are critically implicated in post-infarction remod-
eling, biomarkers reflecting myocardial expression and activity of matricellular proteins could provide important 
information with prognostic implications. However, by definition, matricellular interactions involve immobilization 
of the matricellular macromolecules on the interstitial matrix and may not be mirrored by increases in circulating 
levels. Some members of the matricellular family can also be secreted and act as cytokines; these mediators may have 
potential as biomarkers reflecting the extent of cardiac remodeling.

7.3.3.2.1  GALECTIN-3

Galectin-3 is an inflammatory β-galactoside-binding lectin secreted by activated macrophages that, when bound 
to the matrix, exerts matricellular functions. Extensive evidence suggests a potential role for galectin-3 as a prog-
nostic biomarker in patients with heart failure. Galectin-3 is a strong independent predictor of mortality in patients 
with chronic heart failure [99]; its predictive value may be higher in individuals with preserved ejection fraction 
[100]. Galectin-3 is upregulated in the infarcted heart and is implicated in the pathogenesis of cardiac remodeling 
and fibrosis [101]; however, its potential role as a biomarker predicting post-infarction remodeling and heart failure 
is poorly supported by data. In 100 patients admitted with acute myocardial infarction and left-ventricular dys-
function, baseline galectin-3 levels correlated significantly with other indicators of matrix turnover (such as MMP-
3) and with inflammatory markers (such as MCP-1), but had no significant relation with remodeling-associated 
parameters [102].

7.3.3.2.2  TENASCIN-C

Tenascin-C deposition is a useful histological marker of interstitial remodeling in animal models [103] and in hu-
man patients with ischemic cardiomyopathy [104]. Although tenascin-C is critically involved in the pathogenesis of 
post-infarction remodeling [105], evidence of its potential role as a biomarker for patients with myocardial infarction 
is limited. In 239 patients with myocardial infarction, tenascin-C levels independently predicted adverse outcome 
[106]. However, the potential role of tenascin-C as a circulating marker of cardiac remodeling requires confirmation 
by larger studies.

7.3.4  Indicators of Cellular Activation

Myocardial infarction is associated with mobilization and activation of leukocyte subsets that play an important 
role in the pathogenesis of cardiac remodeling. Several studies have tested the potential use of simple markers of 
cellular activation as predictors of cardiac remodeling following myocardial infarction. In 107 patients with anterior 
myocardial infarction, pre-discharge white blood cell counts independently predicted adverse remodeling [107]. 
Elevated peripheral blood mononuclear cell counts were also associated with adverse post-infarction remodeling 
[108,109]. In a study of 131 patients with acute myocardial infarction, a peak mononuclear cell count higher than 
3600/mm3 independently predicted adverse remodeling [109]. The phenotypic characteristics of circulating mono-
nuclear cells may also provide important prognostic information. Peak levels of CD14+CD16− monocytes were 
negatively correlated with recovery of function following myocardial infarction [110]. A proinflammatory monocyte 
response is associated with adverse outcome in patients with STEMI [111].

7.4  IMPLEMENTATION OF BIOMARKER-BASED STRATEGIES IN PATIENTS 
WITH MYOCARDIAL INFARCTION

In human patients, the reparative response following myocardial infarction is characterized by pathophysiologic 
complexity. Age, gender, genetic diversity, the presence or absence of comorbidities (such as hypertension, diabe-
tes, and dyslipidemias), treatment with medications (including statins, angiotensin converting enzyme inhibitors, 
or β-blockers) greatly affect inflammatory signaling pathways following myocardial infarction. Thus, the success 
of therapeutic approaches targeting inflammatory signals in the infarcted heart is dependent on identification of 
patient subpopulations with distinct pathophysiologic defects. Patients with accentuated dilative remodeling fol-
lowing infarction may exhibit prolonged or overactive inflammatory reactions in the myocardium; biomarker-based 
approaches for identification of these individuals could greatly contribute to design of specific pathophysiologi-
cally driven therapies targeting proinflammatory cytokine signaling. On the other hand, individuals with overactive 
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matrix-preserving signaling may exhibit diastolic heart failure due to excessive matrix deposition; these patients 
may benefit from approaches targeting the profibrotic growth factors. Although serum biomarkers may contribute 
to identification of patients with distinct pathophysiologic responses, systemic levels of inflammatory cytokines are 
affected by many factors that may be unrelated to the myocardial response. Thus, molecular imaging may hold great 
promise by providing key insights into myocardial structural, molecular, and proteomic alterations with important 
therapeutic implications [112].
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8.1  IMMUNOASSAYS DEVELOPMENT AND NEW DIRECTIONS

Immunochemical techniques have an important role in the identification of inflammatory markers. Using the 
specificity provided by the antigen-antibody reaction, where the antigen is the analyte of interest, the immunochem-
ical techniques capitalize on the sensitivity of the measurable label (i.e., radioactive substances, enzymes, fluores-
cence substances, etc.), called the reporter.

Introduced in the 1960s, the enzyme immunoassays (EIAs) together with the primitive form of the enzyme-linked 
immunosorbent assay (ELISA) differed from the original radioimmunoassay (RIA). Both techniques followed the 
principle of the immunoassay, but enzymes rather than the radioactive substances were adopted as reporter labels 
[1]. The ELISA technique was conceptualized and developed by Peter Perlmann, and Eva Engvall at Stockholm 
University, Sweden, and the EIA technique was developed by Anton Schuurs and Bauke van Weemen at the Research 
Laboratories of NV Organon, Oss, The Netherlands [1].

The impact of the introduction of the conjugated enzymes replacing the radioactive reporters revolutionized the use 
of immunochemical assays. The final effect was evident by the number of publications that came out in the following 
years (see Figure 8.1). The RIA use dropped, while the popularity of the ELISA consistently increased over the years.

The standard approach for detecting and measuring these inflammatory mediators today is clearly the ELISA, 
however, since the beginning of the new millennium, novel techniques have been proposed to detect multiple 
cytokines/chemokines in a single run. The principle of these assays still resembles that of classical ELISA, however, 
new detection techniques have been introduced, as will be explained later in this chapter. Today, this kind of assay is 
known as multiplex immunoassay (MIA).

8.2  METHODOLOGY AND INSTRUMENTATION

As mentioned above, the current methodology in clinical chemistry for the identification of inflammatory me-
diators is changing. In this chapter, we aim to introduce the reader into an area that is quite common nowadays in 
basic research: identification/quantification of cytokines/chemokines in serum, plasma, tissue lysates, and other 
fluid samples (i.e., urine, cerebrospinal fluid). Therefore, the reader should not expect a detailed description of the 
biochemical methodology or functionality of the instruments, which will be available though the cited references, 
but can expect to be informed about various aspects behind the validation of a chosen assay. Those aspects are often 
neglected before using such assays because the manufacturer ensures a proper validation before releasing the kit to 
the market. However, the robustness and suitability of the assay cannot be tested in every condition, and this is the 
classic situation when issues may appear.
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8.2.1  Solid Phase/Planar Assays

The ancestor of the solid-phase immunoassays is ELISA. The principle is very simple: a primary or capture anti-
body is immobilized to the bottom of solid carrier, typically a 96-well plate, and recognizes the antigen. The capture 
antibody is subsequently recognized by a secondary antibody that is often referred to as the detection antibody. 
Detection antibodies are typically labeled or conjugated to an enzyme that is responsible of the conversion of a 
substrate into a readable signal. Technically, newer ELISAs are not “enzyme-linked” but are instead linked to some 
nonenzymatic reporters [2,3] (see Figure 8.2). Although different variations may apply to the procedure, that is, the 
analyte of interest is immobilized to the plate or there is an addition of a tertiary antibody, the critical point of the 
assay is the choice of proper antibodies. To ensure their flawless performance in a sandwich ELISA antibody pair, it 
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FIGURE  8.2  Main ELISA reporter formats. The first step of an 
ELISA is the immobilization of an antigen on a solid support (usu-
ally a polystyrene microtiter plate, also known as 96-well plate). This 
mechanism can be either nonspecific (printing the antigen on the bot-
tom of the well) or specific (a previously immobilized capture anti-
body specific for the antigen, then generating the “sandwich” ELISA). 
Subsequently, a secondary antibody that is conjugated to an enzyme 
detects the antigen. Traditional ELISA-involved chromogenic report-
ers and substrates that produced an observable change of color to in-
dicate the analyte presence (1) modern ELISA-like techniques make 
use of fluorogenic, (2) chemiluminescent, and (3) even real-time PCR 
reporters (not shown) to develop quantifiable signals.
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FIGURE 8.1  Estimates of published articles mentioning RIA, ELISA, 
and MULTIPLEX immunoassays between 1965 and 2014. The query was 
done in June 2014 in PubMed/National Library of Medicine of the NIH 
(www.ncbi.nlm.nih.gov/pubmed). The entry terms were radioimmuno-
assay (RIA), enzyme-linked immunosorbent assay (ELISA), and multiplex 
immunoassay. On the left side of the abscissa there are two periods of 
10 years, followed by 5-year ranges (Nota bene: the purpose of this graph 
is to show the trends of use for these three assays, hence, the numbers of 
publications are not necessarily precise).

http://www.ncbi.nlm.nih.gov/pubmed
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is necessary to select antibodies with specific high-affinity recognition of the target analytes with as little nonspecific 
analyte detection as possible.

The type of antibody that is most likely to fulfill these criteria belongs to the monoclonal antibody class. Thanks 
to its monovalent affinity, it binds to a single epitope on the antigen. This characteristic is not always certain for the 
polyclonal antibody, which can bind to different epitopes on the same antigen. The manufacturer does not always 
provide detailed information about the epitope that is recognized by the antibody, although this information is quite 
relevant. It is therefore best practice to always inquire about the nature of the antibodies included in the kit/assay 
purchased to be aware of the possible limitations of the test.

In the last decades the antibody portfolio has been expanded extensively and new concepts have risen around the 
ELISA test. Moreover, the interest of researchers is nowadays shifting from information on single antigens toward the 
levels of panels of different antigens. This, together with the desire to obtain as much information as possible from a 
small amount of sample, gave rise to the development of multiplex assays. The main purpose is to have an assay for 
simultaneous detection and quantification of multiple target analytes in qualified complex sample types.

8.2.1.1  Multiplexed ELISA
The traditional ELISA test is far from being abandoned (see Figure 8.1), and this methodology is still considered 

the gold standard for quantification. To date, various methods have been developed and introduced to measure 
multiple inflammatory mediators in a quantitative way. For this purpose, novel concepts have been added to the 
classical assay to create a multiplexed ELISA. This is the case of the multiplex ELISA from Quansys Bioscences 
(www.quansysbio.com). With the aid of a robotic liquid handler, the capture antibodies are printed in a multiplex 
array within the same well on a 96-well microplate (Figure 8.3). In such a manner, it is possible to perform up to 25 
ELISA tests in the same amount of time it takes to complete a single ELISA. Adopting this assay sounds attractive, as 
many other multiplex assays that will be described later in this chapter, however, there are many facets that have to 
be considered in advance. A schematic summary of the pros and cons of the major aspects of each MIA is presented 
in Table 8.1 of this chapter.

8.2.1.2  Electrochemical Multiplexed ELISA
An alternative multiplexed ELISA is the MULTI-ARRAY® from Meso Scale Discovery (www.mesoscale.com). As 

shown in Figure 8.3, multiple analytes can be detected within the same well (96-well microplate: 4-10 spots; 384-well 
microplate: 1-4 spots). The distinctive innovation that characterizes this assay is in the detection technology. Primary 
antibodies are immobilized on a carbon electrode plate surface and upon electrochemical stimulation a chain reac-
tion of chemiluminescence is triggered [4]. Ultimately, light intensity is measured (see Figure 8.4 for more details). 
This method, referred to as ElectroChemiLuminescence or ECL, requires special equipment to read the plates as 
other more sophisticated MIAs. Nevertheless, the instruments needed do not require special attention making the 
entire procedure user-friendly.

The ECL technology has been applied to profile inflammatory mediators in different cardiovascular diseases.  
A strong relationship between heart failure and pulmonary arterial hypertension (PAH) has been reported in the lit-
erature [5]. In reviewing the published studies related to this topic, there is substantial evidence supporting a role for 
inflammatory mediators in the advancement of idiopathic PAH [6]. Using the ECL technology, Soon et al. [7] deter-
mined the circulating inflammatory profile of patients with idiopathic and hereditable PAH in order to examine the 
relationship between an 11 cytokines panel, the hemodynamics, functional capacity, and survival of these patients. 
The conclusion of their study was intriguing as they could find a clear relationship between the circulating levels of 

FIGURE 8.3  Configuration of a multiplex array. With the 
aid of a robotic liquid handler, up to 25 different capture anti-
bodies are printed in a multiplex array within the same well 
on a 96-well microplate, in order to capture specific target pro-
teins in a defined configuration.

http://www.quansysbio.com
http://www.mesoscale.com
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TABLE 8.1  Differences Among the Main Commercially Available Immunoassay Platforms

Solid Phase Suspension Technology
ELISA ECL Membrane-Based Assay CBA Beads-Based Assay

Number of analytes
determined

1/well 4-10/well Up to 40/membrane Up to 30/tube Up to 500/well

One analyte per plate
All 

analytes in 
one well

All analytes in a single tube
All analytes in 

one well

The panel 
has to be 
combined: 

not all 
analytes can 

be 
measured 
together

Sample size 
needed (µL)

50-100/well 15-50/well 500-1000/membrane 50/tube 25-50/well

High volume requested for 
multiple analytes

Low sample size 
considering the number of

analytes determined

Low sample size 
considering the number of 

analytes determined
Very low sample size

Specific devices

Plate reader ECL reader Infrared imaging system Flow cytometer
Luminex™ plate reader +

magnetic or standard washer

Basic, simple to use, low
budget

Easy to 
use, 

multitasking 
(i.e. WB 
imaging)

Intermediate 
cost

Routinely used in 
diagnostics, multiple use

Sophisticated, expensive, 
dedicated to beads-based  

assay only

Range of 
concentrations

Intermediate Large dynamic range Large dynamic range Large dynamic range Dynamic range

Handling skills Intermediate Intermediate Expert/Intermediate Expert

Cost of the 
commercial kit

Low budget considering
the number of analytes

Expensive, especially when
standards must be run

each time.

Low budget
when compared 

to a single ELISA 
kit

Expensive

Time (hrs) 5 - O.N. 3 5 - O.N. 3 - 5 6 - O.N.

Other May need multiple dilutions
Ability to perform repeated 
measurements. Reduces 

matrix effect

Ability to perform repeated 
measurements

Ability to perform
repeated 

measurements

Multiple 
dilutions 

may apply.
Matrix effect 

probability
Assessment Quantitative Quantitative Semi-quantitative Quantitative Quantitative and qualitative

Novice/Intermediate

Various 
costs

Expensive when 
requested  for 

multiple analytes 
determination

Ability to perform repeated 
measurements. Reduces matrix 

effect

Low budget  when compared to 
a single ELISA kit

Expensive, dedicated to ECL 
assay only

Low sample size considering 
the number of analytes 

determined

Relatively small
number for a

multiplexed assay

All analytes on one 
membrane

This table summarizes the prominent advantages (green) and disadvantages (red) that distinguish, to the personal opinion of the authors, the technology of the immunoassays for the 
identification of inflammatory mediators in qualified samples which are currently available on the market.

FIGURE  8.4  Principle of Electrochemical multiplexed 
ELISA. Microplates contain integrated carbon electrodes 
at the bottom of the plate; primary antibodies are immobi-
lized on the carbon electrode plate surface and labeled with 
substances emitting light at ~620 nm after a chemilumines-
cence chain reaction, when electrochemically stimulated. 
The detection process of the final light intensity is initiated 
at the electrodes located at the bottom of the microplates. 
Only labels near the electrode are excited and detected, en-
abling a wash-free assay. Multiple excitation cycles of each 
label amplify the signal to enhance light levels and improve 
sensitivity.
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IL-2, IL-6, IL-8, IL-10, and IL-12p70 and the survival rate proving the importance of inflammatory biomarkers in the 
risk stratification of PAH patients. Looking at the results of their study, it is clear that the ECL technique offered a 
major advantage over more traditional approaches: Indeed, all cytokines measurements were present in low concen-
tration ranges but the combination of high sensitivity and specificity of the assay with the small variation within the 
groups allowed the detection of significant differences among some of the cytokines levels determined in patients 
versus controls.

Data from several sources have identified that endothelial dysfunction and low-grade inflammation are common 
markers occurring together during cardiovascular disease [8]. Van Bussel and coworkers [9] used the ECL technique 
to assess the association between biomarkers of endothelial dysfunction and low-grade inflammation in a 6-year 
longitudinal study. Conducting their investigations on 293 apparently healthy individuals, they evaluated an ex-
tensive array of biomarkers of endothelial dysfunction and low-grade inflammation in relation to arterial stiffness. 
Although the cytokine concentration levels were low, the ECL assay gave precise measurements with little variation, 
allowing the authors to propose the hypothesis that endothelial dysfunction and low-grade inflammation lead to 
cardiovascular disease.

Another study that benefited from the use of the ECL multiplex technology was the one published by Collier et al. 
[10]. Studying two different cohorts—one of asymptomatic hypertensive patients (n = 94) and one of HF patients 
with preserved ejection fraction (n = 181)—they observed that varying fibro-inflammatory profiles can be detected 
throughout different stages of hypertensive heart disease. In contrast to the previously presented studies, this one 
presented larger variation between the cytokine values of the two groups, showing that ECL technology can be ac-
curately performed on a wider range of analyte concentrations.

8.2.1.3  Membrane-Based Assay
Recently, paper-based microfluidics has emerged as a multiplexable point-of-care platform showing the oppor-

tunity to transform existing assays into resource-limited settings at or near the site of patient care [11]. Recently, 
an innovative membrane-based MIA called Proteome Profiler from R&D System (www.rndsystems.com) has been 
introduced. In addition to the multiplex features, it differs from the classical ELISA in that its primary antibodies 
are immobilized on nitrocellulose membranes rather than on polystyrene plates. In general, nitrocellulose mem-
branes are high-quality membranes ideal for irreversible binding of proteins and nucleic acids. This characteristic 
provides the opportunity to immobilize antibodies in spots and to pour the entire sample on the same membrane 
(see Figure 8.5).

In principle, this assay has been designed by the manufacturer to yield qualitative data. However, in our laboratory, 
we developed a normalization system, using a fluorescence reporter system and a near-infrared imaging device to ac-
quire the signal and showed that the assay could be upgraded to yield semiquantitative data [12]. Moreover, in the same 
study a proof of concept for this methodology was shown, and a strong relationship between the membrane-based 
assay and the ELISA outcome could be demonstrated (see Figure 8.6). Even with the upgraded analysis protocol, this 
assay does not provide quantitative results, but it is a valid alternative to more expensive MIA assays.

To date, there are no publications about this assay in the context of heart failure. Nevertheless, we observed 
that the membrane-based technique allowed the detection of a robust increase of at least 4 analytes (MIG, IP-
10, MIP-2, and IL-17) out of the 30 detectable inflammatory mediators present in pooled serum samples of five 

Light

FIGURE  8.5  Principle of the Proteome Profiler membrane-based multiplex immune 
assay. In the Proteome Profiler technology, typically 35-40 different capture antibodies are 
immobilized in distinct spots on a nitrocellulose membrane in duplicate. The membranes 
are incubated with 0.5-1 ml of the sample of interest, washed, and further processed for 
either chemiluminescent of fluorescent detection.

http://www.rndsystems.com
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mice exposed to pressure overload-induced cardiac hypertrophy. However, these results need to be interpreted 
with caution, as the current study was purely methodological; indeed, those observations came from a process 
in which the membranes underwent chemiluminescent detection, stripping, and finally fluorescent detection  
(see Figure 8.7).

8.2.2  Suspension Array Technology/Bead-Based Immunoassays

The suspension array technology is nowadays the first choice for a multiplexed high-throughput screening 
platform for investigations concerning inflammatory cytokines. The methodology is based on a marriage between 
the principles of ELISA and flow cytometry. Despite some variations among the commercially available assays, the 
principle remains the same: the primary antibodies are immobilized on microsphere beads, which are suspended 
in solution (i.e., serum, plasma, etc.) and the detection system is homologous to the flow cytometry in that it can 
detect signals from the individual beads. These kinds of assays are therefore named multiplex bead array assays 
(MBAA).

8.2.2.1  Cytometric Bead Assay
Cytometric bead array (CBA) from BD™ (www.bdbiosciences.com) uses a combination of different  

antibody-coated beads to capture the analytes of interest. The beads are labeled per analyte, allowing the simultane-
ous identification and signal intensity detection in clinical flow cytometer (see Figure 8.8 for more details). Although 
a limited list of kits are provided by BD Biosciences, it is possible to customize the assay ordering unconjugated 
beads from the company. This feature allows researchers to conjugate their own antibody or protein of interest using 
sulfo-SMCC chemistry and enhancing the flexibility of the assay. Moreover, a flow cytometer is a device that is usu-
ally present in a laboratory environment; hence the assay can be performed in practically every clinic.

In the study published by Tarnok et al. [13], the CBA assay displayed several advantages over the classic ELISA. 
In their work, 6 cytokines were measured in serum from 19 children (ranging in age from 2 weeks to 16 years) op-
erated for a cardiopulmonary bypass implant. The first observation of the study was that by using the CBA, about 
80% of sample was saved over ELISAs. Second, the calibration range of the CBA could be extended from the original, 
reaching about 10 times higher ranges compared to the corresponding ELISA. Interestingly, with both assay forms 
the serum cytokine concentrations could be determined at the reported cutoff concentrations [14–16]. Hence, this test 
provided a major advantage in addition to the multiplexing: samples could be measured without special manipula-
tions because the concentration of cytokines to be determined was well within the calibration curve.

pg/mL

Human standard curve for IL-1βMouse standard curve for TNF-α
Proteome Profiler correlation to ELISA

pg/mL

FIGURE 8.6  Proteome Profiler calibration curve for TNF-α and IL-1β. Visualization of the regression line (blue) fitted for the concentrations, 
measured by ELISA (abscissa), and membrane’s fluorescence readouts (ordinate) of TNF-α (a) and IL-1β (b). The dots are compactly distrib-
uted around the predicted line, and the unexplained error is small. The red lines delimited the 95% of CI. The equations of the curves are (a) 
y = 561.73x + 8.97 with Pearson’s r = 0.97; (b) y = 1830.6x − 79.4 with Pearson’s r = 0.91. The red dashed lines delimited the 95% confidence interval.

http://www.bdbiosciences.com
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The CBA found its early application in heart failure-linked investigations through the work of George et al. [17]. 
During that period, an emerging role of adiponectin acting as an anti-inflammatory and antiatherogenic cytokine 
during vascular remodeling was suggested by Haluzik et al. [18]. To determine whether there was a correlation 
between the concentrations of adiponectin and circulating inflammatory cytokines in a cohort of patients with 
congestive heart failure (CHF) the CBA assay was used. Despite the negative correlation found, this technique 
allowed George and coworkers to measure several other circulating analytes as they needed very little serum 
volume for the test.

Cheminumilescence Fluorescence
FIGURE 8.7  Comparison of the membrane development using chemilumi-
nescence and fluorescence. Chemiluminescence development (left membranes) 
and fluorescence images after stripping (right membranes) are represented. 
The latter method yielded a higher number of detectable analytes that can be 
visualized (green spots). The fluorescence readout allowed us to compare the 
circulating inflammatory profile of pooled samples of TAC-operated mice to 
the relative shams and calculate the relative ratio TAC/Sham.

FIGURE 8.8  BD™ cytometric bead array (CBA). A combination of different beads—each type having a specific capture antibody and a unique 
corresponding fluorescent tag—is mixed with a sample or standard. Subsequently, a mixture of detection antibodies that are conjugated to a 
reporter molecule (PE) are added. After incubation and washing, the samples are acquired on a flow cytometer, where the individual beads are 
separated and identified based on their characteristic fluorescent signature. Finally, the FCAP Array analysis software determines the median 
fluorescence intensity (MFI) for each analyte in the array. It performs interpolation of sample concentrations by comparison to the generated 
standard curve and enables viewing analysis reports in graphical or tabular format.
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8.2.2.2  Luminex Screening and Performance Assays
In the past 15 years, a new technology has emerged offering the benefits of ELISA, advanced fluidics, optics, and 

digital signal processing benefits all in one assay. Using color-coded microspheres, coated with a reagent specific to 
a particular bioassay, the xMAP (Multi-Analyte Profiling) technology from Luminex Corp. (www.luminexcorp.com) 
offers several advantages over the flow cytometry assay. The main advantage of this assay is given by the property of 
the beads in conjunction with the high-tech reader-detecting instrument—namely, the Luminex™ reader (Figure 8.9).

In 2010, Vistnes et al. [19] determined, via Luminex analysis, 25 cytokines in four animal models of HF with dif-
ferent etiologies. Despite the small volume size they could obtain from the rodents, the major advantage of the bead-
based technology allowed the determination of the cytokine profiles in each model. Vistnes et al. [20], confident that 
the bead-based technology was the state of the art of immunoassays, declared “multiplex protein analyses are likely 
to constitute an important part of experimental and clinical research on heart failure and cytokines, paving the way 
for more accurate heart failure treatment” [19].

8.3  MIA IMPLEMENTATION

8.3.1  Sampling Qualified Specimen for MIA

The availability of multiple assay forms does not guarantee that every sample can be measured. Indeed, there are 
factors that influence the possibility to use the sample for an assay or hamper the performance of the test. Hence, 
conceiving an immunochemical assay for inflammatory mediator detection without a proper sample collection may 
have deleterious results.

Additional factors like type of blood sampled (i.e., venous, capillary, or arterials), use of medication, diet and 
fasting, physical condition, and circadian rhythms should be taken into account before a correct sampling protocol 
is achieved. These and many more factors are extensively delineated in the immunoassay handbook, Theory and 
Applications of Ligand Binding, ELISA and Related Techniques, edited by Wild [21]. We therefore invite the reader to 
consult this book in view of sampling qualified specimens for immunoassays.

8.3.2  Analytical Challenges and Clinical Utility

8.3.2.1  Cytokines/Biomarkers Stability
In preclinical studies it may happen that measurements of inflammatory cytokines are not performed directly but 

at the end of the study. This is a common situation in clinical studies, too, for which the lag time between sample 

FIGURE 8.9  Principle of xMAP technology. The method uses up to 500 distinct color-coded tiny microsphere sets, each bead set being coated 
with a reagent specific to a particular bioassay. The beads flow inside a channel where a light source (two lasers: one green and one red) excites 
the internal dyes of each microsphere particle and also any reporter dye captured during the assay. Inside the Luminex analyzer there are multiple 
detectors in addition to the assay detector. These revealers are necessary to identify beads-aggregation that would compromise the entire readout.

http://www.luminexcorp.com
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collection and the performance of the actual measurement is dictated by the inclusion, intervention, and follow-up 
of patients and may span over several years.

In 2009, de Jager et al. [22] published the prerequisites for cytokine measurements in clinical trials with bead-
based MIAs. They assessed the influence of various processes, such as blood-collecting tubes, duration of storage, 
and number of freeze-thawing cycles to study the impact of these parameters on the measurement of the cytokine 
concentration. One of their main conclusions was that cytokine stability is critical in time. In fact, reduced cytokine 
concentrations could be observed already within 1 h after the sampling was performed. Moreover, the samples, rig-
orously stored at −80 °C, have to be analyzed preferably within 2-4 years. A valid suggestion from de Jager and co-
workers is stated in their conclusion: an internal control sample should be stored together with the sample collection 
and kept under similar conditions as the other clinical samples until the analysis. This method will allow calculating 
the recovery for each analyte that will be determined.

In our lab, we were also interested in determining the stability of a few inflammatory mediators over a 2-month 
period. Therefore, we performed a stability test using serum obtained from a healthy subject1 to build up a 
concentration-curve over time. The concentrations used mimicked a disease situation where the levels of cytokines 
are usually high. Hence, we spiked the plasma with additional recombinant cytokines, and we measured the cy-
tokine concentrations by ELISA. Here, we report the case of IP-10, IL-17, and IL-1β. As shown in Figure 8.10, IL-1β 
recovery was around 100% at 1 month, but then decreased to 20% at 2 months. Conversely, the stability of IL-17 was 
compromised at day 0, but it remained stable, with a slight increase in recovery along the 2-month period. The third 
analyte measured, IP-10, showed a clear variability between day 0 and day 1, although the recovery turned to be sta-
ble at 1 and 2 months. This trend suggested that an experimental error occurred on day 1, highlighting how sensitive 
the measurement might be to changes in the experimental setting.

8.3.2.2 The Importance of Validation
In our department, we evaluated the feasibility of several bead-based multiplex assay kits for the measurement 

of inflammatory biomarkers in animal models for HF, and we compared the results with those obtained by the gold 
standard immunoassay, namely, ELISA. To do that we made use of samples obtained from TAC mice and MI rats. 
LPS/treated rats were used as positive controls as they have high circulating levels of various inflammatory media-
tors (i.e, TNF-α). Our results are reported herewith in two cases.

8.3.2.2.1  CASE 1

The Bio-Plex Pro™ (Bio-Rad Laboratories) mouse assay offered incoherent results for 13 out of the 23 cytokines 
that were measured. A representative example is given in Figure 8.11a where the values determined in serum for 
IL-1β were variable. In both the Sham and TAC3 sample, IL-1β concentrations remained unchanged in the 4× and 
8× diluted samples, while readings for the 16× dilution were below the detection limit. Also in the TAC1 sample, 
about the same concentration (≈150 pg/ml) was found as in Sham and TAC1 in the 4× dilution sample, but values 
increased paradoxically at every dilution step, reaching a threefold higher value (519 pg/ml) after 16× dilution. In 
fact, we observed a minimum detection threshold ranging from 131 to 10,666 pg/ml for the Bio-Rad assay and from 
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FIGURE 8.10  Recovery of spiked human recombinant IP-10, IL-17, and 
IL-1β in serum obtained from a healthy subject. All measurements were per-
formed by ELISA (R&D System™). Recovery was calculated as: (real con-
centration/theoretical concentration) × 100.

1 The recruitment of healthy volunteers was performed according to the Dutch Medical Ethical Committee (protocol: METC 11-3-056) and in 
respect of the Declaration of Helsinki.
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3 to 117 pg/ml for the Affimetrix assay, whereas detection thresholds in the order of 1-10 pg/ml were described by 
the supplier for both assays.

In standard buffer diluents, the detection limit and sensitivity, in fact, do meet the indicated values. However, in 
“real” plasma or serum samples, the matrix components compromise a reliable measurement [23]. This phenomenon 
is known as the “hook effect” [24,25], and occurs in MIA whenever the level of the analyte of interest is close to the 
background; hence, the signal-to-noise ratio is too low. It could be suggested that a “matrix effect” [26] is interfering 
with the measurements, but very few studies have been carried out on how, and to what extent, the particles that 
compose the samples may affect the cytokine measurements. Kocbach et al. [27] showed that serum proteins con-
tained in the sample solution could reduce partly or completely the detection of certain cytokines. This work could 
help put our results in the right perspective. Due to the fact that our study is limited to rodents, we would recom-
mend to test and validate the performance of the beads-based assay ahead of the experiment.

The hook effect was even more profound in a second multiplex assay provided by a different supplier—namely, 
the Bio-Plex Pro™ rat assay (Bio-Rad). As shown in Figure 8.11b, this assay detected very high concentrations even 
at the first dilution, which is not an adequate representation of the physiological levels [28]. The mathematical in-
crease of concentration was a pure reflection of the multiplication of the fold of dilution by the same intensity values 
measured for every dilution.

8.3.2.2.2  CASE 2

To further evaluate the multiplex assay and check whether we observed the classic hook effect, we spiked the 
blood of mouse and rat with the standards provided by the supplier. Starting from high concentrations, we created 
a dilution series of cytokines in mouse blood that guaranteed us to cover the entire concentration range of the stan-
dard curve (see Figure 8.12). The test, performed with the Mouse Procarta® assay (Affimetrix), showed no hook effect 
(R = 0.98), although the recovery was low (recovery = 52 ± 12%).

Conversely, when we used the spikes to build up a standard curve in rat serum that reflected the one of the sup-
plier, the reproducibility was poor for all the brands tested. More specifically, the main issue of the Bio-Rad assay 
was a high threshold; that is, in the case of TNF-α, the threshold was about 400 pg/ml. Hence, the detection of the 
analyte of interest was impossible even in the linear part of the standard curve. Similar results were obtained for the 
nine other analytes investigated.

The Affymetrix assay showed a different issue compared to the one from Bio-Rad. In this case, the standard curves 
in rodent plasma were sufficiently linear, and the threshold for the detection was varying between 3 and 117 pg/ml.  
However, the recovery of the spikes was really poor. In Figure 8.13, the example of TNF-α is shown where the recov-
ery ranged from 16% to 46%.

8.3.2.3 The IL-6 Case (Systematic Review)
In several chapters of this book there is evidence that the application of an inflammatory biomarker as a diag-

nostic tool could be used to identify heart failure at an earlier stage, as the inflammatory events that contribute 

FIGURE 8.11  (a) IL-1β concentrations measured with Mouse Bio-Plex Pro™ in three TAC samples. TAC1 showed increased levels with the 
increasing of dilution. Conversely, IL-1β in the samples Sham, TAC2, and TAC3 were undetectable at higher dilutions. (b) With Rat Bio-Plex Pro™ 
rats serum showed an increase in concentration progressive with the dilutions.
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to the development of heart failure are already active when no structural adaptions or symptoms can be found 
in patients [29,30]. Therefore, the immunoassay used to determine the inflammatory mediators should be accu-
rate and reproducible in every study before it can be implemented to the clinic. However, despite a continuous 
progression in the development of immunoassays, this is not yet the case. To give a pragmatic example on what 
would be the causes of inter-assays and inter-studies variations, we give a single example on interleukin-6 
herein.

In a considerable amount of literature, it was reported that IL-6 blood levels are not only increased in patients suf-
fering from heart failure but blood concentrations are also predictive for the severity of heart failure [31,32]. Besides 
this, IL-6 signaling in the heart is directly responsible for a hypertrophic response of myocytes and enhances thereby 
adverse cardiac remodeling [31]. This suggests that IL-6 levels are increased in HF patients in an early phase and 
therefore would be a suitable biomarker for early disease detection.
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lyzed through the five-parameter logistic (5-PL) nonlinear regression curve-fitting model. The spike concentrations measured in serum resulted 
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We studied the literature for existing evidence concerning elevations of interleukin-6 in blood of patients 
suffering from heart failure. Furthermore, we analyzed whether interleukin-6 blood levels are useful as a bio-
marker in identifying different stages of heart failure2 [33]. Table 8.2 summarizes the results of the included 
studies.

With this review, a solid ground of evidence for statistically significant elevations of IL-6 in patients suffering from 
HF compared to healthy subjects is shown. However, we observed a large variability among the results that might 
be attributed to the different sample collection and processing and storage before the samples have been measured. 
Overall, the samples have been measured via ELISA, but the antibodies set used for each study was different as their 
source were from different suppliers.

Taken together, IL-6 has characteristics that are interesting for its application as a potential biomarker in HF, but 
the mentioned limitations suggest that IL-6 alone is not sufficient. This is also indicated by the varying ratios of IL-6 
levels of patients versus controls (see supplementary Table 8.1). In addition, these studies used different assays and 
protocols for assessing IL-6 levels, which may partly explain the variation of the ratios. The optimal procedure for 
measuring IL-6 blood levels in patients is not yet found, claiming for the establishment of a standardized and reliable 
approach for assessing IL-6 before using IL-6 as a biomarker in the clinic.

Revealing distinct clusters of pro- and anti-inflammatory in HF groups may also be of importance for new treat-
ment strategies (see Chapter 14 on “The role of cytokines in clinical heart failure”), given that approaches targeting 
only TNF-α in patients with HF were not effective. In conclusion, it might be possible to identify inflammatory mark-
ers in patients who are at risk of developing HF in time or with adverse cardiac events, but it is vital that studies 
based on immunochemical assay for inflammatory mediator detection rely on a proper sample collection and assay 
validation.

8.4  THE IMMUNOASSAY MARKET: OPPORTUNITIES AND ISSUES

At the beginning of this chapter, we described the introduction of the immunoassay in clinical laboratories since 
the 1960s. As depicted in Figure 8.1, the immunoassays prospered and developed into different forms. Novel meth-
odologies have been introduced, and today these biochemical tests are indispensable tools in clinical diagnostics. 
Even though the field is now mature, companies have continued to develop new immunoassays and immunoassay 
instrument platforms to further improve the sensitivity of the assays, to make multiplexing possible, to miniaturize 

TABLE 8.2  Results of the Individual Studies

 

IL-6 (pg/ml)

p-Value AdditionalPatients Healthy

[35]
Mean (±SD)

10.9 ± 18.2 <6.0 0.0243 Highest IL-6 levels in NYHA IV (F-value 5.284, p < 0.0005)

[36]
Median (95% CI)

23 (10-65) 15 (11-28) <0.0001  

[37]
Mean (±SEM)

18.5 ± 11.8 1.7 ± 1.6 <0.01 NYHA II 3.8 ± 2.0 (p < 0.05). NYHA III/IV significant higher 
compared to NYH II (p < 0.05)

[38]
Mean (±SD)

6.4 ± 3.5 1.7 ± 0.6 <0.0001 NYHA II 5.5 ± 2.3 pg/ml in comparison with control NS. 
NYHA III/IV 7.1 ± 4.2 pg/ml significant higher compared 
to control (p < 0.001) and to NYHA II (p < 0.05)

[39]
Mean (95% CI)

8.9 (0.9-51.5) 3.2 (1.2-5.2) <0.01 NYHA II (n = 55): 5.1 (4.1-6.4)
NYHA III (n = 97): 6.2 (5.2-7.4)
NYHA IV (n = 62): 9.1 (7.4-11.3)
<0.001 compared NYHA IV with NYHA II
<0.01 compared NYHA IV with NYHA III

[40]
Mean (±SD)

18 ± 19 <5.0 <0.0001 IL-6 elevation significant higher in NYHA III/IV compared 
to NYHA I/II (p < 0.001)

2 The methodological quality of the included studies was assessed using an adapted scheme of the Cochrane Collaboration’s tool for assessing 
risk of bias. Furthermore, the STrengthening the Reporting of OBservational studies in Epidemiology – Molecular Epidemiology (STROBE-ME) 
[24] guideline was used for assessing the quality and risks of the reviewed studies.
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the platforms for point-of-care, and to identify and develop assays for novel biomarkers, thus further expanding the 
potential of immunoassays for the future [34].

The Kalorama Information report on the World Market of Immunoassays reported that the competitiveness within 
this market is “stubbornly large and long established.” By the end of 2013, more than 275 companies were active in 
this market and the number appears to be increasing. This matter is not trivial though. Indeed, one major drawback 
of this approach is that the competition among the suppliers is pushing the R&D to faster develop novel and better 
technology, while the quality of the assays does not receive the highest priority. The pressure to rapidly bring an as-
say to the market might have been the underlying cause of the issues described in the previous sections.

For all these reasons, we suggest to the reader who is planning to perform measurements of inflammatory medi-
ators through an immunoassay to consider the various aspects mentioned in this chapter that might strongly influ-
ence the outcomes of studies on inflammatory mediators.
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9.1  INTRODUCTION

Despite great advances in diagnosis and therapy over the past decades, cardiovascular disease (CVD) remains the 
leading cause of death in developed countries [1]. Globalization of Western lifestyle is associated with a sharp in-
crease in cardiovascular-related deaths in various emerging economies. Atherosclerosis is considered to be the major 
cause of CVD [2]. Atherosclerosis is a systemic inflammatory disease of the arteries with focal manifestations of het-
erogeneous nature that develop over long periods of time [3,4]. The complete process of atherogenesis is described 
to great extent by Ross [2], and will therefore not be the subject of this review. Briefly, atherosclerosis is characterized 
by lesions of the intimal vessel wall that develop progressively. The immune and hemostatic systems are key players 
in the progression toward an advanced lesion [5]. The major complication of atherosclerosis is the formation of an 
occlusive thrombus after rupture of a plaque [3,6].

In order to identify high-risk patients prone to develop cardiovascular events, risk profiling such as the Framingham 
risk score is applied [7]. This score is based on information gathered by epidemiological studies and estimates the 
risk to develop acute myocardial infarction over a period of 10 years. Although this helps to visualize the risk of 
individual patients, it only offers a rough estimation of a possible event over a long time frame. Moreover, even for 
high-risk patients, it is currently impossible to discriminate between stable and unstable plaques, and thus to identify 
patients in need for immediate intervention. Different characteristics of atherosclerotic plaques can be taken into ac-
count to assess the severity of the disease. Contrary to common beliefs, plaque size itself does not determine plaque 
vulnerability. In fact, it has been shown that most atherosclerotic plaques that undergo abrupt rupture showed only 
negligible levels of vessel stenosis and these patients are most often asymptomatic [8,9].

Several diagnostic approaches have been employed to identify the patients at high risk for acute arterial events in 
the presymptomatic phase. One such approach comprises the quantitative measurement of circulating biomarkers. 
Despite great advances in understanding atherogenic processes at the molecular level, circulating biomarkers are still 
of limited value [10]. Other approaches comprise imaging techniques to visualize anatomy of atherosclerotic plaques 
including computed tomography (CT), intravascular ultrasound, optical coherence tomography (OCT), and mag-
netic resonance imaging (MRI). As stipulated above, these techniques fail to identify the vulnerable plaque because 
no unambiguous association exists between plaque morphology and stability. Therefore, recently, focus has shifted 

* Reprinted from Kusters, Dennis H. M., Tegtmeier, Jan, Schurgers, Leon J., Reutelingsperger, Chris P. M., Molecular Imaging and Biology, Vol. 14, 
523-533, Springer, 2012.
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toward molecular imaging in an attempt to identify the unstable plaque [11,12]. Several biological characteristics 
in humans have been associated with an unstable plaque phenotype, e.g., proinflammatory status [13–15], large 
(oxidized) lipid content [16], thin fibrous cap [17,18], presence of platelets/intraplaque thrombi or hemorrhage [19], 
low number of (viable) vascular smooth muscle cells (VSMCs), high content of activated matrix metalloproteases 
(MMPs) [20–25], neovascularization [26], (micro)calcification [27,28], high shear [29], large necrotic core [16], high 
levels of apoptosis [30], and impaired efferocytosis [31–35]. All these biological characteristics can be exploited for 
noninvasive molecular imaging of atherosclerosis in order to visualize the vulnerable plaque. This review focuses 
on existing and novel targets to image atherosclerosis noninvasively, and addresses which targets could possibly be 
translated from preclinic to clinic in order to filter out patients at risk for acute atherothrombotic events (Figure 9.1).

FIGURE 9.1  Molecular imaging targets for the detection of the vulnerable atherosclerotic plaque. (a) The process of atherogenesis is shown 
with preclinical and (b) clinical molecular imaging targets. Some targets have proven their potential in animal models but have not been validated 
in clinical trials. VCAM, vascular cell adhesion molecule 1; MMP, matrix metalloprotease; PBR, peripheral benzodiazepine receptor; Mφ, macro-
phage; SPIO, super paramagnetic iron-oxide particle; PS, phosphatidylserine; ED-B, fibronectin extra-domain B.
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9.2  MOLECULAR IMAGING OF INFLAMMATION

9.2.1  Preclinical

The reader is referred to a recent review for details of inflammation and macrophages in atherosclerosis [36]. Cells 
participating in the inflammatory process use glucose as the main energy source. An analog of glucose, 2-deoxy-2-
[18F] fluoro-d-glucose (18FDG), can be used to visualize these cells using positron emission tomography (PET) [37]. 
Although not the primary aim, it was first noted in cancer studies that even arterial walls showed uptake of 18FDG 
and that this uptake was higher in older patients and patients with cardiovascular risk factors [38]. It was confirmed 
by several other studies that 18FDG is taken up by the vessel wall, and that uptake correlates with atherosclerosis 
[39–41]. Uptake of 18FDG was higher in more advanced and unstable plaques and correlated with the presence of 
macrophages inside the plaque [42,43].

Macrophages can also be targeted with antibodies against, e.g., LOX-1, peripheral benzodiazepine receptor (PBR), 
or lactadherin (mfg-E8) [15]. LOX-1 has been suggested as an interesting target since it is upregulated in response 
to high levels of oxLDL, proinflammatory cytokines, or mechanical stress [44,45]. For imaging purposes, an LOX-1 
antibody was conjugated with 99mTechnetium (99mTc), which can be visualized by single photon emission computed 
tomography (SPECT). The efficacy of this antibody was first demonstrated in a rabbit model of atherosclerosis and 
evaluated by histological analysis [46]. Li et al. confirmed that this antibody reliably targets macrophages in vivo in 
ApoE−/− mice and LDLr−/− (LOX1−/−) mice [47]. The PBR (also known as translocator protein) is minimally expressed 
in noninflamed tissue and highly expressed in activated macrophages, and is therefore exploited as molecular im-
aging target [48].

The most frequently used contrast agents for molecular imaging of macrophages in atherosclerotic plaques are 
(lipid-coated ultra) small superparamagnetic iron-oxide particles (LUSPIO/SPIO) or antibody coated micelles 
[49–52]. SPIOs are spontaneously engulfed by macrophages of animals and humans. Focal accumulation of SPIOs 
causes a signal decrease that can be detected by MRI. It has been shown that this decrease correlates with the level 
of intraplaque inflammation [53]. These nanoparticles can also be conjugated to specific ligands targeting macro-
phages with high sensitivity and selectivity [49]. Monocrystalline iron-oxide nanoparticles or cross-linked iron-oxide 
nanoparticles have been coupled to a variety of unstable plaque-specific ligands targeting adhesion molecules, lipo-
proteins, proteases and macrophages, and offer the possibility to add fluorescent dyes for optical verification in vivo 
and in vitro [11,54–57].

Another target for imaging of inflammation is P-selectin, which is expressed on activated endothelial cells and 
platelets. This molecule mediates tethering and rolling of leukocytes prior to migration into the plaque and is asso-
ciated with increased plaque instability [58]. A recently described nuclear tracer (99mTc-fucoidan) can be used to suc-
cessfully image P-selectin overexpression in arterial thrombosis and endothelial activation after ischemia [59]. Using 
different imaging probes, the feasibility of P-selectin imaging in atherosclerotic settings has already been shown 
[60,61]. Another adhesion molecule, vascular cell adhesion molecule 1 (VCAM-1), is also exploited as potential imag-
ing target. In a recent publication, it is shown that a VCAM-1 targeted USPIO derivative (R832) shows specific plaque 
uptake in ApoE−/− mice, visualized by MRI within 30 min [62]. Specific uptake was confirmed by ex vivo histology. 
However, after 30 min, nonspecific uptake was observed, which was probably caused by the enhanced permeability 
and retention effect in the plaque. The authors show a possibility to identify features of unstable plaque phenotypes 
in these mice, which could potentially be translated to the clinic [62]. Besides adhesion molecules, activated endo-
thelial cells also highly express the integrin ανβ3. Targeting this integrin has been done by a low molecular weight 
peptidomimetic of arginine-glycine-aspartic acid peptide conjugated to gadolinium-diethylenetriamine pentaacetate 
[63]. Specific integrin binding and imaging of aortic plaques was confirmed by competition experiments and subse-
quent histological analysis. Increased uptake of the contrast agent is directly correlated with an enlarged neovascular 
network and thus plaque instability.

9.2.2  Clinical

Imaging of vascular inflammation by 18FDG uptake with PET has been performed in several clinical trials, which 
have recently been reviewed by Rudd et al. [64]. Menezes et al. performed a prospective study to determine the opti-
mal time to image vascular inflammation using 18FDG PET/CT among 17 asymptomatic patients undergoing routine 
surveillance for atherosclerotic abdominal aortic aneurysms [65]. There was no significant difference in signal to 
noise ratio (SNR), despite a significant difference between aortic wall and lumen uptake in time [65]. More recently, 
18FDG PET and CT angiography were performed in 21 patients undergoing endarterectomy in order to investigate 
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plaque vulnerability. A positive correlation between plaque 18FDG uptake and CD68/VEGF positivity was found. 
Furthermore, an inverse relationship between 18FDG plaque uptake and plaque percentage calcium composition on 
CT was observed [66]. Meyers et al. conducted a multicenter clinical trial to evaluate arterial 18FDG uptake in periph-
eral artery disease. The researchers included 21 patients and measured 18FDG uptake in carotid, aortic, and femoral 
artery before atherectomy, and compared this uptake to immunohistochemical CD68 positivity. However, no signif-
icant correlation between lesion SNR and CD68 level was found [67].

A recent clinical trial (dal-PLAQUE) that evaluates the efficacy and safety of dalcetrapib, assigned 64 patients to 
dalcetrapib or placebo (66 patients) for 24 months. Total vessel area was determined by MRI and found to be reduced 
in patients who were given dalcetrapib. However, PET/CT showed no evidence of increased or decreased vascular 
inflammation [68,69].

Most of these clinical trials provide in vivo evidence that increased plaque metabolism is associated with increased 
biomarkers of inflammation. However, the greater part fails to show a correlation between 18FDG uptake and plaque 
vulnerability, particularly in the coronary arteries. Imaging of coronary arteries is complicated because of the move-
ment of the heart and the small size. Moreover, the myocardium has a high background uptake of 18FDG which 
compromises the SNR. Dietary measures can suppress the background uptake of 18FDG by the myocardium to some 
extent [70].

PET imaging of the PBR has also been performed. Although animal studies have yielded several promising tracers 
for PBR imaging (e.g., 11C-PK11195, 11C-DAA1106, 11C-PBR28, 11C-DPA713, 11C-CLINME, and 18F-FEDAA1106), hith-
erto only 11C-PK11195 (1-(2-chloro-phenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline-carboxamide) has been in-
vestigated in clinical studies [71]. Recently, 11CPK11195 has been used in two small-scale clinical trials. Pugliese et al. 
imaged six patients with systemic inflammatory disorders and clinical suspicion of active vasculitis compared to nine 
controls. Focal 11C-PK11195 uptake in the arterial wall of all symptomatic patients was noticed compared to no detect-
able uptake in the control group [72]. Gaemperli et al. imaged 32 patients with carotid stenosis (nine symptomatic/23 
asymptomatic) and compared 11C-PK11195 uptake into carotid plaques [73]. Both research groups concluded that 
11C-PK11195 PET allows noninvasive detection and quantification of intraplaque inflammation in patients. Moreover, 
the combination of 11C-PK11195 PET with contrast-enhanced CT provides an integrated assessment of plaque struc-
ture, composition, and biological activity, and allows the distinction between recently symptomatic vulnerable plaques 
and asymptomatic plaques with a high positive predictive value. Whether 11C-PK11195 is a molecular imaging agent 
to identify vulnerable plaque, also in coronary arteries, needs to be assessed by more clinical trials.

9.3  MOLECULAR IMAGING OF CELL DEATH

9.3.1  Preclinical

Apoptosis of macrophages and smooth muscle cells is associated with plaque instability, since this leads to a 
growing necrotic core, inflammation, the release of proteases, and subsequently thinning of the fibrous cap [17,31]. 
Apoptosis can be imaged using either intracellular- or membrane-bound targets.

During apoptosis, caspases are activated that degrade intracellular proteins and DNA in an orderly manner. 
Caspases are expressed as inactive zymogens in healthy cells, but cleave to their active form in response to apoptotic 
signals. This property makes targeting of activated caspases attractive. An inhibitor of caspase-3 and -7, radiolabeled 
isatin-5-sulfonamide (18F-ICTM-11) and several of its analogs have been evaluated as imaging agent of apoptosis 
in vitro [74], in vivo [75], in a rat model of liver cell apoptosis [76], and in tumor-bearing mice [77]. All studies provide 
great evidence of the potential to use activated caspase-specific imaging agents to find culprit lesions. However, thus 
far, this has not been tested in animal models of atherosclerosis.

Another hallmark of apoptosis is externalization of phosphatidylserine (PS), which is normally predominantly 
confined to the inner leaflet of the plasma membrane [78]. The protein annexin A5 (anxA5) has been shown to bind PS 
with nanomolar affinity. This discovery has led to the use of PS as target for molecular imaging of apoptosis in vitro 
and in vivo in myocardial infarction [79], cancer [80,81], and atherosclerosis [42]. For this purpose, anxA5 was conju-
gated to radiotracers for nuclear imaging and fluorescent probes for histological analysis [82–84]. Pioneering studies 
of molecular imaging of apoptosis were performed with technetium-labeled anxA5 (99mTc-anxA5) and SPECT. One of 
the first approaches was to target apoptotic macrophages in animal models of atherosclerosis [42,50,85,86]. To verify 
the results of molecular imaging, histological analysis of the atherosclerotic plaques was performed. Atherosclerotic 
lesions showed increased uptake of 99mTc-AnxA5 compared to control animals. Furthermore, a gradient of 99mTc-anxA5 
uptake was observed, which correlated to the grade of the atherosclerotic lesion. This level of 99mTc-anxA5 uptake 
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could directly be linked to the level of macrophage infiltration [86]. These in vivo results confirmed that 99mTc-anxA5 
can target apoptosis in living animals and that uptake correlates with the severity of atherosclerosis [42,86]. An alter-
native to anxA5 to target PS is lactadherin (mfg-E8). Falborg et al. compared the biodistribution of lactadherin and 
anxA5, both conjugated to 99mTc-labeled hydrazinonicotinamide (99mTc-HYNIC). Regarding biodistribution and blood 
clearance, lactadherin is comparable to anxA5. However, anxA5 showed higher uptake in the kidneys, whereas lac-
tadherin showed higher uptake in the liver [87]. Another alternative for detection of cell death is the C2A domain of 
synaptotagmin-I, which also binds to PS [88]. The C2A domain has been labeled with paramagnetic and radionuclide 
labels and used to detect apoptosis in vivo successfully. However, a proper quantification of conjugated label could 
not be performed, and affinity for PS decreased after labeling [89]. A recent study compared a mutated form of C2A 
and anxA5 in their ability to quantitatively image cell death [90]. The mutant described was fluorescently labeled and 
showed lower binding to viable cells than a similarly labeled anxA5, thus increasing its specificity. This could partly be 
explained by a slightly lower affinity for PS, which might be important when radionuclide derivatives of this protein 
will be used to detect cell death in vivo [90]. Confirmation of its ability to detect apoptosis in atherosclerotic plaques 
still has to be performed.

9.3.2  Clinical

The first small-scale clinical trial to image apoptosis with labeled anxA5 was done in four patients with either 
recent or remote history of a transient ischemic attack (TIA) [91]. These patients were scheduled for carotid endarter-
ectomy (CEA), and imaging was done before removal of the carotid lesions. The patients with a recent TIA showed 
lucid uptake of 99mTc-AnxA5, whereas those with a remote TIA did not show any significant uptake. After CEA, 
plaque analysis from patients with recent TIA showed that unstable plaques stained anxA5 positive. In contrast, le-
sions of patients with remote TIA, which had a stable phenotype, showed almost no anxA5 uptake. The researchers 
conclude that 99mTc-anxA5 imaging could help to identify unstable plaques in patients with carotid atherosclerosis 
[91]. Unfortunately, this clinical study involved only a very small number of patients; thus more and larger clinical 
cohort studies are needed to confirm these promising results. Although very promising, all other imaging tracers 
mentioned above for the imaging of cell death have not been tested in a clinical trial thus far.

9.4  MOLECULAR IMAGING OF REMODELING

9.4.1  Preclinical

As response to partial occlusion of a vessel, constrictive or expansive vascular remodeling can occur [92]. Vascular 
remodeling is associated with increasing plaque vulnerability and consists of several distinct processes. Two major 
processes are angiogenesis and hypertrophic compensation of the vessel [93].

Key players and potential imaging target of vascular remodeling are VSMCs. In general, VSMCs can exhibit two 
phenotypes, contractile or synthetic [94]. Synthetic VSMCs are predominantly present in the intima, are more prone 
to calcify and become apoptotic, and therefore seen as detrimental [95]. Several groups targeted vascular remodeling 
in atherosclerosis with a labeled antibody (Z2D3) specific against synthetic VSMCs. They verified binding ex vivo in 
human atherosclerotic endarterectomy specimens [96], in vivo by SPECT in a rabbit model [97,98] and a rat model 
[99], and by scintillation gamma counting in a swine model [100,101]. All studies show the possibility to selectively 
image synthetic VSMCs to great extent in animals, but this still has to be established in clinical trials.

Hypertrophic compensation is associated with the activation of several proteases (e.g., MMPs or cathepsin G). 
Besides their role in vascular remodeling and inflammation, these proteases have significant detrimental effects on 
cap thickness and therefore plaque stability [20–22,24]. Activated MMPs form an interesting target to identify unsta-
ble lesions, and have extensively been investigated using an antibody against activated MMPs (P947). This antibody 
was recently tested and validated in several in vivo studies [23,25,54,102]. Lancelot et al. showed excellent delinear-
ization of the plaque with strong signal intensity enhancement using noninvasive MRI. However, a limitation of 
imaging with P947 is that it does not discriminate between different activated MMPs and Johnson et al. found that 
MMP-3 and 9 could even exert a beneficial effect on plaque phenotype [22]. Another strategy for imaging of activated 
MMPs is using MMP2/9-specific substrate. Deguchi et al. showed that labeling of a small substrate peptide with a 
near-infrared probe enables specific noninvasive optical molecular imaging of activated MMP2/9 in atherosclerotic 
plaques [103]. As an alternative for MMP imaging, Narula et al. used a 99mTc-labeled broad-spectrum MMP inhibitor 
and demonstrated feasibility of noninvasive detection of activated MMPs in atherosclerotic lesions [104].
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Another process in vascular remodeling is angiogenesis. Plaque and vasa vasorum neovascularization 
are associated with decreased plaque stability and offer several potential imaging targets that have been 
investigated—integrin αΛβ3 [26,105,106], fibronectin extra-domain B [107], and vascular endothelial growth 
factor receptor (VEGFr). Winter et  al. showed that in  vivo imaging of neovascularization of atherosclerotic 
plaques using MRI targeting αvβ3 is feasible and might provide a method for defining the burden and evolution 
of atherosclerosis [26]. Matter et al. showed that targeting of fibronectin with a labeled human recombinant 
antibody (125I-SIP[L19]) could selectively visualize atherosclerotic plaques in ApoE−/− mice with a high SNR 
and very high specificity [107]. Thus far, no molecular imaging studies targeting VEGFr in atherosclerosis 
have been performed, nevertheless molecular imaging of VEGFr in cancer has been investigated and validated 
extensively [108,109].

Taken together, these preclinical studies indicate high potential for noninvasive molecular imaging of vascular 
remodeling, even though none of the aforementioned probes has made it to clinical studies yet (Table 9.1).

9.5  MOLECULAR IMAGING OF THROMBOSIS

9.5.1  Preclinical

The hemostatic system is an important modulator of atherosclerosis and plays a key role in plaque rupture 
and subsequent thrombus formation [1]. Therefore, partakers of the coagulation cascade might be an inter-
esting target for molecular imaging to identify the vulnerable plaque [110]. Inflamed endothelium and cells 
participating in the development of the necrotic core show high levels of fibrin and thrombin expression. 
Abundance of fibrin on the surface or within atherosclerotic plaques has thus been associated with vulnerable 
plaques [111,112]. The fibrin-targeted contrast agent (FTCA) uses gadolinium contrast and can be visualized 
by MRI. Besides its various applications in animal studies, FTCA has also been used in a clinical trial to detect 
thrombi in the heart and blood vessels [113–116]. A recent study showed that FTCA can be successfully applied 
to image endothelial and intraplaque fibrin in a mouse model of atherosclerosis [117]. Despite the ubiquitous 
distribution of fibrin, FTCA in atherosclerotic plaques could be visualized with a good SNR. FTCA uptake 
and signal enhancement was strongest in culprit lesions, as confirmed by immuno-histochemistry. This is in 
concordance with recent findings from autopsy studies that indicate that advanced lesions express high levels 
of fibrin [111]. Additionally, it was found that fibrin is a key component of plaque erosion [112,118] and can be 
applied to image eroding plaques, which can cause thrombosis without plaque rupture [117]. Although less 
common in general, plaque erosion is estimated to cause up to 25% of coronary thrombosis leading to MI and is 
especially important in women [119]. Even though molecular imaging of thrombosis has not yet been applied 
in clinical studies of atherosclerosis, it still represents a promising target. Fibrin is associated with two import-
ant characteristics of vulnerable plaques, and FTCA has been successfully used to detect thrombi in the heart 
and blood vessels of patients. Therefore, the future clinical use of thrombosis imaging to identify vulnerable 
plaques is highly probable.

TABLE 9.1  Molecular Imaging Targets for the Vulnerable Plaque

Process Target Agent Imaging modality Phase (Reference)

Inflammation Macrophages 18FDG PET or PET/CT Clinical [39–43,65–69]

 11C-PK11195 PET Clinical [71–73]

 99mTc-labeled anti-LOX-1 SPECT Preclinical [46,47]

 Nanoparticles MRI Preclinical [51,53]

P-selectin (EC and platelets) 99mTc-fucoidan SPECT/MRI Preclinical [59–61]

Apoptosis VSMC, macrophages 99mTc-anxA5 SPECT Clinical [42,83–85,91]

Vascular remodeling VSMC Z2D3 SPECT Preclinical [96–101]

MMP P947 MRI Preclinical [23,25,54,102]

Integrin ανβ3 Nanoparticles MRI Preclinical [26]

ED-B L19 SPECT Preclinical [107]
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9.6  MOLECULAR IMAGING OF (MICRO) CALCIFICATION

9.6.1  Preclinical

Calcification has long been associated with the process of atherosclerosis and acute cardiovascular events [118].  
Although large calcifications inside the plaque have been shown to promote plaque stability [120], spotty 
calcifications—especially inside the fibrous cap—are suggested to cause plaque rupture and thrombotic events 
[28,121]. It is postulated that these microcalcifications, which are undetectable by conventional imaging, increase the 
local stress inside the thin fibrous cap by twofold and thus increase the likelihood of rupture [28]. It is assumed that 
calcification is a product of osteogenic action by osteocytic- and chondrocytic-like cells inside the plaque. The work 
of Aikawa and colleagues provided substantial insights in the course of microcalcification and possibilities to visu-
alize this process [122]. In a mouse model of atherosclerosis, they showed that macrophage infiltration in early ath-
erosclerotic plaques precedes calcification. Later, these events occur in temporal and spatial overlap. Conventional 
histological and CT imaging failed to visualize early microcalcifications. Using intravital fluorescence microscopy 
with a nanoparticle-based contrast agent to visualize macrophages and a bisphosphonate-based agent to detect cal-
cifications, the authors were able to properly detect inflammation and microcalcifications in early atherosclerotic 
plaques. Due to the time at which these microcalcifications take place and their implications in destabilizing the 
plaque, molecular imaging would be able to detect rupture-prone plaques at a very early stage. Asymptomatic high-
risk patients would benefit from this application. Additionally, molecular imaging of microcalcification provides an 
opportunity to monitor and evaluate the early success of therapeutic interventions.

9.6.2  Clinical

The association of vascular 18FDG uptake and vascular calcification detected by contemporaneous CT was in-
vestigated. The researchers evaluated PET/CT images of 78 patients who were referred for tumor staging. These 
images were analyzed for the presence of vascular 18FDG uptake and vascular calcification. They found that vascular 
calcification and vascular metabolic activity rarely (<2%) overlapped. This suggests that these findings represent 
different phases of atherosclerosis [123]. These findings were confirmed by Rudd et al. who investigated the relation-
ship between inflammation and arterial calcification. The researchers imaged inflammation in 41 patients with 18FDG 
PET/CT and scored calcium by CT analysis. Additionally, from 33 of these patients, a collection of biomarkers was 
determined. The authors suggested that 18FDG PET imaging can be used as a surrogate marker of both atheroscle-
rotic disease activity and drug effectiveness [40].

Calcification status can also be visualized by 18F-sodium fluoride with PET. In a retrospective study, arterial 
18F-sodium fluoride uptake and calcification was evaluated. When spatial correlation between vascular 18F-sodium 
fluoride uptake and calcification sites was analyzed per lesion, 12% of lesions with marked arterial wall 18F-sodium 
fluoride uptake did not show concordant calcification. This study shows the feasibility of using 18F-sodium fluoride 
for in vivo functional imaging of atherosclerotic lesions [124]. Hitherto, locating microcalcification in the vessel wall 
with 18F-sodium fluoride has not been demonstrated; in order to find these minute alterations, OCT might be more 
feasible.

9.7  SOCIOECONOMIC IMPACT OF MOLECULAR IMAGING

As major cause of cardio- and cerebrovascular morbidity and mortality, atherosclerosis puts a significant strain 
on healthcare budgets. The following numbers serve as an example of the costs that originate from atherosclerosis 
and underline the need for new diagnostic tools and treatments. The total expenses for stroke in the Netherlands 
summed up to more than 1.6 billion Euros in the year 2007, making stroke one of the 10 most expensive conditions 
[125]. The costs for stroke made up 2.2% of the total healthcare costs in the Netherlands. A comparable situation is 
found in Germany (total costs in 2006: 1.2 billion Euros, 3.4% of total costs) [126].

Acute coronary syndromes (mostly unstable angina and acute MI) are also within the top 10 of the most expensive 
diseases in the Netherlands. The total expenses in 2007 summed up to 1.807 billion Euros [125]. In other European 
countries like the United Kingdom, France, Germany, Italy, and Spain, costs range from 1 to 3 billion Euros yearly 
[127]. These values represent between 1 and 3% of total healthcare costs in those countries. In the United States, total 
annual costs for CVD and stroke are estimated at 297.7 billion dollar, accounting for 16% of total healthcare expen-
ditures in 2008 [128].
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These numbers demonstrate the enormous expenses for the healthcare system. Therefore, any improvement in the 
diagnosis of atherosclerosis, and thus prevention of its adverse outcomes, would lower financial burden significantly.

Support for this approach comes from the SHAPE Guideline by Naghavi et al. [129]. In an extensive work, the 
SHAPE task force proposed protocols to identify the vulnerable patients with a high risk of MI or stroke. The report 
underlines the shortcomings of current risk stratification as the Framingham Risk Score and the System Coronary 
Risk Evaluation. These tools assign most people to a group with intermediate risk for adverse outcomes. The power 
to predict an acute event is especially low in this group; yet the incidence of MI is the highest. To improve risk profil-
ing, the authors propose two noninvasive tests, namely, carotid intima-media thickness (CIMT) and coronary artery 
calcification (CACS) to be applied to the population at risk. Based on initial screening with CIMT or CACS, patients 
are categorized and treated if necessary. Large studies demonstrated predictive power and cost-effectiveness of this 
approach. All current nonmolecular imaging modalities are able to find vascular stenosis but fail to discriminate 
reliably between vulnerable and stable lesions in patients [130]. Newer imaging techniques can increase the accu-
racy of this risk stratification. In this regard, molecular imaging of the vulnerable plaque offers great potential. Once 
established, molecular imaging can be added to the SHAPE guideline to strengthen the power of diagnostics in pre-
ventive cardiology. Another beneficial aspect is that molecular imaging uses probes specific for targets on (unstable) 
atherosclerotic plaques, which could potentially be used as theranostic.

9.8  CONCLUSION AND FUTURE PERSPECTIVES

Molecular imaging of atherosclerosis bears potential as a powerful diagnostic tool to screen and select patients 
prone to develop CVD morbidity and mortality and, hence, to contribute to a personalized and more cost-effective 
treatment of atherosclerotic disease. This review has highlighted molecular imaging targets that have been studied 
in vitro and in vivo in experimental animal models of atherosclerosis and that have potential to be translated to clin-
ical practice. Most promising targets are found in the process of apoptosis, vascular remodeling, and inflammation 
(Figure 9.1 and Table 9.1). Additionally, we suggest that efferocytosis of apoptotic cells might be added as an inter-
esting molecular imaging target, since impairment of efferocytosis is associated with an increase of necrotic core and 
consequently with an increased vulnerability [31,32,34,131,132]. Ligands specific for noninvasive imaging of effero-
cytosis still need to be explored; potential targets might be C1q, MfgE-8, LRP-1, and Gas6.

Translation of molecular imaging ligands from preclinical research to clinical practice faces important scientific as 
well as financial challenges to be overcome. Although animal models can reflect human vulnerable plaque pheno-
type, results of preclinical research cannot simply be extrapolated to the human situation, since spontaneous rupture 
of a plaque without manipulation so far has not been observed in animal models. In addition, molecular imaging 
remains relatively expensive and time-consuming, both of which limit large clinical studies to validate targets and 
ligands.

Further scientific research into pathobiology of the vulnerable plaque, and technological development of imag-
ing equipment that increases sensitivity and specificity are required if we wish to uphold the promise of molecular 
imaging to reduce health care costs. Successful translation of targets and ligands to clinical molecular imaging of the 
vulnerable plaque may also offer novel therapeutic avenues to treat the vulnerable plaque employing strategies such 
as targeted drug delivery.
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10.1  INTRODUCTION

Molecular and cellular mechanisms of cardiac remodeling in hypertension, heart failure (HF), or ischemic 
heart diseases occur in the frame of upregulated neurohormonal stimuli, including adrenergic signaling and acti-
vation of the renin-angiotensin-aldosterone system (RAAS) [1]. A critical role in the pathogenesis of HF is played 
by aldosterone, the terminal effector of RAAS cascade that is not adequately suppressed by RAAS inhibitors 
[2]. Traditionally considered a salt-retaining hormone, aldosterone was isolated in 1953. However, it has been 
recognized for a long time only as regulator of blood pressure [3]. The discovery of the widespread distribution 
of mineralcorticoid receptor (MR) (as well as the local extra-adrenal synthesis of aldosterone) has changed this 
view. Accordingly, aldosterone is now known to directly promote cardiac remodeling by enhancing vascular and 
myocardial inflammation up to cardiac fibrosis [4]. Likewise, from a marginal role of potassium-sparing diuret-
ics, MR antagonists have become a cornerstone for the treatment of HF, as demonstrated by several clinical trials 
[5]. Unfortunately, the relevance of preventing (or at least slowing) adverse cardiac remodeling is still poorly 
recognized by clinicians, and MR blockers are still under-prescribed. With this aim, we will update in this review 
the current knowledge about the antagonist of MR, focusing on clinical evidences and new insights about the 
selective actions of MR in myocardial tissue.

10.2  MOLECULAR BASIS FOR THE CLINICAL USE OF MR ANTAGONIST IN HF

Twenty years ago, Brilla and coworkers showed that chronic administration of aldosterone was associated with 
hypertension, cardiac hypertrophy, and fibrosis in uninephrectomized rats receiving a high-sodium diet [6]. This 
association was confirmed in the following experimental and clinical studies, including a substudy of RALES show-
ing lower levels of serum markers of extracellular matrix turnover in patients randomized to spironolactone [7]. 
Consistent with these data, MR activation is now established to promote vascular inflammation, cardiac fibrosis, and 
hypertension independent on the blood pressure and, in large part, the systemic and local RAAS [8]. Aldosterone 
achieved these detrimental effects by regulating the transcription of several proinflammatory and profibrotic genes 
in vascular and immune cells, although the mechanisms translating MR signaling into cardiac remodeling are still 
being elucidated.
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10.2.1  Generalities

Aldosterone is a steroid hormone synthesized from the cholesterol in the zona glomerulosa of the adrenal cortex. 
Into the mitochondria, cholesterol undergoes several reactions catalyzed by enzymes belonging to the cytochrome 
P450 family. Among these, the CYP11B2 is the rate-limiting enzyme subjected to a tight control by several factors. 
Angiotensin II and potassium levels are the best-known promoters of CYP11B2 transcription [9], but also adreno-
corticotrophic hormone [10], adipose tissue factors [11], and atrial natriuretic peptide [12] has been described as 
regulators of aldosterone synthesis.

The discovery of MR dates back from three decades and now is well recognized as a pivotal transcription factor 
involved in many physiological processes and pathological disorders [13]. In the steady state, MR is located in cy-
toplasm and chaperone proteins maintain a conformational state of MR suitable for the ligand with hormone [14]. 
Upon hormone binding, the MR-hormone complex translocates into the nucleus where it acts as a transcription 
factor by binding specific elements (hormone responsive element (HRE)) in the target genes [15]. Furthermore, tran-
scriptional coregulators address the MR activity on tissue-specific target genes in addition to controlling the expres-
sion of MR itself with feedback mechanism [16] (Figure 10.1).

Alongside classical genomic actions of aldosterone (requiring a lag time of 1-2 h), rapid effects (occurring within 
15 min) have been recognized [17]. These rapid responses synergize with later transcriptional responses but through 
other independent pathways [18]. This alternative signaling pathways are shared with other steroid hormones, but 
the mechanisms involved in signal transduction are still a matter of debate. Unlike other steroid receptors, MR lacks 
of the palmitoylation motif required for both plasma-membrane binding and early signaling transduction (through 
the interaction with the scaffolding protein caveolin-1) [19]. However, a small fraction of MR has been recently dis-
covered within the plasma membrane, and it might also be involved in the transactivation of EGFR, a pivotal step 
to activate the cascade of nongenomic effects of aldosterone [20]. Concerning the CV system, aldosterone promotes 
proliferation and hypertrophy of vascular smooth-muscle cells (VSMCs) [21] and cardiomyocyte [22,23] by activat-
ing the ERK1/2 pathway; whereas, through p38 MAPK aldosterone induces the shift of VSMCs toward a profibrotic 
phenotype. Furthermore, through the family of protein kinase C, aldosterone regulates a large amount of processes 
ranging from cell proliferation and apoptosis up to tight-junction formation. Finally, second messenger pathways 
also are involved in aldosterone signaling transduction, including intracellular Ca++ concentrations, synthesis and 
release of nitric oxide, and Na+/H+ exchanger.

EGFRr

Nucleus

HRE Transcription

ERK 1/2 

p38 MAPK

PKC

PKA

iCa++
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p110
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MR
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FIGURE 10.1  Genomic and nongenomic effects of MR. The activation of mineralcorticoid receptor (MR) triggers the translocation of this re-
ceptor within the nucleus and promotes the transcription of target genes through binding specific hormone response elements (HRE). Alongside 
this genomic pathway, also for mineralcorticoid hormones, have been recognized nongenomic effects. Compared to the prolonged time needed 
for the genomic response (hours to days), the nongenomic effects are quicker (minutes) and provide synergic responses involving the downstream 
pathways of endothelial growth factor receptor (EGFR) such as kinases (ERK 1/2, p38, PKC, PKA), intracellular Ca++, and RAC-1, small G-protein 
of Rho family.
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10.2.2  Inflammation

The pivotal role of vascular inflammation as a precursor to the development of cardiac fibrosis is now well es-
tablished and reported in several experimental models of hyperaldosteronism. First, an immunostimulatory state 
occurs very early after mineralcorticoid administration in high-salt diet uninephrectomized rats [24]. In addition, 
MR activation enhances the expression of adhesion molecules on endothelial surface, thus promoting leukocyte 
adhesion and recruitment [25]. Thus, aldosterone induces vascular inflammation, characterized by generation of 
reactive oxygen species (ROS) and expression of several inflammatory markers and profibrotic factors. Consistent 
with these findings, macrophage-restricted deletion of MR gene prevents cardiac fibrosis in mice [26,27]. MR activa-
tion enhances oxidative stress by promoting synthesis and coupling of nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase subunits (gp91phox, gp22phox, and gp47phox) [28] in macrophages [29], endothelial cells [30] as well 
as within the myocardial tissue [31]. Accordingly, mice knockout for gp47phox or NOX2 display insensitive ROS pro-
duction triggered by aldosterone [32]. Moreover, by suppressing the endothelial expression of glucose-6-phosphate 
dehydrogenase [33], as well as the dephosphorylation of phosphatase 2A [34], MR activation impairs the activity of 
nitric oxide synthase, further promoting endothelial dysfunction. Furthermore, MR activation in dendritic cells was 
shown to induce the activation of CD8+ T-cell, promote a shift of CD4+ T-cell toward a proinflammatory phenotype 
[35], and suppress the regulatory T cells [36].

These proinflammatory effects of MR activation might also promote myocardial inflammation by enhancing the 
recruitment of activated inflammatory cells within the heart (Figure 10.2). Lother and coworkers showed that a se-
lective deletion of MR in cardiomyocytes (but not in fibroblasts) prevented cardiac remodeling in a mouse model 
of chronic pressure overload achieved by aortic constriction [37]. Fraccarollo and colleagues suggested that the ox-
idative stress response might be the leading pathway of detrimental MR activity within the myocardial tissue. The 
authors showed that myocardial MR ablation prevented the increase of superoxide ( O2

•− ) and the upregulation of 
the NADPH oxidases (NOX) 2 and 4 in a mouse model of myocardial infarction [38]. Furthermore, additional detri-
mental effects induced by MR activation in cardiomyocytes were recognized by comparing the response to deoxycor-
ticosterone/salt in MR-null as compared to wild type mice. In this model, MR signaling suppression was associated 
with a reduced expression of oxidative stress markers (p22phox), inflammatory markers (CCR5, CD14, and CD81), 

FIGURE 10.2  The main detrimental effects induced by mineralcorticoid receptor activation (MRA) on cardiovascular systems include the 
vascular inflammation and the cardiac fibrosis. Vascular inflammation is promoted by the proinflammatory activation of endothelial cells leading 
to increased production of reactive oxygen species (ROS) and leukocyte recruitment. Ultimately, the endothelial dysfunction sustains the shift of 
vascular smooth-muscle cells toward a profibrotic phenotype. On the other hand, MRA promotes myocardial fibrosis mainly by a direct effect of 
cardiomyocytes that include the increased expression of chemokine receptor (CCR5), profibrotic factor (plasminogen activator inhibitor (PAI)-1, 
vascular endothelial growth factor (VEGF), transforming growth factor (TGF)-β), matrix metalloproteinases (MMPs), and ROS.
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and profibrotic factors (plasminogen activation inhibitor [PAI]-1, vascular endothelial growth factor, p22phox, of 
transforming growth factor [TGF]-β, integrin β1, and matrix metalloproteinases-2 and -9) [39]. Finally, Nagase and 
coworkers recently confirmed in cultured cardiomyocytes the pivotal role of Rac-1 in MR signaling [40]. Rac-1 is 
known to be a critical mediator of cell stress responses, including cytoskeleton remodeling, adhesion, migration, cell 
cycle progression, and gene expression. Nagase and colleagues suggested that oxidative stress may enhance MR ac-
tivity through Rac-1 signaling, thus leading to the formation of a feed-forward loop. These interesting findings from 
basic research merit additional confirmation in clinical studies.

10.2.3  Cardiac Fibrosis

Cardiac remodeling is characterized by the accumulation of collagen fibers (typically collagen types I and III) that 
alter structure, shape, and contractility of the heart, thus markedly worsening ventricular contractility, valvular func-
tioning, and electrical conduction [41]. Although MR activation may directly stimulate collagen gene transcription in 
fibroblast [42,43], a growing body of evidences suggests a paracrine activation of fibrogenesis [44]. Several upstream 
pathways modulate cardiac remodeling, and MR is now a well-established regulator of this signaling network [39]. 
Among these, TGF-β1—probably the best-known fibrogenic factor—was found highly expressed in experimental 
models of cardiac fibrosis [45] as well as in fibrotic human hearts [46,47]. Accordingly, experimental MR blockade 
slightly attenuates cardiac fibrosis in association with TGF-β1 and collagen-III suppression [48].

Synergistically with TGF-β1, upregulation in cultured cardiomyocyte [49,50] and VSMCs [51,52], aldosterone also 
increases the expression of PAI-1, the major inhibitor of extracellular matrix degradation. This occurs in fibroblast 
[53] as well as in endothelial cells [54], VSMCs [54], cardiomyocyte [55], and monocyte [56]. Furthermore, MR ac-
tivation may promote cardiac fibrosis also by enhancing myocardial oxidative stress [57], and this may explain the 
protective effect of NADPH oxidase inhibitor apocynin [58] and other antioxidants [59] on cardiac remodeling. On 
the other hand, the suppression of cardiac T-cell recruitment through inhibition of stromal-derived factor-1/CXCR4 
axis prevents cardiac fibrosis in experimental model of mineralcorticoid excess [60]. Other positive markers linking 
MR signaling and cardiac fibrosis are endothelin-1 [61,62], osteopontin [63–65], and galactin-3 [66]. Overall, as re-
cently reported by Azibani and coworkers, hyperaldosteronism favors the macrophage infiltration in the heart and 
enhances the transcription of profibrotic molecules, further suppressing the expression of anti-fibrotic factor such as 
bone morphogenetic protein 4 and B-type natriuretic peptide [67].

10.3  PHARMACOLOGY OF MINERALCORTICOID RECEPTOR ANTAGONIST

At present, the only two MR antagonists approved on the market for clinical use are spironolactone and epler-
enone. However, although the term “MR antagonists” is currently accepted, these drugs do not act as aldosterone 
antagonists, but rather as inverse agonists. Synthesized in the late 1950s, spironolactone was introduced in clinical 
practice in 1960, and for 40 years its use has been essentially confined to the states of aldosterone excess.

Spironolactone is characterized by a short half-life (1.3-1.4 h), but its metabolites (7α-thiomethylspironolactone 
and canrenone) prolong natriuretic and antikaliuretic effects up to 13.8-16.5 h [68]. Among these, the canrenone (as 
well as its water-soluble form, potassium canrenoate) has fewer side effects than spironolactone, but it is marketed 
only in some countries of Europe [69]. In addition, both liver dysfunction and renal impairment (common in HF pa-
tients) may further extend the activity of this drug to 24-50 h. Spironolactone is a progesterone derivative compound 
and, thus, it may induce progesterone-like side effects, including mastodynia and disturbance of the menstrual cycle 
in woman. Furthermore, also antiandrogenic activity was recognized in men, causing gynecomastia, erectile dys-
function, and possibly decreased libido [70]. This lack of specificity has been fully understood through molecular 
analysis of steroid receptors, recognizing a close homology in terms of full-length sequence, ligand-binding domain, 
and the helices forming the ligand-binding pocket [71]. In this regard, Hu and Funder also suggested a potential 
evolutionary drift among steroidal receptors [71,72]. Considering these structural homologies, as well as the failure 
of the following generation of both physiological ligands and synthetic compounds to improve the specificity for 
MR, Kolkhof and coworkers have recently updated evidence on some compounds under investigation, including 
mespirenone, spirorenone, and drospirenone (currently prescribed as contraceptive) [68].

In 2002, the Food and Drug Administration (FDA) approved for clinical use the eplerenone, characterized by im-
proved selectivity, but also lower affinity for MR and less efficiency in lowering blood pressure [73]. Eplerenone has 
no active metabolites so its half-life is shorter than spironolactone (by about 3 h) [74]. However, an increased Na+/K+  
ratio has been recognized in healthy patients also up to 12 h after eplerenone administration [75], suggesting a 
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delayed destabilizing effect on MR [76]. Eplerenone is extensively metabolized by the cytochrome P450 (isoenzyme 
CYP3A4) so that its concentrations may increase in the presence of other drugs inhibiting CYP3A4 [77].

Overall, these long-term effects explain the efficacy of a daily administration of MR antagonist in HF patients, but 
they should also encourage caution about the risk of hyperkalemia, especially in concomitant liver and/or kidney 
failure as well as combined therapy with RAAS inhibitors.

10.4  CLINICAL EVIDENCES

10.4.1  Systolic HF

The first report demonstrating beneficial effects of the treatment with a MR antagonist in HF dates back from 1964 
[78], but only in 1995 did the researchers at Michigan University design the first large, prospective, randomized, 
placebo-controlled trial to validate this approach [79]. In the RALES (Randomized Aldactone Evaluation Study), 1663 
patients with severe HF (left ventricular ejection fraction (LVEF) <35% and New York Heart Association (NYHA) 
class III or IV) were randomized to receive daily placebo or 25 mg up to 50 mg of spironolactone [80]. After a mean 
follow-up of 24 months, the trial was stopped by the safety monitoring board, because the prespecified efficacy 
boundary for mortality was crossed [80]. In the treated group, spironolactone reduced overall mortality risk by 30% 
(relative risk (RR) 0.70 [95% CI 0.60-0.82]; p < 0.001) as well as sudden death (RR 0.71 [95% CI 0.54-0.95]; p = 0.02) and 
death related to HF progression (RR 0.64 [95% CI 0.51-0.80]; p < 0.001). In addition, the treatment group had fewer 
rehospitalization for any cause (RR 0.77 [95% CI 0.68-0.86]; p < 0.001) or cardiac cause (RR 0.68 [95% CI 0.60-0.77]; 
p < 0.001) [80] as compared to the placebo group. The same research group investigated the cardioprotective effects 
of aldosterone in ischemic HF. In the EPHESUS (Eplerenone Post-Acute Myocardial Infarction Heart Failure and 
Survival Study), 6632 patients with recent acute myocardial infarction (3-14 days after) and LVEF <40% were ran-
domly assigned to receive eplerenone (25 mg/day titrated up to 50 mg daily) or placebo in addition to the optimal 
medical therapy [81]. Also in this cohort, treatment with MR antagonist achieved the primary endpoints, reducing 
mortality for any cause (RR 0.85 [95% CI 0.75-0.96]; p = 0.008) and hospitalization for CV causes (RR 0.87 [95% CI 
0.79-0.95]; p = 0.002) [81]. More recently, eplerenone was investigated in a large cohort of mild systolic HF patients. 
In EMPHASIS-HF (Eplerenone in Mild Patients Hospitalization and Survival Study in Heart Failure), 2737 patients 
having LVEF <35% and NYHA class II symptoms, in addition to recent CV hospitalization or rise of brain natriuretic 
peptide, were randomized to placebo or eplerenone dosed accordingly to renal function [82]. Eplerenone achieved 
the composite endpoint of reducing CV death and HF hospitalization (hazard ratio [HR] 0.63 [95% CI 0.54-0.74]; 
p < 0.001), but it also significantly decreased the risk of overall mortality (HR 0.76 [95% CI 0.62-0.93]; p = 0.008) [82]. 
Although a direct comparison between these three trials is not appropriate (due to the fact that different drugs 
were evaluated in different patient populations), these results had a huge scientific impact. First, they provided the 
basis for further studies, substantially confirming the protective effect of MR antagonist in patients with systolic 
HF [83–91]. Furthermore, the large sample sizes of these trials have enabled subgroup analysis (such as for African 
Americans) that showed less clinical benefit from MR blockade [92]. Also, the concerns regarding the safety of these 
treatments were resolved by these large trials. The incidence of hyperkalemia ranged from the 1% in EMPHASIS-HF 
to the 3% in EPHESUS, without significant difference compared to placebo groups. The safety of treatment with MR 
antagonists was also recently confirmed in a subgroup analysis of high-risk patients from EMPHASIS-HF [93] as well 
as in population-based studies [94,95]. However, it should be noted that the rate of hyperkalemia and related mortal-
ity may be higher in clinical practice, as suggested by Juurlink and coworkers [96]. Similarly, a post-hoc analysis of 
EPHESUS recognized an increased incidence of renal impairment [97], but several data from non-HF patients rather 
suggest a protection from aldosterone-induced kidney injury [98,99]. Ultimately, treatments with MR antagonist 
significantly improves outcome of systolic HF patients (even in those already receiving high doses of standard back-
ground therapies) [100], and this appears to be a highly cost-effective strategy for the management of HF [101,102]. 
New ongoing multicenter clinical studies, such as the REMINDER (clinicalTrials.gov, Identifier NCT 01176968) and 
the ALBATROS (clinicalTrials.gov, Identifier NCT 01059136), trials will be able to further support the use of MR an-
tagonist in systolic HF patients.

10.4.2  Diastolic HF

On the other hand, currently under investigation is the effectiveness of MR blockade in patients with heart fail-
ure with preserved ejection fraction (HFpEF). About a decade ago, a pilot study recognized that spironolactone 
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improved left ventricular diastolic dysfunction and chamber stiffness [103,104]. Furthermore, these echocardio-
graphic findings were found to be associated with biochemical markers of fibrosis regression (such as serum ra-
tio between carboxyl-terminal propeptide (PIP) and carboxyl-terminal telopeptide (CITP) of collagen type I) [104]. 
However, only recently randomized clinical trials were designed with this specific aim. In the first study, called 
RAAM-PEF (Randomized Aldosterone Antagonism in Heart Failure with Preserved Ejection Fraction), 44 patients 
were randomized to receive placebo or eplerenone. The study confirmed the improvement of diastolic function 
whether by biochemical or ultrasound assessment [105]. Similar results were provided by the Aldo-DHF (aldoste-
rone in diastolic HF) trial over a prolonged follow-up (12 months) [106]. Unfortunately, these trials failed to prove a 
functional improvement investigated by 6 min walking test [105], patient symptoms, or quality of life [106]. Likewise, 
a subgroup analysis of 8013 patients from the OPTIMIZE-HF (Organized Program to Initiate Lifesaving Treatment 
in Hospitalized Patients with Heart Failure) trial failed to prove an association between treatment with MR antag-
onist and CV outcome defined as all-cause mortality (HR 1.03 [CI 95% 0.89-1.20]; p = 0.69) or hospitalization for 
HF (HR 0.88 [95% CI, 0.73-1.07]; p = 0.188) [107]. The results of the ongoing randomized controlled trial TOPCAT 
(Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist; clinicalTrials.gov, Identifier 
NCT 00094302) will provide further insights into the effect of the MR antagonist in HF-PEF [108,109].

10.4.3  Arrhythmias

Several clinical and experimental studies found a close association between aldosterone and arrhythmias. For 
instance, high incidence of atrial fibrillation (AF) was found in patients with primary hyperaldosteronism [110], 
whereas increased circulating aldosterone concentrations [111] were detected in patients with AF. Although elec-
trolyte and autonomic imbalance might contribute to impair the electrical activity of the myocardium, the myocar-
dial fibrosis is the main mechanism by which aldosterone enhances arrhythmic risk [112]. Fibrotic myocardium is 
a low-voltage tissue that potentially affects atrial activation thus promoting the occurrence of AF. In addition, the 
reduction of myocardial strain and the shortening of the effective refractory period support re-entry circuits sustain-
ing arrhythmias [113]. Accordingly, clinical studies provided evidences that MR antagonists prevent sudden cardiac 
death [114] as shown in both RALES (RR 0.71 [95% CI 0.54-0.95]; p = 0.02) [79] and EPHESUS (RR 0.79 [95% CI 0.64-
0.97]; p = 0.03) [81] trials. Furthermore, a reduced incidence of new onset AF or atrial flutter was recently reported in 
a subanalysis from EMPHASIS study (HR 0.58 [95% CI 0.35-0.96]; p = 0.03) [115]. However, other therapies reducing 
left atrial size or stretch (e.g., RAAS inhibitors or beta-blockers) also are associated with a reduced incidence of ar-
rhythmia, so that these finding might not be specific to MR antagonists [116].

10.5  CONCLUSION AND FUTURE PERSPECTIVES

Hyperkalemia and nonselective endocrine properties are probably the main concern limiting the clinical use of 
MR antagonists. Thus, in addition to improved adherence to international guidelines, several new compounds are 
under investigation to improve the pharmacologic profile of MR antagonists. In early 2000, several pharmaceutical 
companies discovered that nonsteroidal compounds also may act as MR antagonists. Among pyrazolines (the first 
identified class of nonsteroidal MR antagonists), PF-3882845 is currently under investigation [117], but already some 
concerns about safety have emerged (clinicalTrials.gov, Identifier NCT 00845258 and NCT 01314898). More recently, 
the dihydropyridinic compounds (already known as calcium channel blockers from which the BR-4628 has been 
developed) have been investigated. This compound had a potent and selective activity toward MR, acting by “bulky 
antagonism” [118]. On the other hand, aldosterone synthase (CYP11B2) inhibitors also are emerging as new treat-
ment options in addition to MR blockade. FAD 286A was the first CYP11B2 inhibitor available [119]. The synthesis of 
the oral form of this drug (called LCI699) allowed the clinical assessment [120]. To date, two controlled phase-2 trials 
showed the feasibility and safety of this approach [121,122], but further large randomized clinical trials are ongoing 
(clinicalTrials.gov, Identifier NCT 00817414 and NCT 01331239).
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11.1  INTRODUCTION

Heart failure is a complex disorder in which the heart is unable to meet the metabolic demands of the peripheral 
tissues and represents a major cause of morbidity and mortality worldwide [1]. Over the past decade, chronic low-
grade inflammation has been considered an important mediator during not only the final stages of heart failure but 
also during early stages such as the development of cardiac hypertrophy [2–4]. Moreover, growing evidence has 
linked this chronic state of inflammation with metabolic dysfunction since cardiac disorders are commonly associ-
ated with activation of inflammation and changes in metabolic pathways that are in fact linked and are interdepen-
dent [5].

Hypertrophy is one of the main ways in which cardiomyocytes respond to mechanical and neurohormonal 
stimuli. Multiple interacting signaling pathways have been shown to connect these stress signals with car-
diac gene expression through a set of signal-dependent transcription factors [6–10]. The activation of these 
upstream events results in changes in transcription, translation, and sarcomeric organization. One of the 
signal transduction pathways that has been shown to play a crucial role in the hypertrophic growth of the 
myocardium is the nuclear factor-κB (NF-κB). This transcription factor regulates the expression of many genes 
involved in inflammation and their activation has been involved as a causal event in the cardiac hypertro-
phic response [4,11–13]. Moreover, cardiac hypertrophy and the subsequent development of heart failure are 
characterized by a shift in the source of energy from fatty acids to glucose [14]. The genes involved in the 
transport and metabolism of fatty acids and glucose are under the transcriptional control of nuclear hormone 
receptors, specifically the peroxisome proliferator-activated receptors (PPARs). Moreover, the PPARs have the 
capacity to attenuate the induction of the proinflammatory pathways, connecting in this way, metabolism and 
inflammation [15–18].

The mechanisms by which PPAR activity is regulated during the development of heart failure are not entirely 
clear. Here, we will review recent advances in our understanding of the role of PPARs as integrators of metabolic and 
inflammatory signaling pathways in cardiac disorders. In addition, we will briefly discuss the role of other factors 
related to PPARs that have recently been involved in the control of cardiac energy metabolism and inflammation 
during the development of cardiac diseases such as the deacetylase Sirtuin-1 (Sirt1) and the secreted protein fibro-
blast growth factor-21 (FGF21).
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11.2  PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS

PPARs are members of the nuclear hormone receptor superfamily of ligand-activated transcription factors. PPARs 
act as metabolic sensors, enabling the organism to respond to environmental changes by inducing the expression 
of the appropriate metabolic genes [19]. They share a close structural homology with other members of this family 
like, for instance, the thyroid hormone and retinoic acid receptor. The amino-terminal domain is less conserved and 
includes a ligand-independent transactivation function (AF-1), containing putative phosphorylation sites. The DNA 
binding domain is highly conserved and includes two zinc finger motifs. The carboxyl-terminal ligand-binding do-
main encompasses a ligand-dependent transactivation function (AF-2). In addition to ligand binding, this region is 
required for nuclear localization, receptor dimerization, and the interaction with proteins acting as coactivators or 
corepressors such as PGC1α or NCOR, respectively.

Three PPAR isoforms, PPARα (NR1C1 according to the unified nomenclature system for the nuclear receptor 
superfamily), PPARβ/δ (NR1C2), and PPARγ (NR1C3) [20], have been identified in vertebrates with differing tissue 
distribution. PPARα is expressed in tissues with a high level of fatty acid catabolism including the liver, heart, kidney, 
skeletal muscle, and brown adipose tissue. PPARβ/δ is ubiquitously expressed and appears to have overlapping 
activity with that of both PPARα and PPARγ when coexpressed with those genes. PPARγ is expressed predominantly 
in adipose tissue and is largely involved in adipocyte differentiation and adipogenesis.

PPARs are activated by a wide range of naturally occurring or metabolized lipids derived from the diet or from in-
tracellular signaling pathways, which include saturated and unsaturated fatty acids and fatty acids derivatives such 
as prostaglandins and leukotriens [21,22]. However, how specific endogenous lipid ligands activate the PPARs and 
whether ligand preference varies in a tissue-specific manner is not entirely clear. It is known that PPARα shows high 
affinity for unsaturated fatty acids while PPARγ is preferentially activated by eicosanoids, prostaglandins, and leu-
kotriens. Recently, it has been shown that hydrolysis of cellular triglycerides by adipose triglyceride lipase (ATGL) in 
cardiac muscle is essential for the biological activation of PPARα but not for PPARβ/δ [23], revealing different PPAR 
activation ligands and pathways in the heart.

PPARs are also very important therapeutic targets, and specific synthetic ligands exist for the different isotypes. In 
fact, two classes of PPAR ligands are currently being applied in the treatment of metabolic disorders. The fibrates—the  
classical peroxisome proliferators—act as ligands for the PPARα isoform and are being prescribed for the treatment 
of hyperlipidemia. The second group includes the thiazolidinediones (TZDs), which are specific synthetic acti-
vators for PPARγ. TZDs have insulin sensitizing properties and are successfully being used in the treatment of 
type 2 diabetes. Several specific synthetic ligands for PPARβ/δ have also been developed, including L-165041, 
GW501516, and GW0742 [24,25]. However, clinical studies are required to determine the efficacy and safety of 
these compounds.

PPARs regulate gene expression through two different mechanisms—transactivation and transrepression 
(Figure 11.1). In order to be transcriptionally active, PPARs need to heterodimerize with the 9-cis retinoic acid re-
ceptor (RXR) [26–30]. PPAR/RXR heterodimers bind to specific response elements located in the 5′ end region of 
their target genes. Peroxisome proliferator-response elements (PPREs) are composed of the direct repetition of two 
half-sites of consensus sequence AGGTCA, spaced by one nucleotide. PPAR and RXR bind to the 5′ and 3′ half-sites 
of this element, respectively, and the 5′ flanking region of the PPRE contributes to the selectivity of binding of the dif-
ferent PPAR isotypes. In the absence of ligand, PPAR/RXR heterodimers recruit corepressors and associated histone 
deacetylases and chromatin-modifying enzymes thereby silencing gene expression by so-called active repression. 
Ligand binding induces a conformational change in PPAR/RXR complexes, releasing corepressors in exchange for 
coactivators. Ligand-activated complexes recruit the basal transcriptional machinery, resulting in enhanced gene 
expression [16].

Additionally, the regulation of gene transcription by PPARs extends beyond their ability to transactivate specific 
target genes in an agonist-dependent manner [31]. PPARs are also able to regulate gene expression independent of 
binding to PPREs. Most of the anti-inflammatory properties that have been ascribed to these transcription factors 
result from the ability of activated PPARs to repress the transcriptional activation of proinflammatory genes by other 
transcription factors, such as activator protein 1 (AP1), NF-κB, signal transducers and activators of transcription 
(STATs), and nuclear factor of activated T-cells (NFAT) [32,33], a process referred to as transrepression. It has been ex-
perimentally shown that all three PPAR isoforms are able to participate in the regulation of inflammatory responses. 
Depending on the affected tissue and on which PPAR isoforms are involved, these transcription factors can modulate 
the intensity, duration, and consequences of inflammatory events.

There are three main ways by which ligand-activated PPAR-RXR complexes can negatively regulate the activities 
of other transcription factors. The first mechanism involves the ability of the PPARs to compete for limiting amounts 
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of coactivator proteins in a cell, making these coactivators unavailable to other transcription factors [34,35]. In the 
second mechanism, activated PPAR-RXR heterodimers are believed to act through physical interaction with other 
transcription factors. This association prevents the transcription factor from binding to its response element and 
thereby inhibits its ability to induce gene transcription [36]. The last transrepression mechanism relies on the abil-
ity of activated PPAR-RXR heterodimers to inhibit activation of certain members of the mitogen-activated protein 
kinase (MAPK) cascade. This prevents the MAPK from phosphorylating and activating downstream transcription 
factors [37].

Therefore, the biological and therapeutic activities of PPARs are the result of the combination of both transacti-
vating and transrepressing properties of these receptors. In addition, post-translational modifications are important 
regulatory controls for all three PPAR isoforms. SUMOylation, ubiquitination (for a detailed review see Ref. [38]), 
and acetylation regulate transrepressive and transactivating activities of some nuclear receptors [39] and phosphory-
lation may inhibit transrepression by PPARα [40]. The ability of PPARs to regulate transcription is also a function of 
promoter architecture, ligand structure, cell type, and physiological and pathological conditions.

11.3  PPARs AND THE CONTROL OF CARDIAC ENERGY METABOLISM

PPARs regulate cardiac metabolism at the transcriptional level and play an important role during the develop-
ment of cardiac disease [41,42]. The healthy adult myocardium uses fatty acid and glucose oxidation as its main en-
ergy sources, each covering approximately 65% and 30% of the energy needs, respectively [14]. However, in contrast 
to other tissues, the heart is a “promiscuous” substrate consumer. That is, it adapts its metabolism depending on the 
types of substrate that are available in order to maintain the constant pump function. For example, the fetal heart, 
which functions in a relatively hypoxic environment, derives energy from the catabolism of glucose and lactate. 
Immediately after birth, when the mammalian diet is composed almost entirely of lipids, the heart uses mainly fatty 
acids for myocardial energy production. Cardiac hypertrophy and the progressive development of cardiac failure are 
usually associated with suppression of fatty acid oxidation (FAO) and metabolic reversion to increase glucose utili-
zation. This shift in the source of energy from fatty acids to glucose is accompanied by a dramatic fall in the cardiac 
expression of genes involved in fatty acid metabolism [43]. These genes involved in FAO are regulated primarily by 
the PPARs (Figure 11.1).

11.3.1  Role of PPARα
PPARα is highly expressed in tissues, such as the heart, with an elevated capacity to oxidize fatty acids. PPARα 

induces numerous genes critical for fatty acid handling including: fatty acid translocase/CD36, involved in fatty 
acid import into the cell; carnitine palmitoyltransferase I (CPT1), implicated in the import of fatty acids into 
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FIGURE  11.1  PPARs regulate gene expression 
through two mechanisms. The first of these mecha-
nisms is DNA-dependent and is called transactiva-
tion. Initially PPARs need to heterodimerize with 
the 9-cis retinoic acid receptor (RXR) and then these 
heterodimers bind to DNA-specific sequences called 
peroxisome proliferator-response elements (PPREs), 
which are located in the promoter regions of genes in-
volved in glucose and fatty acid metabolism. PPARs 
may also regulate gene expression independent of 
binding to DNA by blocking the activity of other tran-
scription factors involved in inflammation, a mecha-
nism called transrepression.
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mitochondria; medium-chain acyl-CoA dehydrogenase (MCAD), the rate-limiting enzyme in medium chain fatty 
acid β-oxidation; and pyruvate dehydrogenase kinase 4 (PDK4), the reciprocal inhibitor of pyruvate entry into mi-
tochondria. Definitive evidence for PPARα as a key regulator of cardiac energy metabolism has been provided by 
the PPARα “knockout” mouse studies [44,45]. Hearts of these mice exhibit a decreased FAO and lower constitutive 
expression levels of FAO enzymes in the heart and a concomitant increase in glucose oxidation [46,47]. Despite 
these metabolic derangements, cardiac function is maintained in unstressed adult animals. However, a fasting 
stress causes pronounced hypoglycemia and hepatic and cardiac triglyceride accumulation in PPARα−/− mice [48]. 
Conversely, mice with heart-restricted overexpression of PPARα (MHC-PPARα mice) exhibit cardiac hypertrophy 
and ventricular dysfunction, a phenotype mimicking diabetic cardiomyopathy [49,50]. Moreover, metabolic stud-
ies showed that FAO is increased, whereas glucose utilization is reciprocally decreased in these mice. Despite an 
increase in myocardial FAO rates, hearts from these animals develop accumulation of neutral lipids in the fasted 
state and when placed on a high-fat diet, suggesting a mismatch between the uptake of fatty acids and the FAO 
capacity. Consistent with this, crossing of mice overexpressing PPARα with mice lacking cardiac CD36 rescued the 
cardiac toxicity of PPARα overexpression indicating that the intracellular lipid accumulation is toxic for cardiac 
function [51]. Collectively, these results indicate that PPARα regulates expression of genes involved in cardiac fatty 
acid and glucose metabolism in response to diverse physiological stimuli in order to maintain a tight lipid balance 
and that both infra- and supra-physiological activation of PPARα is maladaptive, suggesting that balanced levels 
of PPARα are needed to maintain cardiac function.

11.3.2  Role of PPARβ/δ
This PPAR subtype has also been relatively well studied in the heart. Gilde et  al. [52] demonstrated that both 

PPARα and PPARβ/δ were expressed in comparable levels in the heart, whereas PPARγ was hardly detectable. It has 
been shown that PPARβ/δ selective ligands induce expression of mitochondrial FAO enzymes and increase palmi-
tate oxidation rates in neonatal and adult cardiac myocytes [52,53]. Recently, it has been reported that in contrast to 
PPARα, mice with cardiac specific PPARβ/δ overexpression showed increased myocardial glucose utilization with 
no lipid accumulation and displayed normal cardiac function [44]. Indeed, it has been shown that constitutive car-
diac overexpression of PPARβ/δ increases the myocardial oxidative mechanism, while myocardial glycogen content 
and the activity of AMPK are markedly reduced, therefore improving cardiac function [54]. Conversely, hearts from 
transgenic mice with heart-restricted PPARβ/δ deletion exhibit a considerable reduction of FAO capacity, increased 
cardiac lipid accumulation, and they develop lipotoxic cardiomyopathy [55]. Collectively, these results seem to indi-
cate that PPARβ/δ is crucial for normal cardiac function and point out that PPARβ/δ, in contrast to PPARα, may be 
a therapeutic target for the treatment of diabetic cardiac dysfunction.

11.3.3  Role of PPARγ
The involvement of PPARγ in the heart remains controversial. It was generally accepted that PPARγ modulated 

fatty acid utilization through its effects on extra-cardiac tissues. Direct regulation of cardiac metabolism by PPARγ 
is still a matter of debate, although recent studies have attributed an important direct role of this subtype in cardiac 
metabolism. In contrast to PPARα and PPARβ/δ, PPARγ is only expressed in the heart in limited amounts, and 
PPARγ ligands do not affect metabolic gene expression or FAO rates in cultured cardiac myocytes [52]. Nevertheless, 
cardiomyocyte-specific deletion of PPARγ does result in cardiac hypertrophy, indicating an important role of this 
subtype of PPAR for the cardiac cells [56]. Furthermore, cardiac overexpression of PPARγ led to an increase in lipid 
uptake and oxidation in the heart, increased expression of glucose metabolism genes, and systolic dysfunction 
[57,58]. Recently, Luo et al. have shown that in cardiomyocyte-restricted PPARγ knockout mice, the levels of proteins 
involved in fatty acid uptake and oxidation are reduced in the heart, resulting in decreased fatty acid utilization [59]. 
Moreover, the hearts of these mice developed cardiac hypertrophy and heart failure. Collectively, all these data sug-
gest that despite the low levels of PPARγ in the cardiac tissue, this PPAR subtype is also required for basal myocardial 
fatty acid utilization in the adult heart. By contrast, a recent study in humans associates the treatment with the PPARγ 
activator TZDs to the intramyocardial lipid accumulation [60] in accordance with previous studies showing prohy-
pertrophic effects of the TZDs [61,62]. Although fluid retention may be the major contributor to the negative impact 
of TZDs on the failing heart, further studies are needed to clarify the role of PPARγ in this organ.

Taken together, all these data suggest that incorrect cardiac substrate utilization may be involved in the devel-
opment of cardiac hypertrophy and failure [63] and that each of the three PPAR isoforms appear to be involved in 
cardiac disease.
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11.4  PPARs AND CARDIAC INFLAMMATION

Despite their metabolic actions, PPARs are also able to modulate inflammatory responses in the heart that have 
been associated with the progressive pathological development of heart failure. Heart failure patients present el-
evated plasma levels of proinflammatory cytokines such as TNFα, MCP-1, and IL-6 [64] suggesting that chronic 
inflammation could play an important role during the development of cardiac hypertrophy. Proinflammatory cy-
tokine expression is under control of the NF-κB transcription factor, which in fact is activated by hypertrophic and 
inflammatory stimuli, thus connecting both pathways.

NF-κB is a pleiotropic transcription factor involved in the regulation of diverse biological phenomena, includ-
ing apoptosis, cell survival, cell growth, cell division, cellular differentiation, and the cellular responses to stress. 
Traditionally, the NF-κB pathway has been implicated as a pivotal intracellular mediator of the inflammatory re-
sponse. Several studies have also implicated NF-κB activation as a causal event in the cardiac hypertrophic response, 
as modeled in cultured cardiac myocytes. NF-κB inhibition is able to block or attenuate the hypertrophic response ei-
ther in vitro [4,11–13] or in vivo [65]. The NF-κB family consists of the members’ p50, p52, p65 (RelA), c-Rel, and RelB, 
which form various homo- and heterodimers. Each possesses a ≈300-residue N-terminal Rel-homology-domain, 
responsible for dimerization, nuclear translocation, and DNA binding. p65, RelB, and c-Rel also contain a C-terminal 
transactivation domain. The most common active form is the p50-p65 dimer. Binding of most NF-κB complexes to 
gene promoter sequences supports transcription [66]. In quiescent cells, NF-κB dimers reside in the cytoplasm in 
an inactive form bound to inhibitory proteins known as IκB. At least six IκB proteins are involved in controlling 
the activity of the NF-κB dimer. These inhibitory proteins sequester NF-κB in the cytoplasm preventing its nuclear 
translocation. However, in addition to retaining NF-κB in the cytoplasm, IκBα also seems to be involved in the re-
moval of NF-κB proteins from the nucleus [67]. Thus, IκBα has both cytoplasmatic and nuclear roles in regulating the 
NF-κB pathway. Stimulation of cells with a variety of inducers such as lipopolysaccharide (LPS), the inflammatory 
cytokines tumor necrosis factor-α (TNFα), or interleukin-1 (IL-1), leads to the phosphorylation of IκB by the IκB 
kinase (IKK) complex [68]. IKK activity resides in a large protein complex comprising two catalytic subunits, IKKα 
and IKKβ, and a scaffolding subunit, IKKγ/NEMO. The phosphorylation of IκB proteins is followed by the binding 
of the ubiquitin ligase complex which polyubiquitinylates IκB and targets it for degradation by the 26S proteasome 
[69]. This event releases the NF-κB heterodimer which then translocates to the nucleus and regulates the expression 
of genes involved in inflammatory and immune processes (e.g., TNFα, IκBα, MCP-1, or IL-6) [70].

There is a growing body of evidence demonstrating the effectiveness of PPAR agonists as anti-inflammatory 
agents. For instance, it has been reported that both PPARα and PPARγ ligands inhibit cardiac expression of the 
inflammatory cytokine TNFα and attenuate the activation of NF-κB induced by LPS or mechanical load [42,71]. 
Moreover it has been shown that PPARβ/δ may exert an anti-inflammatory effect through repressing TNFα tran-
scription in response to inflammatory stimuli in cardiomyocytes [72]. In the next section, we will review recent ad-
vances on the anti-inflammatory properties of PPARs during the cardiac hypertrophy development, independently 
of their well-characterized metabolic functions.

11.4.1  PPARα
It has been shown that the PPARα activator fenofibrate suppresses NF-κB activity in the heart of rats with cardiac 

hypertrophy [73,74]. The anti-inflammatory effect of PPARα was further supported by studies using PPARα-null 
mice. Hearts from PPARα-null mice subjected to TAC-induced cardiac hypertrophy, differentially expressed gene 
clusters related to inflammatory signaling pathways [75]. Moreover, PPARα-null mice exhibited increased mRNA 
levels of inflammatory markers after hypertrophy induction, which was associated with an enhanced hypertrophic 
response [76]. Furthermore, in the context of cardiac hypertrophy, the mRNA levels of NF-κB target genes were de-
creased in cardiomyocytes after activation with a PPARα synthetic ligand or with PPARα-adenoviral overexpression 
[77]. These data point out a pivotal role for PPARα in limiting the inflammatory response by transrepression of NF-κB 
thus preventing the development of cardiac hypertrophy and heart failure.

11.4.2  PPARβ/δ
The anti-inflammatory properties of PPARβ/δ have been studied in recent years. Studies in vitro using neona-

tal cardiomyocytes have shown inhibition of LPS-induced TNFα expression after adenoviral-mediated overexpres-
sion of PPARβ/δ [72]. Moreover, it has been shown that PPARβ/δ is able to mitigate cardiomyocyte hypertrophy 
in vitro by inhibiting NF-κB activation [77]. In accordance, pharmacological activation of PPARβ/δ prevented the 
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inflammatory responses in the heart after high-fat diet conditions, thus confirming the anti-inflammatory properties 
of PPARβ/δ [78]. Studies using PPARβ/δ-null mice have definitively identified PPARβ/δ as a critical factor in the 
control of proinflammatory pathways in the heart [72,78]. Lack of PPARβ/δ further exaggerated LPS and high-fat 
diet-induced proinflammatory cytokine production in the heart. A recent study has demonstrated protective effects 
of PPARβ/δ agonist against myocardial infarction associated with suppression of proinflammatory cytokines and 
neutrophil accumulation [79]. Collectively, these studies indicate that PPARβ/δ activators may represent a promising 
avenue for the treatment of cardiac disorders involving an inflammatory response.

11.4.3  PPARγ
Besides the metabolic effects of PPARγ, activation of this PPAR subtype has been associated with potent anti-

inflammatory responses in the heart. In agreement with this, PPARγ activation negatively regulated both inflam-
matory NF-κB and AP1 transcription factors in angiotensin II-induced cardiomyocyte hypertrophy in vitro, and in 
spontaneously hypertensive rats [41,74]. In addition, PPARγ agonists inhibit cardiomyocyte inflammatory responses 
in culture [72,80]. Yamamoto et al. nicely demonstrated that activation of PPARγ by its ligands TZDs or the putative 
natural ligand 15d-PGJ2 attenuated hypertrophy, most likely via the NF-κB pathway [42]. The pivotal role of PPARγ 
as an anti-inflammatory agent was further demonstrated using cardiac-specific PPARγ-/- mice that spontaneously 
developed cardiac hypertrophy accompanied with an increased activation of the NF-κB pathway [56].

Collectively, these findings suggest that PPARs may serve as a therapeutic target to attenuate the inflammation 
that is involved in either cardiac pathological progression or hypertrophy.

11.5  CROSS TALK BETWEEN CARDIAC METABOLISM AND INFLAMMATION

An increasing body of evidence suggests a potential link between chronic inflammation and metabolic dysregu-
lation during the development of heart failure. For instance, a clear relationship between NF-κB activation and the 
fall in FAO during the development of cardiac hypertrophy has been demonstrated [81]. However, the underlying 
mechanisms linking inflammation and heart failure are complex, since they are coupled to metabolic abnormalities 
and changes in cardiac phenotype.

11.5.1  Modulation of Inflammation/Metabolism by PPARs

It has been shown that either PPARα or PPARβ/δ is reduced in a rat model of cardiac hypertrophy [82]. Therefore, 
during the development of cardiac hypertrophy, the fall in the expression of both PPAR subtypes may be necessary 
to downregulate the expression of genes involved in fatty acid metabolism. Interestingly, the hypertrophy-associated 
changes in the expression of genes involved in fatty acid metabolism were abrogated when NF-κB was inhibited 
[81]. All these data pointed out a link between inflammation and metabolism during the development of cardiac 
hypertrophy. Moreover, in the same study these authors showed that the NF-κB signaling pathway, which plays 
a pivotal role in the hypertrophic growth of the myocardium, downregulates PPARβ/δ activity in vitro and in vivo 
through a mechanism that involves enhanced protein-protein interaction of the p65 subunit of NF-κB with this PPAR 
subtype. This association prevents PPARβ/δ from binding to its response element and thereby inhibits its ability to 
induce gene transcription, leading to a reduction in the expression of PDK-4. These findings are in agreement with 
the results reported by Westergaard et al. [83], who showed that PPARβ/δ physically interacts with p65 in psoriatic 
lesions. Transfection experiments using neonatal cardiomyocytes in cell culture showed that p65 inhibited PPARα 
and PPARβ/δ activity and vice versa, therefore confirming the interaction between both pathways [77]. Moreover, 
it has been reported that treatment with the PPARβ/δ agonist L-165041 prevented the reduction in the transcript 
level of genes involved in lipid metabolism, including CPT-1 and PDK-4 [84]. The PPARβ/δ ligand also inhibited 
PE-induced expression of the NF-κB-target gene MCP-1 (Monocyte Chemoattractant Protein 1), suggesting that the 
anti-hypertrophic effect of this compound involved downregulation of the NF-κB signaling pathway. Enhanced myo-
cardial MCP-1 has been described in the hypertrophied and failing heart [85] and may lead to the infiltration and ac-
tivation of inflammatory cells, such as monocytes/macrophages and lymphocytes. In addition, it has been reported 
that activation of MCP-1 expression contributes to left ventricular remodeling and failure after myocardial infarction 
[86]. Further, it was shown that L-165041 inhibited LPS-induced NF-κB activation through enhanced physical inter-
action of PPARβ/δ with the p65 subunit of NF-κB in H9c2 cells [84]. These data suggest that the beneficial effects 
of PPARβ/δ activation on fatty acid metabolism during the development of cardiac hypertrophy could be indirect 
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through downregulation of the NF-κB signaling pathway. The involvement of PPARβ/δ linking inflammation and 
fatty acid metabolism was further confirmed in adult cardiomyocytes [87,88]. In these studies it was demonstrated 
that prolonged exposure of cardiomyocytes to angiotensin-II reduced FAO genes that can be prevented by PPARβ/δ 
activation or NF-κB inhibition. Finally, it has been demonstrated that the PPARα ligand fenofibrate increases the 
association between PPARα and NFATc4 [89]. This association decreases the binding NFATc4-NF-κB involved in 
the development of inflammation and cardiac hypertrophy, linking metabolic and inflammatory pathways through 
NFATc4.

Collectively, these findings indicate that pharmacological PPAR activation might be a therapeutic approach for 
cardiac disorders like heart failure, given their ability to promote myocardial FAO capacity and to reduce proinflam-
matory signaling.

11.5.2  Sirt1 Couples Inflammation and Metabolism in the Heart

The deacetylase sirtuin-1 (Sirt1) has emerged as a key protein linking metabolism and inflammation [90]. Besides 
its ability to inhibit the NF-κB signaling pathway [91–93], Sirt1 may associate with and deacetylate PGC-1α, leading 
to enhancement of its transcriptional activity [94,95]. Several studies have attributed an important role of Sirt1 in the 
heart [96]. The complete loss of Sirt1 through targeted ablation of the Sirt1 gene in mice leads to a substantial increase 
in the rate of perinatal mortality in association with cardiac malformations, whereas heterozygous Sirt1+/− mice sur-
vive to adulthood [97]. Experimental Sirt1 overexpression in the heart has revealed complex effects as both protec-
tive and damaging roles of Sirt1 in relation to cardiac hypertrophy and fibrosis have been found depending on the 
extent of Sirt1 overexpression [96]. Moreover, Sirt1 protects against hypertrophy and ischemia-reperfusion injury in 
the heart [96,98]. Furthermore, it has been shown that Sirt1 prevents hypertrophy and the associated fatty acid dys-
regulation in cardiomyocytes in culture in response to the hypertrophic stimulus phenylephrine [99]. Accordingly, 
in this study, Sirt1 overexpression led to enhanced PPARα binding to the p65 subunit of NF-κB and subsequent 
p65-deacetylation, thus blocking NF-κB activity. Consistent with this, isoproterenol-induced cardiac hypertrophy, 
metabolic dysregulation, and inflammation were prevented by the Sirt1 activator resveratrol in wild-type but not in 
PPARα-null mice. By contrast, Sirt1 deficiency prevents the development of cardiac hypertrophy after TAC-induced 
cardiac hypertrophy in mice [100,101] and leads to dilated cardiomyopathy without cardiac cell growth in 6-month 
old mice [102]. All these data point out a crucial role for Sirt1 in linking metabolism and inflammation with the de-
velopment of cardiac disorders.

Recent findings suggest that the complex effects of Sirt1 on the heart can be explained by the transcription factor 
estrogen-related receptor (ERR)-α [100] as Sirt1 was found to regulate the ERR transcriptional pathway during the 
progression of heart failure. During pressure overload-induced cardiac hypertrophy and heart failure, PPARα was 
found to bind and recruit Sirt1 to the ERR response element, thereby suppressing the transcription of ERR target 
genes involved in mitochondrial function. Lack of Sirt1 or PPARα avoided the repression of the ERR genes and in 
this way prevented the development of heart failure. These data suggest that the extent of Sirt1 expression is crucial 
for maintaining appropriate heart function (see Figure 11.2). However, further research is needed to clearly elucidate 
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FIGURE 11.2  The amount of Sirt1 determines the re-
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the interactions between Sirt1, PPARα, and ERR-α, on the one hand, and their effect on cardiac metabolism and in-
flammation during the development of heart failure, on the other.

11.5.3  The FGF21 Autocrine Pathway

Several lines of evidence indicate that communication among cardiac cells via secreted factors may contribute to 
myocardial hypertrophic remodeling [103,104]. Recently, the term cardiomyokine has emerged to describe proteins 
secreted from the heart that have autocrine, paracrine, and/or endocrine functions crucial for the maintenance of 
cardiac function [105]. The number of cardiomyokines has been estimated at between 30 and 60 and includes growth 
factors, endocrine hormones, and cytokines [106,107].

FGF21 is a secreted protein that acts as a metabolic regulator and is involved in the control of glucose homeosta-
sis, insulin sensitivity, and ketogenesis [108,109]. FGF21 expression is under the control of PPARα, and the liver is 
considered the main site of production and release of FGF21 into the blood [108,110]. Extra-hepatic tissues, such as 
white and brown adipose tissues and skeletal muscle, also express FGF21 [111–113]. Endocrine actions of FGF21 in-
volve the promotion of glucose uptake by white adipocytes through induction of the glucose transporter Glut1 [114] 
and activation of brown fat thermogenic activity [115]. FGF21 also has autocrine/paracrine effects, such as induction 
of hepatic ketogenesis [108]. The action of FGF21 on target cells requires FGF receptors (mainly FGFR1 and FGFR4 
in adipose tissue and liver, respectively) and β-Klotho, a single-pass transmembrane protein that functions as an 
obligate cofactor for FGF21 signaling [116,117]. In a recent study we demonstrated that FGF21 has an important role 
in cardiac remodeling [118]. We showed that in response to isoproterenol infusion, cardiac hypertrophy was more 
enhanced in FGF21 knockout mice. Furthermore, FGF21 treatment reversed cardiac hypertrophy development, en-
hanced FAO, and prevented the induction of proinflammatory pathways in the heart. Moreover, it was shown that 
FGF21 is secreted by the cardiac cells in response to cardiac stress and activated through the Sirt1-PPARα pathway 
and that FGF21 secretion was able to inhibit cardiac damage. This study demonstrated that via the Sirt1-PPARα path-
way the heart locally generates FGF21 which acts in an autocrine manner preventing hypertrophy, metabolic dys-
regulation, and the activation of proinflammatory pathways in cardiac tissue (Figure 11.3). Collectively, this study 
describes a new mechanism through which the Sirt1-PPARα pathway controls inflammation and metabolism by 
locally producing FGF21 in the heart.

11.6  PPAR AGONISTS AND HEART FAILURE TREATMENT

Despite improvements in treating cardiovascular pathologic conditions, such as hypertension, hyperlipidemia and 
acute coronary syndromes, the prevalence of heart failure continues to grow as the population ages. Mortality rates 
remain high and approach 65% at 5 years after myocardial infarction [119,120]. PPAR agonists, because of their ability 
to increase fatty acid metabolism and their anti-inflammatory properties, show promise of targeting maladaptive 
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pathways currently not addressed by the standard therapies to treat heart failure at early stages. As previously 
described in this chapter, animal studies have shown potential benefits of PPAR agonists to treat cardiac disorders. 
However, to date, clinical use and development of PPAR ligands has been limited to treatment of metabolic diseases 
and not primary cardiac disorders, and their success in treating even cardiovascular disease has been dismal.

PPARα ligands have not been studied specifically in clinical trials for human heart failure. The two commercially 
available PPARα ligands, the fibrates gemfibrozil and fenofibrate, are not contraindicated for heart failure patients 
and both have demonstrated excellent cardiac safety profiles. Two large studies showed in the 1990s a decrease in 
death from coronary heart disease in patients treated with gemfibrozil [121,122]. In addition, fibrates display many 
pleiotropic properties that are likely beneficial in heart failure patients [123]. However, further studies to specifically 
validate the efficacy of fibrates in heart failure patients have not been performed so far.

Unlike fibrates, the PPARγ ligands such as rosiglitazone or pioglitazone show adverse side effects as they have 
been found to increase fluid retention. For this reason they are contraindicated for patients with heart failure symp-
toms [124,125]. However, a retrospective study of diabetic patients with heart failure showed no increase hospital-
izations for heart failure or death for those patients taking either rosiglitazone or pioglitazone [126]. Nevertheless, 
the clinical experience with TZDs and their propensity for fluid retention have tempered enthusiasm for further 
development of PPARγ ligands specifically for heart failure treatment.

11.7  CONCLUSIONS AND PERSPECTIVES

Although a considerable effort has been devoted to improve therapy, heart failure remains a critical health prob-
lem; thus, the identification of underlying molecular targets is crucially important for improving the efficacy of thera-
peutic strategies. Experimental data suggest that PPARs are involved in the pathophysiology of cardiac hypertrophy 
and failure by modulation of crucial cellular processes. Each of the three PPAR isoforms has the capacity to modulate 
both energy metabolism and inflammation. A growing body of evidence indicates that these two seemingly unre-
lated processes are closely interconnected. The mechanism of action of PPARs provides at least one clue as to how 
inflammation and metabolism are intertwined. Therefore, the study of the mechanisms controlling PPAR function 
to fully understand how PPARs work and control inflammation and metabolism in the heart, represents a major 
challenge for the future in terms of therapeutic applications. Moreover, better understanding of tissue distribution of 
PPARs and adverse effects of current PPAR agonists should allow for the design of safer compounds to treat cardiac 
disease in the near future. Although the past experiences with PPAR agonists have not been successful, the future for 
new categories of PPAR ligands for the treatment of heart failure is far from futile. In summary, preclinical research 
has clearly demonstrated that PPARs play an important role in the development of cardiac hypertrophy and heart 
failure. However, further studies are needed to clarify their exact mechanism of action and whether the PPARs prove 
to be useful pharmacological targets for the treatment of heart failure in the clinical setting.
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Heart failure (HF) results from a variety of processes leading to deregulation and damage of cellular and intersti-
tial components of the heart, such as endothelial cells, myocytes, fibroblasts, conduction system fibers, extracellular 
matrix, and structural interstitial proteins. Statins inhibit HMG-CoA reductase, the enzyme catalyzing the conver-
sion of 3-hydroxy-3-methylglutaryl-coenzyme A to L-mevalonic acid, the rate-limiting step in cholesterol synthe-
sis. The inhibition of cholesterol synthesis promotes LDL cholesterol plasma clearance through an increase in Low 
Density Lipoprotein (LDL) receptor expression in the liver [1]. However, mevalonate is a precursor of important 
isoprenoid intermediates, such as farnesylpyrophosphate and geranyl-geranyl pyrophosphate [2], that play a key 
role in post-translational modification of a range of proteins, including small GTPases (Ras, Rho, Rac). So, statins 
have the capacity to modulate many intracellular processes potentially involved in myocardial contractility and re-
modeling, in cardiac inflammatory processes, and in interstitial modifications, all contributing to HF development 
(Figure 12.1).

The reported effects of statins at the cellular level may be beneficial or, in some cases, potentially unfavorable in 
HF. In fact, on one side, the lipid-lowering action, anti-inflammatory effects, and immune-modulatory properties 
of statins are of widely proven efficacy in hindering atherosclerosis and coronary disease [3,4], which are among 
the major causes of HF, and in cardiac remodeling after injury [5]. On the other side, by inhibiting the mevalonate 
pathway, statins deplete cells of coenzyme Q10, an essential cofactor in mitochondrial oxidative phosphorylation 
and generation of adenosinetriphosphate [6]. Moreover, RhoA inactivation and Rho-kinase inhibition are involved 
in mitochondrial membrane depolarization and subsequent caspase-dependent cell death and myotoxicity/hepato-
toxicity induced by statins [7,8]

In this chapter, we will summarize the evidence for the regulatory effects of statins on cellular pathways possibly 
implicated in HF, approaching, in particular, inflammation and the functions of immune cells, endothelial cells, fi-
broblasts, and cardiomyocytes. Then, we will briefly evaluate how this large amount of preclinical data relates to the 
clinical evidence of statin efficacy in HF patients.

12.1  INFLAMMATION AND IMMUNE CELLS

Inflammation and immune activation are important factors of HF pathogenesis, because they take part in the de-
velopment of most, if not all, cardiac diseases leading to HF and because they may accelerate its progression (see also 
Chapter 2 of this book). For example, proinflammatory cytokines cause systolic dysfunction and myocardial hyper-
trophy, activate a fetal gene program in cardiomyocytes, contribute to extracellular matrix modifications, and induce 
cardiac cachexia [9,10]. Clinical data support the relationship between circulating cytokines and adverse prognosis 
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of HF patients [11,12]. Immune system activation plays a major role in many cardiac diseases leading to HF and in 
the progression of cardiac remodeling in HF [13,14].

Statins have many anti-inflammatory and immune-regulating activities. They have been demonstrated to sup-
press cytokine secretion and adhesion molecules expression in many experimental settings. For example, they inhibit 
lipopolysaccharides-induced expression of tumor necrosis factor-α (TNF-α) and monocyte chemoattactant protein-1 
(MCP-1) in macrophages through peroxisome proliferator-activated receptor (PPAR)α- and PPARγ-dependent path-
way modulation [15,16]. The direct activation of PPARα and γ by statins has been demonstrated in inflammatory 
cells, platelets, cardiomyocytes, and vascular wall cells [17,18]. In addition, HMG-CoA reductase inhibition and 
subsequent isoprenoid depletion reduce TNF-α-induced upregulation of intercellular adhesion molecule-1 (ICAM-
1) and vascular cell adhesion molecule-1 (VCAM-1) surface expression [19]. Another important anti-inflammatory 
mechanism of HMG-CoA reductase inhibitors is the reduction of mass and activity of lipoprotein-associated phos-
pholipase A2 mass and activity, a proinflammatory enzyme whose levels predict incident cardiovascular disease 
[20,21]. Statins inhibitory activity on cytokine secretion and adhesion molecules expression has been confirmed in 
both animal models and human studies. Simvastatin reduced the levels of TNF-α, interleukin (IL)-1, IL-6 and in 
heart necrotic regions in rats after acute myocardial infarction [22], and reduced cardiopulmonary bypass-induced 
systemic and myocardial levels of proinflammatory cytokines through the stimulation of PPAR-γ receptors and the 
inhibition of the nuclear factor kB (NF-kB) expression in myocardial tissue [18]. In addition to reducing proinflam-
matory cytokines expression, statins have been shown to upregulate that of anti-inflammatory cytokine IL-10 and to 
ameliorate the balance between TNF-α/IL-10 after myocardial infarction in rats, resulting in improved remodeling 
[23]. Again, in a murine model of myocarditis, atorvastatin decreased myocardial TNF-α and interferon-γ (IFN-γ) 
and ameliorated survival [24]. With respect to HF, statin treatment is associated with a decrease in serum levels of 
C-reactive protein (CRP), IL-6, and TNF-α receptor II in patients with the systolic form [25]. Finally, in a randomized 
study on ischemic HF, atorvastatin treatment was associated with reduced ICAM-1 serum levels [26].

The anti-inflammatory action of statins is mediated also by the downregulation of toll-like receptor 4 (TLR4) 
expression in endothelial cells through the inactivation of ERK phosphorylation, which indirectly inhibits NF-κB 

Inhibition of  HMG-CoA reductase

mevalonate

¸ Modulation of  cytokines ¸ Modulation of  proliferation,
differentiation and migration

¸ Reduction of  cardiac
hypReductionertrophy

¸ Prevention of  ventricular
remodeling and dysfunction

¸ Anti-apoptotic effects

¸ Anti-arrhythmic effects

¸ Anti-proliferative effects

¸ Anti-fibrotic effects

¸ Modulation of
metalloproteases

¸ Inhibition of  NADPH oxidase
¸ Increase of  eNos gene
expression, mRNA stabilization,
activation and coupling

¸ Increase of  acetylcholine-
mediated dilation

¸ Modulation of  adhesion
molecules

¸ Anti-inflammatory and anti-
thrombotic effects

¸ Modulation of  adhesion
molecules

¸ Down-regulation of  TLR4

¸ Modulation of
metalloproteases

¸ T and B cells differentiation
and activation

farnesylpyrophosphate and geranylgeranyl pyrophoosphate

Modulation of  Ras, Rho, Rac, ERK/ERKP, PPAR, NF-kB, PI3K/Akt 

Inflammation
and immune cells

Endothelial cells Cardiomyocytes Fibroblasts

FIGURE 12.1  Potential effects of HMG-CoA reductase inhibition by statins on pathophysiology of heart failure.
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activation [27]. Moreover, simvastatin and atorvastatin decrease LOX-1 expression, a lectin-like receptor on endo-
thelial cells facilitating the uptake of oxidized-LDL [28]. HF is characterized by high production of reactive oxygen 
species (ROS), predominantly related to increased nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
and Rac1-GTPase activity, which is efficiently modified by statins [29].

Disturbances of metalloprotease (MMPs) composition and activity in the interstitial space have a significant role 
in cardiac remodeling after various injuries [30–33] and in modulating inflammation, collagen deposition, and left 
ventricular dilation after myocardial infarction [34,35]. (Refer to Chapter 4 for details.) MMPs activity is associated 
also with dilated cardiomyopathy [36,37]. Statins can modulate MMP activity in several cell types through the in-
hibition of small GTPases [38,39]. Atorvastatin reduced collagen synthesis and alpha(I)-procollagen mRNA as well 
as gene expression of the profibrotic peptide connective tissue growth factor 4 in rat and human cardiac fibroblasts 
(CFs) [40].

Statins modulate specific immune cell production and function. Besides reducing growth, differentiation, and 
activation of macrophages [41], they inhibit TLR4 expression in blood monocytes of patients with chronic HF 
[42]. Moreover, statins inhibit Fc receptor-mediated phagocytosis by macrophages [43]. Statins can influence the 
T-lymphocyte inhibiting cell activation and proliferation through disruption of T-cell receptor and blockade of the 
signaling cascade at the critical steps regulated by small Ras-likeGTPase [44,45]; they modulate Th1/Th2 differentia-
tion and antagonize Th17-mediated response, directly suppressing the IL-17gene expression and protein secretion in 
CD4+ cells [46]. Moreover, lovastatin inhibits IL-2, IL-4, and IFN-γ production from activated T cells, downregulating 
both activator protein-1 (AP-1) and NF-kB transcription factors [47]. Modulation of cytokine production from circu-
lating T-helper-1 lymphocytes has been considered a possible explanation for the improvement of cardiac function 
after acute myocardial infarction with statin treatment [48]. Many animal models of myocarditis have contributed to 
demonstrate the ability of statins to improve cardiac function and the histopathological severity of the disease [49]. 
Statins also modulate B lymphocyte proliferation and functions. For example, lovastatin can inhibit the proliferation 
and differentiation of lipopolysaccharide-stimulated B cells [50].

12.2  ENDOTHELIAL CELLS

Endothelial dysfunction contributes to the pathogenesis of HF and can enhance adverse left ventricle (LV) remod-
eling and increase afterload in subjects with HF [51–55]. Vascular endothelial cells have a crucial role in the patho-
genesis of inflammatory diseases and, similarly to immune cells, are a potential cellular target for statin action [56].

HMG-CoA reductase inhibitors increase endothelial progenitor cell mobilization, proliferation, migration, and 
differentiation in mice via the phosphatidylinositol 3-kinase (PI3K)/Akt pathway [57]. Statins may contribute to 
repair and regeneration of damaged endothelial cells, as demonstrated for simvastatin, which promotes endothelial 
healing in injured hamster arteries inducing vascular endothelial growth factor synthesis [58] and for rosuvastatin, 
which increases the number of circulating endothelial progenitor cells in patients with HF [59]. The intactness of 
the endothelial layer is also dependent on oxidative status. The ability of statins to inhibit the activity of NADPH 
oxidase, a group of several homologues (Nox 1-5 and Duox 1-2), is a class effect [60,61]. Statins downregulate Nox-1 
mRNA expression and Rac1 translocation from the cytosol to cell membrane, which are required for the activation 
of NADPH oxidase [60]. The potential benefit of statin use in HF on EC function is supported by clinical studies. 
For example, in HF patients, rosuvastatin administration increases circulating endothelial progenitor cells [59] and 
improves endothelial function independently of lipid-lowering effects [62].

Endothelium-derived nitric oxide (NO) is an important factor in heart and vessel function and it is widely ac-
cepted that statins favorably affect important pathways regulating NO bioavailability by different mechanisms. 
Statins upregulate endothelial nitric oxide synthase (eNOS) gene expression in human endothelial cells (EC) in an 
L-mevalonate- and GGPP inhibitable way [63]. This effect is mediated by inhibition of Rho kinases geranyl-
geranyl-phosphorylation [63] and results in increased Kruppel-like factor 2 expression—a strong regulator of eNOS 
expression [64]. Statins induce eNOS activation also through the rapid triggering of the serine–threonine protein 
kinase Akt similarly to activation of the PI3K/Akt/eNOS pathway induced by the Rho-kinase inhibitor hydroxy-
fasudil [65]. Moreover, the beneficial effects of Akt activation are not limited to eNOS activation but also extend to 
the promotion of new blood vessels growth [66]. Both lipophilic and hydrophilic statins induce polyadenylation 
of eNOS mRNA in a Rho-dependent way by modulation of RNA polymerase II activity, a process that stabilizes 
eNOS mRNA [67]. Statins also downregulate caveolin-1 expression, a molecule that influences eNOS subcellu-
lar localization and inactivates eNOS [68]. These effects are reversed by mevalonate, highlighting the therapeutic 
potential of inhibiting cholesterol synthesis in peripheral cells to correct NO-dependent endothelial dysfunction 
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associated with hypercholesterolemia and possibly other diseases [69]. In line with these findings, in isolated rat 
mesenteric resistance arteries, simvastatin can acutely modulate resistance arterial contractile function and enhance  
acetylcholine-mediated dilatations through mechanisms that involve the AMP-activated protein kinase/phospho-
eNOS (Ser1177)/NO-dependent pathway [70]. Again, in a mouse model of hypertensive cardiomyopathy, pravasta-
tin upregulated eNOS gene expression [71].

In addition to expression and activation of eNOS, statins favorably affect eNOS coupling. Asymmetrical di-
methylarginine (ADMA) is believed to be a key mediator of inflammation-induced endothelial dysfunction [72], 
as it induces eNOS uncoupling in advanced atherosclerosis [73]. Statins interfere with ADMA metabolism up-
regulating the enzyme dimethylarginine dimethylaminohydrolase [74]. Moreover, statins increase the bioavail-
ability of tetrahydrobiopterin (BH4), which is the critical eNOS cofactor that maintains the enzyme at its coupled 
form [75].

Statins may affect proinflammatory EC activation, which is one of the first steps in atherogenesis. Inhibition 
of Rho-kinase by statins is responsible for attenuation of adhesion molecules expression in endothelial cells, 
such as ICAM-1, independent of any effects on NO bioavailability [76]. It has also been demonstrated that 
statins inhibit many of the TNFα-intracellular effects, such as Rac-1 activation, ROS generation, NF-kB acti-
vation, and VCAM-1 and ICAM-1 expression, through ERK5 activation [77]. Other potential anti-thrombotic 
and anti-inflammatory effects of statins are related to the downregulation of von-Willebrand factor expres-
sion [78], the reduction of matrix metalloproteinase (MMP)-9 expression and activity [79], the suppression of 
angiopoietin-2release [80], the modification of EC redox state [81–83], and IL-6 activity [84]. Statins inhibit the 
pre-pro-endothelin-1 gene transcription in EC [85,86]; as endothelin-1 levels are correlated with disease sever-
ity and mortality [87,88] in HF, the beneficial effects of HMGCoA reductase inhibitors in HF may be further 
suggested.

12.3  CARDIOMYOCYTES

Independent of the causes of HF, cardiomyocytes in this condition are affected by trophism disturbances, 
inflammatory changes, and apoptosis [89]. Several studies on cultured cardiomyocytes reported a beneficial 
effect of statins on many of these processes. For example, the deleterious effect of TNF-α on cardiomyocytes is 
efficiently reversed by atorvastatin, with an inhibition of glucose oxidation [90], a phenomenon involved in the 
development of cardiac hypertrophy and dysfunction. Statins are also active on cardiac hypertrophy induced by 
various stimuli, such as angiotensin II and endothelin [91,92]. The mechanism of their action is again indepen-
dent of their cholesterol lowering effect, but is rather related to the inhibition of prenilation of the GTPase belong-
ing to Rho and Rac families that play a central role into hypertrophic mechanisms [93]. Alternatively, a postulated 
mechanism explaining the anti-hypertrophic actions of statins involves the ERK-mediated signaling pathway, as 
it has been observed in cultured cells and in experimental animal models [91,94,95] or the PI3K-AKT and JAK-
STAT signaling pathways [96,97]. Statins are able to inhibit inflammation, as discussed above, and to attenuate 
the decrease of sarco/endoplasmic reticulum Ca2+-ATPase in the peri-infarction zone, preventing left ventricular 
remodeling and dysfunction [98]. Finally, statins reduce apoptosis with a mechanism involving an inhibition of 
the small GTPase Rac1 [99,100]. Alternative pathways have been suggested to mediate statin cell-death inhibi-
tion, such as an interference with the PI3K-AKT signaling cascade or other kinases-mediated pathways, resulting 
in increased NO synthesis and decreased mitochondrial dysfunction [101]. More recent findings indicated that 
pravastatin may attenuate cardiac remodeling by inhibiting c-Jun N-terminal kinase (JNK)-dependent proapop-
totic signaling [102].

Statins may have an anti-arrhythmic effect that is due in part to their anti-inflammatory properties but also to di-
rect modulation of cell electrical activity. In fact, they have been shown to modulate Kv1.5 and Kv4.3 channel activity, 
thus modifying the myocardial action potential plateau [103], to attenuate reperfusion induced lethal ventricular ar-
rhythmias by inhibition of calcium overload [104], and to regulate connexin 43 gene expression and phosphorylation, 
improving cardiomyocyte and intercellular junction integrity and significant increase of threshold for ventricular 
fibrillation [105]. Other possible anti-arrhythmic mechanisms are the suppression of sympathetic nervous activity 
through the upregulation of neuronal NO synthase expression in the central nervous system [106] and the down-
regulation of mRNA and protein expression of angiotensin II type 1 receptor [107]. Atorvastatin has been shown to 
inhibit Rac1-mediated activation of Nox2 NADPH-oxidase, to lower atrial superoxide generation, and to reduce the 
risk of atrial fibrillation after reperfusion [108]. Finally, in a rabbit animal model, statins showed direct effects on 
atrial ion currents inducing a favorable atrial electrical remodeling [109].
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12.4  FIBROBLASTS

CFs are important for extracellular matrix homeostasis, for the structural integrity of interstitial space, and for the 
remodeling that occurs in response to pathological changes in HF [89]. Many of the functional modifications of CF in 
HF occur through their differentiation in myofibroblasts, cells that express contractile proteins and exhibit increased 
migratory, proliferative, and secretory properties [110]. Statins have consistently been proven to inhibit CF prolifer-
ation induced by various stimuli and leading to potential beneficial effects in the prevention of HF [111,112]. Recent 
studies reported that statins are able to inhibit myofibroblastic activity in an in vitro model of aortic stenosis [113]. 
Moreover, it has been demonstrated that atorvastatin inhibits aldosterone-induced proliferation and blocks cell-cycle 
progression in newborn rat CF through the suppression of ERK1/2 signaling pathway [114], similarly to what is de-
scribed in other cell types [115,116]. CFs are involved in collagen deposition and fibrosis associated with HF. Several 
reports have highlighted an anti-fibrotic activity of statins, exerted through the reduction of collagen production 
and of a profibrotic peptide gene expression. This anti-fibrotic action may contribute to the anti-remodeling effect 
of statins. Moreover, the combination of pravastatin and pioglitazone was shown to dramatically reduce superox-
ide anion generation and the activation of both isoforms of mitogen-activated protein kinases (MAPKs) as well as 
NF-kB and AP-1 transcription factors. This was associated with dramatic reduction in procollagen-1 synthesis [117]. 
Transforming growth factor-beta 1 (TGF-β1) plays a causal role in promoting cardiac fibrosis. Atorvastatin attenu-
ates the expression of endoglin, a membrane glycoprotein coreceptor induced by TGF- β1. This reduced expression 
led to an attenuation of cardiac fibrosis. The molecular mechanism underlying this effect is related to the PI3K, Akt, 
and Smad3 pathways [118]. In addition to the inhibitory activity on collagen production, TNF-α-induced MMP-9 
appeared reduced in CF treated with statins [111].

12.5  A SUMMARY OF THE CLINICAL EVIDENCE

On the basis of the above reported extensive preclinical literature, we could expect a large clinical impact from the 
use of statins in HF patients. However, the clinical data are neither clear nor univocal. Evidence for statin therapy 
in HF mainly comes from nonrandomized studies that evaluated its effects on clinical outcomes in patients with HF 
and various cardiovascular conditions [119]. Subgroup and post-hoc analyses of statin trials in various cardiovas-
cular conditions and HF trials that also evaluated other pharmacological agents provided substantial evidence for 
statin use in HF [120–123].

Several systematic reviews and meta-analyses have been conducted to synthesize evidence for statin therapy in 
reducing major adverse events in HF. The first systematic review [124], including mainly data from retrospective, 
nonrandomized trials and a few prospective randomized studies of statin treatment in HF, found that there is a 
paucity of prospective data required to determine the effect of statins on clinical outcomes in HF and concluded 
that available experimental, post-hoc data, observational data, and theoretical considerations are inconsistent. The 
authors reported that: (1) lower cholesterol levels are associated with poorer outcomes in HF patients and may be 
related to the function of cholesterol as a scavenger for harmful endotoxins; (2) statins in HF may adversely affect 
mitochondrial function through inhibition of ubiquinone; and (3) statins may decrease selenoproteins, which could 
result in decreased myocardial function. The researchers concluded that statin treatment may favor HF and recom-
mended a large randomized clinical trial.

Another meta-analysis from 13 studies—11 retrospective and 2 prospective studies—reported that statin treatment 
favored HF with a significant (26%) decrease in relative risk of mortality.[125] Conversely, two recent meta-analyses 
performed on randomized clinical trials did not show improved survival with statins in HF.[126,127] Moreover, sta-
tin therapy seems to be safe and is not associated with increased risk of adverse events in HF patients compared to 
other patients. It appears that the majority of patient data included in these meta-analyses came from CORONA[128] 
and GISSI-HF[129] trials, which randomized older patients to low-dose rosuvastatin or matching placebo that may 
have skewed the summary statistic toward the results of these two large trials. From the various studies, low and 
moderate doses of statins seem to have better outcomes than high doses of statins in patients with HF. However, 
these claims were not confirmed when investigated with meta-regression models and subgroup analysis. Similarly, 
the age and sex of patients did not influence the outcomes of HF with statin therapy in any of the meta-analyses. 
These meta-analyses, always strongly influenced by the CORONA and GISSI-HF trials, also conclude that liposol-
uble statins could be more effective than hydrosoluble ones in improving HF prognosis. However, in a subgroup 
analysis of patients with ischemic systolic HF, patients with low levels of biomarkers such as N-terminal pro-brain 
natriuretic peptide and galectin-3, a marker of fibrosis, had a significant benefit with rosuvastatin (hazard ratio, 
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0.33; 95% confidence interval, 0.16-0.67). It could be hypothesized that the beneficial effect of this hydrophilic statin 
was, in part, related to improvement in atherosclerotic disease via a peripheral effect on carotid bodies decreasing 
hypoxic chemosensitivity or via possible anti-fibrotic effects. Although post-hoc analysis of these studies is only 
hypothesis-provoking, biomarkers may help identify a key subpopulation of HF patients with less advanced disease 
and less atherosclerotic lesion burden who may benefit from statin therapy. Patients with a high-fibrotic burden, as 
evidenced by a high level of galectin-3, may be at a degree of fibrosis too advanced to benefit.[130]

On the other hand, a recent meta-analysis limited to 11 trials carried out on 17,985 HF patients with preserved 
LVEF showed that statin use was associated with a 40% lower risk of mortality (RR 0.60, 95% CI 0.49-0.74, p < 0.001), 
a subgroup of patients where no therapy was seen to improve prognosis.[131] A recent trial with pitavastatin showed 
that patients with LVEF between 30% and 45% experienced a significant improvement whereas patients with LVEF 
<30% tended to do worse. This suggests that the main predictor of outcome in HF treated patients is the baseline 
cardiac function.[132]

Some authors have also supposed that the effect of statins on a HF patient’s mortality is the results of a balance be-
tween positive and negative effects, so that the improvement of prognosis appears only when this balance is in favor 
of positive effects. The paradoxical adverse effect of low cholesterol levels in patients with severe HF led Rauchhaus 
et al. [133] to propose the endotoxin-lipoprotein hypothesis: the increased mortality seen in HF patients with low 
cholesterol levels might occur because there is less serum lipoprotein to bind lipopolysaccharide (also known as 
endotoxin) absorbed from the gastrointestinal system. Lowering lipoprotein fractions may thus lead to increased 
proinflammatory cytokine and lipopolysaccharide concentrations, effects which are known to be detrimental to car-
diac function in the HF setting.

Another hypothesis used to explain this paradoxical effect is known as the ubiquinone (coenzyme Q10) hypoth-
esis.[134] As mevalonate concentrations fall with inhibition of HMG-CoA reductase, decreases in ubiquinone con-
centrations occur. Ubiquinone plays an important antioxidant and membrane-stabilizing role and is also involved in 
mitochondrial functioning, which is important for high-ATP-utilizing tissues such as the heart. Similarly, a decrease 
in mevalonate concentrations reduces selenoprotein concentrations, which are necessary for cell transcription and 
repair, processes that are important in cardiac cell functioning.[135]

Beyond the effect on mortality, clinical trials partially confirm the positive effect of statins on a relatively large num-
ber of pathophysiological mechanism involved in development and worsening of HF, and in particular on inflam-
mation, heart and vascular remodeling, thrombotic phenomena, endothelial function, and autonomic function.[136]

Then, the meta-analysis by Lipinski et al. [127], which found that statin therapy does not decrease all-cause or 
cardiovascular mortality but significantly decreases hospitalization for worsening HF and increased left ventricular 
ejection function (LVEF) compared with placebo in patients with HF, suggests that the potential usefulness of statins 
in HF patients is not to be mainly evaluated on mortality but on other significant outcomes, such as for instance 
myocardial functionality and evolution of the disease.

Another promising field of investigation is the preventive effect of statins against the development of HF in pa-
tients taking cardiotoxic drugs, for instance, because of cancer. This is an extreme model, but preliminary data show 
that statins could have a significant protective effect in those frail subjects, again stressing the possible higher pre-
ventive efficacy of statins in the early HF phases.[137]

Given the key differences between the animal studies, human physiological studies, and randomized trial data, 
we suggest that it is too soon to give up on statin therapy for patients with HF, and more research is needed to de-
termine whether statins should be part of the treatment for this increasingly prevalent and ultimately fatal form of 
heart disease.

References
	 [1]	 Ma PT, Gil G, Sudhof TC, Bilheimer DW, Goldstein JL, Brown MS. Mevinolin, an inhibitor of cholesterol synthesis, induces mRNA for low 

density lipoprotein receptor in livers of hamsters and rabbits. Proc Natl Acad Sci U S A 1986;83:8370–4.
	 [2]	 Liao Y, Zhao H, Ogai A, Kato H, Asakura M, Kim J, et al. Atorvastatin slows the progression of cardiac remodeling in mice with pressure 

overload and inhibits epidermal growth factor receptor activation. Hypertens Res 2008;31:335–44.
	 [3]	 Kjekshus J, Pedersen TR, Olsson AG, Faergeman O, Pyorala K. The effects of simvastatin on the incidence of heart failure in patients with 

coronary heart disease. J Card Fail 1997;3:249–54.
	 [4]	 Sever PS, Poulter NR, Dahlof B, Wedel H, Beevers G, Caulfield M, et al. The Anglo-Scandinavian Cardiac Outcomes Trial lipid lowering 

arm: extended observations 2 years after trial closure. Eur Heart J 2008;29:499–508.
	 [5]	 Tousoulis D, Oikonomou E, Siasos G, Stefanadis C. Statins in heart failure-With preserved and reduced ejection fraction. An update. 

Pharmacol Ther 2014;141:79–91.
	 [6]	 Vaklavas C, Chatzizisis YS, Ziakas A, Zamboulis C, Giannoglou GD. Molecular basis of statin-associated myopathy. Atherosclerosis 

2009;202:18–28.

http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0010
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0010
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0015
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0015
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0020
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0020
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0025
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0025
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0030
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0030
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0035
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0035


	 12.5  A Summary of the Clinical Evidence	 175

3.  TARGETING OF THE INFLAMMATORY RESPONSE

	 [7]	 Maeda A, Yano T, Itoh Y, Kakumori M, Kubota T, Egashira N, et al. Down-regulation of RhoA is involved in the cytotoxic action of 
lipophilic statins in HepG2 cells. Atherosclerosis 2010;208:112–8.

	 [8]	 Tanaka S, Sakamoto K, Yamamoto M, Mizuno A, Ono T, Waguri S, et al. Mechanism of statin-induced contractile dysfunction in rat 
cultured skeletal myofibers. J Pharmacol Sci 2010;114:454–63.

	 [9]	 Oikonomou E, Tousoulis D, Siasos G, Zaromitidou M, Papavassiliou AG, Stefanadis C. The role of inflammation in heart failure: new 
therapeutic approaches. Hellenic J Cardiol 2011;52:30–40.

	 [10]	 Tousoulis D, Siasos G, Maniatis K, Oikonomou E, Vlasis K, Papavassiliou AG, et al. Novel biomarkers assessing the calcium deposition in 
coronary artery disease. Curr Med Chem 2012;19:901–20.

	 [11]	 Deswal A, Petersen NJ, Feldman AM, Young JB, White BG, Mann DL. Cytokines and cytokine receptors in advanced heart failure: an 
analysis of the cytokine database from the Vesnarinone trial (VEST). Circulation 2001;103:2055–9.

	 [12]	 Tousoulis D, Oikonomou E, Siasos G, Chrysohoou C, Charakida M, Trikas A, et al. Predictive value of biomarkers in patients with heart 
failure. Curr Med Chem 2012;19:2534–47.

	 [13]	 Ismahil MA, Hamid T, Bansal SS, Patel B, Kingery JR, Prabhu SD. Remodeling of the mononuclear phagocyte network underlies chronic 
inflammation and disease progression in heart failure: critical importance of the cardiosplenic axis. Circ Res 2014;114:266–82.

	 [14]	 Koller L, Richter B, Goliasch G, Blum S, Korpak M, Zorn G, et al. CD4+ CD28(null) cells are an independent predictor of mortality in 
patients with heart failure. Atherosclerosis 2013;230:414–6.

	 [15]	 Yano M, Matsumura T, Senokuchi T, Ishii N, Murata Y, Taketa K, et al. Statins activate peroxisome proliferator-activated receptor gamma 
through extracellular signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase-dependent cyclooxygenase-2 expression in 
macrophages. Circ Res 2007;100:1442–51.

	 [16]	 Paumelle R, Blanquart C, Briand O, Barbier O, Duhem C, Woerly G, et al. Acute antiinflammatory properties of statins involve peroxisome 
proliferator-activated receptor-alpha via inhibition of the protein kinase C signaling pathway. Circ Res 2006;98:361–9.

	 [17]	 Phipps RP, Blumberg N. Statin islands and PPAR ligands in platelets. Arterioscler Thromb Vasc Biol 2009;29:620–1.
	 [18]	 Shen Y, Wu H, Wang C, Shao H, Huang H, Jing H, et al. Simvastatin attenuates cardiopulmonary bypass-induced myocardial 

inflammatory injury in rats by activating peroxisome proliferator-activated receptor gamma. Eur J Pharmacol 2010;649:255–62.
	 [19]	 Landsberger M, Wolff B, Jantzen F, Rosenstengel C, Vogelgesang D, Staudt A, et al. Cerivastatin reduces cytokine-induced surface 

expression of ICAM-1 via increased shedding in human endothelial cells. Atherosclerosis 2007;190:43–52.
	 [20]	 Zalewski A, Macphee C. Role of lipoprotein-associated phospholipase A2 in atherosclerosis: biology, epidemiology, and possible 

therapeutic target. Arterioscler Thromb Vasc Biol 2005;25:923–31.
	 [21]	 White HD, Simes J, Stewart RA, Blankenberg S, Barnes EH, Marschner IC, et al. Changes in lipoprotein-associated phospholipase A2 

activity predict coronary events and partly account for the treatment effect of pravastatin: results from the Long-Term Intervention with 
Pravastatin in Ischemic Disease study. J Am Heart Assoc 2013;2:e000360.

	 [22]	 Zhang J, Cheng X, Liao YH, Lu B, Yang Y, Li B, et al. Simvastatin regulates myocardial cytokine expression and improves ventricular 
remodeling in rats after acute myocardial infarction. Cardiovasc Drugs Ther 2005;19:13–21.

	 [23]	 Stumpf C, Petzi S, Seybold K, Wasmeier G, Arnold M, Raaz D, et al. Atorvastatin enhances interleukin-10 levels and improves cardiac 
function in rats after acute myocardial infarction. Clin Sci (Lond) 2009;116:45–52.

	 [24]	 Zhang A, Zhang H, Wu S. Immunomodulation by atorvastatin upregulates expression of gap junction proteins in coxsackievirus B3 
(CVB3)-induced myocarditis. Inflamm Res 2010;59:255–62.

	 [25]	 Sola S, Mir MQ, Rajagopalan S, Helmy T, Tandon N, Khan BV. Statin therapy is associated with improved cardiovascular outcomes and 
levels of inflammatory markers in patients with heart failure. J Card Fail 2005;11:607–12.

	 [26]	 Tousoulis D, Oikonomou E, Siasos G, Chrysohoou C, Zaromitidou M, Kioufis S, et al. Dose-dependent effects of short term 
atorvastatin treatment on arterial wall properties and on indices of left ventricular remodeling in ischemic heart failure. Atherosclerosis 
2013;227:367–72.

	 [27]	 Wang Y, Zhang MX, Meng X, Liu FQ, Yu GS, Zhang C, et al. Atorvastatin suppresses LPS-induced rapid upregulation of toll-like receptor 
4 and its signaling pathway in endothelial cells. Am J Physiol Heart Circ Physiol 2011;300:H1743–52.

	 [28]	 Li DY, Chen HJ, Mehta JL. Statins inhibit oxidized-LDL-mediated LOX-1 expression, uptake of oxidized-LDL and reduction in PKB 
phosphorylation. Cardiovasc Res 2001;52:130–5.

	 [29]	 Maack C, Kartes T, Kilter H, Schafers HJ, Nickenig G, Bohm M, et al. Oxygen free radical release in human failing myocardium is 
associated with increased activity of rac1-GTPase and represents a target for statin treatment. Circulation 2003;108:1567–74.

	 [30]	 Sato S, Ashraf M, Millard RW, Fujiwara H, Schwartz A. Connective tissue changes in early ischemia of porcine myocardium: an 
ultrastructural study. J Mol Cell Cardiol 1983;15:261–75.

	 [31]	 Danielsen CC, Wiggers H, Andersen HR. Increased amounts of collagenase and gelatinase in porcine myocardium following ischemia and 
reperfusion. J Mol Cell Cardiol 1998;30:1431–42.

	 [32]	 Siasos G, Tousoulis D, Kioufis S, Oikonomou E, Siasou Z, Limperi M, et al. Inflammatory mechanisms in atherosclerosis: the impact of 
matrix metalloproteinases. Curr Top Med Chem 2012;12:1132–48.

	 [33]	 Tousoulis D, Kampoli AM, Papageorgiou N, Antoniades C, Siasos G, Latsios G, et al. Matrix metallopropteinases in heart failure. Curr Top 
Med Chem 2012;12:1181–91.

	 [34]	 Ducharme A, Frantz S, Aikawa M, Rabkin E, Lindsey M, Rohde LE, et al. Targeted deletion of matrix metalloproteinase-9 attenuates left 
ventricular enlargement and collagen accumulation after experimental myocardial infarction. J Clin Invest 2000;106:55–62.

	 [35]	 Creemers EE, Cleutjens JP, Smits JF, Daemen MJ. Matrix metalloproteinase inhibition after myocardial infarction: a new approach to 
prevent heart failure? Circ Res 2001;89:201–10.

	 [36]	 Li YY, Feldman AM, Sun Y, McTiernan CF. Differential expression of tissue inhibitors of metalloproteinases in the failing human heart. 
Circulation 1998;98:1728–34.

	 [37]	 Thomas CV, Coker ML, Zellner JL, Handy JR, Crumbley 3rd AJ, Spinale FG. Increased matrix metalloproteinase activity and selective 
upregulation in LV myocardium from patients with end-stage dilated cardiomyopathy. Circulation 1998;97:1708–15.

	 [38]	 Ikeda U, Shimpo M, Ohki R, Inaba H, Takahashi M, Yamamoto K, et al. Fluvastatin inhibits matrix metalloproteinase-1 expression in 
human vascular endothelial cells. Hypertension 2000;36:325–9.

http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0040
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0040
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0045
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0045
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0050
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0050
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0055
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0055
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0060
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0060
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0065
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0065
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0070
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0070
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0075
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0075
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0080
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0080
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0080
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0085
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0085
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0090
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0095
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0095
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0100
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0100
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0105
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0105
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0110
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0110
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0110
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0115
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0115
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0120
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0120
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0125
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0125
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0130
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0130
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0135
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0135
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0135
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0140
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0140
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0145
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0145
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0150
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0150
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0155
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0155
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0160
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0160
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0165
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0165
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0170
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0170
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0175
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0175
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0180
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0180
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0185
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0185
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0190
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0190
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0195
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0195


176	 12.  INFLAMMATORY MODULATION BY STATINS AND HEART FAILURE 

3.  TARGETING OF THE INFLAMMATORY RESPONSE

	 [39]	 Bellosta S, Bernini F, Ferri N, Quarato P, Canavesi M, Arnaboldi L, et al. Direct vascular effects of HMG-CoA reductase inhibitors. 
Atherosclerosis 1998;137(Suppl):S101–9.

	 [40]	 Martin J, Denver R, Bailey M, Krum H. In vitro inhibitory effects of atorvastatin on cardiac fibroblasts: implications for ventricular 
remodelling. Clin Exp Pharmacol Physiol 2005;32:697–701.

	 [41]	 Aikawa M, Rabkin E, Sugiyama S, Voglic SJ, Fukumoto Y, Furukawa Y, et al. An HMG-CoA reductase inhibitor, cerivastatin, suppresses 
growth of macrophages expressing matrix metalloproteinases and tissue factor in vivo and in vitro. Circulation 2001;103:276–83.

	 [42]	 Foldes G, von Haehling S, Okonko DO, Jankowska EA, Poole-Wilson PA, Anker SD. Fluvastatin reduces increased blood monocyte toll-
like receptor 4 expression in whole blood from patients with chronic heart failure. Int J Cardiol 2008;124:80–5.

	 [43]	 Loike JD, Shabtai DY, Neuhut R, Malitzky S, Lu E, Husemann J, et al. Statin inhibition of Fc receptor-mediated phagocytosis by 
macrophages is modulated by cell activation and cholesterol. Arterioscler Thromb Vasc Biol 2004;24:2051–6.

	 [44]	 Ghittoni R, Patrussi L, Pirozzi K, Pellegrini M, Lazzerini PE, Capecchi PL, et al. Simvastatin inhibits T-cell activation by selectively 
impairing the function of Ras superfamily GTPases. FASEB J 2005;19:605–7.

	 [45]	 Ghittoni R, Lazzerini PE, Pasini FL, Baldari CT. T lymphocytes as targets of statins: molecular mechanisms and therapeutic perspectives. 
Inflamm Allergy Drug Targets 2007;6:3–16.

	 [46]	 Zhang X, Markovic-Plese S. Statins' immunomodulatory potential against Th17 cell-mediated autoimmune response. Immunol Res 
2008;41:165–74.

	 [47]	 Cheng SM, Lai JH, Yang SP, Tsao TP, Ho LJ, Liou JT, et al. Modulation of human T cells signaling transduction by lovastatin. Int J Cardiol 
2010;140:24–33.

	 [48]	 Cheng X, Liao YH, Zhang J, Li B, Ge H, Yuan J, et al. Effects of Atorvastatin on Th polarization in patients with acute myocardial 
infarction. Eur J Heart Fail 2005;7:1099–104.

	 [49]	 Lazzerini PE, Capecchi PL, Laghi-Pasini F. Statins as a new therapeutic perspective in myocarditis and postmyocarditis dilated 
cardiomyopathy: editorial to "Pitavastatin regulates helper T-cell differentiation and ameliorates autoimmune myocarditis in mice" by 
K.Tajiri et al. Cardiovasc Drugs Ther 2013;27:365–9.

	 [50]	 Reedquist KA, Pope TK, Roess DA. Lovastatin inhibits proliferation and differentiation and causes apoptosis in lipopolysaccharide-
stimulated murine B cells. Biochem Biophys Res Commun 1995;211:665–70.

	 [51]	 Drexler H. Endothelium as a therapeutic target in heart failure. Circulation 1998;98:2652–5.
	 [52]	 Drexler H. Nitric oxide synthases in the failing human heart: a doubled-edged sword? Circulation 1999;99:2972–5.
	 [53]	 Heitzer T, Baldus S, von Kodolitsch Y, Rudolph V, Meinertz T. Systemic endothelial dysfunction as an early predictor of adverse outcome 

in heart failure. Arterioscler Thromb Vasc Biol 2005;25:1174–9.
	 [54]	 Katz SD, Hryniewicz K, Hriljac I, Balidemaj K, Dimayuga C, Hudaihed A, et al. Vascular endothelial dysfunction and mortality risk in 

patients with chronic heart failure. Circulation 2005;111:310–4.
	 [55]	 Papageorgiou N, Tousoulis D, Androulakis E, Giotakis A, Siasos G, Latsios G, et al. Lifestyle factors and endothelial function. Curr Vasc 

Pharmacol 2012;10:94–106.
	 [56]	 Lin CP, Lin FY, Huang PH, Chen YL, Chen WC, Chen HY, et al. Endothelial progenitor cell dysfunction in cardiovascular diseases: role of 

reactive oxygen species and inflammation. Biomed Res Int 2013;2013:845037.
	 [57]	 Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, Tiemann M, et al. HMG-CoA reductase inhibitors (statins) increase endothelial 

progenitor cells via the PI 3-kinase/Akt pathway. J Clin Invest 2001;108:391–7.
	 [58]	 Matsuno H, Takei M, Hayashi H, Nakajima K, Ishisaki A, Kozawa O. Simvastatin enhances the regeneration of endothelial cells via VEGF 

secretion in injured arteries. J Cardiovasc Pharmacol 2004;43:333–40.
	 [59]	 Tousoulis D, Andreou I, Tsiatas M, Miliou A, Tentolouris C, Siasos G, et al. Effects of rosuvastatin and allopurinol on circulating 

endothelial progenitor cells in patients with congestive heart failure: the impact of inflammatory process and oxidative stress. 
Atherosclerosis 2011;214:151–7.

	 [60]	 Wassmann S, Laufs U, Muller K, Konkol C, Ahlbory K, Baumer AT, et al. Cellular antioxidant effects of atorvastatin in vitro and in vivo. 
Arterioscler Thromb Vasc Biol 2002;22:300–5.

	 [61]	 Ishibashi Y, Matsui T, Takeuchi M, Yamagishi S. Rosuvastatin blocks advanced glycation end products-elicited reduction of 
macrophage cholesterol efflux by suppressing NADPH oxidase activity via inhibition of geranylgeranylation of Rac-1. Horm Metab 
Res 2011;43:619–24.

	 [62]	 Gounari P, Tousoulis D, Antoniades C, Kampoli AM, Stougiannos P, Papageorgiou N, et al. Rosuvastatin but not ezetimibe improves 
endothelial function in patients with heart failure, by mechanisms independent of lipid lowering. Int J Cardiol 2010;142:87–91.

	 [63]	 Laufs U, Liao JK. Post-transcriptional regulation of endothelial nitric oxide synthase mRNA stability by Rho GTPase. J Biol Chem 
1998;273:24266–71.

	 [64]	 Sen-Banerjee S, Mir S, Lin Z, Hamik A, Atkins GB, Das H, et al. Kruppel-like factor 2 as a novel mediator of statin effects in endothelial 
cells. Circulation 2005;112:720–6.

	 [65]	 Wolfrum S, Dendorfer A, Rikitake Y, Stalker TJ, Gong Y, Scalia R, et al. Inhibition of Rho-kinase leads to rapid activation of 
phosphatidylinositol 3-kinase/protein kinase Akt and cardiovascular protection. Arterioscler Thromb Vasc Biol 2004;24:1842–7.

	 [66]	 Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ, et al. The HMG-CoA reductase inhibitor simvastatin activates the protein 
kinase Akt and promotes angiogenesis in normocholesterolemic animals. Nat Med 2000;6:1004–10.

	 [67]	 Kosmidou I, Moore JP, Weber M, Searles CD. Statin treatment and 3' polyadenylation of eNOS mRNA. Arterioscler Thromb Vasc Biol 
2007;27:2642–9.

	 [68]	 Plenz GA, Hofnagel O, Robenek H. Differential modulation of caveolin-1 expression in cells of the vasculature by statins. Circulation 
2004;109:e7–8, author reply e7-8.

	 [69]	 Feron O, Dessy C, Desager JP, Balligand JL. Hydroxy-methylglutaryl-coenzyme A reductase inhibition promotes endothelial nitric oxide 
synthase activation through a decrease in caveolin abundance. Circulation 2001;103:113–8.

	 [70]	 Rossoni LV, Wareing M, Wenceslau CF, Al-Abri M, Cobb C, Austin C. Acute simvastatin increases endothelial nitric oxide synthase 
phosphorylation via AMP-activated protein kinase and reduces contractility of isolated rat mesenteric resistance arteries. Clin Sci (Lond) 
2011;121:449–58.

http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0200
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0200
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0205
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0205
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0210
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0210
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0215
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0215
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0220
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0220
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0225
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0225
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0230
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0230
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0235
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0235
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0240
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0240
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0245
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0245
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0250
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0250
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0250
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0255
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0255
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0260
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0265
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0270
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0270
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0275
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0275
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0280
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0280
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0285
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0285
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0290
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0290
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0295
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0295
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0300
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0300
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0300
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0305
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0305
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0310
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0310
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0310
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0315
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0315
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0320
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0320
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0325
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0325
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0330
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0330
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0335
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0335
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0340
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0340
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0345
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0345
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0350
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0350
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0355
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0355
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0355


	 12.5  A Summary of the Clinical Evidence	 177

3.  TARGETING OF THE INFLAMMATORY RESPONSE

	 [71]	 Xu Z, Okamoto H, Akino M, Onozuka H, Matsui Y, Tsutsui H. Pravastatin attenuates left ventricular remodeling and diastolic dysfunction 
in angiotensin II-induced hypertensive mice. J Cardiovasc Pharmacol 2008;51:62–70.

	 [72]	 Antoniades C, Demosthenous M, Tousoulis D, Antonopoulos AS, Vlachopoulos C, Toutouza M, et al. Role of asymmetrical 
dimethylarginine in inflammation-induced endothelial dysfunction in human atherosclerosis. Hypertension 2011;58:93–8.

	 [73]	 Antoniades C, Shirodaria C, Leeson P, Antonopoulos A, Warrick N, Van-Assche T, et al. Association of plasma asymmetrical 
dimethylarginine (ADMA) with elevated vascular superoxide production and endothelial nitric oxide synthase uncoupling: implications 
for endothelial function in human atherosclerosis. Eur Heart J 2009;30:1142–50.

	 [74]	 Ivashchenko CY, Bradley BT, Ao Z, Leiper J, Vallance P, Johns DG. Regulation of the ADMA-DDAH system in endothelial cells: a novel 
mechanism for the sterol response element binding proteins, SREBP1c and -2. Am J Physiol Heart Circ Physiol 2010;298:H251–8.

	 [75]	 Antoniades C, Shirodaria C, Crabtree M, Rinze R, Alp N, Cunnington C, et al. Altered plasma versus vascular biopterins in human atherosclerosis 
reveal relationships between endothelial nitric oxide synthase coupling, endothelial function, and inflammation. Circulation 2007;116:2851–9.

	 [76]	 Takeuchi S, Kawashima S, Rikitake Y, Ueyama T, Inoue N, Hirata K, et al. Cerivastatin suppresses lipopolysaccharide-induced ICAM-1 
expression through inhibition of Rho GTPase in BAEC. Biochem Biophys Res Commun 2000;269:97–102.

	 [77]	 Wu K, Tian S, Zhou H, Wu Y. Statins protect human endothelial cells from TNF-induced inflammation via ERK5 activation. Biochem 
Pharmacol 2013;85:1753–60.

	 [78]	 Fish RJ, Yang H, Viglino C, Schorer R, Dunoyer-Geindre S, Kruithof EK. Fluvastatin inhibits regulated secretion of endothelial cell von 
Willebrand factor in response to diverse secretagogues. Biochem J 2007;405:597–604.

	 [79]	 Massaro M, Zampolli A, Scoditti E, Carluccio MA, Storelli C, Distante A, et al. Statins inhibit cyclooxygenase-2 and matrix metalloproteinase-9 
in human endothelial cells: anti-angiogenic actions possibly contributing to plaque stability. Cardiovasc Res 2010;86:311–20.

	 [80]	 Hilbert T, Poth J, Frede S, Klaschik S, Hoeft A, Baumgarten G, et al. Anti-atherogenic effects of statins: impact on angiopoietin-2 release 
from endothelial cells. Biochem Pharmacol 2013;86:1452–60.

	 [81]	 Antoniades C, Bakogiannis C, Tousoulis D, Reilly S, Zhang MH, Paschalis A, et al. Preoperative atorvastatin treatment in CABG patients 
rapidly improves vein graft redox state by inhibition of Rac1 and NADPH-oxidase activity. Circulation 2010;122:S66–73.

	 [82]	 Antoniades C, Bakogiannis C, Leeson P, Guzik TJ, Zhang MH, Tousoulis D, et al. Rapid, direct effects of statin treatment on arterial 
redox state and nitric oxide bioavailability in human atherosclerosis via tetrahydrobiopterin-mediated endothelial nitric oxide synthase 
coupling. Circulation 2011;124:335–45.

	 [83]	 Ortego M, Bustos C, Hernandez-Presa MA, Tunon J, Diaz C, Hernandez G, et al. Atorvastatin reduces NF-kappaB activation and 
chemokine expression in vascular smooth muscle cells and mononuclear cells. Atherosclerosis 1999;147:253–61.

	 [84]	 Jougasaki M, Ichiki T, Takenoshita Y, Setoguchi M. Statins suppress interleukin-6-induced monocyte chemo-attractant protein-1 by 
inhibiting Janus kinase/signal transducers and activators of transcription pathways in human vascular endothelial cells. Br J Pharmacol 
2010;159:1294–303.

	 [85]	 Hernandez-Perera O, Perez-Sala D, Soria E, Lamas S. Involvement of Rho GTPases in the transcriptional inhibition of preproendothelin-1 
gene expression by simvastatin in vascular endothelial cells. Circ Res 2000;87:616–22.

	 [86]	 Hernandez-Perera O, Perez-Sala D, Navarro-Antolin J, Sanchez-Pascuala R, Hernandez G, Diaz C, et al. Effects of the 3-hydroxy-3-
methylglutaryl-CoA reductase inhibitors, atorvastatin and simvastatin, on the expression of endothelin-1 and endothelial nitric oxide 
synthase in vascular endothelial cells. J Clin Invest 1998;101:2711–9.

	 [87]	 Wei CM, Lerman A, Rodeheffer RJ, McGregor CG, Brandt RR, Wright S, et al. Endothelin in human congestive heart failure. Circulation 
1994;89:1580–6.

	 [88]	 Milo-Cotter O, Cotter-Davison B, Lombardi C, Sun H, Bettari L, Bugatti S, et al. Neurohormonal activation in acute heart failure: results 
from VERITAS. Cardiology 2011;119:96–105.

	 [89]	 Porter KE, Turner NA. Statins and myocardial remodelling: cell and molecular pathways. Expert Rev Mol Med 2011;13:e22.
	 [90]	 Gao F, Ni Y, Luo Z, Liang Y, Yan Z, Xu X, et al. Atorvastatin attenuates TNF-alpha-induced increase of glucose oxidation through  

PGC-1alpha upregulation in cardiomyocytes. J Cardiovasc Pharmacol 2012;59:500–6.
	 [91]	 Oi S, Haneda T, Osaki J, Kashiwagi Y, Nakamura Y, Kawabe J, et al. Lovastatin prevents angiotensin II-induced cardiac hypertrophy in 

cultured neonatal rat heart cells. Eur J Pharmacol 1999;376:139–48.
	 [92]	 Nishikimi T, Tadokoro K, Wang X, Mori Y, Asakawa H, Akimoto K, et al. Cerivastatin, a hydroxymethylglutaryl coenzyme A reductase 

inhibitor, inhibits cardiac myocyte hypertrophy induced by endothelin. Eur J Pharmacol 2002;453:175–81.
	 [93]	 Brown JH, Del Re DP, Sussman MA. The Rac and Rho hall of fame: a decade of hypertrophic signaling hits. Circ Res 2006;98:730–42.
	 [94]	 Xu X, Zhang L, Liang J. Rosuvastatin prevents pressure overload induced myocardial hypertrophy via inactivation of the Akt, ERK1/2 

and GATA4 signaling pathways in rats. Mol Med Rep 2013;8:385–92.
	 [95]	 Zhang WB, Du QJ, Li H, Sun AJ, Qiu ZH, Wu CN, et al. The therapeutic effect of rosuvastatin on cardiac remodelling from hypertrophy to 

fibrosis during the end-stage hypertension in rats. J Cell Mol Med 2012;16:2227–37.
	 [96]	 Liu J, Shen Q, Wu Y. Simvastatin prevents cardiac hypertrophy in vitro and in vivo via JAK/STAT pathway. Life Sci 2008;82:991–6.
	 [97]	 Hauck L, Harms C, Grothe D, An J, Gertz K, Kronenberg G, et al. Critical role for FoxO3a-dependent regulation of p21CIP1/WAF1 in 

response to statin signaling in cardiac myocytes. Circ Res 2007;100:50–60.
	 [98]	 Yang Y, Mou Y, Hu SJ, Fu M. Beneficial effect of rosuvastatin on cardiac dysfunction is associated with alterations in calcium-regulatory 

proteins. Eur J Heart Fail 2009;11:6–13.
	 [99]	 Webster KA. Programmed death as a therapeutic target to reduce myocardial infarction. Trends Pharmacol Sci 2007;28:492–9.
	[100]	 Ito M, Adachi T, Pimentel DR, Ido Y, Colucci WS. Statins inhibit beta-adrenergic receptor-stimulated apoptosis in adult rat ventricular 

myocytes via a Rac1-dependent mechanism. Circulation 2004;110:412–8.
	[101]	 Verma S, Rao V, Weisel RD, Li SH, Fedak PW, Miriuka S, et al. Novel cardioprotective effects of pravastatin in human ventricular 

cardiomyocytes subjected to hypoxia and reoxygenation: beneficial effects of statins independent of endothelial cells. J Surg Res 2004;119:66–71.
	[102]	 Cao S, Zeng Z, Wang X, Bin J, Xu D, Liao Y. Pravastatin slows the progression of heart failure by inhibiting the c-Jun N-terminal kinase-

mediated intrinsic apoptotic signaling pathway. Mol Med Rep 2013;8:1163–8.
	[103]	 Vaquero M, Caballero R, Gomez R, Nunez L, Tamargo J, Delpon E. Effects of atorvastatin and simvastatin on atrial plateau currents. J Mol 

Cell Cardiol 2007;42:931–45.

http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0360
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0360
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0365
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0365
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0370
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0370
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0370
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0375
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0375
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0380
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0380
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0385
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0385
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0390
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0390
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0395
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0395
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0400
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0400
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0405
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0405
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0410
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0410
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0415
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0415
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0415
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0420
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0420
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0425
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0425
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0425
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0430
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0430
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0435
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0435
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0435
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0440
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0440
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0445
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0445
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0450
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0455
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0455
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0460
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0460
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0465
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0465
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0470
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0475
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0475
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0480
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0480
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0485
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0490
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0490
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0495
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0495
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0500
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0505
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0505
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0510
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0510
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0515
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0515
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0520
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0520


178	 12.  INFLAMMATORY MODULATION BY STATINS AND HEART FAILURE 

3.  TARGETING OF THE INFLAMMATORY RESPONSE

	[104]	 Thuc LC, Teshima Y, Takahashi N, Nishio S, Fukui A, Kume O, et al. Cardioprotective effects of pravastatin against lethal ventricular 
arrhythmias induced by reperfusion in the rat heart. Circ J 2011;75:1601–8.

	[105]	 Bacova B, Radosinska J, Knezl V, Kolenova L, Weismann P, Navarova J, et al. Omega-3 fatty acids and atorvastatin suppress ventricular 
fibrillation inducibility in hypertriglyceridemic rat hearts: implication of intracellular coupling protein, connexin-43. J Physiol Pharmacol 
2010;61:717–23.

	[106]	 Gao L, Wang W, Zucker IH. Simvastatin inhibits central sympathetic outflow in heart failure by a nitric-oxide synthase mechanism. 
J Pharmacol Exp Ther 2008;326:278–85.

	[107]	 Gao L, Wang W, Li YL, Schultz HD, Liu D, Cornish KG, et al. Simvastatin therapy normalizes sympathetic neural control in experimental 
heart failure: roles of angiotensin II type 1 receptors and NAD(P)H oxidase. Circulation 2005;112:1763–70.

	[108]	 Reilly SN, Jayaram R, Nahar K, Antoniades C, Verheule S, Channon KM, et al. Atrial sources of reactive oxygen species vary with the 
duration and substrate of atrial fibrillation: implications for the antiarrhythmic effect of statins. Circulation 2011;124:1107–17.

	[109]	 Laszlo R, Menzel KA, Bentz K, Schreiner B, Kettering K, Eick C, et al. Atorvastatin treatment affects atrial ion currents and their 
tachycardia-induced remodeling in rabbits. Life Sci 2010;87:507–13.

	[110]	 Porter KE, Turner NA. Cardiac fibroblasts: at the heart of myocardial remodeling. Pharmacol Ther 2009;123:255–78.
	[111]	 Porter KE, Turner NA, O'Regan DJ, Balmforth AJ, Ball SG. Simvastatin reduces human atrial myofibroblast proliferation independently of 

cholesterol lowering via inhibition of RhoA. Cardiovasc Res 2004;61:745–55.
	[112]	 Tian B, Liu J, Bitterman P, Bache RJ. Angiotensin II modulates nitric oxide-induced cardiac fibroblast apoptosis by activation of AKT/PKB. 

Am J Physiol Heart Circ Physiol 2003;285:H1105–12.
	[113]	 Benton JA, Kern HB, Leinwand LA, Mariner PD, Anseth KS. Statins block calcific nodule formation of valvular interstitial cells by 

inhibiting alpha-smooth muscle actin expression. Arterioscler Thromb Vasc Biol 2009;29:1950–7.
	[114]	 Wang Q, Cui W, Zhang HL, Hu HJ, Zhang YN, Liu DM, et al. Atorvastatin suppresses aldosterone-induced neonatal rat cardiac fibroblast 

proliferation by inhibiting ERK1/2 in the genomic pathway. J Cardiovasc Pharmacol 2013;61:520–7.
	[115]	 Montecucco F, Mach F. Common inflammatory mediators orchestrate pathophysiological processes in rheumatoid arthritis and 

atherosclerosis. Rheumatology (Oxford) 2009;48:11–22.
	[116]	 Taraseviciene-Stewart L, Scerbavicius R, Choe KH, Cool C, Wood K, Tuder RM, et al. Simvastatin causes endothelial cell apoptosis and 

attenuates severe pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 2006;291:L668–76.
	[117]	 Chen J, Mehta JL. Angiotensin II-mediated oxidative stress and procollagen-1 expression in cardiac fibroblasts: blockade by pravastatin 

and pioglitazone. Am J Physiol Heart Circ Physiol 2006;291:H1738–45.
	[118]	 Shyu KG, Wang BW, Chen WJ, Kuan P, Hung CR. Mechanism of the inhibitory effect of atorvastatin on endoglin expression induced by 

transforming growth factor-beta1 in cultured cardiac fibroblasts. Eur J Heart Fail 2010;12:219–26.
	[119]	 Charach G, Rabinovich A, Ori A, Weksler D, Sheps D, Charach L, et al. Low levels of low-density lipoprotein cholesterol: a negative 

predictor of survival in elderly patients with advanced heart failure. Cardiology 2014;127:45–50.
	[120]	 Bonsu KO, Kadirvelu A, Reidpath DD. Statins in heart failure: do we need another trial? Vasc Health Risk Manag 2013;9:303–19.
	[121]	 Krum H, Latini R, Maggioni AP, Anand I, Masson S, Carretta E, et al. Statins and symptomatic chronic systolic heart failure: a post-hoc 

analysis of 5010 patients enrolled in Val-HeFT. Int J Cardiol 2007;119:48–53.
	[122]	 Krum H, Bailey M, Meyer W, Verkenne P, Dargie H, Lechat P, et al. Impact of statin therapy on mortality in CHF patients according to 

beta-blocker use: results of CIBIS II. Cardiology 2007;108:28–34.
	[123]	 Anker SD, Clark AL, Winkler R, Zugck C, Cicoira M, Ponikowski P, et al. Statin use and survival in patients with chronic heart failure: 

results from two observational studies with 5200 patients. Int J Cardiol 2006;112:234–42.
	[124]	 van der Harst P, Voors AA, van Gilst WH, Böhm M, van Veldhuisen D. Statins in the treatment of chronic heart failure: a systematic 

review. PLoS Med 2006;3:e333.
	[125]	 Ramasubbu K, Estep J, White DL, Deswal A, Mann DL. Experimental and clinical basis for the use of statins in patients with ischemic and 

nonischemic cardiomyopathy. J Am Coll Cardiol 2008;51:415–26.
	[126]	 Zhang S, Zhang L, Sun A, Jiang H, Qian J, Ge J. Efficacy of statin therapy in chronic systolic cardiac insufficiency: a meta-analysis. Eur J 

Intern Med 2011;22:478–84.
	[127]	 Lipinski MJ, Cauthen CA, Biondi-Zoccai GG, Abbate A, Vrtovec B, Khan BV, et al. Meta-analysis of randomized controlled trials of statins 

versus placebo in patients with heart failure. Am J Cardiol 2009;104:1708–16.
	[128]	 Kjekshus J, Apetrei E, Barrios V, CORONA Group, et al. Rosuvastatin in older patients with systolic heart failure. N Engl J Med 

2007;357(22):2248–61.
	[129]	 Tavazzi L, Maggioni AP, Marchioli R, et al. Gissi-HF Investigators. Effect of rosuvastatin in patients with chronic heart failure (the 

GISSI-HF trial): a randomised, double-blind, placebo-controlled trial. Lancet 2008;372(9645):1231–9.
	[130]	 Gullestad L, Ueland T, Kjekshus J, Nymo SH, Hulthe J, Muntendam P, et al. Galectin-3 predicts response to statin therapy in the 

Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA). Eur Heart J 2012;33:2290–6.
	[131]	 Liu G, Zheng XX, Xu YL, Ru J, Hui RT, Huang XO. Meta-analysis of the effect of statins on mortality in patients with preserved ejection 

fraction. Am J Cardiol 2014;113(7):1198–204. http://dx.doi.org/10.1016/j.amjcard.2013.12.023.
	[132]	 Takano H, Mizuma H, Kuwabara Y, Sato Y, Shindo S, Kotooka N, et al. Effects of pitavastatin on Japanese patients with chronic heart 

failure: the Pitavastatin Heart Failure Study (PEARL Study). Circ J 2013;77:917–25, on behalf of the PEARL Study Investigators.
	[133]	 Rauchhaus M, Koloczek V, Volk H, Kemp M, Niebauer J, Francis DP, et al. Inflammatory cytokines and the possible immunological role 

for lipoproteins in chronic heart failure. Int J Cardiol 2000;76:125–33.
	[134]	 Soja AM, Mortensen SA. Treatment of congestive heart failure with coenzyme Q10 illuminated by meta-analyses of clinical trials. Mol Asp 

Med 1997;18:S159–68.
	[135]	 Rauchova H, Drahota Z, Lenaz G. Function of coenzyme Q in the cell: some biochemical and physiological properties. Physiol Res 

1995;44:209–16.
	[136]	 De Gennaro L, Brunetti ND, Correale M, Buquicchio F, Caldarola P, Di Biase M. Statin therapy in heart failure: for good, for bad, or 

indifferent? Curr Atheroscler Rep 2014;16:377–85.
	[137]	 Seicean S, Seicean A, Plana JC, Thomas Budd GT, Marwick TH. Effect of statin therapy on the risk for incident heart failure in patients 

with breast cancer receiving anthracycline chemotherapy. An observational clinical cohort study. J Am Coll Cardiol 2012;60:2384–90.

http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0525
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0525
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0530
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0530
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0530
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0535
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0535
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0540
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0540
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0545
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0545
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0550
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0550
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0555
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0560
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0560
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0565
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0565
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0570
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0570
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0575
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0575
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0580
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0580
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0585
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0585
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0590
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0590
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0595
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0595
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0600
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0600
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0605
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0610
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0610
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0615
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0615
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0620
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0620
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0625
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0625
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0630
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0630
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0635
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0635
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0640
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0640
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0645
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0645
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0650
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0650
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0655
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0655
http://dx.doi.org/10.1016/j.amjcard.2013.12.023
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0665
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0665
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0670
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0670
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0675
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0675
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0680
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0680
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0685
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0685
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0690
http://refhub.elsevier.com/B978-0-12-800039-7.00012-8/rf0690


Inflammation in Heart Failure 
http://dx.doi.org/10.1016/B978-0-12-800039-7.00013-X�
	 179� Published by Elsevier Inc.

C H A P T E R

13
Small but Smart: microRNAs in the 

Center of Inflammatory Processes During 
Cardiovascular Diseases, the Metabolic 

Syndrome, and Aging*

Blanche Schroen, Stephane Heymans 
Center for Heart Failure Research, Cardiovascular Research Institute Maastricht, Maastricht 

University, Maastricht, The Netherlands

13.1  INTRODUCTION

The incidence of cancer and cardiovascular diseases in Western societies is rising due to the aging of the pop-
ulation. While cancer is seen as a “gain-of-function” disease, in which cells adopt novel mechanisms to survive, 
cardiovascular diseases are of the “degenerative” type, in which cells become increasingly dysfunctional and 
as a consequence tissue functions decline [1]. Interestingly, all aging-associated diseases share a common de-
nominator: inflammation (Figure 13.1) [31]. Here, we must distinguish acute from chronic inflammation, where 
the chronic type is associated with the aging process. While acute inflammation involves immune cell influx to 
address injury or infection, chronic inflammation does not only involve the presence of immune cells but more 
importantly it is a state in which cells such as fibroblasts, epithelial, and endothelial cells (ECs) enter a senescent 
state and produce inflammatory mediators, changing the tissue microenvironment [31,32]. Cellular senescence 
is at the basis of the chronic inflammatory state during aging and is characterized by the mitotic exit of dividing 
cells while they remain metabolically active. Cellular senescence is thought to be a major player in the cardiovas-
cular aging process [33].

MicroRNAs have been implicated in the full range of processes of cellular senescence, inflammation, and car-
diovascular diseases [2,23,34]. They are the most studied class of noncoding RNA molecules so far. This review 
focuses on their role in cardiovascular diseases with emphasis on their implication in the chronic inflammatory 
processes that accompany heart failure (HF), atherosclerosis, and coronary artery disease (CAD). Inflammation 
and cardiovascular morbidity converge into the process of aging, or vice versa, aging accelerates inflammation 
and cardiovascular diseases. The metabolic syndrome with diabetes, obesity, and hyperlipidemia as a trigger for 
inflammation, HF, and atherosclerosis will be addressed. The role of microRNAs in the inflammatory compo-
nents of these pathologies will be the subject of the next paragraphs. The organization of the review is outlined 
in Figure 13.1.

* This article is part of the review focus on “The Role of MicroRNA in Cardiovascular Biology and Disease.” Reprinted from Schroen, Blanche 
and Heymans, Stephane, Cardiovascular Research, Vol. 93(4), 605-613, Oxford Journals, 2012.
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13.2  ROLE OF INFLAMMATION-RELATED microRNAs IN HF

Recent advances in microRNA research technologies have ensured major progress in our understanding of the role 
of myocytic and fibrotic microRNAs in the development of HF (reviewed elsewhere in this issue). In contrast, only 
one study describes a role for a microRNA in inflammation during myocardial infarction (MI)-induced HF. Using 
computational analyses, elegantly integrating microRNA with mRNA expression data, Zhu et al. [15] found a role 
for miR-98 in MI, during which it is a central hub in inflammation. In brief, they generated cardiac microRNA and 
mRNA expression data of MI in rats, built regulatory networks taking into account gene abundance, and searched 
these networks for functional enrichment. In this way, miR-98 was found to be a potential regulator of inflammatory 
pathways following MI. However, further in vivo proof is needed to determine whether miR-98 function indeed is 
central in the inflammatory response during MI. Interestingly, but not surprisingly, these authors found gene abun-
dance to have an impact on the regulatory performance of a microRNA using this in silico approach, a modality that 
already has been recognized in the early days of prediction of microRNA-mRNA interactions [35]. For the integration 
of microRNA with mRNA expression data, this is a factor to be taken into account.

To conclude, a role for microRNAs in the inflammatory response during HF is still open to discoveries. On the 
other hand, there are a few studies implicating inflammatory microRNAs in the development of specific forms of HF 
(Figure 13.1), focusing on their role in modulating myocyte function.

MiR-146a is a well-known player in the immune system. Its expression in inflammatory cells is induced by lipo-
polysaccharide and is nuclear factor-kappaB (NF-kB)-dependent, and it acts as a negative feedback regulator of the 
innate immune response by targeting the proinflammatory adapter proteins, TNF receptor-associated factor 6 and 
interleukin-1 receptor-associated kinase 1 [30]. MiR-146a expression is increased in doxorubicin-induced HF. These 
authors show that it targets the v-erb-a erythroblastic leukemia viral oncogene homolog 4 (ErbB4) in the cardiac 
myocyte and may thereby cause cardiac myocyte dysfunction [36]. However, in vivo knockout or anti-miR studies in 
doxorubicin-induced HF or other forms of HF is still lacking.

Another example is miR-223, which was originally described as a myeloid lineage-specific microRNA [28]. MiR-
223 may modulate diabetic HF by regulating glucose metabolism in cardiac myocytes [29]. The miR-223 target MADS 
box transcription enhancer factor 2c (Mef2c) is not involved in this cardiac process, while the glucose transporter 
Glut4 was found to be induced by cardiac myocyte miR-223, facilitating myocytic glucose uptake. MiR-223 was also 
found upregulated in atrial biopsies of patients with atrial fibrillation and rheumatic heart disease, a complication of 
the autoimmune disease rheumatic fever [37].

Another well-known central regulator of immune activation is miR-155 [5]. A polymorphism in its target gene 
angiotensin II type 1 receptor (AT1R) is associated with increased risk of adverse outcome in hypertensive subjects 
[38,39]. However, the implication of miR-155 in HF, possibly via its target gene AT1R, which has major roles in 
cardiovascular as well as immune cell functions, is unknown. Finally, miR-21 has a role in multiple pathologies 
including cardiovascular diseases and inflammation [40], and was recently extensively studied for its function in 
cardiac fibrosis and concomitant HF [41]. The field is awaiting first data on real genetic evidence for the role of 
immune cell-derived microRNAs in mediating the cross talk between inflammatory cells and the different cardiac 
cells during HF. No publications till date exist on the role of microRNAs in acute viral myocarditis, or in chronic 
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FIGURE 13.1  Guide to the build-up of the review. The pro-
cesses of aging and chronic inflammation are indistinguishably 
intertwined. Both entities are also crucially associated with HF, 
atherosclerosis, and the metabolic syndrome, which all have a ma-
jor inflammatory component and which incidence rises dramati-
cally in the elderly. Inflammation-related microRNAs have a clear 
role in these aging- and inflammation-associated pathologies and 
also appear in the circulation. In addition, aging-associated as 
well as immune-associated microRNAs are often regulated in HF.
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inflammation affecting diabetic, ischemic, hypertensive, or autoimmune heart disease. An unmet medical need 
exists to develop novel RNA-based therapies specifically targeting the uncontrolled inflammatory reaction in viral 
or autoimmune myocarditis, the most aggressive form of inflammatory heart disease affecting young previously 
healthy individuals [42]. MicroRNA-based medicines may also help dampen the chronic inflammatory processes 
in the more aging-dependent cardiovascular disease processes caused by diabetes, long-term smoking, hyperlipid-
emia, and hypertension.

13.3  MicroRNAs AS REGULATORS OF THE INFLAMMATORY RESPONSE  
DURING ATHEROGENESIS

13.3.1  MicroRNAs Modulate Inflammatory Function of ECs

Inflammation is a hallmark of all stages of atherosclerosis, whereby the initial stage is characterized by leucocyte 
recruitment to activated ECs [43]. Interestingly, microRNA-deficient ECs, following Dicer knockdown, showed pro-
liferative defects [44,45] and were hallmarked by decreased levels of inflammatory chemokines and cytokines, in-
cluding interleukin (IL)-8, IL-1 β, and chemokine (C-X-C motif) ligands (CXCL) 1 and 3, suggesting that microRNAs 
play a central role in EC function [45]. Restoration of levels of microRNAs 221 and 222, which are among the highest 
expressed microRNAs in ECs [46], could not restore the proliferative capacity of Dicer-deficient ECs [45].

Monocyte adhesion upon EC activation is a critical step in inflammatory invasion of an atherosclerotic lesion [43]. 
Several microRNAs are differentially expressed in activated ECs (Figure 13.1) and modulate adhesion molecule ex-
pression, pinpointing their central role in atherogenesis; i.e., in human umbilical vein ECs (HUVECs), miR-126 was 
found the highest expressed by microarray analysis, and inhibited leucocyte adherence through the direct regulation 
of the vascular cell adhesion molecule-1 (VCAM-1) [46]. Also in HUVECs, miR-21 expression increases upon oscilla-
tory shear stress (used to induce monocyte adhesion to ECs) and this response depends on c-jun/activator protein-1 
(AP-1) [47]. MiR-21 promotes monocyte adhesion by enhancing adhesion molecule expression, including VCAM-1 
and monocyte chemotactic protein-1 (MCP-1). MiR-21 also targets peroxisome proliferator-activated receptor alpha 
(PPARa), and becomes part of a positive feedback loop with lowered PPARa allowing increased AP-1 activity.

MicroRNA array analysis of athero-susceptible vs. athero-protected parts of swine aorta yielded 27 upregulated 
miRs (among which are miRs 221 and 21) and 7 downregulated miRs [48]. Here, EC miR-10a is the most down-
regulated and targets mitogen-activated protein kinase 7 and β-transducin repeat-containing gene, two factors 
involved in IkBa degradation. Therefore, decreased miR-10a in athero-susceptible regions allows NF-kB activa-
tion and the consequent increased expression of the inflammatory biomarkers MCP-1, IL-6 and -8, VCAM-1, and 
E-selectin in ECs.

MicroRNA array analysis of HUVECs undergoing OS vs. laminar shear stress resulted in 10 confirmed differ-
entially expressed microRNAs, including miR-1275, -638 and -663 (up), and miR-320a, b, c, -151-3p, -195, -139-5p,  
and -27b (down) [49]. The OS-induced regulation of an endothelial microRNA, miR-663, was linked to the induction 
of proinflammatory gene expression and to increased adhesion of monocytes. There was no overlap between this 
in vitro microarray experiment and the microRNAs regulated in the in vivo model of athero-susceptibility; [48] more 
peculiarly, miRs-27b and -151-3p showed inverse regulations in vivo and in vitro, speculatively due to the mixed cell 
types in vivo or the artificial nature of culturing conditions in vitro. This reinforces the requirement of in vivo valida-
tion experiments to confirm a role for genes found by expression studies.

The inflammation-linked miRs 155 and 221/222 were found highly expressed in HUVECs and all target v-ets 
erythroblastosis virus E26 oncogene homolog 1 (Ets-1), an important endothelial transcription factor that robustly 
regulates endothelial inflammation, angiogenesis, and vascular remodeling [50]. Angiotensin II, used to activate 
proinflammatory signaling by ECs, increased Ets-1 expression, leading to upregulation of Ets-1 downstream genes, 
including VCAM-1, MCP-1, and fms-related tyrosine kinase 1 (FLT-1), the vascular endothelial growth factor/vas-
cular permeability factor receptor. MiRs 155 and 221/222 inhibited monocyte adhesion by targeting Ets-1, while 
miR-155 inhibited HUVEC migration, possibly by targeting the AT1R. While miR-221 was found upregulated in 
athero-susceptible tissue [48] and both miR-221 and -222 were significantly higher in endothelial progenitor cells 
of patients with CAD [51], it is unclear what effect AngII had on miR-155 and -221/-222 expression in HUVECs. 
However, stimulation of HUVECs with other proinflammatory moderators, basic fibroblast growth factor (bFGF) 
and IL-3, reduced miRs 221 and 222 [52]. These authors show that miR-222 but not miR-221 inhibited proliferation 
and migration of stimulated HUVECs, possibly by targeting of signal transducer and activator of transcription 5A, 
the downstream signaler used by bFGF and IL-3 to trigger vascular EC morphogenesis. Furthermore, bFGF and IL-3 
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were both found to decrease miR-126 and -296, and miR-21 and -17-5p showed a trend to increase. All these studies 
have been done in vitro, excluding their interaction and cross talk with other cells. The relevance of these findings 
in vivo in disease models of ischemia, diabetes, or hypertension has not been addressed yet. In view of previous par-
adoxical findings in in vitro setups compared with in vivo animal studies, extrapolating in vitro findings to the disease 
process itself has to be done with extreme care.

13.3.2  MicroRNAs Modulate the Macrophage Response to Oxidized LDL

Activation of macrophages with oxidized low-density lipoproteins (oxLDLs) is used as an in vitro model for mac-
rophages present in atherosclerotic plaques. A first study addressing the role of microRNAs in this system per-
formed microarray analysis on oxLDL-activated human primary peripheral blood monocytes [53]. Both miR-125a-3p  
and -5p were significantly upregulated. MiR-125a-5p inhibition increased inflammatory cytokine secretion and lipid 
uptake, possibly via its target oxysterol binding protein-related protein 9 (ORP9), which is involved in lipid metab-
olism and membrane transport.

The inflammatory miRs 146a and 146b were also found upregulated both by microarray and quantitative PCR 
in this study [53]. Another study, however, showed that miR-146a expression decreased upon oxLDL stimulation of 
THP-1 macrophages [54]. Here, decreased miR-146a in oxLDL-activated macrophages was linked to an increase of 
its target toll-like receptor 4 (TLR4), involved in lipid uptake and inflammatory cytokine secretion, thereby allowing 
the accumulation of oxLDL on the one hand and an inflammatory response characterized by IL-6 and -8, chemokine 
(C-C motif) ligand 2, and matrix metalloproteinase-9 on the other hand. Thus, miR-146a would be anti-inflammatory 
in THP-1 macrophages. However, it is striking that the expression pattern of activated THP-1 macrophages is com-
pletely the opposite of often-observed changes in miR expression; i.e., miR-21 and -155 are often found upregulated 
and miRs-320a-c are found downregulated in activated cells in an atherosclerotic setting, that is, in activated ECs 
[47–49,52], and in oxLDL macrophages [53,55]. The divergence of these data may reflect the dissimilarity of cell types 
used. Also, peripheral blood mononuclear cells (PBMCs) of patients with acute coronary syndrome [56] and periph-
eral monocytes of patients with CAD [57] had enhanced miR-146a expression. In CAD, high levels of miR-146a and 
TLR4 in circulating mononuclear cells were independent predictors of cardiac events after a 12-month follow-up 
[57]. In acute coronary syndrome, miR-146a had a dual function in peripheral monocytes: (i) it increases the tran-
scription factor T-bet thereby leading to increased Th1 differentiation and (ii) it induces proinflammatory cytokine 
(TNFα, MCP-1) and NF-kB p65 production [56]. In conclusion, even though the general consensus is that miR-146a 
upregulation counterbalances activated innate immunity [58–63], its role in diverse pathological conditions is not 
always consistent.

Monocytes and macrophages activated with oxidized LDL increased their miR-155 expression [53,55]. Inhibiting 
miR-155 in activated macrophages leads to enhanced uptake of oxLDL and increased expression of scavenger recep-
tors, such as CD36 and CD68, and promoted IL-6, -8, and TNFα cytokine release, presumably via myeloid differen-
tiation primary response gene (88) (MyD88) and NF-kB signaling [55]. Therefore, in these atherosclerotic conditions, 
miR-155 appears to be anti-inflammatory, opposite to the generally accepted association of miR-155 with a proin-
flammatory state [64]. However, its implication in vivo in atherosclerosis needs to be addressed, since the function 
of microRNAs may differ depending on the phenotype of the macrophage and the influence of these inflammatory 
cell-mediated microRNAs on neighboring endothelial or smooth muscle cells.

13.4  MicroRNAs IN THE METABOLIC SYNDROME

Chronic inflammation is central in the metabolic syndrome, including obesity, type II diabetes mellitus (DM), hy-
pertension, and atherosclerosis [65]. The role of microRNAs in the metabolic syndrome and associated etiologies was 
reviewed before [66]. Here, we go into the link of obesity and diabetes with inflammation and associated microRNAs 
(Figure 13.1).

During obesity, the adipose tissue environment is characterized by a chronic inflammatory state, with increased 
production of the inflammatory cytokine TNFα by macrophages as the factor largely responsible for insulin resis-
tance in obese adipose tissue [65]. Interestingly, obesity causes the loss of microRNAs that characterize fully differen-
tiated and metabolically active adipocytes, including miRs-103 and -143. On the other hand, expression of miRs-221 
and -222 decreased during adipogenesis and increased in obese adipocytes. This inverse regulation of microRNAs 
during adipogenesis vs. obesity is likely mediated by high levels of inflammatory TNFα in obese fat tissue, since 
miRs-103 and -143 were decreased and miRs-221 and -222 were increased by TNFα [65].
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Obese subjects were found to have a unique microRNA expression profile in omental fat as well as blood, when 
compared with nonobese individuals, with miRs-17-5p and -132 upregulated only in fat and in the circulation of 
obese subjects [67]. These two microRNAs also correlated significantly with body mass index (BMI) and fasting 
blood glucose levels. A role for miR-132 in inflammatory processes during obesity was suggested by an in vitro study 
using primary human preadipocytes and in vitro differentiated adipocytes, where in response to nutritional avail-
ability, induction of miR-132 decreases sirtuin 1-mediated deacetylation of p65 leading to activation of NF-kB and 
transcription of IL-8 and MCP-1 [68].

Inflammatory microRNAs also have functions in diabetic conditions. MiR-21 and -146 expressions were induced 
by the proinflammatory cytokines IL-1β and TNFα in pancreatic islets, and inhibition of these microRNAs prevented 
the reduction in glucose-induced insulin secretion as a result of cytokine exposure [69]. In vivo, in diabetic kidney 
disease, miR-21 levels were increased in renal cortices of type I diabetic mice, leading to decreased levels of phospha-
tase and tensin homolog (which at normal levels inhibits renal cell hypertrophy and matrix expansion) and increased 
activity of TOR complex 1, necessary for cellular hypertrophy [70]. MiR-221 was induced by high glucose levels in 
HUVECs, inhibiting c-kit and consequently impairing EC migration [71]. Finally, exposure of adipocytes to high 
glucose levels induced miR-222, among others [72].

13.5  CIRCULATING microRNA PROFILES OF CARDIOVASCULAR DISEASES

13.5.1  Circulating microRNA Profiles of Cardiac Disease

Although there is much to discover about the exact function of circulating microRNAs, their presence in the cir-
culation and association with diverse pathologies is now well accepted [73]. MicroRNAs circulate either in cell-shed 
microparticles—including apoptotic bodies and exosomes—[74], in high-density lipoprotein (HDL) particles [75], or 
as cell-free miRNAs in serum, recently demonstrated to be carried by Argonaute 2 [76]. The association of circulating 
microRNAs with cardiovascular disease is reviewed elsewhere in this issue of Cardiovascular Research. Here, we 
will briefly touch upon the role of circulating microRNAs in cardiovascular diseases with a prominent inflammatory 
character (Figure 13.1). The most studied in this respect is MI, which seems to induce a very consistent serum pres-
ence of the cardiac-specific microRNAs miR-1, -208, and -499 [73,77–79]. Their unique presence following cardiac 
damage correlates with clinical markers of damage, including troponin T [78] and creatine kinase-MB activity [77], 
and may even be earlier than troponins [79]. This suggests that serum presence of these microRNAs represents pas-
sive leakage from damaged cardiac myocytes.

Another typical form of HF with strong immune involvement is viral myocarditis, and we hypothesized the 
presence of inflammatory microRNAs in the circulation of these patients to increase [78]. However, serum presence 
of leucocyte-associated miRs 146a, 146b, 155, and 223 was not changed in patients with viral myocarditis when com-
pared with controls, despite significant leukocytosis in these patients. On the other hand, cardiac miRs 208 and 499 
did show a significant increase in acute viral myocarditis, correlating with the degree of myocyte leakage or death 
indexed by troponin T release.

The cellular origin of miR-423-5p, which was increased in sera of HF patients, is yet unknown [8]. Interestingly, 
one of the highest detected and upregulated serum microRNAs in this study, besides miR-423-5p, was the inflamma-
tion- and EC-associated miR-221 [8].

13.5.2  Circulating microRNA Profiles of Vascular Disease

On the vascular site, CAD and atherosclerosis have a major inflammatory component. An interesting pattern 
observed in CAD was that highly present circulating microRNAs would decrease in the blood of CAD patients and 
most of these were EC-derived, including miR-126 and the miR-17-92 cluster (Figure 13.1) [80]. Downregulation of 
miR-126 in CAD was confirmed by Zampetaki et al. [81] Among the downregulated microRNAs in CAD blood were 
also miRs-21, -146a, -221, and -223 [80]. The overlap with a CAD whole blood profiling study with similar patient 
numbers [82] is small; of the 46 listed downregulated miRs in Fichtlscherer et al. [80], 2 were also found downreg-
ulated in whole blood (miRs-20a and -93) and miR-23a even showed an opposite regulation in the two studies.  
A third study on CAD and microRNAs used PBMCs as source of RNA, and found relatively unknown microRNAs to 
be involved: miRs-135a and -147 [83]. Note that in the latter study, only 157 microRNAs were studied. Interestingly, 
miRs-21 and -223 were seen as housekeeping miRs.
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A larger study addressed the presence of a selected set of 13 circulating microRNAs in 104 patients with athero-
sclerosis obliterans when compared with 105 age-matched controls [84]. As opposed to findings in CAD, miR-21 
presence was significantly higher in sera of sclerotic patients, while levels of miRs-221 and -222 were unchanged 
when compared with controls. The presence of circulating microRNAs in atherosclerosis was also studied selectively 
in HDL particles, whose microRNA content was found to change in subjects with familial hypercholesterolemia, a 
genetic disorder of the LDL receptor which results in extreme atherosclerosis in homozygous cases [75]. In HDL of 
healthy subjects, miR-223 was in the top 10 of the highest expressed microRNAs, but its levels increased dramatically 
in HDL of familial hypercholesterolemia subjects. Also, in atherosclerotic apolipoprotein E and LDL receptor knock-
out mice, HDL particles were found to contain increased amounts of miR-223 when compared with controls. No 
other prominent inflammatory microRNAs, such as miR-21, -221, -155, and -146a/b, stood out, only miR-222 seemed 
increased in HDL of familial hypercholesterolemia, similar to miR-223 but less dramatic. A preliminary conclusion 
from these early studies could be that the circulating microRNA repertoire of CAD and atherosclerosis surprisingly 
diverges.

13.5.3  Circulating microRNA Profiles of Diabetes

Circulating microRNAs have also been proposed as novel biomarkers for diabetes [81,85,86]. In an early study, 
Chen et al. [85] studied not only sera of subjects with DM but also of subjects with nonsmall cell lung carcinoma 
and compared them to healthy controls. Interestingly, they found that there was considerable overlap in serum mi-
croRNA presence for the two diseases and not for controls, and attributed this to the general inflammatory response 
seen in these diseases.

Although these authors state that the overlapping microRNAs may be related to the body’s immune system, un-
fortunately there is no detailed information on their identity.

Zampetaki et al. [81] screened pools of diabetic sera derived from the Bruneck cohort for the expression of 754 
microRNAs, detected 130 of them, and found 30 microRNAs to be differentially present between diabetic and con-
trol pools. Thirteen topologically unique microRNAs were selected for further validation in a larger group of 80 DM 
patients vs. 80 matched controls. Here, most miRs decreased significantly in DM, including miR-126, -21, and -223. 
Interestingly, levels of some miRs including -126 and -223 were already altered before DM manifestation. MiR-126 
presence was analyzed in the entire Bruneck cohort of 822 subjects, and emerged as a significant predictor of mani-
fest DM and even correlated negatively with increasing glucose intolerance. These authors propose the use of the five 
top-ranked microRNAs, miR-15a, -29b, -126, -223, and -150, as highly sensitive biomarkers of DM.

Recently, serum levels of seven microRNAs, selected for their proven involvement in diabetes-related processes, 
were studied in small groups of patients with established DM type II when compared with patients who either were 
susceptible (with comparably high BMIs of just above 26) or had prediabetes [86]. Here, all seven studied microRNAs 
were found increased in diabetic subjects, including miRs -9, -34a, and -146a, which are linked to inflammation and/
or aging (Tables 13.1 and 13.2). None of these seven was identified by Zampetaki et al. [81] as circulating biomark-
ers of DM. While Zampetaki et al. [81] predominantly found downregulated microRNAs in diabetic sera, with one 
exception (miR-28-3p), the seven studied microRNAs were all upregulated in sera of DM patients. Finally, Caporali 
et al. [24] found increased levels of the EC miR-503 in sera of diabetic individuals and suggested this microRNA to 
have a role in angiogenesis.

Recently, hematopoietic cell-derived microRNAs, such as the above-mentioned miRs-146a, -155, and -223, were 
shown to confound circulating microRNA levels [25]. Also, miRs-21, -221, -222, and -423-5p are among the circulat-
ing microRNAs that can be of hematopoietic cell origin. Remarkably, miRs-21, -146a, and -223 are often among the 
top-detected microRNAs in serum profiling studies [8,75,81]. This warrants the cautious interpretation of circulating 
inflammation-related microRNA levels. Indeed, as mentioned above, the agreement between different studies on 
vascular disease is poor, and the field needs larger patient group studies with standardized measurement methods 
to establish the exact presence, including identity and origin, of microRNAs in the circulation.

13.5.4  Functional Roles for Circulating microRNAs

That circulating microRNAs do more than just being available as disease biomarkers is becoming increasingly 
clear. Indeed, HDL-bound microRNAs are delivered to recipient cells and were also shown to modulate the tar-
get gene expression in these cells [75]. Microvesicles also use microRNAs to mediate intercellular communication, 
and microRNAs from lung were shown to end up in bone marrow cells in culture and actively repress production 
of pulmonary epithelial cell mRNAs in these marrow cells [26]. The same principle would hold true for cardiac 
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TABLE 13.1  MicroRNAs in TLR Signaling: Involvement in HF

MicroRNA Regulation in HF Role in HF Reference
Role In Human Inflammatory Autoimmune 
Diseases (Dai and Ahmed [3])

let-7 ↑ Inhibits cardiac hypertrophy [24]  

miR-9 ↓ Targets myocardin to inhibit hypertrophy [25]  

miR-16 ↑/↓ – [11,12,26,27] RA

miR-21 ↑ Controls the extent of interstitial fibrosis 
and cardiac hypertrophy

[5] SLE

miR-27b ↑ Upregulated early in hypertrophy,  
role in angiogenesis

[22]  

miR-106 ↑ – [4]  

miR-125b ↑ – [4] SLE (125a)

miR-132 ↑ Targets cardiac L-type Ca channel β2 
subunit protein

[9,11–13] RA

miR-145 ↑ Upregulated in human aortic stenosis [4]  

miR-146 ↑ Doxorubicin-induced HF [15] SLE, RA

miR-155 – Targets AT1R [28,29] RA, MS

miR-199 ↑ Regulates cardiac myocyte hypertrophy [16–18]  

miR-221 ↑/↓ – [4]  

miR-223 ↑ Diabetic HF [30] SLE, RA

miR-4661 ↓ – [4]  

MicroRNAs highlighted in bold are also involved in aging. MiR-105, -348, -579, and -369-3p are also part of the TLR signaling pathway but have no proven regulation in HF. SLE, 
systemic lupus erythematosus; RA, rheumatoid arthritis; MS, multiple sclerosis.
Based on Table 13.2 in O’Neill et al. [23]

TABLE 13.2  MicroRNAs in Aging Pathways: Involvement in HF

MicroRNA Regulation in HF Role in HF Reference

Role in Human Inflammatory 
Autoimmune Diseases (Dai 
and Ahmed [3])

let-7b ↑ – [4]  

miR-1 ↓ Antihypertrophic [4]  

miR-21 ↑ Controls the extent of interstitial fibrosis and  
cardiac hypertrophy

[5] SLE

miR-24 ↑ Suppresses cardiomyocyte and EC apoptosis [6,7]  

miR34a ↑ Role in endothelial senescence, predisposing to 
atherosclerosis

[8,9] MS

miR-100 ↑ Involved in the beta-adrenergic receptor-mediated 
repression of “adult” cardiac genes

[10]  

miR-106 ↑ – [4]  

miR-128 ↓ – [4]  

miR-132 ↑ Targets cardiac L-type Ca channel β2 subunit  
protein

[9,11–13] RA

miR-138  Modulates cardiac patterning during embryonic 
development

[14]  

Continued
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tissue-derived microvesicles, and is presumably a mode of communication between systemic organs and the core of 
the immune system [26]. Vice versa, microparticles secreted from mesenchymal stem cells were readily taken up by 
H9C2 cardiac myocytes [11].

At a local tissue level, adipocytes were found to communicate with each other using microvesicles, and vesicles 
were released from large adipocyte-stimulated lipid storage in smaller adipocytes using microRNAs as messengers 
[27]. In addition, two independent studies showed intercommunication of ECs using miR-126 [12,81]. Endothelial 
apoptotic bodies were shown to contain microRNAs and high glucose lowered their miR-126 content [81]. MiR-126 
was also found as part of microparticles that are produced by apoptotic ECs during atherosclerosis [12]. Importantly, 
these microparticles conveyed a survival signal to neighboring ECs via miR-126 and its target, regulator of G-protein 
signaling 16, a G-protein-coupled receptor inhibitor, allowing the production of CXCL12 and thereby antagoniz-
ing apoptosis. These studies uniquely show a paracrine signaling function for microRNAs during the process of 
atherosclerosis.

It is still too early to speculate on whether a distinction can be made between noncell-free microRNAs—that is, 
microRNAs encapsulated in transport vesicles—and cell-free microRNAs in terms of functionality and possible “sec-
ond messenger” roles.

13.6  AGING, INFLAMMATION, AND HF: ARE THERE SHARED microRNAs?

It is unclear whether inflammation and cardiovascular morbidity converge into the process of aging, or vice versa, 
whether aging accelerates inflammation and cardiovascular diseases. Below, we tried to link these together and find 
common microRNA pathways. Since inflammation is rather a broad concept, we focused on TLR signaling, which 
is central in HF, the development of the metabolic syndrome, and aging [9,13,87]. A recent review lists microRNAs 
involved in all levels of this central pathway in inflammation [34], and it is intriguing that most of these microRNAs 
have proven regulation and/or function in HF (Table 13.1). In addition, most of these microRNAs seem to be upregu-
lated in failing hearts. The same holds true for microRNAs involved in pathways that modulate the aging process, re-
cently reviewed [2], where we see that all microRNAs listed are also involved in HF (Table 13.2). In addition, there is 
some overlap between microRNAs involved in inflammation and aging (almost 50%, as highlighted in both Tables). 
Therefore, HF-associated microRNAs appear to have central roles in both inflammation and aging.

Our group was the first to study microRNAs in aging-associated HF, and identified miR-18 and -19 to be down-
regulated in failure-prone aged mice and in cardiac biopsies of HF patients of age [23]. This downregulation was 
linked to increased expression of the matricellular protein thrombospondin-1 and connective tissue growth factor, 

MicroRNA Regulation in HF Role in HF Reference

Role in Human Inflammatory 
Autoimmune Diseases (Dai 
and Ahmed [3])

miR-140 ↑ – [4]  

miR-145 ↑ Upregulated in human aortic stenosis [4]  

miR-146 ↑ Doxorubicin-induced HF [15] SLE, RA

miR-199 ↑ Regulates cardiac myocyte hypertrophy [16–18]  

miR-206 ↑ Associated with protection against cardiac  
remodeling after MI

[19]  

  Contributes to high glucose-mediated apoptosis  
in cardiomyocytes

[20]  

miR-217 ↑ – [4]  

miR-302-367 ↑ – [4]  

miR-320 ↑ – [4]  

miR-499 ↓ Causes cellular hypertrophy and cardiac dysfunction [21]  

 (/↑) Inhibits cardiomyocyte apoptosis [22]  

MicroRNAs highlighted in bold are also involved in TLR signaling. SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; MS, multiple sclerosis.
Based on Table 13.1 in Chen et al. [2]

TABLE 13.2  MicroRNAs in Aging Pathways: Involvement in HF—Cont’d
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and to increased fibrosis in aged failing myocardium. Interestingly, mice on a failure-protected genetic background 
showed inverse expression patterns of both these microRNAs and matricellular proteins, with miRs-18 and -19 being 
upregulated with aging, indicating the possibility of their contribution to healthy aging.

MicroRNAs-155, -21, and -146 have established roles in immune and inflammatory pathways, and are central 
in TLR signaling [16]. MiR-21 has been shown to target the tumor suppressor programmed cell death protein 4 
(PDCD4), a proinflammatory protein that promotes activation of the transcription factor NF-kB and suppresses IL-
10 [17]. By targeting PDCD4, miR-21 becomes a negative regulator of TLR4 signaling [17]. In addition, miR-21 has 
been shown to be induced by STAT3 [18] and NF-kB [17], central transcription factors in immune functions but also 
in cardiac hypertrophy.

EC senescence is also thought to play a role in cardiovascular diseases such as atherosclerosis [1,33]. During en-
dothelial senescence, microRNAs 34a and 217 were found upregulated [6,7]. These endothelial microRNAs triggered 
endothelial senescence in part through Sirtuin 1, a class III histone deacetylase which is linked to aging and to the 
regulation of the level of inflammatory responses [88]. MiR-34a was also shown to be upregulated in the heart and 
spleen of older mice [6]. In addition, miR-20c was induced by oxidative stress in ECs, and its overexpression induced 
EC growth arrest, apoptosis, and senescence via zinc finger E-box-binding factor 1 [14].

MiR-146a has roles in autoimmunity, and mice lacking this gene show accelerated aging [58]. From 6 to 8 months 
of age, miR-146a-deficient mice, which are on an aging-susceptible genetic background of 129/Bl6 [23], exhibit signs 
of immunoproliferative disease, characterized by splenomegaly, lymphadenopathy, and premature death. Liver, kid-
neys, and lungs had lymphocytic and monocytic infiltrates with some evidence of tissue damage. Recently, miR-146a 
was found to decrease with aging of ECs, where it targeted NADPH oxidase 4, involved in cell senescence and aging 
[89]. In agreement with this, miR-146a decreased in models of organismal aging, including foreskin and CD8+ T cells 
of old vs. young donors [20]. Another microRNA with a role in inflammation, miR-221, increased with aging in ECs 
[89]. However, this miR decreased in organismal aging [20]. In addition, miR-155 presence in sera of 53 healthy and 
CAD patients showed a significant negative correlation with age [80].

13.7  CONCLUSIONS AND FUTURE PERSPECTIVES

MicroRNAs have established roles in all aspects of organismal development and disease. In recent years, their 
roles in inflammation, aging, cancer, and cardiovascular diseases are proven beyond doubt. As reviewed here, mi-
croRNAs play major roles in the inflammatory aspects of vascular disease. Given the central role of inflammation in 
HF, with inflammatory transcription factors including NF-kB and STAT3 and with inflammatory cytokines including 
TNFα and IL-6 as central mediators of cardiac hypertrophy, a role for inflammatory microRNAs in the development 
of HF seems ensured but still needs to be proven.

Whether microRNAs will be used some day for the diagnosis of inflammatory involvement in cardiovascular 
and/or other inflammatory diseases depends on the precise characterization of the role and distribution of microR-
NAs in the blood. Inflammation-associated microRNAs such as miR-21, -146, and -223 are always detected at high 
levels in the blood, also in healthy subjects, and to date it is unclear what their function is. Their presence might even 
be the result of leakage from blood cells, in which these microRNAs have established high levels. Therefore, it is of 
great importance that standardized techniques are developed for the detection of circulating microRNAs.

Some circulating microRNAs, apparently those contained in some sort of vesicle, appear to function as messen-
gers between cells. This may be a way of tissues, including the heart and vessels, to communicate internally but also 
with the immune system, possibly changing each other’s destiny. In conclusion, the potential of microRNAs for the 
diagnosis and treatment of human disease seems to be ever growing, and with the discovery of other noncoding 
RNAs, the field of noncoding RNAs will keep on expanding for the coming years.
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The first study that linked clinical heart failure (HF) with the expression of inflammatory cytokines was by Levine 
and colleagues [1] who reported elevated circulating levels of tumor necrosis factor (TNF) in HF patients with a re-
duced ejection fraction. Since this original report, there has been an exponential rise in the number of cytokines and 
chemokines that have been identified in the setting of HF with a reduced ejection fraction. Moreover, elevated levels 
of inflammatory mediators have also been identified in acute decompensated HF as well as in HF patients with a 
preserved ejection. Thus, there is evidence of an ongoing inflammatory response in all manifestations of clinical HF.

The early clinical observations with respect to TNF prompted a series of experimental studies, which demon-
strated that the sustained expression of TNF at levels that were observed in HF patients was sufficient to provoke 
left ventricular (LV) dysfunction and LV remodeling [2]. These and other preclinical studies formed the basis for 
several multicenter clinical trials that utilized “targeted” approaches to neutralize TNF in patients with moderate to 
advanced HF. Unfortunately, these targeted anti-TNF clinical trials were negative with respect to the primary end 
points of the trial and in some patients resulted in worsening HF and/or death [3,4]. The negative outcomes of these 
clinical trials had a chilling effect on further clinical efforts to develop therapeutics in this area. Fortunately, progress 
in the field over the past decade has led to a clearer appreciation of the role of innate immunity and adaptive immu-
nity in the heart and a renewed interest in the clinical role of inflammation in HF. In this chapter, we will discuss the 
role of cytokines in clinical HF, as well re-evaluate the clinical trials that have been conducted in this area, in light of 
the new information that has been obtained.

14.1  ROLE OF INFLAMMATION IN THE PATHOGENESIS OF HF

The interest in understanding the role of inflammation in HF was sparked by observations from multiple laborato-
ries that many aspects of the clinical syndrome of HF can be explained by the known biological effects of proinflam-
matory cytokines (Table 14.1). The “cytokine hypothesis” [5] for HF postulates that HF progresses, at least in part, as a 
result of the deleterious effects exerted by endogenous cytokine cascades on the heart and the peripheral circulation. It 
bears emphasis that the cytokine hypothesis does not imply that cytokines cause “heart failure” per se, but rather that 
the overexpression of cytokine cascades contributes to disease progression of HF. Much like the elaboration of neuro-
hormones, the elaboration of cytokines may represent a biological mechanism that is responsible for worsening HF.

14.1.1  Effects of Cytokines on LV Function

Proinflammatory cytokines were first shown to cause LV dysfunction in the setting of the systemic inflamma-
tory response during sepsis. Direct injections of TNF were shown to produce hypotension, metabolic acidosis, and 
rapid death within minutes, whereas injections of anti-TNF antibodies were sufficient to attenuate the hemodynamic 
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collapse observed during endotoxin shock. Subsequent studies in dogs and rats showed that circulating levels of 
TNF produced negative inotropic effects in vivo and in vitro (reviewed in Ref. [6]). More recent studies in transgenic 
mice with cardiac restricted overexpression of TNF showed that forced overexpression of TNF resulted in depressed 
LV ejection performance that was dependent on TNF “gene dosage” [7].

With respect to the potential mechanisms for the deleterious effects of TNF on LV function, the literature suggests 
that TNF modulates myocardial function through an immediate pathway that manifests within minutes and is me-
diated by activation of the neutral sphingomyelinase pathway, by a delayed pathway that requires hours to days to 
develop, and by nitric oxide mediated blunting of β-adrenergic signaling (reviewed in Ref. [6]). Whereas the negative 
inotropic effects of IL-1 appear to be mediated, at least in part, through the production of nitric oxide (i.e., the delayed 
pathway), the negative inotropic effects of IL-6 are less well understood. Recent studies suggested that TNF and IL-1 
may produce negative inotropic effects indirectly through activation and/or release of IL-18. Remarkably, blockade of 
IL-18 using neutralizing IL-18 binding protein leads to an improvement in myocardial contractility in atrial tissue fol-
lowing ischemia reperfusion injury [8]. Although the signaling pathways that are responsible for the IL-18 induced 
negative inotropic effects that have not been delineated thus far, it is likely that they will overlap those for IL-1, given 
that the IL-18 receptor complex utilizes components of the IL-1 signaling chain.

14.1.2  Effects of Proinflammatory Cytokines on LV Remodeling

LV ventricular remodeling refers to the multitude of changes that occur in cardiac shape, size, and composition in 
response to myocardial injury. Inflammatory mediators have a number of important biological effects that may play 
an important role in the process of LV remodeling, including cardiac myocyte hypertrophy, alterations in fetal gene 
expression, activation of collagenolytic matrix metalloproteinase (MMP), myocardial fibrosis, as well as progressive 
myocyte loss through apoptosis [6]. Antagonism of innate immune receptors (TLR2, TLR4), innate immune signaling 
pathways (MyD88, IRAK-4, IRAK-M, and NLRP3), and the proinflammatory cytokines downstream from these path-
ways (TNF, IL-1β, IL-18) has been shown to attenuate adverse LV remodeling following acute myocardial infarction 
(reviewed in Ref. [9]). Studies in chimeric mice, wherein it has been possible to separate the role of innate immune 
signaling in cells derived from the bone marrow from the effects in the myocardium, have demonstrated that activa-
tion of innate immune signaling pathways in bone marrow derived neutrophils and monocytes contributes to tissue 
damage, progressive fibrosis, and adverse cardiac remodeling. Activation of the same pathways in cardiac myocytes 
is beneficial in the short-term through mitochondrial stabilization, enhanced sarcolemma membrane integrity, as 
well as through conservation of energy secondary to the development of reversible LV dysfunction (reviewed in Ref. 
[9]). Studies in experimental models wherein the inflammatory signaling is sustained have also provided important 
insights in the mechanisms for inflammation-induced adverse LV remodeling. For example, a study in rats showed 
that infusion of concentrations of TNF that overlap those observed in HF patients led to a time-dependent change in 
LV dimension that was associated with progressive degradation of the extracellular matrix [2]. Studies in transgenic 
mice with targeted overexpression of TNF have shown that these mice develop progressive LV dilation, and that 
TNF-induced activation of MMPs is responsible for collagen degradation and progressive LV dilation [10]. These 
studies demonstrated that sustained myocardial inflammation leads to temporal changes in the balance between 
MMP activity and tissue inhibitor of matrix metalloproteinases (TIMPs) and mast cell-mediated TGF-β signaling [11]. 
These time-dependent changes favor degradation of the extracellular matrix during the onset of inflammation and 
progressive myocardial fibrosis following sustained inflammation. Thus, the sustained activation of inflammatory 
signaling contributes to LV remodeling through a variety of different mechanisms that involve both the myocyte and 
nonmyocyte components of the myocardium.

TABLE 14.1  Deleterious Effects of Inflammatory Mediators in Heart Failure

Left ventricular dysfunction
Pulmonary edema in humans
Cardiomyopathy in humans
Reduced skeletal muscle blood flow
Endothelial dysfunction
Anorexia and cachexia
Receptor uncoupling from adenylate cyclase experimentally
Activation of the fetal gene program experimentally
Cardiac myocyte apoptosis experimentally

Reproduced with permission Mann DL. Activation of inflammatory mediators in heart failure. In: Mann DL, editor. Heart failure: A companion to Braunwald’s heart disease. 2nd 
ed. Philadelphia: Elsevier/Saunders; 2011. p. 163-84.
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14.2  INFLAMMATION AS A THERAPEUTIC TARGET IN HF

Given that elevated levels of proinflammatory cytokines mimic many aspects of the HF phenotype and that 
the deleterious effects of inflammatory mediators are potentially reversible once inflammation subsides, inves-
tigators have used a variety of different approaches to antagonize inflammatory mediators in HF (Table 14.2). 
These fall into one of three broad categories: anti-inflammatory therapies, immunomodulatory therapies, and 
autoimmune strategies. Because the topic of autoimmunity is not the focus of this chapter, it will not be discussed 
further herein.

14.2.1  Anti-inflammatory Therapies

The biological effects of proinflammatory mediators can be antagonized through transcriptional or translational 
approaches, or by so-called biological response modifiers that bind and/or neutralize soluble mediators (e.g., TNF 
or IL-1β). Many of these strategies have been explored in phase II-III clinical trials, as described below.

14.2.1.1 Transcriptional Suppression of Proinflammatory Cytokines
Pentoxyfilline is a xanthine-derived agent that is known to inhibit TNF transcription and translation. Pentoxyfilline 

has been studied in a number of small randomized trials in patients with ischemic and dilated cardiomyopathy 
(Table 14.2) [17,18,20,26]. The use of pentoxifylline was associated with significant improvement in NYHA functional 
class and/or LV ejection fraction in each of these studies. Importantly, the beneficial effects were seen in all NYHA 
classes of HF, in patients with ischemic and nonischemic cardiomyopathy, as well as in patients treated with ACE 
inhibitors and beta-blockers. Apposite to the present discussion, the beneficial effects on cardiac function in some 
of the studies were accompanied by decreased circulating plasma levels of TNF [27]. Given that pentoxifylline is a 
nonspecific phosphodiesterase inhibitor, it is possible that the salutary effects of this agent might be unrelated to its 
anti-inflammatory properties.

Thalidomide (α-N-phthalimidoglutarimide) has also been used to suppress TNF production. The mecha-
nism of action of thalidomide with respect to reducing TNF levels appears to be through enhancing mRNA 
degradation; [28] however, the precise mechanism of action of thalidomide is unclear, and contradictory re-
sults have been reported regarding its effects on cytokine levels in vivo. Thalidomide was safe and potentially 
effective in a small open-label dose escalation study in patients with HF. There was a significant increase in the 
6-min walk distance and a trend (p = 0.16) toward improvement in LV ejection fraction and quality of life (QoL) 
after 12 weeks of maintenance therapy with thalidomide [29]. However, dose-limiting toxicity was observed 
in two patients (50 and 200 mg/day). In a larger placebo-controlled study of 56 patients with NYHA class II-III 
HF secondary to an ischemic and nonischemic cardiomyopathy and an LV ejection fraction ≤40%, treatment 
with up to 200 mg/day of thalidomide for 12 weeks resulted in an increase in LV ejection fraction and a de-
crease in LV end-diastolic volume [14]. These salutary changes were accompanied by a decrease in circulating 
levels of MMP 2, but an increase in circulating levels of TNF. The effect of thalidomide on LV ejection fraction 
was observed to a greater degree in patients with dilated cardiomyopathy, who were able to tolerate higher 
doses of thalidomide [14].

14.2.1.2 Translational Suppression of Proinflammatory Cytokines
Dexamethasone, thought to suppress TNF biosynthesis at the translational level, may also block TNF biosyn-

thesis at the transcriptional level. In an early study, Parrillo and colleagues [16] randomized 102 patients with 
dilated cardiomyopathy to treatment with prednisone (60 mg/day) or placebo. After 3 months of therapy, these 
investigators observed a >5% increase in EF in ~50% of the prednisone-treated patients, whereas ~25% of the con-
trols had a significant improvement in LV EF (p = 0.005). However, the mean increase in LV ejection fraction was 
not significantly (p = 0.054) different between the prednisone-treated group (4.3 ± 1.5%) when compared to controls 
(2.1 ± 0.8%). When patients were divided into a “reactive” group (defined and prespecified as a fibroblastic/lym-
phocytic infiltration or immunoglobulin deposition on endomyocardial biopsy, a positive gallium scan, or an ele-
vated erythrocyte and nonreactive) and a “nonreactive” group, the authors noted that ~65% of “reactive” patients 
had an improved LV ejection fraction at 3 months, whereas ~25% of the “reactive” control patients had an improved 
LV ejection fraction (p = 0.004). The prednisone-treated nonreactive patients did not have significantly improved LV 
function (p = 0.51). This is the first study that demonstrated that patients with dilated cardiomyopathy benefited 
from an anti-inflammatory therapy.
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TABLE 14.2  Randomized Clinical Trials that have Targeted Inflammation in Heart Failure

Study
Number 
Patients NYHA Class Agent Category

Follow-up 
(Months) Mean Age

Mean 
LVEF % ACE-ARB/BBPrimary End Point Outcome

Randomized anti-cytokine clinical trials in heart failure

ATTACH [4] 150 II-IV
III, IV

Infliximab DCM, IHD 7 61 24 100/73 Clinical composite score High dose had 
adverse effect on 
clinical outcomes

CORONA [12] 5011 II-IV Rosuvastatin IHD 32.8 73 ns 91/75 CV death, nonfatal MI and 
stroke

No effect on CV 
death, nonfatal 
MI and stroke, 
decreased HF 
hospitalizations

GISSI-HF [13] 4574 II-IV Rosuvastatin DCM, IHD 46.8 68 33⁎ 95/62 Death, Death and CV 
hospitalization

No effect on Death, 
Death and CV 
hospitalization

Gullestad et al. [14] 56 II, III Thalidomide DCM, IHD 3 66 25 100/91 LVEF, LV volumes,  
symptoms

Improved LVEF and 
LV remodeling

Hare et al. [15] 405 III, IV Oxypurinol DCM, IHD  65 26 95/01 Composite of HF 
mortality + morbidity 
 + QoL

No overall effect; 
effect in those 
with elevated uric 
acid

Parillo et al. [16] 102/RCT Ns Prednisone DCM 3 43 17 Na/na LVEF Improved LVEF

RECOVER/
RENAISSANCE/
RECOVER [3]

1500 II-IV Etanercept DCM, IHD 5.7/12.9 63 23 98/62 Clinical composite score/
Death, or heart failure 
hospitalization

No effect on clinical 
status, death, 
or heart failure 
hospitalization

Skudicky et al. [17] 39 II, III Pentoxifylline DCM 6 49 24 100/100 NYHA class, exercise 
tolerance, and LVEF

Improved 
symptoms and 
LVEF

Sliwa et al. [18] 28 II, III Pentoxifylline DCM 6 53 24 100/na NYHA class and LVEF Improved 
symptoms and 
LVEF

Sliwa et al. [19] 18 IV Pentoxifylline DCM 1 46 15 100/na Symptoms, cytokines, and 
LVEF

Improved 
symptoms and 
LVEF

Sliwa et al. [20] 38 I-IV Pentoxifylline IHD 6 55 25 100/100 NYHA class and LVEF Improved 
symptoms and 
LVEF

UNIVERSE [21] 87 II-IV Rosuvastatin DCM, IHD 6.5 62 29 98/85 LVEF No effect on LVEF
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Randomized immunomodulation clinical trials in heart failure

ACCLAIM [22] 2426 II-IV Celacade DCM, IHD 10.2 64 23 94/87 Death, or CV  
hospitalization

No effect on 
death, or CV 
hospitalization

Gullestad et al. [23] 40 II-IV IVIG DCM, IHD 6 61 27 100/75 NYHA class, and LVEF Improved clinical 
status and LVEF

IMAC [24] 62/RCT I-IV IVIG DCM 12 43 25 90/18 LVEF and symptoms No effect

METIS [25] 50/RCT II-IV Methotrexate IHD 3 59 35 85/84 6MWT No effect

ACE, angiotensin converting enzyme; ARB, angiotensin II receptor blocker; BB, beta-adrenergic receptor blocker; IVIG, intravenous immunoglobulin; LVEF, left ventricular ejection fraction; Mo, months; Na, not available; Ns, not 
specified; NYHA, New York Heart Association; QoL, quality of life.
* 10% of the patients in GISSI-HF has an EF >40%.
Reproduced with permission Mann DL. Activation of inflammatory mediators in heart failure. In: Mann DL, editor. Heart failure: a companion to Braunwald’s heart disease. 2nd ed. Philadelphia: Elsevier/Saunders; 2011. p. 163-84. 
Modified from Aukrust Gullestad L, Ueland T, Vinge LE, Finsen A, Yndestad A, Aukrust P. Inflammatory cytokines in heart failure: mediators and markers. Cardiology 2012;122:23-35.
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14.2.1.3 Targeted Anti-cytokine Approaches Using Biological Response Modifiers
Two different targeted approaches have been taken to selectively antagonize proinflammatory cytokines in the 

setting of HF (Table 14.2). The first approach employed a genetically engineered TNF receptor (etanercept) that acts 
as a “decoy” to prevent TNF from binding to its TNF receptors on target cells, whereas the second approach em-
ployed a chimeric monoclonal antibody that neutralizes circulating TNF.

14.2.1.3.1  SOLUBLE TNF RECEPTORS

Etanercept (Enbrel™) is genetically engineered humanized protein consisting of two human TNF p75 receptors 
coupled to a human IgG1:Fc fragment. Two small short-term studies in patients with stable HF showed that treat-
ment with 25 mg biw etanercept resulted in improved QoL, increased 6-min walk distance, and improved LV ejection 
performance after 3 months of treatment [6]. These early trials formed the basis for two moderate-size multicenter 
trials that employed parallel study designs but differed in the dose of etanercept that was used. The Randomized 
Etanercept North AmerIcan Strategy to Study AntagoNism of CytokinEs (RENAISSANCE; n = 900) trial was con-
ducted in North America, whereas the Research into Etanercept Cytokine Antagonism in Ventricular Dysfunction 
(RECOVER; n = 900) trial was held in Europe and Australia. The primary end point for both trials was a clinical com-
posite score wherein patients were assessed as improved, unchanged, or worsened at 24 weeks. In RENAISSANCE, 
patients were treated with placebo or subcutaneous etanercept 25 mg biw or 25 mg tiw, whereas the RECOVER trial 
employed doses of 25 mg qw or 25 mg biw of subcutaneous etanercept. A third prespecified trial, the Randomized 
Etanercept Worldwide Evaluation (RENEWAL; n = 1500) trial, utilized the pooled data from the RENAISSANCE (biw 
and tiw dosing) and RECOVER (biw dosing only). The primary end point for RENEWAL was all-cause mortality 
and hospitalization for HF. On the basis of prespecified stopping rules, both trials were terminated prematurely 
because of the lack of benefit of etanercept on the clinical composite in RENAISSANCE (p = 0.17) and RECOVER 
(p = 0.34) (Figure 14.1a). The prespecified analysis of RENEWAL showed that there was no effect of etanercept on the 
primary end point (Figure 14.1b) of death or chronic HF hospitalization (hazard ratio = 1.1, 95% CI 0.91-1.33, P = 0.33) 
[3]. However, in a post hoc analysis of the RENAISSANCE trial, patients receiving biw and tiw etanercept experi-
enced, respectively, an increased 1.21 (p = 0.17) and 1.23 (p = 0.13) risk of death/HF hospitalization when compared 
with the placebo group. Further analysis of the components of the clinical composite score in the RENAISSANCE 

FIGURE  14.1  Results of the RENAISSANCE, RECOVER, AND 
RENEWAL trials. (a) analysis of the “clinical status” composite score 
for the RECOVER and RENAISSANCE trials in the placebo and 
etanercept groups. (b) Kaplan-Meier analysis of the time to death 
or heart failure hospitalizations in the placebo and etanercept group 
(biw and tiw) in the RENEWAL analysis. Reproduced with permis-
sion Mann DL. Activation of inflammatory mediators in heart failure. 
In: Mann DL, editor. Heart failure: a companion to Braunwald’s heart 
disease. 2nd ed. Philadelphia: Elsevier/Saunders; 2011. p. 163-84.
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trial revealed that there was a significantly greater proportion of etanercept-treated patients (29%, p < 0.04) in the 
worsened category at 24 weeks when compared to placebo-treated patients (20%). Increases in the risk of death/HF 
hospitalization and a worsening clinical composite were not observed in RECOVER, wherein the dose and duration 
of etanercept dosing was less. Patients in RECOVER received etanercept for a median time of 5.7 months, whereas 
patients in RENAISSANCE received etanercept for 12.7 months. Had these trials not been stopped prematurely for 
futility, the hazard ratios for increased death/HF hospitalization may have also been worse in the RECOVER trial. 
On the basis of these findings, the prescribing information for etanercept has been updated and now suggests that 
physicians exercise caution in the use of etanercept in patients with HF.

Although the precise explanation for the worsening HF in the RENAISSANCE trial is not known, it bears em-
phasis that TNF receptor antagonists have intrinsic biological activity and, in certain settings, can act as agonists (re-
ferred to as a stimulating antagonist [30]). We and others have reported that in some settings etanercept can stabilize 
TNF and increase its bioactivity (see Ref. [6] for further discussion). Although the stabilizing effects of etanercept 
might not be problematic in rheumatoid arthritis, wherein TNF is encapsulated within a joint space and peripheral 
circulating TNF levels are relatively low (compared to HF) or are nonexistent, it is possible that an increase in the 
circulating levels of biologically active TNF in a HF patients might contribute to worsening HF.

14.2.1.3.2  MONOCLONAL ANTIBODIES

Infliximab (Remicade™) is a chimeric monoclonal antibody consisting of a genetically engineered anti-TNF mu-
rine Fab fragment fused to a human FC portion of human IgG1. Although infliximab had been shown to be effective 
in effective in Crohn’s disease and rheumatoid arthritis, infliximab had never been tested in preclinical nor early 
phase I clinical studies in HF patients. The Anti-TNFα Therapy Against CHF (ATTACH) trial was a phase II study in 
150 patients with moderate to advanced HF (NYHA class III, IV). The primary end point of the ATTACH trial was the 
clinical composite score that was also employed in RENAISSANCE and RECOVER [3]. Patients were randomized to 
receive three separate intravenous infusions of infliximab (5 or 10 mg/kg) at baseline and at 2 and 4 weeks, followed 
by an assessment of the clinical composite score at 14 and 28 weeks. Because ATTACH was a pilot phase II study, 
there was no requirement for a formal Data Safety Monitoring Board to monitor ongoing clinical outcomes during 
the trial. Analysis of the completed data set revealed that there were increased rates of mortality and HF hospitaliza-
tion, particularly in the group that was receiving the highest dose of infliximab (Figure 14.2). On the basis of these 

FIGURE 14.2  Results of the ATTACH trial. (a) Kaplan-Meier rates 
of death and hospitalization for heart failure. (b) Kaplan-Meier rates of 
hospitalization for any reason. (Key: PBO, placebo; HR, hazard ratio). 
Reproduced with permission Mann DL. Activation of inflammatory 
mediators in heart failure. In: Mann DL, editor. Heart failure: a com-
panion to Braunwald’s heart disease. 2nd ed. Philadelphia: Elsevier/
Saunders; 2011. p. 163-84.
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findings, the prescribing information for infliximab has been changed, and it is now recommended that treatment 
with infliximab be discontinued in patients with worsening HF and that treatment with infliximab should not be 
initiated in patients with HF.

Analogous to the discussion above for the RENAISSANCE trial, it is not possible to precisely identify the mech-
anism for the untoward outcomes in ATTACH. However, the publication of the full trial results from ATTACH has 
allowed for some potential mechanistic insights that were not previously available [6]. As shown in Figure 14.3a, one 
of the mechanisms of action of infliximab is to bind to cells expressing TNF on their membrane, and to lyse these 
cells through complement fixation. Although this type of biological activity is beneficial in eliminating clones of ac-
tivated T-cells in Crohn’s disease, it is predictable that infliximab might be deleterious in HF if infliximab bound to 
TNF that was expressed on the sarcolemma of failing cardiac myocytes (TNF is not expressed in the nonfailing heart), 
which would lead to complement fixation, lysis of cardiac myocyte cell membranes, and cell death [31]. Analysis of 
the ATTACH trial indirectly supports this point of view. As shown in Figure 14.3b, plasma levels of immunoreactive 
TNF increased at the time of treatment with infliximab at 2 and 6 weeks, as well as after the last dose in infliximab 
at 6 weeks. Although the increase in TNF levels was attributed to TNF that was bound to infliximab (and hence pre-
sumably neutralized), this explanation does not explain the striking 25-fold increase in TNF levels at 10-28 weeks, 
when the infliximab levels were declining below detectable levels (see Figure 14.3b). Moreover, there was a progres-
sive and paradoxical rise in CRP and IL-6 levels over the course of the ATTACH trial, consistent with ongoing tissue 
injury. Accordingly, one biologically plausible explanation for the increase in patient morbidity and mortality in the 
ATTACH trial is that infliximab was overtly toxic through complement fixation in the heart.

14.2.1.3.3  IL-1 RECEPTOR ANTAGONIST

Anakinra (Kineret™) is an interleukin-1 (IL-1) receptor antagonist that blocks the biologic activity of naturally 
IL-1 by competitively inhibiting the binding of IL-1 to the Interleukin-1 type receptor. Anakinra has been shown to 
prevent adverse cardiac remodeling following LAD ligation in mice [32] but did not have a significant effect on LV 
remodeling in small randomized study in patients with acute myocardial infarction [33]. Although the experience 

FIGURE  14.3  Biological properties of infliximab. (a) Infliximab 
(cA2 G1) is cytotoxic for cells that express TNF on their cell mem-
branes (TNF+), whereas it is not cytotoxic for cells that do not express 
TNF on their membranes (SP2/O). The mechanism for the cytotoxic 
effects of infliximab was demonstrated using F(ab)2 fragments of 
infliximab, which lack the Fc domain and therefore cannot fix com-
plement. As shown, the F(ab)2 fragment of infliximab was not cyto-
toxic for TNF+ cells. (b) Levels of immunoreactive TNF in patients 
who received placebo and infliximab (10 mg/kg) are displayed in re-
lation to the circulating levels of infliximab (data are redrawn from 
Figures 2 and 4 in reference [4]). The dotted horizontal lines depict 
the upper and lower limits of the therapeutic window for infliximab. 
Reproduced with permission Mann DL. Activation of inflammatory 
mediators in heart failure. In: Mann DL, editor. Heart failure: a com-
panion to Braunwald’s heart disease. 2nd ed. Philadelphia: Elsevier/
Saunders; 2011. p. 163-84.



	 14.2  Inflammation as a Therapeutic Target in HF	 199

3.  TARGETING OF THE INFLAMMATORY RESPONSE 

with anakinra in HF has been limited, two small studies have shown significant improvements in exercise perfor-
mance in patients with HF with a depressed ejection fraction (n = 7) and a preserved ejection fraction (n = 12) [34,35].

14.2.1.4  Other Anti-inflammatory Agents
The biological effects of proinflammatory mediators can also be antagonized using pleiotropic drugs that have 

anti-inflammatory properties. Three of these therapeutics, statins, N-3 polyunsaturated fatty acids (PUFAs), and 
oxypurinol, have been tested in phase III clinical trials.

14.2.1.4.1  STATINS

Stains have a variety of pleiotropic effects, including inhibition of inflammatory responses, increased nitric oxide 
bioavailability, improved endothelial function, as well as antioxidant properties (reviewed in Ref. [36]). Based upon 
several retrospective analyses, several large clinical trials were performed with rosuvastatin in patients with HF, as 
discussed in Chapter 12.

14.2.1.4.2  N-3 POLYUNSATURATED FATTY ACIDS

There is a large body of experimental evidence suggesting that N-3 PUFA have favorable effects on inflammation, 
including a reduction of endothelial activation and production of inflammatory cytokines, platelet aggregation, auto-
nomic tone, blood pressure, heart rate, and LV function. In a parallel arm of the GISSI-HF study, patients with NYHA 
class II-IV HF were randomized to receive PUFAs or placebo. The GISSI-HF trial showed that long-term adminis-
tration of 1 g/day of omega N-3 PUFA resulted in a significant reduction in both all-cause mortality (adjusted HR 
0.91 [95.5% CI 0.83-0.99], p = 0.041) and all-cause mortality and cardiovascular admissions (adjusted HR 0.92 [99% CI 
0.849-0.999], p = 0.009), in all the predefined subgroups, including HF patients in nonischemic cardiomyopathy group 
[37]. Although N-3 PUFA are not endorsed by current practice guidelines, the use of N-3 PUFA may be considered in 
patients who remain symptomatic despite optimal medical therapy.

14.2.1.4.3  OXYPURINOL

Elevated levels of uric acid (UA) are known to predict mortality and the need for heart transplantation in 
patients with HF [38]. UA is a byproduct of the purine metabolism via the xanthine oxidase (XO) pathway. 
Serum uric acid (SUA) levels may increase in the HF because of increased generation, decreased excretion, or a 
combination of both factors. Recent studies have shown that UA can trigger interleukin-1β-mediated inflamma-
tion via activation of the NOD-like receptor protein (NLRP)3 inflammasome, which is a large multimolecular 
complex that plays a critical role in the processing of immature interleukin-1β to mature “secretable” form of 
interleukin-1β. Monosodium urate crystals have can also activate the innate immune system through engage-
ment of TLR2 and TLR4 [39].

The OPTIME-HF trial was a prospective randomized clinical trial that evaluated the effects of the XO inhibitor 
oxypurinol in patients with New York Heart Association functional class III to IV HF with a LV ejection fraction 
<40% [15]. The end point of the trial was a clinical composite comprising morbidity, mortality, and QoL evalu-
ated at 24 weeks. The percentage of patients characterized as improved, unchanged, or worsened did not differ be-
tween those receiving oxypurinol or placebo. In a subgroup analysis, patients with elevated SUA level of >9.5 mg/dl  
responded favorably to oxypurinol, whereas oxypurinol patients with SUA <9.5 mg/dl exhibited a trend toward 
worsening. The ongoing NIH-sponsored EXACT (Using Allopurinol to Relieve Symptoms in Patients with Heart 
Failure and High Uric Acid Levelstrial; NCT00987415) tested the hypothesis that treatment with allopurinol will lead 
to improvements in a composite clinical in HF patients with a reduced ejection fraction and a SUA of >9.5 mg. The 
EXACT trial did not show a benefit for allopurinol on clinical outcomes in patients with HF.

14.2.2  Immunomodulation

An alternative approach to targeting specific components of the inflammatory cascade is to employ strategies 
that dampen the various components systemic inflammatory response. Given the increasing recognition that cross 
talk between innate and adaptive immune systems leads to progressive LV remodeling following acute myocardial 
infarction, and that adverse LV remodeling is driven by activation of macrophages, dendritic cells, and CD4+ T-cells 
[40–42], there has been interest in developing broad-based immunomodulatory strategies for patients with HF. Thus 
far, three different approaches have been employed in HF studies: intravenous immunoglobulin (IVIG), methotrex-
ate, and immune modulation therapy (IMT).
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14.2.2.1  Intravenous Immuoglobulin
Therapy with IVIG has been tried in a wide range of immune-mediated disorders, such as Kawasaki’s syndrome, 

dermatomyositis, multiple sclerosis, and, most recently, dilated cardiomyopathy, wherein the initial results have 
been encouraging. In a double-blind, placebo-controlled study of 20 ischemic and nonischemic NYHA class II-IV 
HF patients with an LV ejection fraction <40%, monthly IVIG treatment for 6 months resulted in a significant in-
crease in LV ejection fraction from 26% to 31%, independent of HF etiology [23]. These improvements in functional 
class and LV function were accompanied by an increase in the anti-inflammatory mediators IL-10, IL-1 receptor 
antagonist (IL-1Ra), and soluble TNF receptors, as well as a slight decrease in plasma TNF suggesting that IVIG 
evoked a net anti-inflammatory effect. In contrast to these encouraging results, induction therapy with IVIG in the 
IMAC (Intravenous in Myocarditis and Acute Cardiomyopathy) trial in patients with recent-onset cardiomyopa-
thy (<6 months) and an LV ejection fraction <40% demonstrated no significant effect on LV ejection fraction when 
compared to placebo [24]. However, it bears emphasis that there was also an increase in LV ejection fraction from 
23% to 42% in the placebo arm, which would have made it difficult to show a statistically significant increase in LV 
ejection fraction in the treatment arm. Moreover, there were important differences in the IVIG dosing strategies in 
IMAC and the study by Gullestad and colleagues. That is, while both studies used induction therapy (a total of 2 g/
kg IVIG), in the study by Gullestad et al. maintenance therapy (monthly infusions [0.4 g/kg] for a total of 5 months) 
was also given. Thus, one possible reason for the different outcomes in these two studies is that IVIG maintenance 
therapy is required for an extended period of time, as has been observed in other chronic inflammatory disorders.

14.2.2.2  Methotrexate
Epidemiological studies have shown that patients with rheumatoid arthritis have an increased incidence 

of HF [43], and that the HF that develops in elderly rheumatoid arthritis patients cannot be explained en-
tirely by traditional cardiovascular risk factors nor by the presence of ischemic heart disease [44]. Notably, the 
HF that develops in these patients is associated with concomitant increase in circulating levels of TNF [43]. 
Methotrexate, which was originally developed as a folate antagonist for the treatment of cancer, has become a 
mainstay of therapy in rheumatoid arthritis. Several mechanisms have been proposed including inhibition of T 
cell proliferation via its effects on purine and pyrimidine metabolism, inhibition of transmethylation reactions 
required for the prevention of T cell cytotoxicity, interference with glutathione metabolism leading to alterations 
in recruitment of monocytes and other cells to the inflamed joint, and promotion of the release of the endoge-
nous anti-inflammatory mediator adenosine [45]. Of note, the use of methotrexate in rheumatoid arthritis has 
also been associated with reduced cardiovascular events, including HF hospitalization, especially in patients 
65-years old or older [46]. Methotrexate was evaluated in a small (n = 71) prospective randomized clinical trial 
of HF patients treated with 7.5 mg qw for 12 weeks [47]. Compared to patients on optimal medical therapy, ad-
dition of low-dose methotrexate resulted in a significant reduction in the circulating levels of proinflammatory 
cytokines (TNF, IL-6, and MCP-1) and upregulation of the anti-inflammatory cytokines (IL-10 and soluble IL-1 
receptor antagonist). There were also improvements in NYHA classification, 6-min walk test distance, and QoL 
when compared with baseline values. However, methotrexate had no effect of LV remodeling nor LV ejection 
fraction after 12 weeks of therapy. The main adverse effects reported for low-dose methotrexate were related to 
gastrointestinal symptoms; there were no severe drug toxicities such as bone marrow suppression or alopecia 
recorded. The METIS (Methotrexate Therapy Effects in the Physical Capacity of Patients with Ischemic Heart 
Failure) trial evaluated low-dose methotrexate in 50 patients with chronic ischemic heart disease. Patients were 
given methotrexate (7.5 mg) or placebo, plus folic acid (5 mg), for 12  weeks. The primary end point was the 
difference in 6-min walk test (6MWT) distance before and after treatment. There was no significant difference 
between groups in distance covered in the 6-min walk test, nor NYHA classification [25]. The effects of metho-
trexate on the rate of HF hospitalization (secondary outcome measure) are being evaluated in the ongoing CIRT 
(Cardiovascular Inflammation Reduction Trial [NCT 1594333]) trial, which examines whether low-dose metho-
trexate reduces heart attacks, strokes, or death in people with type 2 diabetes or metabolic syndrome that have 
had a heart attack or known coronary artery disease.

14.2.2.3  Immune Modulation Therapy
IMT (Celacade™; Vasogen, Inc) utilized a medical device that exposes a sample of blood to a combination 

of physiochemical stressors ex vivo. The treated blood sample is administered intramuscularly along with local 
anesthetic into the same patient from whom the sample is obtained. The physiochemical stresses to which the au-
tologous blood sample is subjected are known to initiate or facilitate apoptotic cell death. The uptake of apoptotic 
cells by macrophages results in a downregulation of proinflammatory cytokines, including TNF, IL-1β, and IL-8, 
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and an increase in production of the anti-inflammatory cytokines, including TGF-β and IL-10 [48]. Given the 
imbalance between pro- and anti-inflammatory cytokines in patients with HF [49], it was hypothesized that IMT 
would restore this balance toward normal. In a pilot study employing CelacadeTM in 73 patients with moderate 
HF, the investigators noted that the group receiving CelacadeTM experienced significantly fewer hospitalizations or 
deaths when compared to the placebo group. The decrease in event rate in the treatment arm was accompanied by 
improvements in QoL and NYHA clinical classification [50]. Based on the encouraging results of the early studies 
the ACCLAIM (Advance Chronic Heart Failure Clinical Assessment of Immune Modulation) pivotal study was 
conducted in 2426 patients with NYHA class II-IV HF patients with ischemic and nonischemic dilated cardiomy-
opathy. Patients were randomly assigned to receive Celacade (n = 1213) or placebo (n = 1213) by intragluteal injec-
tion on days 1, 2, 14, and every 28 days thereafter [22].The primary end point was an event-driven composite of 
time to death from any cause or first hospitalization for cardiovascular reasons. There was no significant difference 
between the CelacadeTM and placebo-treated patients with respect to the primary end point of the trial, which was 
death from any cause or cardiovascular hospitalization (HR 0.92; 95% CI 0.80-1.05; p = 0.22). However, in a prespec-
ified subgroup analysis of patients with NYHA II HF and patients without a history of previous myocardial infarc-
tion, it was noted that treatment with CelacadeTM was associated with a 39% (0.61; 95% CI 0.46-0.80; p = 0.0003) and 
26% (0.74; 0.57-0.95; p = 0.02) reduction in the risk death from any cause or first hospitalization for cardiovascular 
reasons, respectively, suggesting that IMT may have benefited patients with nonischemic cardiomyopathy and/or 
patients with milder HF (NYHA class II).

14.3  SUMMARY AND FUTURE DIRECTIONS

As summarized in the foregoing review, the experimental evidence linking activation of the innate immune 
system to the pathogenesis of HF has grown exponentially since the original description in 1990. Unfortunately, 
the ability to translate this information to HF patients has not met with success in phase III clinical trials, and in 
some cases has led to worsening HF. Although the reasons for the inability to identify a safe and effective anti-
inflammatory in HF are not known, the information gleaned over the past two decades may prove useful in iden-
tifying future therapeutic inflammatory targets. For example, the intrinsic complexity of innate immune biological 
signaling pathways was simply not known during the planning and implantation of the two targeted anti-TNF 
trials. As noted by Bruce Beutler there is a “price to be paid” for paralyzing innate immunity in an attempt to 
modulate the inflammation that arises from infectious and noninfectious etiologies [51]. It is also important to rec-
ognize that ACE inhibitors, β-blockers, and aldosterone antagonists, which are the mainstays of treatment in HF, 
are also “anti-inflammatory” (see also Chapter 10), insofar as the downstream signal transduction pathways from 
these classical neurohormonal pathways converge on NF-ĸB signaling, and are thus inherently proinflammatory. 
Moreover, demonstrating the benefit of additional add-on therapies on top of conventional triple therapy (ACE, 
β-blocker, aldosterone antagonist) is difficult because the annual mortality for patients with moderate HF is now 
~5-7%. Accordingly, in future studies it may be necessary to use biomarkers to select HF patients who have ongoing 
inflammation despite optimal medical therapy. Indeed, a recent consensus statement from the Translation Research 
Committee of the Heart Failure Association of the European Society of Cardiology suggested that there may not 
be a common inflammatory pathway that characterizes all of the different forms of HF, and that going forward it 
would be important to design specific anti-inflammatory approaches for different types and stages of HF, as well as 
to determine the specific inflammatory pathways that are activated in different forms of HF [52]. Given, the inherent 
difficulties in developing new heart failure therapies in general, as well as the specific difficulties in targeting innate immunity 
mentioned above, is there a foreseeable future for developing anti-inflammatory strategies in heart failure? Despite the inaus-
picious beginning with targeted anti-inflammatory approaches, the expanding body of knowledge in the field of 
innate immunity and the development of new therapeutic targets in this area, coupled with the ability to utilize in-
flammatory biomarkers to identify subsets of HF patients who have ongoing inflammation despite optimal medical 
and device therapy, raises the exciting possibility that we ultimately will be able to identify subsets of HF patients 
who will benefit from anti-inflammatory strategies in HF.
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inflammation and immune activation, 

169–171
left ventricular ejection function, 174
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