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Gonçalo F. Coutinho

University of Coimbra

Coimbra, Portugal

Attila Kiss

Medical University of Vienna

Vienna, Austria

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Biomedicines (ISSN 2227-9059) (available at: https://www.mdpi.com/journal/biomedicines/special

issues/Cellular Cardiovascular).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-8988-6 (Hbk)

ISBN 978-3-0365-8989-3 (PDF)

doi.org/10.3390/books978-3-0365-8989-3

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Tânia Martins-Marques, Gonçalo Coutinho and Attila Kiss

Editorial of the Special Issue: Cellular Mechanisms of Cardiovascular Disease
Reprinted from: Biomedicines 2023, 11, 2494, doi:10.3390/biomedicines11092494 . . . . . . . . . . 1
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Michael J. M. Fischer

Association of Plasma Methylglyoxal Increase after Myocardial Infarction and the Left
Ventricular Ejection Fraction
Reprinted from: Biomedicines 2022, 10, 605, doi:10.3390/biomedicines10030605 . . . . . . . . . . . 157

Pavel M. Docshin, Andrei A. Karpov, Malik V. Mametov, Dmitry Y. Ivkin, Anna A. Kostareva

and Anna B. Malashicheva

Mechanisms of Regenerative Potential Activation in Cardiac Mesenchymal Cells
Reprinted from: Biomedicines 2022, 10, 1283, doi:10.3390/biomedicines10061283 . . . . . . . . . . 175

Estefanı́a Tarazón, Lorena Pérez-Carrillo, Isaac Giménez-Escamilla,
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Cardiovascular diseases (CVD) remain the major cause of mortality and disability
worldwide, having contributed to 19.1 million deaths in 2020. Although cardiovascular
outcomes have significantly improved due to early diagnosis, improved and timely treat-
ment, the prevalence of CVD is expected to increase in the coming years, namely due to
population aging and other comorbidities highlighting the pressing need to identify novel
biomarkers and disease-modifying treatments [1]. Therefore, a major future challenge in
cardiovascular medicine lies in understanding the precise molecular basis of cardiac and
vascular remodeling, which is the focus of this Special Issue.

Across the spectrum of CVD, numerous cellular and molecular changes have been
reported to contribute to cardiac dysfunction [2]. In two review papers by Frąk et al., and
Franczyk et al., the molecular mechanisms underlying the development and progression
of CVD are comprehensively overviewed, focusing on the role of endothelial dysfunction,
inflammation and oxidative stress as major drivers of atherosclerosis, coronary artery
disease, hypertension and coronary artery spasm [3,4]. Both papers provide a relevant
basis to identify potential diagnostic and therapeutic targets across different CVD.

Consistent with the impact of oxidative stress in CVD development, Islam et al.
demonstrate that the H2S prodrug, SG-1002, confers protection against oxidative damage
and hypertrophy in vitro [5]. At a mechanistic level, the authors suggest that the effects
of SG-1002 are mediated by an increase in the H2S levels and expression of antioxidant
proteins, with a concomitant decrease in the expression of atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP).

As the primary trigger for atherosclerosis, endothelial dysfunction has been a matter of
intense research. In this Special Issue, Motoji et al. demonstrate that the administration of
Candida albicans water-soluble fraction (CAWS) to an apolipoprotein-E-deficient (ApoE−/−)
mice model induces a phenotype of Kawasaki disease (KD)-like vasculitis, exacerbating the
formation of aortic plaque lesions [6]. Importantly, the authors show that administration
of statins limited atherosclerosis and inflammatory cell infiltration, suggesting that statin
therapy can be used to prevent cardiovascular events in KD patients.

Grounded on the important link between diet and vascular health, da Silva et al. inves-
tigated the impact of a ketogenic regimen in ApoE−/− mice [7]. They demonstrated that a
ketogenic diet promoted systemic inflammation and atherosclerotic plaque burden, which
was accompanied by tissue-specific changes in aquaporins’ expression in the liver and adi-
pose tissue. However, further studies are required to establish the link between nutritional
ketosis and the regulatory role of aquaporins in inflammation during atherogenesis.

In addition to the mechanisms underlying endothelial dysfunction, it is important
to have a significantly better knowledge of the pathways leading to the destabilization
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and rupture of atherosclerotic plaques that ultimately cause myocardial infarction (MI). In
this Special Issue, Puylaert et al. identified Gasdermin D as a major player in pyroptotic
cell death in atherosclerotic lesions [8], and demonstrated that Gasdermin D deficiency
did not prevent plaque formation in the thoracic aorta of ApoE−/− mice but delayed the
progression of lesions in the brachiocephalic artery, with a concomitant decrease in plaque
necrosis. Although additional evidence is required, this study suggests that Gasdermin D
constitutes a valuable therapeutic target to increase atherosclerotic plaque stability.

The role of neutrophil extracellular traps (NETs) in atherothrombosis and plaque
destabilization is thoroughly summarized in a systematic review by Nappi et al. [9]. The
authors focus not only on the potential of using NETs as biomarkers of CVD, including
acute coronary syndromes and peripheral arterial disease, but also on the therapeutic
implications of targeting NETs in CVD.

Purinergic signaling plays a major role not only in regulating normal cardiovascular
function, but also during pathological contexts, namely upon calcification of blood vessels
and cardiac valves, which is the focus of the study carried out by Klauzen et al. [10]. In
this paper, it is reported that valve interstitial cells (VIC) and valve endothelial cells (VEC)
from stenotic human heart valves display significant changes in the expression levels of
purinergic genes, which is associated with the pathological calcification of VIC, likely
representing a valuable target in the search for an anti-calcification therapy.

The clinical benefits of using sodium–glucose cotransporter-2 inhibitors (SGLT-2i)
have been shown and these stand a major therapeutic option for the treatment of heart
failure (HF) independent of left ventricular ejection fraction (LVEF) and diabetes. However,
the cardioprotective mechanisms of SGLT2i are still not fully known. In this Special Issue,
Sullivan et al. focus on the importance of SGLT-2i in reducing edema in pre-clinical models
of HF with reduced ejection fraction (HFrEF), highlighting the promising role of this
strategy in improving the quality of life and reducing the number of hospitalizations of
HFrEF patients [11].

It has been widely demonstrated that advanced glycation end-products (AGEs) con-
tribute to a variety of microvascular and macrovascular complications. In this Special Issue,
Heber et al. demonstrate that the levels of plasma methylglyoxal, a major AGE precursor,
are increased in acute MI (AMI) patients following reperfusion via primary percutaneous
coronary intervention [12]. Importantly, higher methylglyoxal levels within 24 h after AMI
were associated with poorer left ventricular function after 4 days, suggesting that methyl-
glyoxal constitutes a relevant and potential therapeutic target for post-MI remodeling and
cardiac dysfunction.

In order to identify novel therapies for AMI, Docshin et al. characterized the mech-
anisms of early activation of regenerative processes in post-infarction cardiac tissue [13].
In this study, they demonstrated that cardiac mesenchymal cells isolated after MI in rats
have an increased proliferative capacity, and a higher expression of the Bmp2/Runx2 and
Notch signaling genes, which have an important role upon cardiogenesis, paving the way
for future studies aiming to ascertain its impact upon myocardial recovery in vivo.

Besides environmental and genetic causative factors, the epigenetic regulation of CVD-
related genes is associated with the development and progression of multiple CVD [14].
In this Special Issue, Tarazón et al. observed a genome-wide hypomethylation in cardiac
tissue samples of ischemic cardiomyopathy patients, which was related to changes in the
DNMT3B system, the main DNA methyltransferase [15]. Overall, this study provides
additional evidence to strengthen the potential of targeting epigenetic key enzymes for
CVD treatment.

First described as an important epigenetic modification, by regulating chromatin struc-
ture and histone activity, protein acetylation is now known as a broader post-translational
modification involved in the control of cell metabolism and enzymatic activity. In this
Special Issue, Dubois-Deruy et al. discuss the role of lysine acetyltransferases and deacety-
lases in the pathophysiology of obesity, type 2 diabetes and HF, as well as the preclinical
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evidence demonstrating the cardioprotective potential of the pharmacological modulation
of cardiac acetylation [16].

In addition to classical risk factors, CVD burden is now recognized to be aggravated
due to the growing population of cancer survivors treated with cardiotoxic cancer ther-
apies, which is discussed in two review papers collected in this Special Issue. Franczyk
et al. consider evidence relating the use of receptor tyrosine kinase inhibitors (RTKIs) in
treatment of renal cell carcinoma to the development of hypertension, myocardial ischemia
and HF, highlighting the importance of defining proper surveillance strategies for high-
risk patients [17]. Rocca et al. focus on mitochondrial dynamics as key determinants of
anticancer drug-dependent cardiotoxicity, which constitute relevant therapeutic targets to
prevent cardiomyocyte dysfunction or loss in cancer survivors [18].

Besides anticancer drugs, therapeutic regimens used for systemic disorders have also
been reported to increase HF-associated hospitalizations, such as the dipeptidyl-peptidase-
4 (DPP4) inhibitor saxagliptin, widely used to control type 2 diabetes. In the paper by
Vörös et al., the mechanisms underlying saxagliptin cardiotoxicity are investigated [19].
The authors demonstrate that the levels of DPP4 and its substrate neuropeptide Y (NPY) are
decreased in failing human hearts. In vitro experiments using fibroblast/cardiomyocyte
co-cultures suggest that saxagliptin may interfere with NPY-mediated cardiac tissue remod-
eling in HF, but further studies are warranted to confirm this association.

Overall, this Special Issue brings together relevant cell-based and pre-clinical studies
identifying novel mechanisms underlying cardiac and vascular remodeling and dysfunc-
tion, paving the way for the identification of more efficient diagnostic and therapeutic tools
for a wide range of CVD.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Cardiovascular diseases (CVDs) are disorders associated with the heart and circulatory sys-
tem. Atherosclerosis is its major underlying cause. CVDs are chronic and can remain hidden for a long
time. Moreover, CVDs are the leading cause of global morbidity and mortality, thus creating a major
public health concern. This review summarizes the available information on the pathophysiological
implications of CVDs, focusing on coronary artery disease along with atherosclerosis as its major
cause and arterial hypertension. We discuss the endothelium dysfunction, inflammatory factors, and
oxidation associated with atherosclerosis. Mechanisms such as dysfunction of the endothelium and
inflammation, which have been identified as critical pathways for development of coronary artery
disease, have become easier to diagnose in recent years. Relatively recently, evidence has been found
indicating that interactions of the molecular and cellular elements such as matrix metalloproteinases,
elements of the immune system, and oxidative stress are involved in the pathophysiology of arterial
hypertension. Many studies have revealed several important inflammatory and genetic risk factors
associated with CVDs. However, further investigation is crucial to improve our knowledge of CVDs
progression and, more importantly, accelerate basic research to improve our understanding of the
mechanism of pathophysiology.

Keywords: cardiovascular disease; atherosclerosis; arterial hypertension; coronary artery disease;
inflammation; matrix metalloproteinases; oxidative stress; vascular endothelium dysfunction;
genetic factor

1. Introduction

Cardiovascular diseases (CVDs) are a group of disorders of the heart and blood ves-
sels [1]. They are a set of heterogeneous diseases whose underlying cause of development is
most often atherosclerosis [2]. CVDs are chronic diseases that gradually evolve throughout
life and remain asymptomatic for a long time [3]. Moreover, CVDs are the leading cause
of morbidity and mortality in patients worldwide [4]. In Europe, CVDs are responsible
for 45% of deaths [5], thus being particularly important for public health. Atherosclerosis,
coronary artery disease (CAD), and arterial hypertension (AH) are the leading causes of
CVDs [6].

Atherosclerosis is the main cause of cardiovascular-related death worldwide [7]. It
is a thickening and hardening of the arterial wall, accompanies aging, and is related
to major adverse impact on the cardiovascular system and various other diseases [8].
Elevated plasma cholesterol level (>150 mg/dL) is a major cause of the development of
atherosclerosis [9].

CAD is a common heart condition in which we can observe the narrowing or blockage
of major blood vessels—coronary arteries. CAD is caused primarily by plaque formation
within the intima of the vessel wall [10], with plaque being defined as a fatty material
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growing inside intima along with a severe inflammation, especially if the inflammation
is chronic. This in turn causes difficulties in supplying the cardiomyocytes with enough
blood, oxygen, and nutrients [11]. As a result, atherosclerotic plaque may erode or rupture,
initially resulting in thrombosis and then a closure of the vessel, leading to myocardial
infarction, stroke, limb ischemia, and death [12]. The other factors causing this condition
are a diseased endothelium, low-grade inflammation, and lipid accumulation [13].

AH is one of the most common CVDs. AH causes few or no symptoms, but is an im-
portant risk factor for a myocardial infarction, stroke, renal failure, and peripheral vascular
disease [14]. The diagnosis of AH, in accordance with the most significant guidelines, is di-
agnosed when a person’s systolic blood pressure (SBP) in the office or clinic is ≥140 mm Hg
and/or their diastolic blood pressure (DBP) is ≥90 mm Hg following a repeated exami-
nation [15]. CVDs are caused by multiple factors. Some of them are unvarying, such as
age, gender, and genetic background, whereas others could be variable and, therefore,
reduced (smoking, physical inactivity, poor dietary habits, elevated BP, type 2 diabetes,
dyslipidemia, and obesity) [16].

In this review, we summarize the available evidence of the pathophysiological impli-
cations of CVDs, focusing on atherosclerosis, CAD, and AH. It is particularly essential to
explain the mechanisms of their formation and progression.

2. Coronary Artery Disease and Atherosclerosis

CAD and atherosclerosis are discussed first, due to their broad subject matter and
mutual implication. The pathophysiological basis of these diseases is constantly being
researched in order to finally find the reasons behind their formation and what factors
additionally exacerbate the ongoing processes and may directly contribute to their induc-
tion. Understanding the exact course of the entire pathophysiological and pathogenic
process will allow for accurate prevention and diagnosis of both diseases. Cardiovascular
diseases are classified as civilization diseases [17]; hence, it is important to create accurate
and effective algorithms that will help doctors during their work. Those that already exist
require further improvement and improvement, due to the continuous discoveries and
introduction of new pharmacotherapeutic solutions.

In our review, we focus on endothelial dysfunction as one of the first and most impor-
tant causes of the processes leading to CAD and atherosclerosis [18]. In the case of both
diseases, these processes constitute a starting point for further research and implications in
the course of the disease development. This brings us to the remainder of the paper, i.e.,
inflammatory processes involving diseased tissue and oxidative factors.

We also do not forget about the genetic basis; dynamically developing research shows
completely new faces of these diseases known to us and makes it possible to reflect on the
real causes of their diversity and changeable forms, as well as create new possibilities for
better diagnostics and considering whether the current judgement that the lifestyle and
drugs mainly allow controlling the disease-causing process. They allow the use of new
solutions and deepen our knowledge in this subject.

2.1. Endothelial Dysfunction in Atherosclerosis

In arterial vasculature there are areas (branch points, bifurcations, and major curvatures—
arterial geometry), which are much more prone to atherosclerotic lesions [19]. The mechani-
cal forces such as a turbulent flow, which is related to the geometry and shape of vessels,
also influence the endothelial cell [19].

Atherosclerosis occurs in these regions as a result of differences in flow, which is
present at sites of low shear stress, turbulence, and oscillating flow. We do not maintain that
these factors cause atherosclerosis but rather that they “prime the soil” in which lesions start
to develop [20]. Endothelial cells are exposed to various degrees and types of shear stress,
which have influence on their shape, intracellular signaling, and gene expression [21]. In the
regular state, which is the quiescent state of the endothelium, nitric oxide (NO) is produced
in order to bind to cysteine groups in NF-κB and the mitochondria, which inhibit cellular
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processes. Moreover, the endothelial layer is covered by a glycocalyx, which is layer of
proteoglycans and extracellular matrix components, involved in transendothelial transport,
e.g., of lipoproteins, which can be lost or reduced in inflammation due to plasminogen
activator inhibitor [21]. In homeostasis, endothelial cells prevent platelet activation, blood
clotting, and leukocyte adherence by secreting substances such as NO, prostacyclin, t-PA,
and antithrombin III [21]. When inflammation occurs there is an increase in the number of
adhesion molecules (E-selectin, ICAM, and VCAM), which participate in the infiltration of
leukocytes through the endothelial layer [22]. With leukocytes, lipoproteins penetrate the
endothelium, and they are trapped in the subendothelial space and oxidatively modified.
Endothelial dysfunction in modern cardiovascular medicine is described as changes in
the production and availability of endothelial-derived NO, prostacyclin, and endothelin,
as well as their impact on vascular reactivity. In this case, reactive oxygen species (ROS)
such as H2O2 reach the regulatory molecules, which leads to the activation of the cells [23].
The endothelial membrane is permeable to compounds such as NO and H2O2, which
causes the activation of the transcription factors and protease. Moreover, production
of endothelial ROS may be triggered by inflammation and cells that participate in this
process, such as leukocytes and growth factors. Other mechanisms that cause endothelial
dysfunction are the formation of peroxynitrite, NO synthase uncoupling, prostacyclin
formation inhibition, endothelin expression stimulation, and reduced NO signaling due to
the inhibition of soluble guanylate cyclase activity [24]. All these mechanisms promote a
vasoconstrictive and procoagulant milieu. Moreover, endothelial cells can make a transition
to the mesenchymal cells [21]. Consequently, the extracellular matrix deposits between cells
and dysregulates the junctional proteins (e.g., occludin and claudin-5), which lose cell–cell
contact [21]. As a result, the endothelium loses its integrity with media, and this causes a
higher activity in that field. Then, the changes extend beyond NO metabolism reactivity,
including increased level of permeability for lipoprotein, oxydation, leukocyte adhesion and
accumulation, and altered extracellular matrix metabolism, with all of these accumulating
in the arterial wall [19]. In this way, macrophages, cholesterol, and inflammatory cells
access the media, and atherosclerosis begins. Moreover, the mechanical forces such as a
turbulent flow, which is related to the geometry and shape of vessels, also influence the
endothelial cell [19].

2.2. Inflammatory and Oxidising Factors in Atherosclerosis

Following the mechanisms of endothelial dysfunction, we can see that inflammatory
factors also play a huge role in the development of this pathology. Atherosclerosis is
characterized by the retention of lipids and inflammatory cells such as macrophages, T
lymphocytes, and mast cells in damaged arterial wall, the intima [25]. Modified lipids
activate inflammatory cells in the intima, producing chemokines and cytokines such as
tumor necrosis factor (TNF-alpha), interleukin -1, -4, and -6, and interferon-gamma, which
activate other leukocytes, endothelial cells, and adhesion molecules, especially vascular cell
adhesion molecule-1 (VCAM), intercellular adhesion molecule-1 (ICAM), and E-selectin,
on the endothelial surface. These, in turn, recruit other inflammatory cells. As a result,
the monocyte-derived macrophages release enzymes in order to modify the lipoproteins.
These modified lipoproteins become atherosclerotic plaques. Then, macrophages absorb
and build in the cholesterol-rich lipoproteins from LDL, as well as secrete pro-oxidant
substances, which contribute to the process of atherosclerosis: ROS and RNS (reactive
nitrogen species). These are the same compounds that participate in the endothelial
dysfunction, which aggravates the condition of the endothelium, indicating that the process
is self-perpetuating. This is not desirable, because this damage of the cellular functions of
biomolecules (such as proteins, carbohydrates, and lipids) can result in lipid peroxidation
and LDL oxidation. As we know, oxidized phospholipids trigger inflammation, because of
the extensive binding to the Toll-like receptors, which can activate the transcription factors
nuclear factor-κB (NF-κB) cytokines which trigger proinflammation; hence, oxLDL is called
a clinical marker of plaque inflammation [26]. OxLDL irritates endothelial cells, increasing
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the production of adhesion molecules. ROS and RNS convert the LDL-C to the OX-LDL,
which are built into the intimal layer. The inner layer also migrates the muscle cells from the
media and proliferates itself. When all these processes combine, the atherosclerotic plaque
is created, featuring fiber tissue, muscle cells, and many inflammatory cells. Accelerated
cell turnover is likely to lead to an enhanced macromolecular permeability, increasing lipid
uptake in the regions with a disturbed flow. This in turn would lead to the atherosclerotic
phenotype expression of VEGF increasing in response to low shear stress, leading to greater
endothelial permeability [27]. In addition, in the vessels, hyperglycemia promotes the
overproduction of ROS by the mitochondrial electron transport chain. Excess superoxide
leads to DNA strand breakage and activation of nuclear poly ADP ribose polymerase
(PARP). These processes inhibit glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
shunting the early glycolytic intermediates into the pathogenic signaling pathways during
inflammation [28].

2.3. Epigenetic Factors in Atherosclerosis

The first major epigenetic mechanism that contributes to the complexity of atheroscle-
rosis is DNA methylation, which is catalyzed by DNA methyltransferase 1 (DNMT1) and
3b (DNMT3b) DNA methylation [27]. Moreover, DNA demethylation is also an important
mechanism explaining the pathogenesis of atherosclerosis. During studies on mice, the
TET2 overexpression significantly reduced atherosclerotic lesion formation, likely by ox-
idatively demethylating 5meC to 5hmC in the endothelial vessel wall. This TET2-induced
rescue occurs via the upregulation of autophagy, as TET2 overexpression decreases the
methylation level of the promoters of autophagic flux-related genes [29]. Moreover, the
loss of TET2 functions in hematopoietic cells and myeloid cells enhanced atherosclero-
sis in mice, as shown in [30]. Bone marrow was transplanted from control mice into an
atherosclerosis-prone Ldlr−/− recipient mice, and a diet high in cholesterol was introduced.
After 5, 9, and 13 weeks on the diet, the recipients of Tet2−/− marrow had 2.0-fold, 1.7-fold,
and 1.4-fold larger lesions in the arteries. DNA methylation and histone acetylation are
key processes in regulating the expression of inflammatory cytokines and chemokines in
atherosclerosis. This involves methylation at the C5 position of cytosine residues in a CpG
dinucleotide context, exerted by DNA methyltransferases (DNMTs). DNMTs are capable
of both methylation and demethylation, making the modification reversible, but those
modifications are reserved for the Tet methylcytosine dioxygenases (TET1, 2, and 3) [29].
In addition, studies have shown that other genes, DNMT3A, JAK2, and ASXL1, which
mutated, increase the risk of incident coronary heart disease 12-fold in JAK2 V617F and
1.7-fold to 2.0-fold in other genes mentioned above [30]. Mutations in the DNMT3A and
TET2 influence DNA methylation, whereas those in the ASXL1 alter histone modifications,
thereby influencing clonal expansion of hematopoietic stem cells [31]. This phenomenon
was found to influence risk of CAD [32].

2.4. Endothelial Dysfunction in CAD

The vascular endothelium is the layer of cells lying under the epithelium lining the
inside of the vessel and the muscular layer, which is a boundary between the circulating
blood and the vascular wall. Its cells are specialized in maintaining vascular homeostasis,
which is crucial for the proper functioning of organs, especially the heart. Through its
role in signal transduction and as a source of many vasoactive substances, it is their key
regulator. The vascular endothelium reacts to physical and chemical stimuli through the
release of autocrine and paracrine vasoactive agents. Factors of endothelial origin regulate
surface tension and cell adhesion, including platelet activation and leukocyte adhesion,
smooth muscle cell proliferation, and vascular wall inflammation. The endothelium is
considered to be a strong indicator of cardiovascular function and fitness. Its dysfunction
is considered to be the earliest marker of atherosclerosis and, in effect, CAD.

First, we focus on the critical process of the NO signaling pathway [33]. Nitric oxide
is a gas with relatively small particles that strongly dilates blood vessels and has addi-
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tional anti-inflammatory and antioxidant properties [34]. It is synthesized by three distinct
subtypes of the NO synthase (NOS) enzyme, each with unique expression patterns and
functional properties: neuronal NOS (nNOS, NOS1), inducible NOS (iNOS, NOS2), and
endothelial NOS (eNOS, NOS3). Broadly, these proteins catalyze the production of NO
and l-citrulline from L-arginine and O2, using electrons donated from dihydronicotinamide
adenine dinucleotide phosphate (NADPH). Finally, in the presence of heme and tetrahy-
drobiopterin (BH4), NOS monomers form homodimers, which are capable of using the
donated NADPH electrons to catalyze the two-step oxidation of L-arginine to L-citrulline
and NO. The expression of the nicotinamide adenine dinucleotide phosphate oxidase in the
vessel wall with the consequent overproduction of NO has been proposed as an initial step
in the chronic dysregulation of normal NO production by eNOS, which is characteristic
of the monomeric forms of eNOS. In effect, eNOS produces a superoxide, rather than
NO. The superoxide reacts with NO to form peroxynitrite, which in turn increases the
uncoupling of eNOS and further superoxide production [35,36]. This again promotes eNOS
uncoupling and is itself a mediator of effects [37]. When uncoupled, eNOS switches from its
oxygenase-induced oxidant excess, and then exerts a deleterious effect on the endothelial
and vascular function.

In the second step, NOS catalyzes the oxidation of Nω-hydroxy-L-arginine to L-
citrulline, thereby releasing NO [38,39]. For example, nNOS and eNOS are highly de-
pendent on Ca2+-activated CaM for homodimerization and activity, whereas iNOS is
minimally dependent on calcium concentration. These nuances have critical functional
effects. NADPH oxidase (NOX) is another element that has received much attention as a
key element in the development of vascular dysfunction. NOX has the primary function
of producing reactive oxygen species (ROS) and is considered the main source of the ROS
production in endothelial cells. The enzymatic production of NO by eNOS is critical in
mediating the endothelial function, and oxidative stress can cause eNOS dysregulation and
endothelial dysfunction [40].

Taking this into account, the endothelial dysfunction is directly related to a decreased
production and sensitivity of cells to NO. As a result, we have an effective disturbance in
the functioning of the entire vessel and its homeostasis, which leads to an observation of
prothrombotic and proinflammatory phenomena, along with lower susceptibility of the
blood vessel wall.

Another factor of interest is phospholipase A2 and its influence on the endothelial
dysfunction. Lp-PLA2 (lipoprotein-bound phospholipase A2), also known as platelet-
activating acetylhydrolase, is a vascular-specific inflammatory enzyme mainly produced by
macrophages, lymphocytes, and foam cells in the atherosclerotic plaques. The circulation of
Lp-PLA2 is mainly associated with apolipoprotein B-containing lipoproteins and, therefore,
closely related to low-density lipoproteins (LDLs). Lp-PLA2 can trigger proinflammatory
and proatherogenic properties in the vascular wall. The enzyme hydrolyzes oxidized
phospholipids on the LDL particles in the intima of the artery, producing two highly in-
flammatory mediators with proinflammatory and atherosclerotic effects. Elevated levels of
Lp-PLA2 correlate with arterial stiffness in patients with a stable CAD (Figure 1), regardless
of the risk factors and pharmacotherapy [41].

2.5. Inflammation in CAD

Systemic vasculitis is a term referring to a group of diseases characterized by inflam-
mation and fibrinoid necrosis of blood vessel walls. The underlying pathogenesis involves
many mechanisms such as cell-mediated inflammation, immune complex (IC)-mediated
inflammation, and ANCA-mediated inflammation, For example, inflammation in GCA
is mostly a T-cell-driven process in which dendritic cells present antigens in blood vessel
walls. These T-cells activate other inflammatory cells such as monocytes and macrophages,
which, as a result, release proinflammatory cytokines (interleukin-1, interleukin-6, and
interferon-γ). Inflammation in diseases such as polyarteritis nodosa and cryoglobuline-
mia is driven by IC deposition (antibody-mediated IC formation, microaneurysms) [42],
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whereas Wegener’s granulomatosis, Churg–Strauss syndrome, microscopic polyangiitis,
and necrotizing glomerulonephritis result from interactions between antibodies and en-
zymes within inflammatory cells, which is typical for ANCA-related vasculitis [43]. As a
consequence of these processes, manufactured antibodies and immune complexes attach to
the inner layer of blood vessels. This is a cause of aggravated ET-1 release, which, in a posi-
tive feedback loop, recruits more monocytes and macrophages. Vasculitis, as a very diverse
group of diseases, has many cellular mechanisms that we mentioned above and affects
different arteries and veins, in terms of both distribution and size [44]. The size of vessels is
also crucial in terms of factors sustaining inflammation. Vasculitis of small veins is related
to involvement of the endothelium, necrose (which is associated with ANCA), damage
of the arterial walls, aneurysm formation, and hemorrhage. It is also characterized by
leukocytoclasia, which is the excessive accumulation of neutrophils. Moreover, in vasculitis
of large systemic vessels, the response to the inflammation leads to thickening of the intima,
restenosis, and overall remodeling. These changes are manifested in the malfunctioning of
blood vessels and subsequent events such as infarction and hemorrhage [44].

Figure 1. Lp-PLA2-dependent activation cycle [40]. The macrophages, lymphocytes, and foam
cells present in the atherosclerotic plaques have an influence on the increased level of Lp-PLA2,
which in turn catalyzes a reaction that, in the presence of oxidized phospholipids on LDL, is a direct
contribution to the secretion of an increased amount of inflammatory mediators, which in turn leads
to endothelial dysfunction and further CAD.

2.6. Genetic Background in CAD

In recent years, there has been substantial research showing correlations between
genetic factors and endothelial function and dysfunction, which in turn are associated
with an increased risk of developing CAD. In our work, we selected genes that, in our
opinion, have gained attention in recent years and have shown a significant impact on the
development of CAD. However, it should be remembered that, since 2007, in addition to all
the genes known so far that have a confirmed impact on CAD, new research has resulted in
nearly 60 distinct genetic loci [45].

As mentioned before, atherosclerosis underlies CAD. Previous studies have shown
that it has an important but poorly understood and defined genetic component [41,46].
An earlier genome-wide association study (GWAS) identified many loci associated with
an increased risk of CAD. A recent study by Redouane Aherrahrou, Liang Guo, and
others accurately described the characteristics of atherosclerosis that are associated with
the migration and proliferation processes in the vascular smooth muscle (VSMC) cells. The
phenotypic variability shown was of great importance here; more specifically, four loci
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directly related to the atherosclerosis in VSMC were identified. Moreover, as many as 79 out
of 163 loci associated with CAD are associated with one of the VSMC phenotypes [47].

One of them is the chromosome 1q41 locus, which harbors MIA3 protein. The G allele
of the lead risk SNP rs67180937 is associated with a lower VSMC MIA3 expression and a
lower proliferation. The MIA3 protein, which plays a role in the secretion of collagen, is the
likely cause of the genetic basis of CAD at its 1q141 locus. Silencing this protein resulted in
a reduction in the VSMC profiling, with a lentivirus used for this purpose. This protein
also significantly impacts the thickness of the fibrous cap of the atherosclerotic plaque, both
in humans and in mice [48].

Next one, JCAD (junctional cadherin 5-associated, also known as KIAA1462, encoding a
junctional protein associated with CAD) is one of more than 160 GWAS-identified genes [49].
JCAD is a protein that binds cells in the endothelium and is responsible for the regulation
of pathological angiogenesis, less frequently than its development [50]. CAD depletion also
increased EC apoptosis and reduced EC proliferation, migration, and angiogenesis [51].
JCAD depletion inhibits the activation of the YAP/TAZ pathway and the expression of
further proatherogenic genes including CTGF and Cyr61. Proteomic studies suggest that
JCAD regulates the YAP/TAZ activation by interacting with the actin-binding protein
TRIOBP, thus stabilizing stress fiber formation. In addition, endothelial JCAD expression
was increased in murine and human atherosclerotic plaques [52].

Moreover, the SIRT1 protein (Sirtuin 1) plays an important role in regulating the phys-
iological mechanisms taking place in the cell, consequently influencing the mechanisms
against CAD. SIRT1 is a cardioprotective molecule due to it regulating the expression of
eNOS. It regulates angiogenesis, and it protects the endothelium against dysfunctional
changes and damage to the heart muscle resulting from a reduced perfusion and ischemia.
Suppression of the SIRT1 causes monocyte affinity due to endothelial dysfunction [53]. The
gene encoding transcription factor TCF21 has been linked to CAD risk by GWAS in multiple
racial/ethnic groups. TCF21 antagonizes the MYOCD/SRF pathway through multiple
mechanisms, further establishing a role for this CAD-associated gene in smooth muscle
cells [54]. Two genes associated with high susceptibility of atherosclerotic plaque were also
found. These two genes changed at different timepoints after myocardial infarction, and
both had the lowest prognosis of heart failure when expressed at low levels. TLR2 and
CD14 are closely associated with the worsening of CAD, the instability of atherosclerotic
plaques, and the prognosis of heart failure after myocardial infarction [55]. Other studies
revealed an atheroprotective role of SVEP1. The deficiency of wildtype SVEP1 increased
the endothelial CXCL1 expression, leading to an enhanced recruitment of proinflammatory
leukocytes from blood to plaque. Consequently, elevated vascular inflammation resulted in
an enhanced plaque progression in the SVEP1 deficiency (Figure 2) [56]. An intronic region
of the disintegrin and metalloproteinase with thrombospondin motifs-7 (ADAMTS7) is one
of the two crucial factors that can reduce the wildtype SVEP1 [57]. ADAMTS7 is one of the
many proteins involved in the remodeling of the blood vessel walls due to the properties
that dissolve their substrate proteins [57]. Increased expression of this gene is associated
with an increased proteolytic activity and a migration of smooth muscle cells, which favors
the abovementioned remodeling properties, as demonstrated on the smooth muscle cells in
mice [58].

Two more genes have attracted our attention: NOS3 and GUCY1A3 and their common
variants. Their presence significantly contributes to a reduction in the level of BP, which is
known to be one of the important factors in reducing the occurrence of CAD [59]. Loss-
of-function mutations in GUCY1A3 and CCT7 result in a reduced level of α1 subunit of
soluble guanylyl cyclase (α1-sGC), as well as β1-sGC protein content, and they impair the
soluble guanylyl cyclase activity, which was correlated with risk of myocardial infarction
in a large family enriched for premature CAD2 [60].
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Figure 2. The role of SVEP1 in atherosclerosis and CAD [56]. CXCL1 expression is dependent on the
presence of SVEP1. Only in the presence of SVEP1 is the CXCL1 expression silenced. Two factors
have a significant influence on the expression of CXCL1: MMPs and ADAMTS- 7 (specific metallopro-
teinases), which can reduce the wildtype SVEP1; mutant SVEP1 (SVEP1_p.D2702G missense variant).
Consequently, the secretion and recruitment of inflammatory cells are increased.

The following genes, when inactivated, show increased risk of CAD: LDRL (low-
density lipoprotein receptor), APOA5 (apolipoprotein A-V) [61], and LPL (lipoprotein
lipase) [45]. Abnormal mutations in APOA5 increase the risk of CAD due to this gene
coding a protein responsible for the increased activity of LPL [61]. The opposite effect is
shown by mutations in the APOC3 and ANGPTL4 genes, which are responsible for the
inhibition of lipoprotein lipase [62,63].

3. Arterial Hypertension

3.1. Matrix Metalloproteinases in AH

The remodeling of the vascular extracellular matrix (ECM) during hypertensive im-
pairment has been associated with the involvement of matrix metalloproteinases (MMPs)
and their tissue inhibitors (TIMPs). Several MMPs and TIMPs might participate in the
vascular remodeling associated with the AH. Matrix metalloproteinases (MMPs) are a fam-
ily of zinc-dependent endopeptidases, involved in many physiological and pathological
processes, particularly tissue repair and modulation, cellular differentiation, cell mobility,
angiogenesis, and cell proliferation, migration, and apoptosis. The dysfunction of MMP
activity leads to a progression of various pathologies, tissue destruction, fibrosis, and matrix
weakening [64]. It is worth mentioning that MMPs are also involved in the development
of hypertension-mediated damage to the vascularity, heart, and kidneys, leading to organ
failure and cardiovascular complications (Figure 3) [65]. Endogenous tissue inhibitors
of MMPs (TIMPs) are crucial in restraining the degradation of ECM. Furthermore, the
pathological processes in the vessel wall might be provoked by an excessive amount of
MMPs, due to an imbalance between MMPs and TIMPs [66].
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Figure 3. Summary of physiological and pathological functions of MMPs. MMPs, matrix metalloproteinases.

The results of a meta-analysis conducted by Marchesi et al. showed increased plasma
levels and activities of MMP-2, MMP-9, and TIMP-1 among hypertensive patients [67]. Fur-
thermore, Bisogni et al. found that a high BP along with the development and progression
of CVDs correlated with increased levels of MMP-2 and MMP-9. It is also worth mentioning
that MMP-9 is involved in the vascular remodeling, thus leading to the perpetuation of the
elevated BP [65]. Additionally, Kostov et al. reported elevated MMP-1 levels and increased
collagen degradation in patients with AH [68]. Thus, the impaired vascular remodeling and
aggravated proteolytic activity might result from an MMP/TIMP imbalance in vascularity,
principally in the intima and media of the vessel wall [16]. On the contrary, a study by
Basu et al. attempted to demonstrate a crucial role of the TIMP-3, which is the protection of
the arterial ECM in response to Ang II [69]. Furthermore, Pushpakumar et al. observed
worsening of kidney functions and renovascular remodeling due to an increased activity of
MMP-9 among hypertensive mice with TIMP2 deficiency [70]. These alterations in clinical
AH suggest an important role for MMPs in AH. What is interesting, the determination of
the MMPs and TIMPs in the serum can be used as a noninvasive approach to diagnosing
and monitoring the structural changes in the cardiovascular system in AH [71].

Alterations in the structure, along with the degradation of several components of the
vascular wall, including ECM, are critical during AH. The ECM is critical for maintaining
the homeostasis in vasculature. It is thought to support stability and vascular cell behav-
iors [72]. A study by Cui et al. indicated that MMPs cause a degradation of the ECM
proteins such as collagen or elastin; therefore, MMPs disturb the structural integrity of the
vascular wall and lead to a decreased elasticity of the vascular wall [73].

Vascular ECM remodeling during AH applies effects on the functional and structural
alterations in the vascular smooth muscle cells (VSMCs). Wang et al. demonstrated that
MMPs promote VSMC growth and proliferation by activating growth factors such as insulin
growth factor-1, transforming growth factor-h, and heparin-bound epidermal growth factor,
in addition to promoting interactions between VSMC and these growth factors [16].

Martínez et al. found that, in rats, MMP-2 may regulate BP by destroying the vasodila-
tor peptides adrenomedullin (AM) 1–52, 8–52, and 11–52 (Figure 4). AM plays a role in the
regulation of BP. MMP-2 cleaves the vasodilator peptide AM (1–52, 8–52, and 11–52) into
smaller peptides AM (11–22), which act as the vasoconstrictors. MMP-2 activity may be
related to the development of AH, both by reducing the levels of the potent vasodilator
AM (1–52, 8–52, and 11–52) and by generating hypertensive molecules [74].
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Figure 4. MMP-2 cleavage of AM. Adrenomedullin (AM 11–52) is a peptide that affects vessels and
leads to its vasodilation. MMP-2 regulates BP by reducing the AM (1–52, 8–52, and 11–52) into smaller
peptides AM (11–22), which act as vasoconstrictors. Therefore, MMP-2 may worsen vascular function
and increase BP in hypertensive patients. Numbers in brackets are the peptide length before and after
the MMP2 cleavage. MMP-2, matrix metalloproteinase 2; AM, adrenomedullin; BP, blood pressure.

In addition, the MMPs may play a role in hypertensive complications such as intracra-
nial hemorrhage. A study by Wakisaka et al. found increased levels of MMP-9 in the
endothelial cells and ECM of cerebral vessels that are considered to be associated with a
spontaneous intracranial hemorrhage in the hypertensive rat models [75].

MMPs/TIMPs are involved in the regulation of the ECM metabolism, which plays a
significant role with regard to the maintenance of tissue integrity [72].

3.2. Immune System in AH

Both innate and adaptive immune cells have been implicated in the development of
AH. The majority of studies correlated the presence of AH with elevated levels of circulating
inflammatory markers, cytokines, and antibodies. The findings by Mirhafez et al. showed
an association between the concentrations of several cytokines and AH (an increased level
of IL-6, IL-1β, IL-1α, IL-18, IL-2, IL-8, TNF-α, IFN-γ, C-reactive protein (CRP), and MCP-1,
and a decreased level of IL-10) among patients with AH [76].

Sesso et al. evaluated the relationship between IL-6 and CRP and the risk of developing
AH in a nested case–control study of 400 women. The results showed that IL-6 was
indifferently associated with while CRP was firmly related to the AH risk [77]. Furthermore,
CRP has been found to be a mediator in the development of endothelial dysfunction,
vascular stiffness, and elevated BP [78]. Kong et al. investigated CRP gene polymorphisms.
The results showed that plasma levels of CRP could predict the development of AH. On
the contrary, the relationship between genotype and CRP levels was not associated with a
change in AH risk [79]. Lima et al. demonstrated that IL-10 inhibits the pressor activity of
Ang II and vascular dysfunction associated with AH, while also modulating the RhoA/Rho
kinase pathway. Strategies to increase IL-10 levels during AH may enhance the benefits
provided by regular treatments [80]. Peng et al. established in mice models that elevated
levels of IL-4 are linked to the development of with cardiomyopathy, as a result of an
angiotensin II-induced cardiac damage [81].

Macrophages are the main effector cells of the innate immune system, and numerous
studies indicate their role in the pathogenesis of AH. Monocyte levels are elevated in
hypertensives in comparison to normotensives [82]. Interestingly Ang II-preactivated
circulating monocytes in hypertensive patients might lead to subendothelial infiltration
and thereafter augment the risk of arteriosclerotic complications [83].

Macrophages have a role in mediating hypertensive end-organ damage. In one study,
perivascular macrophages were associated with the neurovascular and cognitive dysfunc-
tion induced by AH [84]. Shen et al. demonstrated that microglia, which are the resident
immune cells in the brain, are the main molecular factors in mediating a neuroinflammation
and modulating neuronal excitation, which contributes to an increased BP [85].

14



Biomedicines 2022, 10, 1938

Barbaro et al. identified a novel mechanism via which excess sodium contributes to
inflammation and AH. The result showed a pathway of sodium entrance into dendritic
cells. Therefore, high-salt-treated DCs produce the prohypertensive cytokines IL-17 and
INF-γ [86].

Antigen-presenting cells (APCs) are involved in the evolution of the inflammation
associated with AH. Hevia et al. showed that APCs are essential for the development of
AH, as the deletion of APCs produces rapid changes in the BP in mice with angiotensin
II plus a high-salt diet. Additionally, the APCs activate the intrarenal renin/angiotensin
system components and take part in the modulation of the natriuresis and tubular sodium
transporters [87].

The NOD-like receptor protein 3 (NLRP3) inflammasome participates in the devel-
opment of AH [88]. Krishnan et al. investigated MCC950—a recently-identified inhibitor
of NLRP3 activity. The result showed that, in mice with established AH, MCC950 low-
ered BP and decreased renal inflammation, together with reduced fibrosis and kidney
dysfunction [89].

Some studies investigated the neuro-immune axis associated with AH. Abboud et al.
indicated that excessive sympathetic activity and reduced parasympathetic activity have
a major role in pathological processes [90]. Furthermore, Harwani et al. demonstrated
anti-inflammatory nicotinic/cholinergic modulation of the innate immune system in rats.
Interestingly, they revealed proinflammatory innate immune responses in the hypertensive
rats, prior to the development of AH [91].

Evidence from human and animal studies strongly suggests an association between
inflammation and AH. Most recent findings in this field add to the growing body of
evidence suggesting that AH is an inflammatory disease, while also drawing attention to
the new possibilities for treating AH.

3.3. Oxidative Stress in AH

Disruption of redox signaling is a common pathophysiological mechanism observed
in AH. Oxidative stress, resulting in either enhanced ROS production or decreases in an-
tioxidant defense, is associated with an elevated BP, endothelial dysfunction, and vascular
remodeling [92]. Oxidative stress and inflammatory responses act cooperatively in the
pathogenesis of AH [93]. In the vascular system, the major source of ROS production is
NOX, whose expression is increased in hypertensive conditions [94]. Dysregulation of en-
zymes such as NADPHNOX, nitric oxide synthase (NOS), xanthine oxidase, mitochondrial
enzymes, or superoxide dismutase (SOD), which generate ·O2

−, H2O2, and ·OH together
with reduced levels of antioxidants, results in increased formation of ROS within the vascu-
lature. ROS contribute to vascular injury by promoting VSMC growth, extracellular matrix
protein deposition, activation of matrix MMPs, inflammation, endothelial dysfunction, and
increased vascular tone [95]. Furthermore, Crowley et al. indicated a novel mechanism
via which oxidative stress promotes an inflammation in the vascular wall. The chaperone
protein cyclophilin A (CypA), secreted from VSMCs due to ROS stimulation, leads to the
recruitment of the inflammatory cells within the vasculature. Additionally, CypA triggers
activation of MMPs, thus exaggerating vascular injury [93].

A variety of studies have indicated the role of NOX enzymes in the vascular remodel-
ing during AH. Dikalova et al. indicated that an overexpression in the vascular smooth
muscle of NOX1 exacerbates the hypertrophic and hypertensive responses to Ang II and
increases the superoxide production in mice. Therefore, NOX1 participates in the devel-
opment of cardiovascular pathologies [96]. Interestingly, Nosalski et al. investigated the
pharmacological inhibition of NOX1/NOX4 in rats. The result showed that pharmacologi-
cal inhibition of NOX4, elevated BP, increased accumulation of immune cell accumulation,
and increased perivascular collagen deposition led to an accelerated vascular aging among
both normotensive and hypertensive rats. Interestingly, the NOX1 inhibition did not affect
the development of AH [97]. Murdoch et al. evaluated the overexpression of Nox2 and its
association with AH. Thus, NOX2 contributes to the vascular remodeling and endothelial
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dysfunction, in addition to being involved in the pathophysiology of AH [98]. On the
contrary, NOX4 promotes the protection of the vascular system in situations of increased
stress induced by ischemia or angiotensin II [99]. NOX4 enhances the H2O2 production;
thus, it has valuable effect on vasodilator function and BP [100].

A large body of evidence has shown that the nuclear factor erythroid factor 2-related factor
2(Nrf2) is involved in the AH pathophysiology. Tanase et al. investigated Nrf2 in oxidative
stress and its role in AH. Nrf2 is a critical redox-sensitive transcription factor, functioning as
a target nuclear receptor against oxidative stress, and it is a major component of the redox
homeostasis of cells [101]. Chronic oxidative stress inhibits Nrf2 activity and function [102].
It is worth mentioning that Farooqui and colleagues demonstrated the development of AH
and renal function impairment due to an Nrf2 inhibition in mice. The result showed that, in
mice treated with a pro-oxidant—L-buthionine sulfoximine (10 mmol/L in drinking water)
and an Nrf2 inhibitor—ML385 (10 mg/kg body weight/day, intraperitoneally), oxidative
stress, renal functional impairment, inflammation, and elevated BP were revealed [103].
Additionally, microRNA (miR)-140-5p exaggerates AH and oxidative stress in mouse mod-
els. Liu et al. established that downregulation of miR-140-5p reduced oxidative stress and
ROS levels by activating the protein expression of Nrf2 [104]. Furthermore, Biernacki et al.
investigated changes in oxidative metabolism and apoptosis in the hearts of the hyper-
tensive rats. The result showed that inhibition of lipolysis by fatty-acid amide hydrolase
inhibitors can increase the enzymatic activity and nonenzymatic antioxidant activity in
rats, whereas Nrf2 expression is suppressed [105]. Therefore, treatments involving the
upregulation of Nrf2 expression might be promising. Nonetheless, further research is
needed on the therapeutic potential of Nrf2.

It has become clear that inflammation, ROS, and BP elevation are significant in the
pathophysiology of AH.

4. Conclusions

In this review, we focused on the important molecular aspects of three cardiovascular
diseases: atherosclerosis, CAD, and AH. In atherosclerosis, we paid attention to the role
of the oxidative processes, their pathomechanism, and the influence on the development
of the disease. Important epigenetic factors, particularly those that have been highlighted
in research in recent years, were also highlighted. In CAD, we focused on the endothelial
dysfunction and the most important factors leading to it, as well as its new aspects. The
most recent discoveries in the field of genetic background and the discovery of the role of
many genes that directly or indirectly contribute to the increased risk of CAD were also
considered to be of interest.

In AH, the most noteworthy aspects were the matrix metalloproteinases and the
functioning of the immune system and its dysfunctions. Here, we also drew attention to
the influence of oxidative stress.

These findings might shed new light on the cellular mechanisms of CVDs and prospec-
tive targets for the prevention and treatment in the near future. However, the major
scientific achievements of recent years and the many new discoveries and mechanisms still
require careful attention and additional studies.
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Abstract: Coronary artery spasm (CAS) is a reversible phenomenon caused by spontaneous excessive
vascular smooth muscle contractility and vascular wall hypertonicity, which results in partial or
complete closure of the lumen of normal or atherosclerotic coronary arteries. The clinical picture of
CAS includes chest discomfort which is similar in quality to that of stable effort angina. Mechanisms
underlying the development of CAS are still unclear. CAS certainly is a multifactorial disease. In this
review, we paid attention to the role of the main pathophysiologic mechanisms in CAS: endothelial
dysfunction, chronic inflammation, oxidative stress, smooth muscle hypercontractility, atherosclerosis
and thrombosis, and mutations leading to deficient aldehyde dehydrogenase 2 (ALDH2) activity.
These findings might shed novel insight on the underlying mechanisms and identify potential
diagnostic and therapeutic targets for cardiovascular diseases in the future.

Keywords: coronary artery spasm; cellular mechanism; endothelial dysfunction; oxidative stress;
smooth muscle hypercontractility; inflammation; atherosclerosis; thrombosis; variant angina

1. Introduction

Coronary artery spasm (CAS) is a reversible phenomenon caused by spontaneous
excessive vascular smooth muscle contractility and vascular wall hypertonicity, which
results in partial or complete closure of the lumen of normal or atherosclerotic coronary
arteries [1,2]. The concept of CAS was first postulated by Prinzmetal et al. who described
angina that occurs at rest or during regular daily activities which could not be explained by
the increased oxygen demand of the myocardium [3]. Prevalence of CAS is diverse between
countries: in the Japanese, 24.3%, followed by the Taiwanese, 19.3%, and Caucasian, 7.5%,
populations [2]. Among patients aged 40 to 70 years, CAS is more common in men than
in women [1]; however, it is mostly a disease of middle- and older-aged men and post-
menopausal women [4].

The clinical picture of CAS includes chest discomfort which is similar in quality to that
of stable effort angina [4]. A typical CAS attack is transient, often lasts only a few seconds,
and is unpredictable; however, it arises particularly from midnight to early morning [4,5]. It
occurs at rest and is a vague sensation of compression in the precordium or upper abdomen
with radiation mostly to the neck, jaw, and left shoulder [6]. Angina may be accompanied
by cold sweats, syncope, and a lowering of blood pressure [6]. Kishida et al. revealed that
82% (872 of 1062 episodes) of CAS episodes were asymptomatic and that syncope occurred
in 12.5% (30 of 240 patients) of patients with CAS [7].

The main risk factors for CAS are smoking, age, high-sensitivity C-reactive protein
(hs-CRP), hypertension, LDL cholesterol, and diabetes mellitus [1,2].

Mechanisms underlying the development of CAS are still unclear. CAS certainly is a
multifactorial disease [5]. The main pathophysiologic mechanisms in CAS are dysfunction
of the autonomic nervous system, endothelial dysfunction, chronic inflammation, oxidative
stress, smooth muscle hypercontractility, atherosclerosis and thrombosis, and mutations
leading to deficient aldehyde dehydrogenase 2 (ALDH2) activity [1].
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In patients with CAS due to dysfunction of the endothelium, deficiency in nitric oxide
(NO) is observed [8]. One of the damaging factors for the endothelium is oxidative stress.
Free radicals degrade NO which results in artery spasms. Cigarette smoking is one of the
main risk factors that intensify this process [9]. In addition, it is critical for people suffering
from CAS to cease smoking, as the inflammation in the body, an essential part of smoking,
triggers coronary spasms [10–13].

Fortunately, it has been reported that antioxidants such as vitamin C or E can restore
disturbed arterial reactivity [14,15]. Furthermore, estrogen, a hormone responsible for
enhancing NO synthase activity, can be considered as a protective factor. It has been shown
that high estrogen levels (typical of the pre-menopausal period) were associated with a
lower frequency of ischemic episodes [16].

One of the triggers of CAS is also vascular smooth muscle cell hyperreactivity. The
excessive intracellular influx of calcium ions, disturbances in the functioning of calcium
channels, and malfunctioning of ATP-sensitive potassium channels may result in the
occurrence of coronary artery spasms [17–19]. RhoA/Rho-kinase (ROK) activity and a
number of neurotransmitters are also involved in the pathogenesis of hypercontractility
leading to CAS [2,20–23].

Another important risk factor is also deficiency of magnesium, an endogenous cal-
cium channel antagonist [1,4,5,24]. Intravenous magnesium administration is beneficial in
patients with CAS [5].

The main pathogenetic mechanisms of CAS are presented in Figure 1.

Figure 1. Pathogenetic mechanisms of CAS.

Lifestyle change and elimination of risk factors, as well as adherence to prescribed
pharmacotherapy, form the basis of the management of CAS and reduce the risk of further
episodes in the future [25]. The pharmacotherapy of CAS is based on the use of calcium
channel blockers (CCBs) and/or nitrates. In exceptional cases, invasive therapies can be
used [26].

Diagnosis of vasospastic angina may be problematic [5]. The primary role in the
initial evaluation of a patient with an attack of a coronary artery spasm is to perform an
electrocardiography (ECG) [5]. However, coronary angiography with a provocation test
is considered the gold standard for diagnosing the disease. There are also other modern
imaging tests such as intravascular ultrasound (IVUS) and optical coherence tomography
(OCT), which are much more accurate but less commonly used [1].
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2. Endothelial Dysfunction

The vascular endothelium is known as a regulatory organ that is essential for the
proper function of the cardiovascular system. Due to its ability to produce biologically
active substances, the endothelium is a significant factor that maintains homeostasis. More-
over, it is crucial for the fluidity of blood because of its anticoagulant, fibrinolytic, and
antithrombotic properties. Therefore, its dysfunction plays an important role in the path-
omechanism of blood vessel alterations [27].

One of the multiple roles of a normal functional endothelium is the production of
NO. This compound is responsible for vasodilatation by suppressing vasoconstrictors such
as angiotensin II and endothelium I [1]. Furthermore, NO deficiency may intensify their
synthesis [28,29].

In young healthy people, acetylcholine (ACh) induces an increase in coronary artery
diameter by releasing NO [8]. Nevertheless, there are other endothelium-dependent va-
sodilators such as serotonin, histamine, or ergonovine which are also a virtue of nitric
oxide-releasing mechanisms [30]. On the other hand, a dysfunctional endothelium is
characterized by the deficiency of NO. Consequently, in subjects with coronary atheroscle-
rosis, intracoronary infusion of ACh results in spasms [8]. The difference between those
two groups proved useful in the diagnosis of CAS. Injections of ACh are used as a provoca-
tive test [4]. However, it has been reported that coronary hyperconstriction induced by
ACh involves all coronary segments. Spasms caused by ergonovine or serotonin concern
only the given coronary site or segment which is similar to spontaneous spasms. Due to
this fact, ACh may not be an appropriate option [10].

Nonetheless, nitrates via conversion into NO in vivo are independent of endothelial
mechanisms. Synthesis of NO from L-arginine can be inhibited by L-monomethyl-arginine
(L-NMMA) [30]. Kugiyama et al. [31] conducted a study in which they infused L-NMMA
into coronary arteries in 21 patients with coronary spastic angina (CSA) and in 28 control
patients. A coronary spasm was induced by ACh. Administration of L-NMMA in the
control group resulted in a decrease in the basal diameter of a coronary artery but ended
up with no effect in the other group. Moreover, the dilator response to nitroglycerin was
significantly higher in patients with CSA. This is a result of the super-sensitivity of spasm
arteries to nitroglycerin. It might be due to the deficiency of endogenous NO activity.

According to Kawano’s research [16], variation in estrogen levels is strictly connected
with the frequency of myocardial ischemia. As it is known, estrogen is responsible for
enhancing NO synthase activity [32]. Due to the similarity between the endothelial func-
tion of a brachial and coronary artery [33], flow-mediated dilation of the brachial artery
was assessed in the study. This magnitude is mostly based on endothelium-derived ni-
tric oxide [34], and as Kawano showed, it is related to the variation in estradiol levels
during the menstrual cycle. The ischemic episodes occurred more frequently with low
estrogen levels and less frequently at high estrogen levels. This is why CAS occurs more
often in post-menopausal women. However, no similar association was demonstrated in
progesterone levels.

3. Oxidative Stress

Oxidative stress is the state of imbalance between the action of reactive oxygen species
(ROS) and the biological ability to dispose of reactive intermediates or to repair the damage.
Due to enzyme activity, the reducing environment in cells is maintained. Disruption of this
mechanism can contribute to the production of free radicals and peroxides. Free radicals are
defined as substances that have one or more unpaired electrons. This feature makes them
highly reactive and allows them to donate their electrons to other molecules. Consequently,
it leads to chain reactions and then oxidative damage [35].

Studies showed that oxidative stress plays an important role in the pathogenesis
of endothelial dysfunction [36,37]. ROS are responsible for the degradation of NO, thus
stimulating vasoconstriction and causing endothelial damage [30].
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Thioredoxin is a ubiquitous enzyme, and one of its functions is cytoprotection against
oxidative stress [38]. Miyamoto et al. [39] reported that plasma levels of thioredoxin
were increased in subjects with coronary spastic angina. Furthermore, it was shown that
higher thioredoxin levels were strictly connected with a more frequent occurrence of
anginal attacks. It can be concluded that the high activity of the disease is associated with
intensified oxidative stress.

Smoking has been recognized as one of the major risk factors for coronary spasms [9].
Cigarette smoke is the source of a large number of free radicals causing the degradation
of NO [40]. It has been reported that the number of smokers was significantly higher in
the coronary spastic angina group than in the chest pain syndrome group [39]. Oxidative
activity of estrogen protects pre-menopausal women from CAS, but this does not apply
to those who smoke [16]. Motoyama et al. [14] concluded that vitamin C can improve
impaired endothelium-dependent vasodilation in chronic smokers. Serum levels of vitamin
C were lower in smokers than in nonsmokers. Additionally, plasma levels of thiobarbituric-
acid-reactive substances (TBARS) were remarkably higher in those addicted to cigarettes.
TBARS are known as an indicator of oxidative stress. However, the infusion of vitamin
C resulted in a decrease in TBARS levels in smokers but did not change the levels in
nonsmokers. These results are presented in Table 1.

Table 1. Association between particular indicators and risk of CSA.

References Study Design Year All Patients Examined Indicator Conclusions

Motoyama et al. [14] Clinical trial 1997 40 vitamin C Decreased vitamin C levels
in smokers.

Motoyama et al. [14] Clinical trial 1997 40 TBARS Increased TBARS levels
in smokers.

Miyamoto et al. [39] Clinical trial 2004 170 thioredoxin Increased thioredoxin levels in
subjects with CSA.

Miwa et al. [41] Clinical trial 1996 103 vitamin E Decreased vitamin E levels in
subjects with CSA.

TBARS, thiobarbituric-acid-reactive substances; CSA, coronary spastic angina.

Not only vitamin C is helpful for patients with coronary spastic angina. Studies have
also shown that vitamin E is able to restore disturbed arterial reactivity. Miwa et al. [41]
concluded that plasma vitamin E levels were markedly lower in subjects suffering from
active variant angina than in those without coronary spasms. This finding suggests a
connection between oxidative stress and CAS. In Motoyama’s research [15], the effect of the
oral administration of 300 mg/day of vitamin E on endothelium-dependent vasodilation
was examined. It was shown that supplementation of vitamin E resulted in improvement
in flow-dependent vasodilation. Furthermore, this management also caused a decrease in
plasma TBARS levels.

The mechanism of either vitamin C and E is based on increasing the availability of
intracellular reduced glutathione (GSH) and thiols [42]. Glutathione is mainly responsible
for protection from oxidative stress and the prevention of nitric oxide inactivation. It
has been reported that intracoronary infusion of GSH can restore the proper function of
the endothelium [43] and suppress constrictor response to ACh in epicardial coronary
arteries [44].

4. Inflammation

The evidence based on many studies [4,10,11,45], as well as clinical settings, suggests
an association between CAS and inflammation, especially connected with Rho-kinase
regulation [10,11]. CAS indicates an association with chronic inflammation by elevated
biomarkers such as hs-CRP [2,12,45], interleukin-6, peripheral leukocytes, monocytes [2],
and soluble CD40 ligands [12]. Moreover, adhesive molecules, such as P-selection, are
elevated in patients with CAS [46]. A chronic low-grade inflammatory state may lead to

26



Biomedicines 2022, 10, 2349

CAS through RhoA/Rho-kinase pathway activation and a reduction in endothelial NO
activity [11]. C-reactive protein, a sensitive marker of inflammation, suppresses endothelial
NO activity and activates RhoA signaling [47] and Rho-kinase activity in white blood
cells, which is a prognostic factor for the severity of CAS, correlating with the Il-6 level
in the plasma [2]. Moreover, another inflammatory marker, an increased mastocyte level,
has been reported in patients with CAS [48]. Cigarette smoking, a major risk factor for
coronary artery spasms, is connected with low-grade inflammation and an increased hs-
CRP level [12,13]. Thus, it confirms that even minor elevations of the hs-CRP level in
serum are essentially and independently associated with coronary spasms. Furthermore, a
recent study suggested that coronary spasms are associated with inflammation of coronary
adventitia and perivascular adipose tissue [49].

5. Smooth Muscle Hypercontractility

The activity of vascular smooth muscles, contraction and relaxation, is regulated by the
phosphorylation and dephosphorylation of the myosin light chain (MLC). Physiologically,
phosphorylation is induced by an increase in the intracellular concentration of calcium ions,
which, being in a complex with calmodulin, activate myosin light chain kinase leading to
phosphorylation of MLC. In coronary artery spasms, excessive contraction of the smooth
muscles of the coronary vessels occurs in response to an increase in the intracellular Ca2+

influx [4].
Elevated expression of L-type Ca2+ channels and an increase in Ca2+ entry into vas-

cular smooth muscle cells (VSMCs) through the channels may also initiate the spasm [50].
Moreover, a Ca2+ influx through the alpha1H Ca2+ system is crucial to coronary arteries’
relaxation. The deficiency of α1HT-type calcium channels inhibits the relaxing effect of
ACh [17], which may contribute to the pathogenesis of coronary artery spasms.

Phospholipase C overactivity, which is dependent on Ca2+, may also cause CAS
through enhanced contraction of VSMCs [51].

ROK and RhoA, being VSMC contractility regulators, are involved in the pathogenesis
of coronary artery spasms. Properly, the Rho-kinase metabolic pathway modulates the
level of MLC phosphorylation by the inhibition of myosin phosphatase.

The hyper-reactivity of Rho kinase in smooth muscle cells promotes its contraction
by sensitizing the myosin light chain to calcium ions, as well as indirectly increasing the
phosphorylation of this chain, promoting vasoconstriction. A study on animal models
showed that hydroxyfasudil, the Rho kinase inhibitor, prevented dose-dependent excessive
coronary contractions, supporting the role of Rho kinase in the pathogenesis of CAS [52,53].

It is essential to mention that inflammation may be also a trigger for vascular smooth
muscle cell hyperactivity. The activity of Rho kinase in the coronary artery can be increased
by the proinflammatory mediator, interleukin 1β (Il-1β) [10], which confirms the participa-
tion of the inflammatory process in the generation of excessive smooth muscle contractions
in CAS.

Coronary artery spasms may also be the result of a defect in the endothelial enzyme
responsible for the production of NO, which is one of the key mediators inducing vasodi-
lation. Rho kinase can inhibit the production of NO [54], and the absence of this relaxing
factor might result in CAS. Treatment that shows the appropriate effect in this situation
is statins, which increase the activity of endothelial NO, decrease ROS, and suppress the
RhoA/ROCK pathway [2].

ATP-sensitive potassium channels (KATP) are responsible for the regulation of vascular
tone. KATP channels are made up of two types of subunits: the lumen-forming subunit
(usually Kir 6.2) and the sulfonylurea receptor (SUR). Studies [18,19] suggest that the SUR2
KATP channel is a crucial regulator of episodic vasomotor activity, and the loss of function
of SUR2 KATP channels is of key importance for the proper function of the coronary vessels.
The loss of KATP activity in the smooth muscles of the coronary vessels correlates with the
occurrence of excessive contraction of the coronary artery. Based on these conclusions, it
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can be confirmed that there is a relationship between malfunctioning KATP channels and
the occurrence of Prinzmetal variant angina.

Transmitters such as serotonin [20], dopamine [21], or histamine [22] may also be
important factors influencing the VSMCs involved in the pathogenesis of CAS. Direct
injection of ACh, a parasympathetic neurotransmitter of the nervous system, into the
coronary artery also causes excessive contraction [23]. Focal administration of Il-1β may
damage the inner membrane of the coronary vessels, sensitizing these places to the coronary
administration of serotonin and histamine, which may lead to vasoconstriction [55].

There are multiple different pathways in which vascular smooth muscle hypercontrac-
tility may cause coronary artery spasms, but their connotation remains to be elucidated.

6. Atherosclerosis and Thrombosis

Atherosclerosis is characterized by the chronic accumulation of cholesterol-rich plaque
in the arteries and is linked to a broad spectrum of cardiovascular diseases [56]. The
disturbance of vascular endothelial structure and its function has also a major role in the
pathogenesis of atherosclerosis [57,58].

In recent years, there has been substantial research showing correlations between
atherosclerosis and vasomotor dysfunction. Although normal vessels are not excluded,
CAS occurs more frequently among arteries with atherosclerotic segments [59]. Pelligrini
et al. found that patients with CAS have more advanced atherosclerosis and a higher
prevalence of vulnerable plaques, compared to those without CAS [60]. Furthermore, many
studies have revealed that the presence of atherosclerosis together with CAS is associated
with worse patient outcomes [59]. It is also worth mentioning that the CAS could trigger
the rapture of stable plaque. In this way, coronary thrombosis and myocardial infarction
(MI) might occur [61]. These findings by Yamagishi et al. suggest that atherosclerosis
exists at the location of the focal vasospasm even in the absence of coronary disease on the
angiography. Therefore, the development of focal vasospasms is linked to the presence of
atherosclerotic lesions [62].

Spasms and atherosclerosis most likely have similar etiological pathways, such as
endothelial dysfunction and arterial remodeling [63]. However, in accordance with recent
research by Morita et al., atherosclerosis and CAS pathophysiologies might differ. Cigarette
smoking, low diastolic blood pressure, and systemic low-grade inflammation are risk
factors for CAS. On the contrary, the predictors for coronary atherosclerotic stenosis are
age, diabetes mellitus, low HDL cholesterol, hypertension or high systolic blood pressure,
and uric acid [64]. Interestingly, in the arterial vasculature, the atherosclerotic lesions
develop at different locations where the spasm occurs. Moreover, recent studies showed
that percutaneous coronary intervention (PCI) with stenting due to atherosclerotic stenosis
does not contribute to the recurrence of CAS and that spasms often occur diffusely in the
distal segments of the stented lesion [4].

CAS and atherosclerosis play an essential role in the pathogenesis of coronary heart
diseases [65].

We also do not forget that coronary thrombosis is recognized as one of the causes of
acute coronary syndromes including acute myocardial infarction, unstable angina, and
sudden ischemic death [66,67]. Intimal tear, intimal erosion, and microthrombi are the
three main abnormal morphologic findings of optical coherence tomography in patients
with vasospasm-induced acute coronary syndrome as compared to individuals with chronic
stable variant angina [68]. Kitano et al. established that spastic segments with focal spasms
were more prone to have intracoronary thrombi [69]. Furthermore, intracoronary thrombi
were found at all spastic segments, despite the presence of atherosclerotic lesions. Teragawa
et al. indicated that CAS plays a significant role in thrombogenicity [70]. However, there
were no significant differences between the spastic section with the intracoronary thrombi
and the spastic segment in terms of the rate and severity of plaque formation as determined
by CAS [70].
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Patients with CAS have an increased risk of rapid plaque progression and ischemic
events because coronary artery spasms trigger local thrombus formation and extensive
inflammatory response [71]. Interestingly, patients with coronary spasms have increased
plasma levels of hs-CRP and P-selection. Platelets are activated after attacks of CAS.
Further, thrombogenesis is intensified [5]. Therefore, we can conclude that CAS might
induce thrombosis in the coronary circulation.

7. Deficient Aldehyde Dehydrogenase 2 Activity

Susceptibility to disease is often genetically determined and is specific to a popula-
tion [72]. This is also the case with CSA, which is a common disease among East Asians [73].
A mutation in the ALDH2 gene is believed to be the cause of this condition; moreover,
it is likely that nearly 1 billion people worldwide carry the mutation, most of whom are
Easterners [74]. It has been suggested that the risk of coronary heart disease and myocardial
infarction may be increased due to the Glu504Lys variant in the ALDH2 gene, which is
responsible for reducing the ability of ALDH2 to metabolize acetaldehyde [72]. East Asians
are at higher risk for this variant, which is quite common in this population—it occurs in
up to 40% of East Asians, while it is not observed in other parts of the world [73]. The
mutation in question is a point mutation involving the substitution of glutamic acid for
lysine and occurs on chromosome 12q24.2, leading to a mutant, dominant allele (A) [75].
Homozygotes carrying the defective variant are most at risk for enzyme deficiency, while
heterozygotes have moderate enzyme deficiency [73]. It is also suggested that carriers of
the A allele have a 48% risk of coronary artery disease (CAD) compared to those without
the mutation [75].

Alcohol consumption has been proven to be one of the risk factors for the development
of coronary heart disease [72]. After consuming ethanol, we can divide its metabolism
into two stages. The first involves the conversion of alcohol to acetaldehyde with the
involvement of alcohol dehydrogenases ADH; then, in the second stage, this product
is oxidized to acetic acid via aldehyde dehydrogenases [72,74,75]. It is believed that
acetaldehyde has 30 times more toxicity than ethanol; moreover, it forms free radicals that
can react with DNA [74]. It is aldehyde dehydrogenase 2 that is thought to be the main
enzyme that oxidizes the harmful aldehyde [72,76]. However, the action of ALDH2 is
not limited to removing toxic acetaldehyde from the body but also aldehydes formed by
lipid peroxidation [73]. Unfortunately, ALDH2 activity can be reduced by the presence
of the 504lys variant, which leads to an increase in harmful acetaldehyde in the blood
after ethanol ingestion due to impaired metabolism. As a result, homozygotes have an
18-fold higher concentration of noxious aldehyde, while heterozygotes have a 5-fold higher
concentration of noxious aldehyde compared to wild-type homozygotes. The risk of CAD
is likely related to the amount of alcohol consumed, with large amounts of alcohol having
a higher risk [75]. It has also been suggested that high levels of acetaldehyde may affect
circulation and blood pressure, thereby increasing the risk of CAD [72]. What is more,
patients with ALDH2 deficiency are at risk for many other diseases such as esophageal and
gastric cancer, cirrhosis, Alzheimer’s disease, and osteoporosis [74].

Mizuno Y et al. [73] investigated the relationship between smoking and the presence
of a defective ALDH2 variant in the pathogenesis of CSA. The study showed that Asians
with defective ALDH2*2 alleles have a higher risk of CSA. It was also noted that the genetic
factor interacts with and exacerbates the deleterious effects of smoking on vasoconstriction,
and the joint effect of the two factors interacts more strongly than each factor alone by
increasing reactive aldehydes. It has been pointed out that reactive aldehydes may be
a target for prevention and treatment in people at risk or suffering from CSA [73]. On
the other hand, Li Y et al. [76] conducted a meta-analysis in which they evaluated the
association between the G487A polymorphism of the ALDH2 gene and CAD in the Chinese
population. They found a positive correlation of this gene variant with susceptibility
to CAD [76]. Gu J. et al. [72] also conducted a meta-analysis in which they examined
the relationship between the ALDH2 Glu504Lys polymorphism and the risk of CAD or
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myocardial infarction among the Asian population. Interestingly, it was shown that the
Chinese and Korean population with the 504lys variant has a higher risk of developing
CAD and MI which was not observed in the Japanese population [72]. Zhang L. et al. [75]
evaluated the relationship between ALDH2 polymorphism and the risk of CAD. They
analyzed 11 population-based studies, which included Chinese, Korean, and Japanese.
Based on the study, they suggested that a defective dominant A allele is associated with
lower concentrations of high-density lipoprotein C, which may also influence high CAD
risk [75]. Another topic of interest was addressed by Fujioka K. et al. [74] who evaluated
whether administration of the dietary supplement ESSENTIAL AD2 affects acetaldehyde
levels in ALDH2-deficient subjects after alcohol consumption. They studied 12 subjects
who were heterozygotes for mutations in the ALDH2 gene. Interestingly, after 28 days of
supplement therapy, a reduction in serum acetaldehyde levels was observed after alcohol
consumption. A reduction in liver enzymes was also observed during the study [74]. The
Table 2 analyzes some of the studies discussed [72–76].

Table 2. Association between mutation in the ALDH2 gene and CAD risk.

Authors Gu et al. [72] Mizuno et al. [73] Fujioka et al. [74] Zhang et al. [75] Li et al. [76]

Year 2013 2017 2019 2015 2018

Study design Meta-analysis Clinical trial Clinical trial Meta-analysis Meta-analysis

All patients 6762 410 12 8366 5644

Aim of the study

Evaluation of the
association between

the Glu504Lys
mutation in the

ALDH2 gene and the
risk of CAD and

myocardial infarction.

Evaluation of the
correlation between

smoking and the
presence of ALDH2
gene mutation and

their impact on
CAD risk.

Evaluation of the
effect of

Essential AD2
supplementation by

ALDH2-deficient
subjects on blood

acetaldehyde levels.

Evaluation of the
correlation between
polymorphisms of
ALDH2 and CAD.

The effect of the
G487A ALDH2
mutation on the

occurrence of CAD.

Conclusions

The Glu504Lys
mutation in the

ALDH2 gene in the
Asian population is

associated with a high
risk of myocardial

infarction and CAD.
The polymorphism’s
correlation with high

risk of the above
diseases is

particularly evident in
the Korean and

Chinese populations
but not in the

Japanese population.

The synergism of
smoking and ALDH2
gene mutation has a

greater impact on
CAD risk than either

factor alone by
increasing the

amount of
reactive aldehydes.

Daily
supplementation of

essential AD2 by
ALDH2-deficient

individuals resulted
in lower blood levels

of acetaldehyde.

The presence of a
dominant A allele in

the genotype of
individuals with the

mutation is
associated with a

higher risk of CAD.
Patients with a
mutation in the
ALDH2 gene

consume significantly
less alcohol than

patients without the
A allele.

The G487A of
ALDH2 mutation

significantly
increases the risk

of CAD.

ALDH2, aldehyde dehydrogenase 2; CAD, coronary artery disease.

8. The Role of Magnesium

Magnesium levels in the body may be related to the occurrence of CAS. Its deficiency
is one of the factors causing coronary vasospasms [1,4,5,24]. Magnesium, as an endogenous
calcium antagonist [4,5], causes blockage of calcium channels, and therefore coronary
smooth muscle contraction does not occur [24,26]. Compulsive alcohol consumption
can also lead to angina attacks in a magnesium-dependent mechanism. This is due to
magnesium deficiency caused by excessive urinary excretion of magnesium [24].

The basis of CAS is an increase in intracellular calcium ion levels and increased
sensitivity to it. The increased sensitivity to calcium ions is due to the increased activity of
the RhoA/ROCK pathway. It is also influenced by a decrease in NO release. As a result,
coronary smooth muscle contraction occurs [5,24].

Magnesium supplementation is crucial in patients with low magnesium levels [1,4,5].
Beneficial effects of magnesium supply in patients suffering from CAS were reported
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to consist of a reduction in coronary vasospasms and spasm attacks and alleviation of
hyperventilation-induced angina attacks [5,24,26].

An analysis of a case report by Popow et al. [77] describing coronary vasospasms
caused by hypocalcemia (0.69 mmol/L; norm: 1.13–1.29 mmol/L) and hypomagnesemia
(0.52 mmol/L; norm: 0.7–1.0 mmol/L) led to similar conclusions. The severe pain accompa-
nying the pathology subsided after the infusion of calcium and magnesium. Although this
is a rare cause of CAS, it should be taken into account during the differential diagnosis [77].

9. Diagnosis of Vasospastic Angina

The diagnosis of vasospastic angina (VSA) can be problematic [5]. Taking a clinical
history and performing an ECG are the first step in the initial evaluation of a patient with an
acute attack [78]. Patient symptoms are uncharacteristic and include transient retrosternal
pain lasting a few seconds, occurring most often at rest, usually from midnight to the early
morning hours [5]. ECG monitoring is important during an attack in the outpatient setting;
however, it does not provide evidence of coronary artery spasms, and an attack may not
occur at this time [5,79]. Changes in the ECG most often include the appearance of a peak
T-wave; less often, we may see a lowering or elevation of the ST segment, as well as the
appearance of a negative T-wave or U-wave [26,79]. These abnormalities are observed
when the main coronary artery contracts partially or completely, while a mild spasm may
not cause any changes in examination [26]. ECG-based diagnosis is often problematic
because in many cases, several minutes after the episode occurs, parameters normalize [80].
In addition to the aforementioned changes during systole, we can observe various types
of arrhythmias including supraventricular tachyarrhythmias, atrioventricular blocks, or
ventricular tachycardias [26]. It is noteworthy that ventricular arrhythmias occur more
frequently in patients with a shorter-lasting episode of ischemia, characterized by low
severity [80].

Coronary angiography with provocation testing is considered the most convincing
and reliable test for diagnosing VSA [1]. However, provocation testing is justified when
we suspect VSA in a patient, but our suspicions have not been definitively confirmed [78].
The provocation test involves an intracoronary injection of vasoconstricting agents, among
which ergonovine and acetylcholine are the most commonly used [1,26]. The test assesses
the percentage of vessel lumen reduction, which can be 50%, 70%, 75%, or 90% [1,79].
Provocative tests have the ability to induce contraction in a given coronary vessel over
a well-defined period of time, providing the opportunity to document and monitor this
phenomenon in a laboratory setting [5]. Indications for a provocative test can be divided
into strong, good, and controversial, and Figure 2 presents some of them [81].

Unfortunately, there are also several contraindications to the provocation test, some of
which are listed in Table 3 [1].

Table 3. Contraindications to the provocation test [1].

Some of the Contraindications to Performing an Intracoronary Provocation Test

Pregnancy
Severe hypertension

Significant left coronary artery trunk stenosis
Advanced heart failure
Severe aortic stenosis

The diagnosis of the disease can also be made when fast-acting nitrate administered
sublingually results in the resolution of ECG changes [5,79]. It is also possible when
nitroglycerin causes a rapid relief of symptoms of the disease; however, in addition, at least
one condition shown in Figure 3 must be met [5].

31



Biomedicines 2022, 10, 2349

 

Figure 2. Some of the indications for the provocative test including their division [81].

Figure 3. Additional criteria necessary for the diagnosis of angina pectoris when symptoms are
relieved by nitroglycerin. Meeting one of the listed criteria is sufficient [5]. ECG, electrocardiography;
CCBs, calcium channel blockers.

The use of cardiac biomarkers released during coronary artery contraction, such as
creatinine kinase or troponins I and C, can be helpful in the diagnosis, but their levels
are not always elevated [79]. If there are indications, a non-invasive exercise test can be
performed, but only less than 30% of patients will have ischemic changes in the ECG
resulting from exercise-induced vasospasms, and the rest of the patients will have a normal
result [78]. Modern coronary artery imaging methods, such as IVUS and OCT, also appear
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to be useful in detailed diagnosis. IVUS visualizes the vessel’s thickened intima-media and
even small atherosclerotic plaques at the site of the focal vasospasm; moreover, it detects
lesions that may not be visible on angiography. OCT, on the other hand, allows imaging of
structural changes such as erosions at the site of the coronary artery spasm [1].

Particularly noteworthy are the international diagnostic criteria presented by the Inter-
national Study Group for Vasomotor Disorders in Coronary Artery Disease (COVADIS),
which are helpful in the diagnosis of VSA. According to this group, diagnosis should be
based on three basic pillars, among which are: (I) typical clinical signs, such as a sponta-
neous incident of nitrate-responsive angina, (II) ECG-documented myocardial ischemia
during the spontaneous incident in the form of ST-segment elevation/decrease or new
negative U-waves in at least two adjacent leads, and (III) documentation of coronary artery
spasms [81].

10. Management of Coronary Artery Spasm

The basis of management of CAS is lifestyle changes and the elimination of risk
factors [1,5,26]. It is recommended to stop smoking, consuming alcohol [1,4,5,26], and
using substances such as cocaine [1,26]. Moreover, it is important to avoid emotional
stress [1,4,5,26] and exercise in the early morning [1,4].

Another component of conservative treatment is pharmacotherapy. In the case of
an acute CAS attack, nitrate is used sublingually or orally in spray form. Nitroglycerin
or isosorbide dinitrate (ISDN) is converted to NO in vivo. Usage of nitrates is explained
by the high sensitivity of the contracted coronary arteries to nitrates and the deficiency
of endogenous NO [4,5]. Since these are short-acting drugs, it is necessary to use further
preparations, which are CCBs [4]. CCBs are first-line treatment [1,26]. Both dihydropyri-
dine and non-dihydropyridine CCBs have been shown to be effective in reducing recurrent
angina [26]. However, some studies report that the use of non-dihydropyridine CCBs
results in an almost complete reduction in CAS recurrence [1]. It is important that CCBs
should be taken before sleep [4,5,82]. In a more selective (dihydropyridine) or less selec-
tive (non-dihydropyridine) way, CCBs act on the L-type calcium channels of myocytes
in the vessels by inhibiting calcium influx. Thus, they reduce vascular resistance and
cause coronary artery relaxation [83]. Long-acting nitrates are other drugs used to reduce
the risk of angina [26], whereas the superiority of one drug over the other has not been
demonstrated [1]. Since treatment with long-acting nitrates is accompanied by the phe-
nomenon of tolerance, it is recommended to dose the drug in such a way that an 8-hour
break is maintained [4,5,83]. Long-acting nitrates can be used both as monotherapy and
as an adjunct to treatment with CCBs [26]. Underlying the action mechanism of nitrates
is mitochondrial denitrification, which occurs in the vessel wall with the involvement of
aldehyde dehydrogenase. As a result of these transformations, NO is produced. Hence,
vasodilation occurs. The effect of nitrates varies with the dose used. Small doses cause a
reduction in venous return and preload. In contrast, high-dose nitrates, similarly to CCBs,
result in a decrease in afterload and thus a decrease in the heart’s oxygen demand while
improving oxygen supply to the myocardium [83].

Statins are a group of drugs that cause CAS reduction and improve the prognosis
of patients. The effect of statins is possible due to their properties that cause inhibition
of the RhoA/ROCK pathway and an increase in NO activity [4]. They are an important
adjunct to CAS pharmacotherapy [26]. Inhibitors of the RhoA/ROCK pathway, such as
fasudil, a Rho-kinase inhibitor, may prove beneficial in the treatment of CAS because of
the contraction-reducing properties of vascular smooth muscle cells (VSMCs). However,
further studies are needed [4,5,26].

The use of aspirin in high doses, i.e., >325 mg per day, inhibits prostacyclin formation.
This results in vasoconstriction; therefore, such treatment is contraindicated in CAS patients.
In contrast, the use of low-dose aspirin, i.e., <100 mg per day, blocks the production of
thromboxane A2, resulting in vasodilation; however, there are no conclusive reports on this
topic. The use of low-dose aspirin in CAS patients is still a matter of debate [1,26].
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Another drug with positive effects in CAS patients is Nicorandil. This drug causes
coronary artery dilatation as a result of its nitrate- and potassium-channel-activating prop-
erties [1,4,5,83]. Nicorandil is recommended for patients with refractory CAS [26]. The use
of magnesium in CAS patients and its mode of action has been discussed above, while
antioxidants or estrogens have beneficial effects by improving endothelial function and
reducing nitrate tolerance [4].

The use of alpha-1 adrenergic receptor antagonists is controversial, and it is thought
that they may be a component of treatment when dealing with CAS refractory to conven-
tional treatment [26]. Patients with CAS may benefit by taking magnesium or antioxidants
(vitamins C and E) [1,4,5,26]. Meanwhile, in post-menopausal women, it is recommended
to take estrogen, especially for patients with refractory CAS [4,5].

Drugs contraindicated in CAS include beta-blockers [1,26,82] but also, among oth-
ers, catecholamines, parasympathetic stimulants, and ergot alkaloids [5,26]. They have
vasoconstrictive effects and cause coronary vasospasms [1,5,82]. An exception is nebivolol,
which owes its selectivity to β1 receptors and its ability to produce NO [1].

A summary of pharmacotherapy is shown in Table 4 [1,4,5,26,83].

Table 4. Pharmacological treatment of CAS [1,4,5,26,83].

Medication Mechanism Effect

CCBs Inhibition of L-type calcium
channels of myocytes in vessels

Reduction of vascular resistance
and relaxation of
coronary arteries

nitrates
NO production

as a result of transformations
occurring in the vessel wall

Vasodilatation

statins
Inhibition of RhoA/ROCK pathway,

increase in NO activity, decrease
in ROS

CAS inhibition

aspirin Blockage of thromboxane A2
production (dose < 100 mg per day) Vasodilatation

Rho-kinase inhibitors Inhibition of RhoA/ROCK pathway Decreased contraction
of VSMCs

nicorandil Activation of nitrates and
potassium channel Dilation of the coronary arteries

CCBs, calcium channel blockers.

Besides the non-invasive CAS treatment methods outlined, there are also invasive
methods. Patients with atherosclerotic lesions may benefit from PCI and coronary artery
bypass graft (CABG) [1]. Another method is implantation of a cardioverter-defibrillator
(ICD). It is designed to prevent ventricular arrhythmias that can result in sudden cardiac
death. However, it is suggested that this method of treatment should only be used in
selected patients [26].

A study by Lin et al. [84] shows another potential treatment option for refractory
CAS—sympathectomy. The study showed that sympathectomy, compared to traditional
CAS treatment, was more effective in protecting against a syndrome of episodes of a major
adverse cardiac event and death. However, the authors emphasize that further studies are
needed [84].

11. Conclusions

Coronary arteries can contract and relax through several mechanisms. Hence, coro-
nary constriction is not always pathological. Nevertheless, in some diseases, coronary
constriction becomes more predominant and results in symptoms of a wide variety of heart
and vasculature diseases.

In this review, we focused on the important molecular aspects of CAS. We paid
attention to the role of endothelial dysfunction and oxidative stress, their pathomechanism,
and their influence on the development of cardiovascular diseases. We also drew attention
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to the influence of smooth muscle hypercontractility, as an excessive intracellular influx of
calcium ions, disturbances in the functioning of calcium channels, and malfunctioning of
ATP-sensitive potassium channels may result in the occurrence of CAS. Moreover, the most
recent discoveries have proven that inflammation plays a critical role in modulating all
stages of CAS. The important role of atherosclerosis and thrombosis was also highlighted.
Deficiency of aldehyde dehydrogenase 2 activity and magnesium contributes to CAS and
was also considered to be of interest.

These findings might shed novel insight on the underlying mechanisms and identify
potential diagnostic and therapeutic targets for cardiovascular diseases in the future.
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Abstract: Endogenously produced hydrogen sulfide (H2S) is critical for cardiovascular homeostasis.
Therapeutic strategies aimed at increasing H2S levels have proven cardioprotective in models of acute
myocardial infarction (MI) and heart failure (HF). The present study was undertaken to investigate
the effects of a novel H2S prodrug, SG-1002, on stress induced hypertrophic signaling in murine
HL-1 cardiac muscle cells. Treatment of HL-1 cells with SG-1002 under serum starvation without
or with H2O2 increased the levels of H2S, H2S producing enzyme, and cystathionine β-synthase
(CBS), as well as antioxidant protein levels, such as super oxide dismutase1 (SOD1) and catalase, and
additionally decreased oxidative stress. SG-1002 also decreased the expression of hypertrophic/HF
protein markers such as atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), galectin-3,
TIMP1, collagen type III, and TGF-β1 in stressed HL-1 cells. Treatment with SG-1002 caused a
significant induction of cell viability and a marked reduction of cellular cytotoxicity in HL-1 cells
under serum starvation incubated without or with H2O2. Experimental results of this study suggest
that SG-1002 attenuates myocardial cellular oxidative damage and/or hypertrophic signaling via
increasing H2S levels or H2S producing enzymes, CBS, and antioxidant proteins.

Keywords: H2S; SG-1002; oxidative stress; reactive oxygen species (ROS); cardiovascular diseases;
gasotransmitters; antioxidants; cardiomyocytes

1. Introduction

Sulfur has a critical role in protein structure/function and redox status/signaling in all
living organisms. Although a sulfur containing molecule, hydrogen sulfide (H2S), is now
recognized as a central player in physiology and pathobiology, the full scope and depth of
sulfur metabolome’s impact on human health and longevity has been vastly underestimated
and is only starting to be grasped. Since many pathological conditions have been related
to abnormally low levels of H2S in blood and/or tissues, and are amenable to treatment
by H2S supplementation, development of safe and efficacious H2S donors deserves to be
undertaken with a sense of urgency; these prodrugs also hold the promise of becoming
widely used for disease prevention and as antiaging agents [1]. One such prodrug is an
SG-1002, a precursor to a natural-occurring molecule, H2S, for which deficits have been
shown to exist in a number of serious diseases including cardiovascular disease (CVD),
type II diabetes, cancer, hypertension, etc. [1].

DATS (diallyl trisulfide), DBTS (dibutenyl trisulfide), TC-2153 (benzopentathiepin
8-trifluoromethylv-1,2,3,4,5-benzopentathiepin-6-amine hydrochloride), and SG-1002 have
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the potential as pharmacological therapeutic agents that collectively could prove to be
useful in the treatment myriad of disease conditions related to oxidative stress and cellular
damage inflicted by reactive oxygen species (ROS) including most aging related diseases [1].
In contrast to other donors, SG-1002 is an H2S prodrug and only operates through H2S
signaling. Other donors elicit pharmacologic effects that are partially through H2S.

Among the known H2S prodrugs, SG-1002 is unique in that it lacks a carbon-based
scaffold. The absence of a carbon-based scaffold has various advantages for SG-1002 as a
medicinal agent. As the number of atoms in the scaffold increases, a given dose contains
decreasing amounts of pharmacophore; further, toxicity is frequently scaffold dependent.
Additionally, it is not a therapeutic targeted-based agent, it disobeys drug likeness laws,
it has a 100% prodrug-to-H2S conversion efficiency, and it is bioactivated. SG-1002 is
an α-sulfur rich microcrystalline material that is water insoluble and has traces of ionic
chemicals (sodium sulfate, sodium thiosulfate, and sodium polythionates) that have a
substantial influence on its physicochemical behavior [1].

Furthermore, SG-1002 is orally active, which is a great benefit as a medicinal substance.
The oral route of administration increases patient compliance because it avoids more
intrusive methods like injections and/or infusions, which often require patients to visit
hospitals or health facilities. Additionally, SG-1002 has entered clinical studies where safety
and early efficacy data for two distinct purposes have been established. It is also effective
in numerous disease models.

To the best of our knowledge only in one case (SG-1002) has safety been demonstrated
in a formal Phase 1 clinical study [2], so to realize the therapeutic potential of these four
agents, it will be necessary to invest considerable resources to carry out the required clinical
trials. Encouraging results in animal models have been obtained with SG-1002 in heart
failure (HF), atherosclerosis, ischemic damage, and Duchenne muscular dystrophy [1].
Based on previously published articles on the roles of SG-1002 in several disease models,
the present study was undertaken to determine the effects of SG-1002 on oxidative stress
induced hypertrophic signaling in HL-1 cells. The HL-1 cell line is derived from an AT-
1 mouse atrial cardiomyocyte tumor and has several key advantages over other types
of cardiac cells. It can be recovered from frozen and passaged indefinitely while still
maintaining its differentiated biochemical and morphological features, as well as the ability
to contract. Because of these properties, HL-1 cardiomyocytes can be used to model the
effects of HF, hypertrophy and oxidative stress in vitro [3].

Once thought of only as a toxic gas, H2S now belongs to a class of compounds known
as gasotransmitters. H2S along with carbon monoxide (CO) and nitric oxide (NO) are en-
dogenously produced gases that are required for cardiovascular homeostasis [4]. Previous
studies have shown that NO is highly cytoprotective and that maintaining NO bioavailabil-
ity is protective against the development and progression of HF [5–7]. Similarly, to H2S,
NO levels are reduced in HF patients compared with healthy controls [5]. Endothelial nitric
oxide synthase (eNOS) is elevated in the presence of H2S leading to the increased levels
of circulating NO [4,8]. Similarly, NO therapy was found to increase the levels of H2S in
murine HF model [9]. Endogenously produced H2S exerts a variety of cytoprotective ac-
tions in vivo, by acting as an antioxidant and promoting Nrf2 and NRF-1 signaling [10–12],
and thereby augmenting NO-mediated signaling [4].

H2S is of particular interest as a possible agent to combat HF because of its abil-
ity to promote vasodilation and its anti-inflammatory [13], antioxidant [14] and anti-
apoptotic [15] properties. Previous studies have shown that genetic overexpression of
the H2S producing enzyme cystathionine γ-lyase (CSE) protects against HF while defi-
ciency exacerbates it [8]. H2S is a potent antioxidant that can eliminate free radicals and
prevent new reactive oxygen species (ROS) from forming, which are particularly detri-
mental in myocardial infarction/reperfusion (MI/R) injuries [14]. Additionally, H2S has
recently been implicated as a potential treatment against hypertrophic signaling [16], which
is responsible for the pathological remodeling associated with HF.
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Three enzymes are responsible for the endogenous production of H2S: cystathionine
β-synthase (CBS), CSE, and 3-mercaptopyruvate sulfur transferase (3-MST). H2S (and its
metabolites) are found in most organ systems, including the heart, liver, kidney, brain,
nervous system, lung, airway tissues, gastrointestinal tract, reproductive organs, skele-
tal muscle, pancreas, synovial joints, connective tissue, cochlea, and adipose tissues [17].
Impaired H2S generation as a result of CSE dysfunction has been cited as a significant
contributor to pathology in numerous disease states [4,18,19]. Furthermore, H2S is critically
important to maintaining homeostasis in the cardiovascular system, both in the heart and
in the circulation [20,21]. In preclinical models, H2S therapy attenuates disease severity
by antioxidant activity, promoting angiogenesis, modulating mitochondrial function, re-
ducing inflammation, upregulating antioxidant gene programs, inhibiting cell death, and
attenuating fibrosis [8,20,22,23].

In mammals, CSE is predominately responsible for the manufacture of H2S in the
cardiovascular system, while CBS is present in greater quantities in the central nervous
system [24]. 3-MST is responsible for manufacturing 90% of the H2S in the brain [24]. A
study by Islam et al. has shown that NO therapy protects cardiac function in the myocardial
ischemia (MI) murine model via induction of H2S/H2S producing enzymes (CSE and
CBS) and antioxidant levels [9]. Through the use of an exogenous H2S donor, SG-1002,
we attempted to identify a mechanism for the decrease in stress-induced cardiomyocyte
hypertrophic signaling. Furthermore, we also sought to ascertain whether this prodrug
may promote expression of CBS, CSE, and 3-MST as well as antioxidant proteins, enabling
cells to create more endogenous H2S. This is the first report demonstrating the beneficial
effects of SG-1002 on stress/hypertrophic murine cardiomyocytes.

2. Materials and Methods

2.1. Cell Culture

Murine HL-1 cardiac muscle cells were maintained in 10% fetal bovine serum (FBS)
containing Claycomb media followed by serum starvation (1% FBS) media for 24 h. Serum
starved/stressed cells were treated for 1 h with either 10 μM SG-1002 (Received from Dr.
David J. Lefer, LSU, New Orleans), or H2O2 (500 μM), or hydroxylamine (HA) 10 (μM),
or a hypertrophic agonist such as endothelin-1 (ET-1) (10 nM), or in combination. Treated
cells were analyzed for mRNA levels (by RTqRT-PCR), H2S levels, oxidative stress, and
related assays.

2.2. Real Time Quantitative Reverse Transcription Polymerase Chain Reaction (RTqRT-PCR)

RNA was isolated from the stressed HL-1 cells treated without or with 10 μM of
SG-1002, or H2O2 (500 μM) or HA (10 μM) or in combination for 1 h in 1% serum (FBS)
containing media. 1 μg of RNA was used for the synthesis of cDNA. TaqMan primers from
Life Technology Co, Carlsbad, CA, USA. for ANP, BNP, TGF β1, collagen type III, galectin
3, TIMP1, SOD-1, catalase, CSE, CBS, and 3-MST were used to amplify q-PCR. 18s rRNA
was used as a house keeping gene.

2.3. Measurement of H2S

Stressed HL-1 cells treated without or with 10 μM of SG-1002, or H2O2 (500 μM)
or in combination for 1 h in 1% serum (FBS) containing media. The levels of H2S were
determined in culture media samples by using gas chromatography chemiluminescence
method as described previously [9].

2.4. Immunoblot Assay

The polyclonal antibody for SOD1, catalase, and the monoclonal antibody for GAPDH
were purchased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA. Murine HL-1 cardiac
muscle cells were maintained in 10% fetal bovine serum (FBS) containing Claycomb media
followed by serum starvation (1% FBS) media for 24 h. Serum starved/stressed cells were
treated for 1 h with either 10 μM SG-1002. Serum starved/stressed HL-1 cells were treated
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with or without 10 μM of SG-1002 for 1 h in 1% serum containing media followed protein
extraction. The level of SOD1, catalase and GAPDH were determined by using immunoblot
analysis [10]. Total protein samples were prepared from treated HL-1 cardiomyocytes
using RIPA lysis buffer and quantified using BCA protein assay kits from Pierce, Inc.
Waltham, MA, USA. 15 μg of protein samples were loaded in each well and separated
were then separated via electrophoresis on a 4–20% Mini-PROTEAN TGX Precast Gel
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and transferred to a 0.45 μM nitrocellulose
membrane (Bio-Rad Laboratories, Inc.). Membranes were blocked for at least two hours
with Odyssey Blocking Buffer (Li-Cor, Lincoln, NE, USA), diluted 1:1 with PBS followed
by probing with primary (such as SOD1, Catalase, and GAPDH) antibodies for 3 h at 4◦
and fluorescence conjugated secondary antibodies secondary antibodies for 1.5 h at room
temperature. Proteins bands were visualized and scanned/quantified by Li-Cor/Odyssey
infrared imaging system. GAPDH was employed as a loading control.

2.5. Measurement of Advanced Oxidative Protein Products (AOPP)

All reagents or chemicals used in our experiments were purchased from Sigma-
Aldrich. Advanced oxidative protein products AOPP Assay Kit was obtained from Abcam
(ab242295). AOPP is a simple, reproducible, and consistent system for the detection of
advanced oxidation protein products in plasma, lysates, and tissue homogenates. This kit
includes a chloramine standard and an AOPP Human Serum Albumin conjugate for use as
a positive control. Oxidative stress was measured by determining the levels of AOPP in
cultured HL-1 cells after incubation without or with either 10 μM of SG-1002 or 500 μM
of H2O2 or in combination in 1% FBS containing media. AOPP was determined using
a spectrophotometric method. Samples were incubated with glacial acetic acid and the
absorbance was read at 340 nm. Chloramine T with potassium iodide was used as calibrator.

2.6. Cell Proliferation Assay

Cell viability was determined utilizing a Vybrant® MTT (3-(4,5-Dimethylthiazol-2-Yl)-
2,5-Diphenyltetrazolium Bromide) cell proliferation assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Cells were maintained on a 96-well tissue culture plate (Falcon,
Corning, NY, USA) in 10% serum and cultured for 24 h in serum starvation (1%) prior
to treatment. Cells were then pretreated with DMSO or SG-1002 for 30 min, followed by
treatment without or with 10 μM SG-1002 or 500 μM of H2O2, or in combination for one
hour. 10 μL of the 12 mM MTT stock solution was loaded into each well and the plate was
incubated in the dark at 37 ◦C for 2 h. Following the incubation period, 175 μL of the media
was removed, and 50 μL of DMSO was added to the remaining 25 μL in each well. The
plate was then incubated at 37 ◦C for 10 min and the optical density was determined using
a spectrophotometer at 540 nm.

2.7. Lactate Dehydrogenase (LDH) Cytotoxicity Assay

Stressed HL-1 cells were incubated with either 10 μM of SG-1002, or H2O2 (500 μM)
and or in combination for 1 h in 1% serum containing media. Treated HL-1 cellular
cytotoxicity was determined by using the assay kits obtained from Thermo Fisher Scientific.

2.8. Measurement of ROS

Cellular ROS were measured using a cellular ROS/superoxide detection assay kit
(Abcam, Cambridge, UK). Cells were maintained on a 96-well tissue culture plate (Falcon,
Corning, NY, USA) in 10% FBS and cultured for 24 h in serum starvation (1% FBS) prior
to treatment. Cells were then pretreated with DMSO or SG-1002 for 30 min, followed by
treatment with 500 μM of H2O2, and/or 10 μM SG-1002 or in combination for one hour
in combination in 1% serum containing media. After treatment, cells were loaded with
100 μL/well of ROS superoxide detection solution and incubated for one hour in the dark at
37 ◦C. The plate was then read from the bottom at excitation 485/20 and emission 528/20.
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2.9. Statistical Analysis

All data in this study were expressed as the mean ± SE from at least three independent
experiments from given n sizes. Statistical significance between two groups was determined
using the two-tailed Student’s t test. Statistical significance of multiple treatments was
determined by one-way analysis of variance followed by the Bonferroni post hoc test when
appropriate. A p value of <0.05 was considered significant.

3. Results

3.1. Time Course and Dose Responses of SG-1002 on H2S Production

HL-1 cardiac muscle cells were incubated either with different concentrations of SG-
1002 for 1 h (Figure 1A) or with 10 μM of SG-1002 for several time points (Figure 1B) in
1% serum containing media followed by the measurement of H2S levels in culture media.
As can be seen 10 and 20 μM SG-1002 was able to significantly increase H2S levels in HL-1
cells (Figure 1A). It was also observed that treatment with 10 μM of SG-1002 produced
more H2S in 1 h as compared with other time points. This result suggests that SG-1002
induces the production of H2S.

Figure 1. Time course and dose responses of SG-1002 on H2S production. HL-1 cardiac muscle cells
were incubated either with different concentrations of SG-1002 for 1 h (A) or with 10 mM of SG-1002
for several time periods (B) in 1% serum containing media followed by the measurement of H2S
levels in culture media. *, **, and ***. p < 0.05 versus (vs.) control (n = 4).

3.2. Induction of CBS by SG-1002 in Cultured HL-1 Cardiac Muscle Cells

Treatment with SG-1002 significantly increased (p < 0.05) the mRNA expression of
CBS in HL-1 cardiac muscle cells cultured for 1 h in 1% serum, as compared to the control.
mRNA expression of CSE and 3-MST were also slightly up-regulated compared to the
control, though not significantly (Figure 2A–C). We were also interested in whether SG-1002
can induce CBS expression in the presence of an inhibitor of CBS, such as hydroxylamine
(HA). We observed that SG-1002 induces CBS mRNA expression even in the presence of
HA as compared with HA alone (Figure 2D).

3.3. Inhibition of Oxidative Stress by SG-1002 in Cultured HL-1 Cardiac Muscle Cells

Hl-1 cells treated with SG-1002 had significantly lower levels of oxidative stress when
compared to the controls. AOPP and ROS levels were measured in 4 treated groups of HL-1
cells following 24 h of serum starvation: DMSO vehicle control, 10 μM SG-1002, DMSO and
500 μM H2O2 (to further stress the cells), or SG-1002 and 500 μM H2O2. The cells treated
with SG-1002 alone had the lowest levels of oxidative stress (AOPP and ROS), followed by
the DMSO-treated control group (Figure 3A,B). The H2O2 group had the highest levels of
oxidative stress and SG-1002 was able to antagonize the effects of H2O2 (Figure 3A,B).
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Figure 2. Effects of SG-1002 on mRNA Expression of CBS, CSE, and 3-MST in HL-1 cells. HL-1 cells
were incubated with specific reagents as described in Materials and Methods for 1 h in 1% serum
containing media. cDNA was prepared from RNA obtained from treated HL-1 cells followed by
analysis of mRNA of CSE (A), 3-MST (B), and CBS (C,D) using TaqMan PCR assay system. *, p < 0.05
vs. control, (A–C), (t test) (n = 4); *, and **, p < 0.05 vs. control; #, p < 0.05 SG-1002 vs. HA; ##, p < 0.05
HA vs. SG-1002 +HA; ***, p < 0.05 SG-1002 vs. SG 1002 + HA (D) (Anova) (n = 3).

Figure 3. Reduction of oxidative stress in HL-1 cells by SG-1002. Oxidative stress was measured
by determining the levels of AOPP (A) and ROS (B) in cultured HL-1 cells after tread with specific
reagents as described in Materials and Methods. The experiment was repeated at least three times
to verify the reproducibility. *, and **, p < 0.05 vs. control; #, p < 0.05 SG-1002 vs. H2O2; ##, p < 0.05
H2O2 vs. SG-1002 + H2O2; ***, p < 0.05 SG-1002 vs. SG-1002 + H2O2 (Anova) (n = 4).

3.4. Effects of SG-1002 on SOD1 and Catalase Levels in HL-1 Cells

It was then of interest to determine the levels of antioxidative enzyme genes expression
in HL-1 cells were treated without or with either 10 μM of SG-1002, or H2O2 (500 μM) or
in combination for 1 h in 1% serum containing media. cDNA was prepared from RNA
obtained from cultured HL-1 cells followed by analysis of mRNA of SOD1 (Figure 4A) and
catalase (Figure 4B) using the TaqMan PCR assay system. Treatment of HL-1 cells with
SG-1002 significantly increased mRNA expression of SOD1 and catalase. Furthermore,
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SG-1002 also increased the expression of both enzymes even under oxidative stress induced
by H2O2 (Figure 4A,B).

Figure 4. Effects of SG-1002 on mRNA and proteins levels of SOD1 and catalase in HL-1 cells. cDNA
was prepared from RNA obtained from treated HL-1 cells followed by analysis of mRNA of SOD1
(A) and catalase (B) using TaqMan PCR assay system. SOD1 and catalase levels were determined in
the protein extracts obtained from treated HL-1 cells by using immunoblot analysis. (C) represents
blots for SOD1, catalase and GAPDH, (D,E) represent the quantitation of blots in (C). * and **,
p < 0.05 vs. control; #, p < 0.05 SG-1002 vs. H2O2; ##, p < 0.05 H2O2 vs. SG-1002 + H2O2; ***, p < 0.05
SG 1002 vs. SG 1002 + H2O2 (Anova), (n = 4).

Then we were interested in determining the effects of SG-1002 on the protein levels of
SOD1 and catalase by utilizing immunoblot analysis in stressed HL1 cells. We found that in
stressed HL1 cells, SG-1002 significantly increased SOD1 and catalase levels as compared
with the control (Figure 4C–E). This data suggests that SG-1002 protects HL-1 cells from
oxidative damage via inducing antioxidant proteins.

3.5. Effects of SG-1002 on H2S Production and CBS mRNA Expression When Cells Were Cultured
under Stress

It was also of interest to examine whether SG-1002 is able to induce production of H2S
and H2S producing enzyme CBS, when cells were treated with H2O2. As can be seen here
under oxidative stress, SG-1002 also significantly induced the production of H2S as well as
CBS mRNA in HL-1 cells treated with SG-1002 plus H2O2 as compared with H2O2 alone
(Figure 5A,B).

3.6. Effects of SG -1002 on the Expression of HF Biomarkers in HL-1 Cells

It is well known the expression of both ANP and BNP are elevated during hypertrophy
or HF. Therefore, it was of interest to determine the levels of these gene expression in H2O2
and ET-1-treated HL-1 cells. As can be seen in Figure 6, SG-1002 significantly inhibited
H2O2 or ET-1 induced ANP (Figure 6A) and BNP (Figure 6B) in HL-1 cells.
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Figure 5. Effects of SG-1002 on H2S production and CBS mRNA expression when cells were cultured
under stress. HL-1 cells were incubated with specific reagents as described in Materials and Methods
for 1 h in 1% serum containing media followed by the measurement of H2S levels in culture media
(A) and analysis of CBS mRNA (B) using the TaqMan PCR assay system. *, and **, p < 0.05 vs. control;
#, p < 0.05 SG-1002 vs. H2O2; ##, p < 0.05 H2O2 vs. SG-1002 + H2O2; ***, p < 0.05 SG-1002 vs. SG 1002
+ H2O2 (Anova) (n = 3).

Figure 6. Effects of SG -1002 on the expression of HF markers in HL-1 cells. cDNA was prepared from
RNA obtained from treated HL-1 cells as described in Materials and Methods followed by analysis
of mRNA of ANP (A), BNP (B), TIMP1 (C), TGF b1 (D), collagen (col) type III (E), and galectin 3
(F) using the TaqMan PCR assay system. *, **, and ****, p < 0.05 vs. control; #, p < 0.05 SG-1002 vs.
H2O2 + SG-1002; ***, p < 0.05 H2O2 vs. SG-1002 + H2O2; ##, p < 0.05 ET-1 vs. SG-1002 + ET1; *****,
p < 0.05, SG-1002 vs. ET1 + SG-1002 (Anova) (A,B) (n = 4); t test (C–F) (n = 3).

We also tested the effects of SG-1002 on mRNA expression of other HF biomarkers,
for example, TIMP1, TGF b1, collagen type III, and galectin 3. mRNAs of all these upregu-
lated biomarkers in stressed HL1 cells are markedly decreased by SG-1002 (Figure 6C–F).
Inhibition of hypertrophic genes expression in stressed HL-1 cells by SG-1002 suggests that
SG-1002 plays important roles in the protection of HL-1 cells from oxidative damage.
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3.7. SG-1002 Decreases Oxidative Stress-Induced Cellular Death and Cytotoxicity in Muscle Cells

Next, the effects of SG-1002 on cells viability and cytotoxicity were measured using
HL1 cells treated without or with either 10 μM of SG-1002, or H2O2 (500 μM) and or in com-
bination for 1 h in 1% serum containing media. Cell viability (Figure 7A) and cytotoxicity
(Figure 7B) were determined by using MTT and LDH cytotoxicity assays, respectively.

Figure 7. SG-1002 decreases oxidative stress-induced cellular death and cytotoxicity in HL-1 cardiac
muscle cells. HL-1 cells were incubated with specific reagents as described in Materials and Methods.
Cell viability (A) and cytotoxicity (B) were determined by using MTT and LDH cytotoxicity assays,
respectively. * and **, p < 0.05 vs. control; #, p < 0.05 SG-1002 vs. H2O2; ##, p < 0.05 H2O2 vs. SG-1002
+ H2O2; ***, p < 0.05 SG-1002 vs. SG 1002 + H2O2 (Anova) (n = 3).

Treatment with SG-1002 alone markedly improves cell viability when compared with
controls. Additionally, when the cells were further stressed with 500 μM H2O2, treatment
with SG-1002 was able to significantly (p < 0.05) improve cell viability as determined by
MTT assay (Figure 7A). Cytotoxicity was measured by using lactate dehydrogenase (LDH)
cytotoxicity assay (Figure 7B). Treatment with SG-1002 significantly lowered levels of LDH
when compared to controls when HL-1 cells were under oxidative stress (Figure 7B).

The current data unambiguously show that SG-1002 reduces myocardial cellular
oxidative damage and/or hypertrophic signaling by elevating H2S levels, CBS, the enzyme
that produces H2S, and antioxidant proteins.

4. Discussion

DATS, DBTS, and SG-1002 have the potential to be used prophylactically for a variety
of purposes, including the promotion of immunity, prevention or slowing the onset of
chronic-degenerative diseases, and protecting the vital organs from damage induced by
other drugs such as paracetamol, corticosteroids, chemotherapy agents, etc. SG-1002 has
an advantage in this context, namely its efficient conversion into H2S without causing
halitosis and body odor. Novel, long acting, and controllable H2S-based therapeutics (i.e.,
H2S donors, prodrugs, and H2S enzyme activators) may represent valuable candidates for
drug development. However, challenges to their use in clinical practice remain. Currently,
H2S donors have poor pharmacokinetics with a very short half-life and uncontrolled
release [20]. Two commercially available inorganic salts, Na2S and NaHS, rapidly increase
free H2S concentration, but this increase is short-lived (seconds). These compounds also
have a narrow therapeutic dose window leading to potential toxicity [25]. Because it is
not possible to supplement H2S levels in a sustained manner, use of these compounds for
treating chronic disorders, such as HF, is not clinically feasible. Additionally, given the
toxicity of supraphysiological H2S levels, it is critical that novel H2S agents with favorable
pharmacokinetic profiles are developed specifically for clinical application. Based on the
published literature regarding the importance of H2S on cardiac homeostasis and the benefit
of SG-1002 in several disease models, the present study was undertaken to determine the
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effects of this prodrug, SG-1002, on oxidative stress induced hypertrophic signaling in
stressed murine cardiomyocytes (HL-1 cells). In this study, we investigated a mechanism
of the reduction in stress induced cardiomyocyte hypertrophic signaling through the use of
an exogenous H2S donor, SG-1002. Our aim was to determine whether this prodrug could
induce expression of H2S producing enzymes (CBS, CSE and 3-MST) as well as antioxidant
protection, which would allow cells to produce more endogenous H2S.

Low levels of H2S in blood or tissue has been correlated with the onset of disease onset
of disease states related to oxidative cell damage, chronic inflammation [26], immune dys-
function [26,27], endoplasmic reticulum (ER) stress [28,29], dysregulation of mitochondrial
bioenergetics [30], and hyperproliferation of cells or viruses [31], suggesting causal links
that are actively being investigated. Furthermore, an inverse link between illness progres-
sion and H2S in blood and/or tissues has been established in some cases [32–34]. So called
“H2S-poor” disease states that are amenable to correction by H2S donors include [35,36]
aging, ischemia, cardiac hypertrophy, HF, liver disease (cirrhosis, steatosis), hypertension,
atherosclerosis, endothelial dysfunction, diabetic complications, preeclampsia, Alzheimer’s
disease (AD), and Huntington’s disease (HD).

It has been reported that oxidative stress results in cardiac contractile dysfunction and
is a key player in the transition from compensatory cardiac hypertrophy to decompensated
HF [37]. H2S is known to reduce oxidative stress in two ways: by direct inactivation of
oxidant species and via upregulation of endogenous antioxidant defenses [38,39]. In our
study we observed treatment of stressed HL-1 cells with H2S prodrug, SG-1002, decreased
ROS and AOPP (oxidative stress markers) and increased SOD1 and catalase via induction
of CBS/H2S. SG-1002 may also attenuate oxidative stress via a third mechanism: recoupling
of eNOS. Uncoupled eNOS (as seen in HF) results in decreased NO generation, and leads
to excessive peroxynitrite concentrations [40].

L-cysteine is converted into H2S via CSE. In vivo studies have shown that H2S protects
against acute MI/R injury [39]. In a recent study, wild-type mice and CSE-knock out (KO)
mice underwent transverse aortic constriction (TAC) and then received either SG-1002 or
vehicle. CSE-KO mice developed worsened cardiac remodeling and function compared
to control mice. Interestingly, CSE-KO mice that received SG-1002 exhibited improved
cardiac remodeling and function compared to vehicle treated mice [11]. SG-1002 has also
been examined in preclinical studies of HF [8]. SG-1002 attenuates left ventricular (LV)
remodeling and dysfunction in a pressure overload model of HF [8]. Administration of
SG-1002 significantly decreased disease markers and increased both H2S and NO levels [8].
A subsequent phase 1 clinical trial was performed using SG-1002 for a 21-day period in
healthy and HF subjects. In this trial it was observed that SG-1002 significantly augments
circulating H2S levels in HF patients and healthy subjects. SG-1002 was also found to be
well tolerated and safe at all doses tested [2].

In a model of acute limb ischemia, the proangiogenic effects of SG-1002 were evaluated
(ALI). Pigs were given either a placebo or SG-1002 for the 35-day research after they had
the intravascular occlusion technique to induce ALI. Moreover, SG-1002 also preserved
existing capillaries in ischemic limbs to a 1.6 times greater extent than in pigs that received
placebo [41].

Terminally ill children between 18 month and 14 years of age presented with osteosar-
coma, hydrocephalus with cancerous tumor, medulloblastoma, squamous cell carcinoma,
and acute lymphoblastic leukemia (all refractory to chemotherapy and/or radio therapy)
were treated at doses between 1200 mg and 3600 mg SG-1002 daily, no adverse reaction
was reported. Additionally, improvements in fatigue, inflammation, pain, headache, car-
diac function, blood sugar regulation and reduced tumor volume were reported [1]. Bibli
et al. found that treatment of human umbilical vein endothelial cells with SG-1002 in-
duced protein S-sulfhydration and protection of membrane lipids from peroxidation [42];
these in vitro findings are consistent with the significant increases in H2S levels of blood
and tissues attained when SG-1002 is orally administered to mice [8], swine [41], and
humans [2].
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Another recent study investigated the effects of SG-1002 on homocysteine induced
cardiac remodeling and dysfunction. CBS+/− and CBS+/+ (WT) mice treated with SG-
1002 in their chow. At baseline, CBS+/− mice showed an increased afterload (increased
end systolic pressure with conserved stroke volume). This phenotype is abolished with
SG-1002 treatment by reducing end systolic pressure and, at the same time, significantly
increasing the end-diastolic volume. Additionally SG-1002 was found to prevent the
CBS+/− mice from developing pathological cardiac remodeling [43]. This work established
that increasing H2S levels with SG-1002 in the setting of HF increases cardiac mitochondrial
content/function and improves cardiac function via AMPK activation [44]. Another recent
study showed the impact of SG-1002 on atherosclerosis in mice. In this study, the left
carotid artery was partially ligated. Mice that received SG-1002 had significantly reduced
plaque formation, indicating a potential anti-atherosclerotic effect of SG-1002 [45].

Many previous studies have established that oxidative stress/ROS exacerbate HF
while antioxidants protect against it [46]. Certain ROS, such as hydrogen peroxide (H2O2),
act as signaling molecules [47] for the immune system and helps recruit white blood cells to
initiate healing to damaged tissues [48]. They are usually eliminated via interactions with
superoxide dismutase, catalase, glutathione peroxidase, and peroxiredoxins [49]. Similarly,
in our current study it was observed that overproduction of ROS and AOPP in stressed
HL-1 cells were scavenged by catalase and SOD1 induced by SG-1002 treatment. In many
chronic conditions, more ROS are produced than can be eliminated, causing an imbalance
between the antioxidant and oxidant systems. This imbalance is toxic and causes damage
to many organelles including the mitochondria. In the setting of HF, this imbalance can
cause changes in normal autophagy pathways [50], worsening arteriosclerosis [51], and
persistent low levels of systemic inflammation [52].

A study found that mice that had undergone MI/R had smaller infarct sizes and
improved LV function when treated with a H2S donor [53]. Our previous study in HF
murine model has shown that NO mediated induction of H2S producing enzymes and/or
H2S causing the activation of antioxidant gene regulated transcription factor, Nrf2 resulting
in increased antioxidant protection of cells from damage [9]. Present study shows that
treatment of stressed HL1 cells with a H2S donor, SG-1002, increased the levels of the
H2S-producing enzyme, CBS, as well as antioxidant proteins, SOD1 and catalase, leading
to the protection of cells from damage. This suggests that SG-1002 works at least in part by
increasing expression of antioxidant systems. H2S is a powerful antioxidant compound
that is capable of scavenging free radicals in vitro [54]. Similarly, in the present study it was
observed that, when stressed cardiomyocytes were treated with SG-1002, they had lower
levels of oxidative stress because of the induction of H2S/ or H2S producing enzymes such
as CBS. We also noted that the cells that were further stressed with H2O2 and treated with
SG-1002 had much lower levels of oxidative stress compared to the H2O2 alone group, but
higher levels than both the SG-1002 alone and control group, suggesting that high levels of
pre-existing oxidative stress impair its effect.

While some studies point to apoptosis after MI/R being cardioprotective, others point
to it being a detrimental to LV function. Changes in normal cell death and apoptosis are
known to occur in HF [55]. We assessed the effects of SG-1002 on cell death and cytotoxicity
in stressed HL-1 cells. The assays we used included MTT and LDH cytotoxicity, both of
which provide information about the amount but not the pathways that cause cell death
and cytotoxicity. In order to determine which pro-survival pathways are being affected
by treatment with SG-1002, future studies may investigate increases in genes and proteins
related to improved survival such as beclin-1, or decreases in pro-apoptotic markers, such
as bax, caspase-3, or some other related genes.

Another way sulfide donor is said to have cardioprotective effects is by attenuating
hypertrophy. A previous study found that mice treated with SG-1002 had less cardiac en-
largement, preserved LV function, and less fibrosis after TAC when compared to mice that
received the vehicle [8]. Our previous study has shown that the elevated levels of hyper-
trophic genes (HF indicators) such as ANP and BNP in HF murine models were markedly
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decreased by nitric oxide mediated production of H2S or H2S producing enzymes [9].
Similarly, in present cellular study it was observed that SG-1002 treatment of stressed
HL-1 cells significantly reduced expression of HF biomarkers. Interestingly, an antioxidant
property of SG-1002 was clearly observed when H2O2 induced oxidative stress in HL-1
was antagonized by SG-1002. A study showed that exogenous H2S not only prevented
hypertrophy in neonatal rat cardiac ventricular myocytes (NRCMs), but also improved the
viability of the hypertrophic cells, possibly by altering glucose metabolism [56].

Our results are consistent with the research on SG-1002’s impact on apoptosis, ox-
idative stress, and hypertrophy. Future research should examine how SG-1002 impacts
other clinical HF markers, notably pro-fibrotic markers. Other studies have already found
H2S can reduce organ fibrosis, though the mechanism of how it produces this effect is
unknown [57]. In addition, other studies have found that another possible mechanism of
H2S’s protective effect is through the mitochondria. H2S/CSE has been shown to decrease
methylation of mitochondrial transcription factor A (TFAM) [58], which regulates mtDNA
copy number and mitochondrial biogenesis [59]. H2S can also improve the function of
mitochondria under hypoxic conditions. Under normal conditions, H2S can reduce ATP
production by inhibiting cytochrome c oxidase [60]. However, under conditions where
oxygen concentrations are low (such as in I/R injuries), CSE can be translocated to mi-
tochondria, where it produces H2S, which helps to preserve the generation of ATP [61].
Furthermore, Elrod et al. found that mice subjected to MI/R injury and treated with an
H2S donor at the time of reperfusion had preserved mitochondrial function and membrane
integrity, as well as smaller infarcts, less fractional shortening, and preserved ejection
fraction when compared to vehicle-treated mice [53]. With the evidence of mitochondrial
involvement growing, future studies may benefit from examining the effects of SG-1002 on
mitochondrial gene expression and function.

Based on our previous findings in murine models (9), our present study may support
a similar mechanism for under stressed cardiomyocytes which indicates that an increased
production of H2S or H2S producing enzyme by SG-1002 may activate nuclear factor
erythroid 2-related factor 2 (Nrf2), in turn causing the elevation of antioxidant gene expres-
sion/antioxidants levels and decreasing the levels of oxidative stress resulting in protection
of cardiac cells from damage leading to the inhibition of myocardial hypertrophy/HF
(Figure 8).

A small (n = 18) phase 1 clinical trial found SG-1002 to be a safe and well-tolerated
drug in both healthy controls and HF patients [2]. SG-1002 is emerging as a potential H2S
pro-drug due to its safety, mode of administration, and unique ability to efficiently generate
H2S with no byproducts in a slow and sustained, dose and enzyme independent manner.
These features position SG-1002 as the H2S donor of choice when studying biological
systems in vivo. However, its negligible solubility in water makes it a poor choice for
in vitro experiments. Larger clinical studies are being designed to further test the safety
and efficacy of SG-1002 for the treatment of HF/hypertrophy and CVD. Our study and
others have shown that H2S prodrugs like SG-1002 increase the levels of H2S producing
enzymes and antioxidants while decreasing hypertrophic gene expression and oxidative
stress, making it a promising novel therapeutic drug.

50



Biomedicines 2023, 11, 612

Figure 8. Mechanisms of protection of cardiac cells by H2S producing agents such as prodrug SG-
1002. Treatment of SG-1002 induces H2S producing enzymes resulting in increased production of
H2S. Increased levels of H2S activates nuclear Nrf2 as well as causing elevation of antioxidant gene
expression/antioxidants levels resulting in protection of cardiac cell from damage leading to the
inhibition of hypertrophy/HF.

5. Conclusions

Data from the current study may provide a mechanism for the effects of SG-1002 on
stressed cardiomyocytes. This induces the production of a H2S/H2S producing enzyme,
CBS, resulting in induction of antioxidant gene expression/antioxidants levels and reduc-
tion of oxidative stress levels leading to the protection of cardiomyocytes from damage.
SG-1002, via a similar mechanism, is probably involved in an in vivo system where it may
protect myocardial hypertrophy/HF. SG-1002 is a leading H2S donor candidate due to its
safety, oral activity, and unique ability to efficiently generate H2S with no byproducts in a
slow and sustained manner, independent for both dose and enzyme. As found in a small
phase 1 clinical trial, SG-1002 was considered to be a safe and well-tolerated drug in both
healthy controls and HF patients. Therefore, it is necessary to study the effects of SG-1002
in cardiovascular diseases in detail through larger clinical trials.
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Abstract: Kawasaki disease (KD) is an acute form of systemic vasculitis that may promote atheroscle-
rosis in adulthood. This study examined the relationships between KD, atherosclerosis, and the
long-term effects of HMG-CoA inhibitors (statins). Candida albicans water-soluble fraction (CAWS)
was injected intraperitoneally into 5-week-old male apolipoprotein-E-deficient (Apo E-/-) mice to
create KD-like vasculitis. Mice were divided into 4 groups: the control, CAWS, CAWS+statin, and
late-statin groups. They were sacrificed at 6 or 10 weeks after injection. Statin was started after
CAWS injection in all groups except the late-statin group, which was administered statin internally
6 weeks after injection. Lipid plaque lesions on the aorta were evaluated with Oil Red O. The aortic
root and abdominal aorta were evaluated with hematoxylin and eosin staining and immunostaining.
CAWS vasculitis significantly enhanced aortic atherosclerosis and inflammatory cell invasion into the
aortic root and abdominal aorta. Statins significantly inhibited atherosclerosis and inflammatory cell
invasion, including macrophages. CAWS vasculitis, a KD-like vasculitis, promoted atherosclerosis
in Apo E-/- mice. The long-term oral administration of statin significantly suppressed not only
atherosclerosis but also inflammatory cell infiltration. Therefore, statin treatment may be used for the
secondary prevention of cardiovascular events during the chronic phase of KD.

Keywords: Kawasaki disease; vasculitis; atherosclerosis; statin

1. Introduction

Kawasaki disease (KD) is an acute inflammatory syndrome predominantly affecting
infants, causing systemic vasculitis [1]. In Japan, the total number of patients with KD has
exceeded 360,000 thus far. Of these patients, 150,000 were over 20 years of age, and 15,000
were over 40 years (from 1964 to 31 December 2016) [2,3]. Among adult patients with KD, it
has been reported that vasculitis might induce the early progression of atherosclerosis [4–6].
The pathological image of chronic KD cardiovascular sequelae is mainly composed of
sclerotic lesions after vasculitis, which is pathologically different from usual atherosclerotic
lesions [6,7]. However, it has been demonstrated that chronic vascular endothelial cell
damage persists in patients with KD due to the tissue infiltration of inflammatory cells
such as macrophage and activation of the immune system by releasing inflammatory
cytokines [5,6,8]. Endothelial dysfunction could be said to share a common ground with
ordinary atherosclerosis [5,6,8,9].

We have reported findings of prolonged vascular endothelial dysfunction and vascular
aging in a pediatric specimen of a human KD coronary artery aneurysm. These findings
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were similar to early-stage features in adult atherosclerotic lesions [10]. Arditi et al., using
an animal model of KD-like vasculitis caused by Lactobacillus casei cell wall bacterial
components (LCWE), also reported that complications of dyslipidemia, a risk factor of
atherosclerosis, and KD could increase the risk of early-onset atherosclerosis [11]. Currently,
several small case studies have reported that HMG-CoA inhibitors (statins) have anti-
inflammatory effects and improve vascular endothelial cell function [12,13]. Consequently,
Japanese and U.S. treatment guidelines for the remote stage of patients with KD and coro-
nary artery aneurysms recommend the clinical use of statins to prevent atherosclerosis and
the restorative effect of coronary artery damage [2,14]. However, there is little evidence
for oral statin administration as the basic and clinical mechanisms of the effects of statin
have not been elucidated. We have studied the inflammatory response and management
of acute KD using the Candida albicans water-soluble fraction (CAWS) model of KD-like
vasculitis [15]. CAWS is a substance similar to Candida albicans extracted from the feces
of patients with KD. CAWS can be injected into animal models to cause coronary arteritis,
vasculitis, and myocarditis similar to KD [16,17]. This study aimed to examine whether a
pre-existing KD vasculitis accelerated the development of atherosclerosis in young adult-
hood and how statins might have therapeutic effects on the prevention and development
of atherosclerosis. We created a KD-like vasculitis model of atherosclerosis with CAWS
in apolipoprotein-E-deficient (Apo E-/-) mice, an animal model of atherosclerosis, and
evaluated whether CAWS vasculitis was a factor promoting atherosclerosis development
in the remote stage. We also investigated the therapeutic effect of statins on atherosclerosis
caused by KD-like vasculitis.

2. Materials and Methods

The study was performed in accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH publication
number 85-23, revised 1996). The study protocol was approved by the Animal Care and
Use Committee of Nippon Medical School (approval number: 2020-029).

1) Animals

Five-week-old male C.KOR/StmSlc-ApoEshl mice were purchased from Sankyo Labo
Service Co., Ltd. (Tokyo, Japan). All mice were maintained under specific pathogen-free
conditions according to the guidelines for animal care of the National Institute of Infectious
Diseases in Tokyo [18]. To prevent any gender effects, we used only male mice. Water and
food were available ad libitum. Mice were fed a normal diet until 7 weeks of age and were
exchanged to a high-fat diet containing 0.15% cholesterol after 7 weeks of age.

2) Preparation of CAWS and Statin

CAWS was prepared from the C. albicans strain NBRC1385 according to a previously
reported method [19]. Briefly, 5 L of C-limiting medium was maintained in a glass incubator
for two days at 27 ◦C, while air was supplied at a rate of 5 L/min, and the mixture was
swirled at 400 rpm. Following culture, an equal volume of ethanol was added. After
standing the mixture overnight, the precipitate was collected and dissolved in 250 mL
of distilled water. Ethanol was also added. Subsequently, the mixture was allowed to
stand overnight again. The precipitate obtained was collected and dried with acetone to
obtain CAWS.

The HMG-CoA inhibitor, Atorvastatin Calcium Hydrate (atorvastatin), was provided
by Sankyo Ltd. (Tokyo, Japan). Atorvastatin was crushed and dissolved in 0.5 w/v%
Methylcellulose 400 Solution, Sterilized (WACO FUJIFILM CORPORATION, Tokyo, Japan).
Statin was started orally at the same time as the high-fat diet. The latter was at a dose of
10 mg/kg/day from 7 weeks of age. The oral dose for mice was determined according to
the clinical dose in humans. To eliminate errors in statin feeding due to individual taking
differences, statins were administered directly orally daily using an oral sonde.
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3) Experimental Procedures

Mice were divided into the following four groups for comparison (Figure 1). Mice
were sacrificed at 6 (11 weeks of age) and 10 (15 weeks of age) weeks after CAWS injections.
The life cycle of mice is assumed to be much faster than that of humans, and male mice
generally reach sexual maturity at 8 weeks of age. In terms of human age, 5 weeks of age
corresponds to childhood, 7 weeks to 10–15 years of age, 11 weeks to adolescence to middle
age, and 15 weeks to middle age to early adulthood.

Figure 1. Experimental procedure. CAWS (4 mg for 5 consecutive days; control group received PBS
instead) was injected intraperitoneally into 5-week-old Apo E-/- mice to induce KD-like vasculitis (the
control group received phosphate-buffered saline instead). After 2 weeks of CAWS administration,
the diet of all mice was changed to a high-fat diet to promote atherosclerosis. Mice were divided
into four groups: 1. control group, 2. CAWS group, 3. CAWS+statin group, and 4. late-statin
group. Statins (10 mg/kg/day) were dissolved in 0.5 mL of 0.5% Methylcellulose solution and then
administered orally with a sonde. The control group was administered methylcellulose solution
without statin. The CAWS and CAWS+statin groups received statins daily from 2 weeks after CAWS
administration to the end of the experiment. The Late-statin group received statins daily from
6 weeks after CAWS administration to the end of the experiment. After 6 and 10 weeks of CAWS
administration, mice were sacrificed, and the samples were collected.

(1) Control group: Five-week-old Apo E-/- mice were injected intraperitoneally with
phosphate-buffered saline (PBS) instead of CAWS. Instead of statins, the same volume of
methylcellulose solution was orally administered to mice daily in the same manner.

(2) CAWS group: CAWS (4 mg/mouse) was injected intraperitoneally into 5-week-
old Apo E-/- mice for 5 consecutive days, as done in the study of Hashimoto et al. [15].
Instead of statin, mice were orally injected with a methylcellulose solution daily in the
same manner.

(3) CAWS+statin group: Mice were orally administered statin daily from 2 weeks after
CAWS administration (from 7 weeks of age) until the last day of the experiment.

(4) Late-statin group: Mice were started on statin orally from 6 (11 weeks of age)
weeks after CAWS administration until the last day of the experiment. Since statins have
no indication for infancy in clinical practice, we designed a model in which statins are
administered from young adulthood.

4) Assessment of atherosclerotic lesions in the aorta

Mice were anesthetized, and the aortas were excised from the aortic arch to the iliac
bifurcation. Whole aortas en face were prepared and stained with Oil red O. Lesion
areas were quantified and analyzed using the hybrid cell count system (KEYENCE) and
KEYENCE BZX analyzer (Osaka, Japan). Image analysis was performed by a trained
observer blinded to treatment [20]. The lipid-stained plaque area in the aorta en face
preparations was expressed as a percent of the aortic surface area [11].

5) Assessment of the area of aortic root horizontal transection

Aortic roots were embedded in paraffin and identified in serial sections (5 μm), and
stained with hematoxylin-eosin (HE) as described in our early publication [15]. The abdom-
inal aorta below the renal artery was harvested and embedded in paraffin. Serial sections
(5 μm) were prepared similarly and stained with HE. The area (mm2) of inflammatory cell

57



Biomedicines 2022, 10, 1794

infiltration was measured, and the ratio of the inflammatory area to the total tissue area on
the aortic root was calculated.

6) Evaluation of macrophage cell and TGFβ receptor expression in the aortic root

Sections of the aortic root were analyzed immunohistochemically for the presence of
macrophage cells and transforming growth factor (TGF) β receptor expression. Immunos-
taining was performed to identify macrophage cells and their fractions, which represent
inflammatory cells. Immunostaining for TGFβ receptors was also performed because it has
been reported that TGFβ signaling is involved in vascular remodeling in KD vasculitis [21].
Accordingly, the following sheep anti-rabbit antibodies were used: anti-Galectin 3 (MAC-2)
antibody (1/250, 60 min RT, Abcam; ab76245, UK), a specific marker for macrophages; anti-
CD80 (Abcam; ab215166, UK), a marker specific for M1; anti-Mannose receptor (CD206)
antibody (1/10,000, 30 min RT, Abcam; ab64693, UK), a marker specific for M2; and anti-
TGFβ receptor II antibody (1/500, 60 min RT, Abcam; ab186838, UK). The sections were
further treated with the secondary antibodies and developed using HRP-conjugated DAB
substrate (Abcam; ab236446, UK).

7) Evaluation of macrophage cells in the abdominal aorta

For abdominal aorta specimens, an anti-galectin 3 (MAC-2) antibody (1/250, 60 min
RT, Abcam; ab76245, UK) was used to stain macrophages. Similarly, HRP-conjugated DAB
substrate (Abcam; ab236446, UK) was used for staining.

8) Serological Evaluation

Serum samples collected were stored at −20 Celsius degrees until analysis.
Sandwich enzyme-linked immunosorbent assays were used to detect the plasma lev-

els of high-sensitivity C-reactive protein (hs-CRP) (MyBioSource, San Diego, CA, USA;
hs-CRP elisa kit, MBS262829) and a low-density lipoprotein/very low-density lipopro-
teins (LDL/VLDL) (Abcam, San Francisco, CA, USA; cholesterol Assay Kit-HDL and
LDL/VLDL, ab65390) according to the manufacturers’ instructions.

9) Statistical Analysis

Statistical data were expressed as median (upper and lower quartiles) or mean ±
standard deviation. Statistical analyses were performed using JMP statistical software
version 16 (SAS Institute Inc., Cary, NC, USA). The Kruskal-Wallis test was used to analyze
statistical differences among groups. When significance was detected, the Wilcoxon test
was used as a post-hoc test to compare values between both groups. A p-value < 0.05 was
considered statistically significant. In all correlation analyses, Spearman’s rank correlation
was used, and Spearman’s coefficients are denoted by ρ.

3. Results

1) Oil red O staining of the entire aorta (Figure 2)

All mice treated with CAWS administration had accelerated aortic plaque lesion
formation. While the plaque in the ascending aorta and descending thoracic aorta
was relatively mild, extensive plaque was observed in the abdominal aorta and below.
The aortic plaque coverage ratio was significantly higher in the CAWS group than
in the control group at both 6 and 10 weeks after CAWS administration (6 weeks:
5.2 ± 3.2% vs. 20.6 ± 5.9% [p = 0.037]; 10 weeks: 6.5 ± 2.4% vs. 33.0 ± 7.6% [p = 0.012];
Table 1 and Figure 2a,b).
Compared to the CAWS group, the CAWS + statin group had a decreasing trend after
6 weeks of CAWS administration and a significant decrease 10 weeks after CAWS
administration (6 weeks: 20.6 ± 5.9% vs. 12.7 ± 6.1% [p = 0.111]; 10 weeks: 33.0 ± 7.6%
vs. 17.5 ± 3.9% [p = 0.012]; Table 1 and Figure 2a,b).
Furthermore, the aortic plaque coverage ratio in the late-statin group (21.0 ± 4.0%)
was significantly lower than that in the CAWS group at 10 (p = 0.022) but equivalent
to 6 weeks (p = 0.676).
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(a) 

  
(b) 

Figure 2. Histological findings of aortic plaque lesion coverage. The paraformaldehyde-fixed aorta
was stained with Oil Red O. Quantification of aortic plaque lesion coverage area ratios on the entire
aortic surface was performed in Apo E-/- mice. The plaque area was significantly higher in the
CAWS mice than in statin-treated mice. Interestingly, the late-statin group showed a similar reduction
in the aortic plaque area as the statin group. Total aortic plaque coverage ratios were calculated
and compared between groups. Area ratios were expressed as percentages. CAWS significantly
promoted atherosclerosis at both 6 and 10 weeks after administration. In both the late-statin and
CAWS+statin groups at 10 weeks, statins significantly inhibited atherosclerosis. The inhibitory effects
were comparable between both groups. (a) Quantification of aortic plaque lesion coverage area ratios
on the entire aortic surface. (b) Total aortic plaque coverage ratios.
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Table 1. Summary of the data at 6 and 10 weeks after CAWS administration.

6 weeks after CAWS administration

Control CAWS CAWS+statin
Body weight (g) 28.4 ± 1.2 28.9 ± 2.4 27.1 ± 1.4 * **

(n = 7) (n = 9) (n = 8)

Spleen weight (g) 0.14 ± 0.02 0.23 ± 0.02
* 0.22 ± 0.04 **

(n = 7) (n = 9) (n = 8)

Spleen/body weight ratio (%) 0.5 ± 0.1 0.8 ± 0.1
* 0.8 ± 0.1 *

(n = 7) (n = 9) (n = 8)

LDL/VLDL cholesterol (mg/dL) 472.5 ± 45.0 543.0 ± 6.8
* 528.3 ± 11.6 **

(n = 4) (n = 4) (n = 4)

hs-CRP (pg/mL) 102.7 ± 20.9 307.4 ± 121.5
* 248.2 ± 40.1 *

(n = 4) (n = 4) (n = 4)

Aortic plaque lesion coverage (%) 5.2 ± 3.2 20.6 ± 5.9
* 12.7 ± 6.1

(n = 3) (n = 5) (n = 4)
Aortic root

Inflammatory cell invasion area (%) 2.7 ± 1.0 15.4 ± 1.2
* 4.8 ± 1.2 * **

(n = 4) (n = 4) (n = 4)
Aortic root

Macrophage cell invasion area (%) 0.3 ± 0.1 10.2 ± 2.2
* 3.5 ± 0.4 * **

(n = 4) (n = 4) (n = 4)

Macrophage M1 cell area (%) 0.6 ± 0.3 11.4 ± 2.5
* 1.9 ± 0.4 * **

(n = 4) (n = 4) (n = 4)

Macrophage M2 cell area (%) 0.2 ± 0.2 1.1 ± 0.5
* 2.1 ± 0.3 * **

(n = 4) (n = 4) (n = 4)

TGFβ receptor II area (%) 1.1 ± 0.7 25.7 ± 3.9
* 5.7 ± 1.4 * **

(n = 4) (n = 4) (n = 4)
Abdominal aorta

Inflammatory cell invasion area (%) 3.3 ± 1.2 9.5 ± 0.9
* 4.2 ± 0.4 **

(n = 4) (n = 4) (n = 4)
Abdominal aorta

Macrophage cell invasion area (%) 0.2 ± 0.1 2.0 ± 1.6
* 1.1 ± 0.2 *

(n = 4) (n = 4) (n = 4)
10 weeks after CAWS administration

Control CAWS CAWS+statin Late-statin

Body weight (g) 33.1 ± 4.2 28.0 ± 2.3
* 26.2 ± 1.6* 26.9 ± 1.5 *

(n = 8) (n = 9) (n = 9) (n = 9)

Spleen weight (g) 0.14 ± 0.02 0.27 ± 0.04
* 0.25 ± 0.04 * 0.24 ± 0.06 * **

(n = 8) (n = 9) (n = 9) (n = 9)

Spleen/body weight ratio (%) 0.4 ± 0.1 1.0 ± 0.1
* 0.9 ± 0.1 * 0.9 ± 0.2 * **

(n = 8) (n = 9) (n = 9) (n = 9)
LDL/VLDL cholesterol (mg/dL) 513.3 ± 49.8 532.9 ± 13.9 532.0 ± 8.6 ** 446.5 ± 52.7 **

(n = 4) (n = 4) (n = 4) (n = 4)

hs-CRP (pg/mL) 79.4 ± 17.8 396.3 ± 197.5
* 314.6 ± 108.9 * 141.0 ± 86.0 **

(n = 4) (n = 4) (n = 4) (n = 4)

Aortic plaque lesion coverage (%) 6.5 ± 2.4 33.0 ± 7.6
* 17.5 ± 3.9 * ** 21.0 ± 4.0 * **

(n = 5) (n = 5) (n = 5) (n = 5)
Aortic root
Inflammatory cell invasion area (%) 2.0 ± 0.5 16.9 ± 1.3 6.0 ± 2.0 ** 6.9 ± 1.1 **

(n = 3) (n = 4) (n = 4) (n = 4)
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Table 1. Cont.

Aortic root
Macrophage cell invasion area (%) 0.7 ± 0.4 6.5 ± 1.1 2.5 ± 0.7 * ** 3.0 ± 0.8 **

(n = 3) (n = 4) (n = 4) (n = 4)

Macrophage M1 cell area (%) 1.0 ± 0.3 6.3 ± 1.3
* 1.9 ± 0.3 * ** 2.1 ± 0.7 * **

(n = 3) (n = 4) (n = 4) (n = 4)
Macrophage M2 cell area (%) 0.2 ± 0.1 1.0 ± 0.4 1.8 ± 0.3 * 0.9 ± 0.2

(n = 3) (n = 4) (n = 4) (n = 4)

TGFβ receptor II area (%) 0.4 ± 0.3 17.5 ± 2.5
* 6.2 ± 1.8 ** 7.6 ± 1.4 * **

(n = 3) (n = 4) (n = 4) (n = 4)
Abdominal aorta

Inflammatory cell invasion area (%) 3.3 ± 0.7 11.1 ± 1.9
* 4.6 ± 0.9 ** 5.8 ± 0.6

(n = 3) (n = 4) (n = 4) (n = 4)
Abdominal aorta

Macrophage cell invasion area (%) 0.2 ± 0.2 6.3 ± 3.4
* 2.1 ± 1.9 * 2.0 ± 2.3

(n = 3) (n = 4) (n = 4) (n = 4)

* p < 0.05 compaird to Control. ** p < 0.05 compaird to CAWS.

2) Evaluation of Aortic root samples

2a) Inflammatory cells were evaluated by HE staining (Figure 3)

HE staining showed severe inflammatory cell invasion at the aortic root and pericoro-
nary arteries in all CAWS-administered individuals. The inflammatory cell invasion
area ratio was significantly higher in the CAWS group than in the control group
6 weeks after CAWS administration and remained unchanged 10 weeks after CAWS
(6 weeks: 2.7 ± 1.0% vs. 15.5 ± 1.2% [p = 0.030]; 10 weeks: 2.0 ± 0.5% vs. 16.9 ± 1.3%
[p = 0.052]; Table 1 and Figure 3a,b). Compared to the CAWS group, the CAWS+statin
group showed a significant decrease at both 6 and 10 weeks after CAWS (6 weeks:
15.5 ± 1.2% vs. 4.8 ± 1.2% [p <0.001]; 10 weeks: 16.9 ± 1.3% vs. 6.0 ± 2.0% [p = 0.030];
Table 1 and Figure 3a,b). The inflammatory cell invasion area ratio in the late-statin
group significantly decreased to 6.9 ± 1.1% compared to the CAWS group (p = 0.030)
but did not show a significant difference compared to values in the CAWS+statin
group (p = 0.471).

 
(a) 

Figure 3. Cont.
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(b) 

Figure 3. Histological findings at the aortic root. (a) Histological findings at the aortic root after
10 weeks of CAWS administration. Histological evaluation of inflammatory or macrophage cell
invasion into the sinus area of the aortic root of Apo E-/- mice. Statin treatment suppressed the
infiltration of inflammatory cells and macrophage cells at the aortic root; the anti-inflammatory
effect of statins was also observed in the late-statin group. (b) Inflammatory cell invasion area and
macrophage cell invasion area ratios. Inflammatory cell and macrophage cell invasion area ratios
were calculated and compared between groups. Area ratios were expressed as percentages. CAWS
promoted inflammatory and macrophage cell infiltration at both 6 and 10 weeks after CAWS admin-
istration. Statins also significantly inhibited the infiltration of inflammatory cells and macrophage
cells at both 6 and 10 weeks after CAWS administration. In the late statin group, statins suppressed
the inflammatory cell invasion area ratio. Means and SD are shown.Upper, H&E staining; lower,
anti-MAC-2 antibody staining. (Bar = 500 μm).

2b) Immunostaining of macrophage cells with anti-Galectin 3 (MAC-2) antibody

(Figure 3)

A large number of macrophage cells remained at the aortic root and pericoronary
arteries of all individuals treated with CAWS, even after 10 weeks of CAWS administration.
The macrophage cell invasion area ratio significantly increased in the CAWS group com-
pared to the control group at 6 weeks after CAWS administration and slightly decreased
at 10 weeks after CAWS administration (6 weeks: 0.3 ± 0.1% vs. 10.2 ± 2.2% [p = 0.030];
10 weeks: 0. 7 ± 0.4% vs. 6.5 ± 1.1% [p = 0.052]; Table 1 and Figure 3a,b).

The macrophage cell invasion area ratio of the CAWS+statin group significantly
decreased at both 6 and 10 weeks after CAWS compared to values in the CAWS group
(6 weeks: 10.2 ± 2.2% vs. 3.5 ± 0.4% [p = 0.030]; 10 weeks: 6.5 ± 1.1% vs. 2.5 ± 0.7%
[p = 0.030]; Table 1 and Figure 3a,b).

The late-statin group had a macrophage cell invasion area ratio of 3.0 ± 0.8%, signifi-
cantly lower than that of the CAWS group (p = 0.030). There was no significant difference
between the CAWS+statin group (p = 0.471).

2c) Immunostaining of macrophage M1 cells with anti-CD80 antibody

The macrophage M1 cell invasion area ratio significantly increased in the CAWS group
compared to the control group at both 6 and 10 weeks after CAWS administration (6 weeks:
0.6 ± 0.3% vs. 11.4 ± 2.5% [p = 0.030]; 10 weeks: 1.0 ± 0.3% vs. 6.3 ± 1.3% [p = 0.030];
Table 1). The macrophage M1 cell invasion area ratio was significantly lower in the
CAWS+statin group than in the CAWS group at both 6 and 10 weeks (6 weeks: 11.4 ± 2.5%
vs. 1.9 ± 0.4% [p = 0.030]; 10 weeks: 6.3 ± 1.3% vs. 1.9 ± 0.3% [p = 0.030]; Table 1). The
macrophage M1 cell invasion area ratio for the late-statin group was 2.1 ± 0.7%, which was
significantly lower than that in the CAWS group (p = 0.030) but not statistically different
compared to values in the CAWS + statin group (p = 0.883).
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2d) Immunostaining of macrophage M2 cells with the anti-CD206 antibody

The macrophage M2 cell invasion area ratio was significantly higher in the CAWS
group than in the control group at both 6 and 10 weeks after CAWS administration (6 weeks:
0.2 ± 0.2% vs. 1.1 ± 0.5% [p = 0.030]; 10 weeks: 0.3 ± 0.1% vs. 1.0 ± 0.4% [p = 0.052];
Table 1).

The macrophage M2 cell invasion area ratio was significantly higher in the CAWS+statin
group than in the CAWS group 6 weeks after CAWS administration. This value peaked
at 10 weeks after CAWS administration (6 weeks: 1.1 ± 0.5% vs. 2.1 ± 0.3% [p = 0.030];
10 weeks: 1.0 ± 0.4% vs. 1.8 ± 0.3% [p = 0.066]; Table 1).

The macrophage M2 cell invasion area ratio in the late-statin group was 0.9 ± 0.2%,
which was not significantly different from either the CAWS or CAWS+statin group (p = 0.885
and p = 0.066, respectively).

2e) M2/M1 macrophage cell ratio

The M2/M1 macrophage cell ratio in the same sample was calculated; compared to
the control group, the CAWS group showed a significant decrease at 6 weeks after CAWS
administration and no significant difference at 10 weeks (6 weeks: 0.4 ± 0.1 vs. 0.1 ± 0.1
[p = 0.030]; 10 weeks: 0.3 ± 0.1 vs. 0.2 ± 0.1 [p = 0.112]; Table 1). The M2/M1 macrophage
cell ratio was significantly higher in the CAWS+statin group than in the CAWS group both
at 6 and 10 weeks after CAWS administration (6 weeks: 0.1 ± 0.1 vs. 1.1 ± 0.3 [p = 0.030];
10 weeks: 0.2 ± 0.1 vs. 1.0 ± 0.2 [p = 0.030]; Table 1). The M2/M1 ratio for the late-statin
group was 0.5 ± 0.2, which was significantly higher than that in the CAWS (p = 0.030) and
significantly lower than that of the CAWS+statin group (p = 0.030).

2f) Immunostaining with anti-TGFβ receptor II antibody

The TGFβ receptor II expression area ratio was significantly higher in the CAWS group
than in the control group both after 6 and 10 weeks of CAWS administration (6 weeks:
1.1 ± 0.7% vs. 25.7 ± 3.9% [p = 0.030]; 10 weeks: 0.4 ± 0.3% vs. 17.5 ± 2.5% [p = 0.030];
Table 1). The CAWS+statin group showed a significant decrease in both 6 and 10 weeks after
CAWS administration compared to the CAWS group (6 weeks: 25.7 ± 3.9% vs. 5.7 ± 1.4%
[p = 0.030]; 10 weeks: 17.5 ± 2.5% vs. 6.2 ± 1.8% [p = 0.020]; Table 1). The TGFβ receptor II
expression area ratio in the late-statin group was 7.6 ± 1.4%, which was significantly lower
than that in the CAWS group (p = 0.030), but not significantly different from that in the
CAWS+statin group (p = 0.540).

3) Evaluation of Infrarenal abdominal aorta samples

3a) Inflammatory cells evaluated by HE staining

The inflammatory cell invasion area ratio was significantly increased in the CAWS
group than in the control group both at 6 and 10 weeks after CAWS administration (6 weeks:
3.3 ± 1.2% vs. 9.5 ± 1.0% [p = 0.030]; 10 weeks: 3.3 ± 0.7% vs. 11.1 ± 1.9% [p = 0.030];
Table 1). The inflammatory cell invasion area was significantly reduced in the CAWS+statin
group than in the CAWS group at both 6 and 10 weeks (6 weeks: 9.5 ± 0.9% vs. 4.2 ± 0.4%
[p = 0.030]; 10 weeks: 11.1 ± 1.9% vs. 4.6 ± 0.9% [p = 0.030]; Table 1). The inflammatory cell
invasion area ratio in the late-statin group was 5.8 ± 0.6% compared to the CAWS group,
showing a decreasing trend (p = 0.052).

3b) Immunostaining of macrophage cells with anti-galectin 3 (MAC-2) antibody

Macrophage cells were detected in aneurysm walls of specimens that formed abdom-
inal aortic aneurysms. The macrophage cell invasion area ratio was significantly higher
in the CAWS group than in the control group at both 6 and 10 weeks after CAWS ad-
ministration (6 weeks: 0.2 ± 0.1% vs. 2.0 ± 1.6% [p = 0.030]; 10 weeks: 0.2 ± 0.2% vs.
6.3 ± 3.4% [p = 0.030]; Table 1). The macrophage cell invasion area ratio was reduced in the
CAWS+statin group than in the CAWS group at both 6 and 10 weeks (6 weeks: 2.0 ± 1.6%
vs. 1.1 ± 0.2% [p = 1.000]; 10 weeks: 6.3 ± 3.4% vs. 2.1 ± 1.9% [p = 0.112]; Table 1). The
macrophage cell invasion area ratio of the late-statin group was 2.0 ± 2.3%, showing a
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decreasing trend compared to the CAWS group (p = 0.112) and no significant difference
compared to the values in the CAWS+statin group (p = 1.000).

4) Serological examination

4a) Serum LDL/VLDL cholesterol levels in each group

LDL/VLDL cholesterol levels were significantly higher in the CAWS group than in the
control group only at 6 weeks after CAWS administration, yet results were similar between
groups at 10 weeks of administration (6 weeks: 472.6 ± 45.0 mg/dL vs. 543.0 ± 6.8 mg/dL
[p = 0.005]; 10 weeks: 513.3 ± 49.8 mg/dL vs. 532.9 ± 13.9 mg/dL [p = 0.379]; Table 1).
LDL/VLDL cholesterol levels were significantly lower in the CAWS+statin group than in
the CAWS group only 6 weeks after CAWS administration (6 weeks: 543.0 ± 6.8 mg/dL
vs. 528.3 ± 11.6 mg/dL [p = 0.031]; 10 weeks: 532.9 ± 13.9 mg/dL vs. 532.0 ± 8.6 mg/dL
[p = 0.810]; Table 1). LDL/VLDL was significantly lower in the late-statin group than in the
control group at 10 weeks after CAWS administration (p = 0.005).

4b) Serum hs-CRP levels in each group

hs-CRP was significantly higher in the CAWS group than in the control group both
at 6 weeks and 10 weeks after CAWS administration (6 weeks: 102.7 ± 20.9 pg/mL vs.
307.4 ± 121.5 pg/mL [p <0.001]; 10 weeks: 79.4 ± 17.8 pg/mL vs. 396.3 ± 197.5 pg/mL
[p < 0.001]; Table 1). hs-CRP was not significantly different between the CAWS and
CAWS+statin groups at either 6 or 10 weeks after CAWS administration (6 weeks:
307.4 ± 121.5 pg/mL vs. 248.2 ± 121.5 pg/mL [p = 0.318]; 10 weeks: 396.3 ± 197.5 pg/mL
vs. 314.6 ± 108.9 pg/mL [p = 0.471]; Table 1).

4c) Correlations between aortic plaque area, inflammatory cell invasion area, and

macrophage invasion area

Correlations were examined between aortic plaque coverage ratio, inflammatory cell
area ratio at the aortic root, and macrophage cell area ratio. A significant correlation was
found between the aortic plaque coverage ratio and aortic root inflammatory cell invasion
area ratio (ρ = 0.786; p <0.0001) and between the aortic plaque coverage ratio and aortic
root macrophage area ratio (ρ = 0.641; p = 0.0004) (Figure 4).

 

Figure 4. Correlation coefficient scatter diagrams. The aortic plaque lesion coverage ratio was
significantly associated with the inflammatory cell invasion area ratio and macrophage cell invasion
area ratio at the aortic root.
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CRP, C-reactive protein; LDL/VLDL, low-density lipoprotein/very low-density lipopro-
tein; and TGFβ receptor II, Transforming growth factor beta receptor II.

4. Discussion

Endothelial cell dysfunction has been reported to persist in patients with sequelae of
KD vasculitis [10,22–24]. However, there is no evidence of a direct relationship between
KD vasculitis and early progression to atherosclerosis. In this study, we formed a KD-like
vasculitis model of atherosclerosis with CAWS in Apo E-/- mice. Through this animal
model of atherosclerosis, we confirmed that CAWS vasculitis promotes atherosclerosis.
Subsequently, we showed in animal models that statins have anti-inflammatory and anti-
atherosclerotic effects against atherosclerosis after CAWS vasculitis. Recently, Miyabe et al.
reported that macrophage cell activation in response to CAWS deposits in the adventitia
of the aortic root caused a large and persistent inflammatory cell infiltration around the
coronary arteries [25]. In this study, a long-term infiltration of inflammatory cells, including
macrophage cells, was also observed at the aortic root and in the abdominal aorta. TGFβ
receptor II was strongly expressed in the vessel wall of the aortic root, supporting the
presence of CAWS-induced vasculitis [21]. Statins significantly suppressed the infiltra-
tion of inflammatory cells, including macrophage cells, TGFβ receptor II expression, and
atherosclerosis in the aorta. Atherosclerosis is a chronic inflammatory disease of the arterial
wall, and macrophages have an important role as the starting point of plaque formation in
patients with atherosclerosis [26,27].

Macrophages are broadly classified into the M1 phenotype, which produces inflam-
matory cytokines and has tissue-destructive properties, and the M2 phenotype, which
produces anti-inflammatory cytokines and promotes angiogenesis and tissue repair [28]
and whose phenotype and function depend on the microenvironmental stimuli [29]. We
have previously reported that the phenotype of macrophages in coronary aneurysms of
human KD patients differs from that of normal atherosclerotic lesions, with a predominance
of the M1 phenotype. We have also reported that statins have an anti-inflammatory effect
on the coronary atrial wall of patients treated with statins for more than 3 years [30]. In this
study, most macrophages infiltrating the aortic root were the M1 phenotype. Statins might
suppress the tissue infiltration of M1 macrophages or inhibit their differentiation into the
M1 phenotype. Zhang et al. reported that statins induced monocyte differentiation into M2
macrophages [31]. This analysis showed that the M2 macrophage cell invasion area ratio
was lower, and although statin administration increased the count of M2 macrophage cells,
the difference between groups was insignificant. However, statins significantly suppressed
the overall macrophage cell area, and when the M2/M1 macrophage cell area ratio was
calculated, the M2/M1 ratio was significantly increased by statin administration. After
10 weeks of CAWS administration, the effect of statins on increasing M2 macrophages
was also observed in the late-statin group, even though it was inferior to the group that
had received statins from the start. The results suggested that statins might suppress
inflammation and promote tissue repair by increasing M2 macrophages relatively.

In contrast to the 10 to 150 mg/dL serum LDL/VLDL cholesterol levels of non-Apo
E-/- mice fed a high-fat diet [32–34], the serum LDL/VLDL levels of Apo E-/- mice fed
a high-fat diet are known to be significantly higher than those of normal mice [27,33–37].
Interestingly, although the lipid-lowering effect of statins was confirmed in this analysis, the
degree of reduction was mild. There were no animals whose LDL/VLDL cholesterol levels
were normalized with statins. Statins have not only LDL-lowering but also pleiotropic
effects, including anti-inflammatory effects, improvements in endothelial cell function,
effects on macrophage fractions, and antioxidant effects [38]. It was considered that the
therapeutic effect of statins observed in this analysis was more likely due to pleiotropic
effects rather than lipid-lowering effects. The late-statin group in this analysis was designed
to determine whether statins have a therapeutic effect in adult patients with KD who have
started statins in young adulthood. Statins are not approved for infants, and it is difficult
for patients with KD to take statins continuously from infancy. Remarkably, the late-statin
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group showed almost the same anti-inflammatory and anti-atherosclerotic effects as the
group that was given statins after 2 weeks of CAWS administration (CAWS+statin group)
(Figures 2a and 3a). These results suggest that statins have a sufficient therapeutic effect,
even if statins were started as patients with KD were adults.

In this study, it was confirmed that statins have an inhibitory effect on vascular
inflammation and atherosclerosis in CAWS vasculitis-infected mice. However, this is
an animal study using mice only. Moreover, CAWS vasculitis is not exactly the same
as KD vasculitis, although CAWS vasculitis is considered an experimental model that
has been generalized as KD-like vasculitis. Newly designed statin clinical trials should
be conducted to establish the efficacy of statin against KD. Second, we have not been
shown that CAWS vasculitis and statins affect vascular endothelial cell function. We have
previously reported that KD vasculitis may impair endothelial cell function [10], and several
centers have reported that statins may improve endothelial cell function and suppress
vasculitis [12,13,39,40]. It is considered important to research the relationship between
inflammatory cell invasion, including macrophages, in the remote stage and the statin-
induced improvement of vascular endothelial cell function to elucidate the usefulness of
statins in patients with KD.

5. Conclusions

It was found that the administration of CAWS to an atherosclerosis model mice
induced KD-like vasculitis and that vasculitis promoted atherosclerosis in the remote
stage of KD. Moreover, statin therapy inhibited the development of KD-like vasculitis,
which induces atherosclerosis, and had an anti-inflammatory effect on the vasculitis itself.
The results suggest that statin therapy is effective for patients with KD accompanied by
cardiovascular sequelae. The indication for statin therapy in such patients may be extended
in the future.
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Abstract: Ketogenic diets (KDs) are very low-carbohydrate, very high-fat diets which promote
nutritional ketosis and impact energetic metabolism. Aquaporins (AQPs) are transmembrane chan-
nels that facilitate water and glycerol transport across cell membranes and are critical players in
energy homeostasis. Altered AQP expression or function impacts fat accumulation and related
comorbidities, such as the metabolic syndrome. Here, we sought to determine whether nutritional
ketosis impacts AQPs expression in the context of an atherogenic model. To do this, we fed ApoE−/−

(apolipoprotein E-deficient) mice, a model of human atherosclerosis, a KD (Kcal%: 1/81/18, carbo-
hydrate/fat/protein) or a control diet (Kcal%: 70/11/18, carbohydrate/fat/protein) for 12 weeks.
Plasma was collected for biochemical analysis. Upon euthanasia, livers, white adipose tissue (WAT),
and brown adipose tissue (BAT) were used for gene expression studies. Mice fed the KD and con-
trol diets exhibited similar body weights, despite the profoundly different fat contents in the two
diets. Moreover, KD-fed mice developed nutritional ketosis and showed increased expression of
thermogenic genes in BAT. Additionally, these mice presented an increase in Aqp9 transcripts in BAT,
but not in WAT, which suggests the participation of Aqp9 in the influx of excess plasma glycerol to
fuel thermogenesis, while the up-regulation of Aqp7 in the liver suggests the involvement of this
aquaporin in glycerol influx into hepatocytes. The relationship between nutritional ketosis, energy
homeostasis, and the AQP network demands further investigation.

Keywords: aquaporins; very low-carbohydrate diet; ketogenic diet; obesity

1. Introduction

Despite significant advances in atherosclerotic cardiovascular disease (CVD) treatment,
CVD remains the leading cause of mortality among adults [1]. The mechanistic underpin-
nings of dietary pattern-related CVD risk are still not well understood. An apolipoprotein
E-deficient (ApoE−/−) mouse model is a pre-clinical model that is widely used to study the
pathophysiology of vascular plaque formation and atherosclerosis [2,3]. The global obesity
epidemic is one of the main risk factors for atherosclerosis and CVD [4]. Recent scientific
evidence highlights the ketogenic diet (KD)—a very low-carbohydrate, high-fat diet—as
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a promising strategy to treat obesity [5]. Interestingly, this diet was initially used to treat
refractory epilepsy in children [6] and is now being tested as a dietary approach to treat
other disorders, such as a common renal pathology (autosomal dominant polycystic kidney
disease) [7–9]. The fundamental principle of the KD is a severe restriction of dietary carbo-
hydrate consumption with a concurrent increase in dietary fat consumption to compensate
for the energy deficit, resulting in a metabolic state of nutritional ketosis. The impact of a
KD on cardiometabolic and vascular health is still a subject under intense debate [10,11].
In fact, in being used to achieve ketosis, KDs are typically inconsistent with nutritional
recommendations for CVD prevention; cardio-protective foods are severely restricted (e.g.,
fruits, legumes) and foods associated with increased CVD risk are promoted (e.g., meats
rich in saturated fat) [12,13].

The unique macronutrient profile of the KD results in the promotion of lipid oxida-
tion to produce ketones as an energy source [12]. In fact, this metabolic adaptation is
based on coordinated responses of the liver and an altered energetic metabolism at the
cellular level. When there is an adequate supply of carbohydrates, cells primarily rely on
glucose metabolism, whereas under carbohydrate-depletion conditions, cells use ketone
bodies as their primary energy source [14,15]. Ketone bodies are produced in the liver
via mitochondrial β-oxidation and are then released into the blood for uptake and uti-
lization by peripheral tissues. Moreover, a critical metabolic change in response to a KD
involves the mobilization of lipids stored in adipose tissue, with triacylglycerols (TAG)
being hydrolyzed to yield glycerol and fatty acids to be taken up by the liver to feed hepatic
ketogenesis [16].

Several proteins have been identified as key players in energy balance and vascular
homeostasis. Aquaporins (AQPs) are transmembrane proteins that function as channels,
allowing the permeation of water, glycerol, and other small non-charged molecules across
biological membranes driven by osmotic or solute gradients [17]. Thirteen AQP isoforms
have been identified in humans (AQP0–AQP12) and they are widely distributed in tissue-
specific manners [18]. AQPs have been categorized into three subgroups, according to
their transport selectivity and primary structure: classical aquaporins (AQP0, AQP1, AQP2,
AQP4, AQP5, AQP6, and AQP8), which are primarily selective to water; aquaglyceroporins
(AQP3, AQP7, AQP9, and AQP10), which also facilitate the permeation of other small
solutes (glycerol, urea); and S-aquaporins (AQP11 and AQP12), comprising intracellular
isoforms that have impacts on organelle homeostasis [19,20]. Recently, a few isoforms have
also been reported to transport hydrogen peroxide and have been termed peroxiporins
(AQP1, AQP3, AQP5, AQP8, AQP9, and AQP11) [21–23], opening new perspectives in un-
derstanding the potential roles of AQPs in physiological redox balance as well as oxidative
stress [24,25].

The involvement of aquaglyceroporins in adipose tissue homeostasis has possible
implications for metabolic disorders [26]. In fasting conditions, glycerol from TAG lipolysis
in adipose tissue is released via AQP7 into the bloodstream and is taken up via AQP9
by the liver as a substrate for gluconeogenesis [27]. The adipose AQP7–hepatic AQP9
axis has been extensively characterized, and the synchronization of these AQPs ensures
glycerol metabolism for gluconeogenesis [28]. In addition, the involvement of AQPs in
obesity-induced inflammation [29], as well as their ability to trigger inflammatory processes
involved in metabolic disorders [30,31], suggests their importance in the maintenance of
vascular homeostasis.

In this study, we have investigated how nutritional ketosis induced by a KD diet
in the context of an atherogenic model impacts the transcript levels of AQPs involved
in energy homeostasis. We fed ApoE−/− mice a KD or control diet for 12 weeks and
assessed metabolic disturbances. After confirming the presence of nutritional ketosis in
the KD-fed mice versus the control group, we performed gene expression studies for key
metabolic tissues.
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2. Materials and Methods

2.1. Animals

Male ApoE−/− mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA)
and housed in a temperature- and humidity-controlled room. Only male mice were
included to control for the known effect of sex on atherosclerosis in this strain [32]. Wild-
type mice, known to be resistant to atherosclerosis, were not included because we wanted to
specifically address the consequences of a ketogenic diet in the context of an atherosclerosis-
prone model [2]. At the age of 7 weeks, mice were weighed and divided into two groups
(7–8 animals/group). All procedures were performed in compliance with the Institutional
Animal Care and Use Committee of Pennsylvania State University (PRAMS#201747911 to
R.C.), which specifically approved this study.

2.2. Diets and Feeding

Mice were fed, for 12 weeks, one of the following diets based on AIN 93G [33] (Research
Diets, New Brunswick, NJ, USA) with modifications (Kcal%; fat/carbohydrate/protein):
a very-low-carbohydrate KD diet (81/1/18) with 0.15% cholesterol or a control diet
(12/70/18). Details about diet composition are shown in Table 1. Diets were replaced once
a week, at which time the animals and the remaining food were weighed to determine food
consumption and body weight progression.

Table 1. Macronutrients in the experimental diets.

Macronutrient (g/Kg of Diet) Control Diet Ketogenic Diet

Casein 180 280

Corn Starch 430 0

Maltodextrin 10 155 0

Sucrose 100 0

Cocoa Butter 0 155

Corn Oil 25 40

Primex (Non-Trans-Fat) 25 365

2.3. Blood Sampling and Measuring of Biochemical/Metabolic Markers

Every four weeks, approximately 200 μL of blood was collected from the retroorbital
cavity into heparinized tubes and immediately placed on ice. Plasma was isolated by
centrifugation at 4 ◦C and immediately stored at −80 ◦C prior to biochemical analyses.

2.3.1. β-Hydroxybutyrate, Triacylglycerols, Total Cholesterol, and Glucose

Plasma collected at 8 weeks was tested for ß-hydroxybutyrate (BHB), TAG, and total
cholesterol contents using colorimetric assays kits (Randox, Ann Arbor, MI, USA) following
the manufacturer’s instructions. Blood glucose was measured using a glucometer (Contour,
Bayer, Tarrytown, NY, USA) following the manufacturer’s instructions.

2.3.2. Glutathione Amino Acids Precursors

In plasma collected at 12 weeks, the circulating levels of glutamate and glycine were
determined by gas chromatography–flame ionization detector (GC-FID) using the Phe-
nomenex EZ:faastTM kit for physiological amino acid analysis (Phenomenex, Torrance,
CA, USA) as previously described [34]. Moreover, plasma cysteine concentrations were
quantified by high-performance liquid chromatography (HPLC) analysis with fluorometric
detection, as previously described [35].
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2.4. Tissue Collection

After 12 weeks, mice were euthanized by carbon dioxide inhalation. Aortas were
obtained and subjected to Oil Red O staining, as previously described in detail [36]. Livers
were removed and immediately snap-frozen in liquid nitrogen and stored at −80 ◦C. Inter-
scapular brown adipose tissue (BAT) and epididymal white adipose tissue (WAT) were
dissected following the protocol previously described by Bagchi and MacDougald [37],
immediately snap-frozen in liquid nitrogen, and stored at −80 ◦C.

2.5. Quantification of Inflammatory Cytokines and Aortic Atheroma

The effects of the experimental diets at 4 and 12 weeks on the plasma concentrations of tu-
mor necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6) were evaluated using ELISA assays
(Meso Scale Diagnostics, Rockville, MD, USA), following the manufacturer’s instructions.

An advanced imaging technique (14 T magnetic resonance imaging (MRI)) was used
to quantify the volume of vascular lesions in the mouse aortas, as previously described in
detail [36,38,39].

2.6. RNA Extraction

Total RNAs were extracted from WAT, BAT, and liver tissue using the Qiagen RNeasy
lipid tissue mini kit and Qiagen RNeasy mini kit, respectively (Qiagen, Germantown, MD,
USA), followed by a DNAase treatment. All procedures were conducted following the
manufacturer’s protocols. RNA concentrations were determined using the NanoDrop
2000c (Thermo Fisher Scientific, Waltham, MA, USA). Only samples with 260/280 nm ratios
between 1.8 and 2.2 were used for cDNA synthesis. Additionally, agarose bleach gels were
used to confirm RNA integrity, as previously described [40].

2.7. Quantitative PCR Analysis

Reverse transcription of 1μg RNA was performed using M-MLV reverse transcriptase
and oligo dT primers (Promega, Madison, WI, USA). Amplification by quantitative PCR was
executed using a CFX96 Real-Time System C1000 (BioRad, Hercules, CA, USA) after cDNA
was mixed with TaqMan Universal PCR Master Mix and the following specific TaqMan
gene expression assays (Applied Biosystems, Foster City, CA, USA) were performed, as
described in the manufacturer’s protocol and previous publications of our group [41].
The following probes and primers were used in this study: Aqp1 (#Mm00431834_m1),
Aqp3 (#Mm01208559_m1), Aqp5 (#Mm00437578_m1), Aqp7 (#Mm00431839_m10), Aqp9
(#Mm00508094_m1), Ucp1 (#Mm01244861_m1), and Eef2 (#Mm00833287_g1). Relative gene
expression was calculated using a variation of the Livak method with a houskeeping gene
Eef2 normalization step [42,43].

2.8. Statistical Analyses

Analyses were performed in GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA), with statistical significance set to p < 0.05. For comparison of two groups, an unpaired
Student’s t-test was used.

3. Results

3.1. KD-Fed Mice Weight Gain Was Similar to Controls

KD-fed mice consumed significantly less food than mice fed the control diet (Figure 1A).
Nevertheless, due to the higher energy density of this diet (6.2 kcal/g KD versus 3.9 kcal/g
control diet), KD-fed mice consumed more calories than the controls (Figure 1B). Notably,
despite the higher number of calories consumed by the KD group than the controls, both
groups of mice presented similar body weights (Figure 1C).
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Figure 1. The effect of the experimental diets on (A) food consumption, (B) calories consumed, and
(C) body weight. Data shown are the mean ± SEM, n = 7–8/group. **, p < 0.01; ***, p < 0.001, KD
versus control.

3.2. KD Promoted Nutritional Ketosis and a Distinct Metabolic Profile

The plasma concentration of the major ketone body, ß-hydroxybutyrate (BHB), was
significantly elevated in KD mice, confirming the presence of nutritional ketosis under
this dietary condition (Figure 2A). Specifically, BHB concentrations (μM, mean ± SEM)
were 2427 ± 347 for KD and 460 ± 85 for control mice. On the other hand, plasma TAG
(Figure 2C) and total cholesterol levels (Figure 2D) were significantly increased by the KD
(Figure 2D). Blood glucose levels showed opposite results, with KD-fed mice presenting
significantly lower blood glucose concentrations than the controls (Figure 2B). We also
assessed the effect of the KD on the sum of plasma glutamate, glycine, and cysteine, which
determine glutathione availability [44]. No significant differences were detected between
the two groups of animals (Figure 2E). Glutathione is a tripeptide that constitutes the most
abundant intra-cellular antioxidant system and it is a major determinant of redox balance.
Thus, this observation suggests that glutathione availability was preserved in KD mice.

β
μ

μ

Figure 2. The effect of the experimental diets on the circulating levels of (A) ß-hydroxybutyrate,
(B) glucose, (C) triacylglycerols, (D) total cholesterol, and (E) the sum of glutamate, glycine, and
cysteine. Data shown are the mean ± SEM, n = 7–8/group. *, p < 0.05; ***, p < 0.001, KD versus control.
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3.3. KD Augmented Plasma TNF-α and IL-6 and Vascular Lesions

We next examined the effect of nutritional ketosis on the circulating levels of the
pro-inflammatory cytokines TNF-α and IL-6 and on the volume of atheroma. The results
suggested a sustained pro-inflammatory effect of the KD when compared to the control diet.
Specifically, feeding the experimental diets for as little as 4 weeks resulted in significantly
higher plasma concentrations of TNF-α and IL-6 in the KD mice than in the controls, which
were maintained at 12 weeks (Figure 3A,B). Moreover, levels of aortic atherosclerotic plaque
in KD-fed mice, as assessed by MRI, were significantly elevated compared to control levels
(0.23 ± 0.03 versus 0.03 ± 0.01 mm3, mean ± SEM, n = 7–8) (Figure 3C).

α

Figure 3. The effect of 12 weeks of KD on systemic inflammation and atherosclerotic plaque burden.
Plasma concentrations of (A) interleukin 6 (IL-6) and (B) tumor necrosis factor α (TNF-α). (C) Ex vivo
14T-MRI volumetric assessment of total atheroma. Data shown are the mean ± SEM, n = 4–8/group.
***, p < 0.001, KD versus control.

3.4. KD Up-Regulated the Expression of Thermogenic Genes

The transcript level of Ucp1 in BAT of KD-fed mice was four times higher compared to
control mice (Figure 4A), revealing a thermogenic effect of the KD. In contrast, the transcript
level for Ucp1 in WAT was significantly decreased compared to the controls (around a
0.15-fold change; Figure 4B).

Figure 4. Effect of the ketogenic diet (KD) on the transcription levels of Uncoupling protein 1 (Ucp1)
in (A) BAT and (B) WAT of ApoE−/− mice fed the experimental diets for 12 weeks. Data shown are
the mean ± SEM (n = 6–8/group). *, p < 0.05; **, p < 0.01, KD versus control.

3.5. KD Altered AQPs Expression in Adipose Tissues and Liver

The gene expression of aquaporins implicated in endothelial homeostasis (Aqp1 and
Aqp5) [45] and energetic metabolism (Aqp3, Aqp7, and Aqp9) [26] were evaluated in BAT,
WAT, and the liver, which are tissues mainly involved in energy homeostasis. All the
AQP isoforms were detected in all the investigated tissues, which is in accordance with
previous reports [38]. However, each AQP showed a tissue-specific profile (Figure 5). For
example, in BAT, high Aqp7 and Aqp1 transcripts levels were detected, while Aqp3, Aqp5,
and Aqp9 were present in lower amounts (Figure 5A,B). As with BAT, WAT contained
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abundant levels of Aqp7 and Aqp1 transcripts, followed by lower expression of Aqp3,
Aqp9, and Aqp5 (Figure 5C,D). In the WAT of mice fed the KD, Aqp7 mRNA levels were
low, but the expression of the other isoforms was not altered by the diets. The BAT of these
animals, however, presented Aqp9 up-regulation. Further, this same isoform was the most
representative aquaglyceroporin in the liver, as previously reported [46], but expression of
Aqp1, Aqp3, Aqp7, and Aqp5 was also detected (Figure 5E,F). In KD-fed mice, an intense
20-fold hepatic induction of Aqp7 transcript was also observed.

Figure 5. Aquaporin gene expression in (A,B) white adipose tissue (WAT), (C,D) brown adipose
tissue (BAT), and (E,F) the livers of ApoE−/− mice fed control or a ketogenic diet (KD). Relative
gene expression of (A,C,E) classical aquaporins and (B,D,F) aquaglyceroporins. Data shown are the
mean ± SEM (n = 6–8/group). *, p < 0.05; ***, p < 0.001, KD versus control.

4. Discussion

In recent years, KDs have been considered a promising strategy to treat obesity—a
major CVD risk factor. KDs contain 70–80% of kcal from fat but very little carbohydrate,
which stimulates endogenous ketogenesis, thus yielding high levels of BHB. Previous
studies with mice have reported an anti-obesogenic effect for the KD, despite its extremely
high fat content [47–50]. Accordingly, in this study, notwithstanding a caloric intake that
was markedly higher in KD-fed mice than in controls and 12 weeks of ad libitum feeding,
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no significant differences were observed in body weight between KD- and control-fed
ApoE−/− mice. As we wanted to focus on atherogenesis, we did not include wild-type
mice, which are not atherosclerosis-prone. However, we acknowledge that additional
studies in wild-type mice could be of interest regarding other health outcomes.

The absence of dietary carbohydrates in KD stimulates the hepatic production of
ketone bodies that are further transported to extrahepatic tissues for terminal oxidation as
the primary energy source [51]. In this study, the plasma concentration of the major ketone
body, BHB, was significantly elevated in KD-fed mice and within the range reported by
others [49,51]. This finding confirms the presence of nutritional ketosis in KD-fed mice
and indicates the reliability of this dietary mouse model in understanding the effect of
nutritional ketosis on aquaporin expression. On the other hand, and as previously reported,
KD promoted an accumulation of circulating TAG and cholesterol levels together with
significantly lowered blood glucose levels compared to controls [52–54].

The ratio of the concentration of the universal methyl donor S-adenosylmethionine
(AdoMet) to S-adenosylhomocysteine (AdoHcy) (AdoMet:AdoHcy) is an index of cellular
transmethylation reactions [55]. In previous cell studies, dysregulation of the transmethy-
lation capacity impacted AQP1 expression and promoted an atherogenic phenotype [45].
Moreover, an increased dietary fat content in the presence of carbohydrates was associated
with a diminished systemic methylation index in wild-type mice [56] but not in ApoE−/−
mice [38]. The effect of the diets used in this study on AdoMet:AdoHcy ratio has recently
been published [39]. A significantly decreased plasma AdoMet:AdoHcy ratio was detected
in KD-fed ApoE−/− mice versus controls, revealing systemic hypomethylation under nu-
tritional ketosis. This observation led us to focus in the present study on the glutathione
system. In fact, a link between hypomethylation and oxidative stress due to the dysregula-
tion of the antioxidant glutathione system has been previously reported [57]. Moreover,
disturbances in redox balance contribute to susceptibility and pathology in human diseases,
including atherosclerosis. Interestingly, cumulative evidence points to the role of AQPs
as facilitators of ROS membrane permeation [58]. These intriguing observations led us to
assess the effect of the KD on the sum of glutamate, glycine, and cysteine concentrations.
Nevertheless, no significant differences were detected between the two groups of animals,
suggesting that glutathione availability was preserved with the KD.

Inflammation plays an important role in the progression of atherosclerosis [59].
Furthermore, compelling evidence strongly suggests that AQPs are key regulators of
inflammation [31]. The pro-inflammatory cytokines TNF-α and IL-6 play crucial roles
in inflammation and exacerbate atherosclerosis in murine species [60–62]. The results
suggested a sustained pro-inflammatory effect of the KD when compared to the control
diet. As previously mentioned, the KD contains approximately 80% of Kcal from fat. Thus,
although other cytokines could have been quantified in plasma to unequivocally address
and compare the levels of systemic inflammation between the KD and control groups, our
data are consistent with the well-established positive correlation of dietary fat and systemic
inflammation [63]. KD-fed mice developed more extensive atherosclerosis than control
mice, which may have been contributed to, in part, by elevated systemic inflammation
in the KD mice. Previous studies in which high-fat diets with very low carbohydrate
contents were fed to murine models of atherosclerosis also reported atherogenic effects of
the diets [53,64]. In the present study, our goal was to test whether a KD, in the context of
an atherogenic model, impacted AQPs expression. Thus, we used a diet that was very low
in carbohydrates, very high in fat, and contained 0.15% of cholesterol, this being typical
of atherogenic diets described in the literature. We acknowledge that cholesterol, as a
well-established dietary atherogenic component in ApoE−/− mice, may have contributed to
the observed KD-induced exacerbated systemic inflammation and vascular toxicity [65,66].
Thus, future studies conducted without dietary cholesterol are needed to unequivocally
address the vascular effect of nutritional ketosis in this mouse model. In fact, increasing
evidence suggests a positive impact of nutritional ketosis on vascular physiology and
homeostasis in humans [67–69].

76



Biomedicines 2022, 10, 1159

The finding of similar body weight in all mice, despite the higher caloric intake in
the KD-fed group, was intriguing. BAT plays a vital role in energy homeostasis and
heat production [70]. The thermogenic function of BAT is dependent on Ucp1, a protein
expressed in the inner mitochondrial membrane of brown adipocytes [71]. Ucp1 disrupts
the electrochemical gradient across the inner mitochondrial membrane, causing energy
derived from the metabolism of food to be released as heat [71]. The exceptional function
of BAT to increase energy expenditure is shown by its anti-obesogenic role. In fact, mice
deficient in Ucp1 are susceptible to weight gain [72], whereas an excess of Ucp1 protects
against diet-induced obesity [73]. In the present study, Ucp1 transcription in BAT of KD-fed
mice was observed to be up-regulated as compared to the controls. Thus, it is tempting
to speculate that this KD-induced up-regulation of Ucp1 may have contributed to the
similar body weight of KD-fed mice and controls despite the first group having a higher
caloric intake. Additional studies assessing basal metabolism are warranted to explore this
exciting possibility.

Lastly, it was observed that the transcriptional levels of several AQPs were different
among the tissues involved in energy homeostasis, namely, the liver, BAT, and WAT. Further,
and interestingly, this tissue-specific profile was altered when mice were subjected to KD
(Figure 5). In BAT, KD induced a two-fold increase in Aqp9 expression, suggesting that
this isoform provides a route for the influx of excess plasma glycerol to be used as fuel in
thermogenesis. Thermogenesis is a very intensive process in terms of energy; thus, BAT has
a high metabolic demand. Recent studies have identified the need for a variety of metabolic
substrates to initiate and maintain thermogenesis, such as intracellular triglycerides and
glucose, in addition to the well-established free fatty acids [74]. The high expression
of BAT glycerol kinase, the enzyme that converts glycerol to glycerol-3-phosphate for
triacylglycerol synthesis in both rodents and humans [75], suggests an important role for
glycerol in maintaining intracellular levels of TAG during thermogenesis and highlights
the role of AQPs in the process. In addition, KD impaired Aqp3 and Aqp5 expression,
both peroxiporins acting as hydrogen peroxide facilitators, suggesting that they might be
involved in an unbalanced redox potential induced by KD. Interestingly, the same AQP
response pattern was observed in our previous study with mice fed a high-fat diet with a
higher carbohydrate content [38], suggesting that high-calorie diets affect BAT similarly
independently of their macronutrient compositions. In the WAT of mice fed the KD, Aqp7
mRNA levels were low, suggesting that, due to increased circulating TAG, adipocyte lipid
droplets were not used as fuel in KD-fed mice. AQP7 is the main gateway for glycerol
efflux from white adipocytes following the breakdown of TAG. Finally, in KD-fed mice,
an intense up-regulation of hepatic Aqp7 was observed, which may indicate an additional
glycerol uptake route as a compensatory strategy favoring gluconeogenesis.

5. Conclusions

The current study contributes to a better characterization of an atherogenic-susceptible
ApoE−/− mouse model by reporting that the pattern of AQPs expression in these mice
is disturbed in a tissue-specific manner by nutritional ketosis, which, in turn, was found
to be associated with the up-regulation of thermogenic genes in BAT. Our data represent
the first experimental approach ever reported on the modulation of AQPs expression
in ApoE−/− mice under this metabolic condition and warrant further investigation to
establish and validate the relationship between nutritional ketosis, the AQP network, and
energy homeostasis.
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25. Čipak Gašparović, A.; Milković, L.; Rodrigues, C.; Mlinarić, M.; Soveral, G. Peroxiporins Are Induced upon Oxidative Stress

Insult and Are Associated with Oxidative Stress Resistance in Colon Cancer Cell Lines. Antioxidants 2021, 10, 1856. [CrossRef]
26. da Silva, I.V.; Rodrigues, J.S.; Rebelo, I.; Miranda, J.P.G.; Soveral, G. Revisiting the metabolic syndrome: The emerging role of

aquaglyceroporins. Cell. Mol. Life Sci. 2018, 75, 1973–1988. [CrossRef]
27. Rodriguez, A.; Catalan, V.; Gomez-Ambrosi, J.; Fruhbeck, G. Aquaglyceroporins serve as metabolic gateways in adiposity and

insulin resistance control. Cell Cycle 2011, 10, 1548–1556. [CrossRef]
28. Maeda, N.; Funahashi, T.; Shimomura, I. Metabolic impact of adipose and hepatic glycerol channels aquaporin 7 and aquaporin 9.

Nat. Clin. Pract. Endocrinol. Metab. 2008, 4, 627–634. [CrossRef]
29. da Silva, I.V.; Cardoso, C.; Mendez-Gimenez, L.; Camoes, S.P.; Fruhbeck, G.; Rodriguez, A.; Miranda, J.P.; Soveral, G. Aquaporin-7

and aquaporin-12 modulate the inflammatory phenotype of endocrine pancreatic beta-cells. Arch. Biochem. Biophys. 2020,
691, 108481. [CrossRef]

30. da Silva, I.V.; Cardoso, C.; Martinez-Banaclocha, H.; Casini, A.; Pelegrin, P.; Soveral, G. Aquaporin-3 is involved in NLRP3-
inflammasome activation contributing to the setting of inflammatory response. Cell. Mol. Life Sci. 2021, 78, 3073–3085. [CrossRef]

31. da Silva, I.V.; Soveral, G. Aquaporins in Immune Cells and Inflammation: New Targets for Drug Development. Int. J. Mol. Sci.
2021, 22, 1845. [CrossRef] [PubMed]

32. Caligiuri, G.; Nicoletti, A.; Zhou, X.; Tornberg, I.; Hansson, G.K. Effects of sex and age on atherosclerosis and autoimmunity in
apoE-deficient mice. Atherosclerosis 1999, 145, 301–308. [CrossRef]

33. Reeves, P.G.; Nielsen, F.H.; Fahey, G.C., Jr. AIN-93 purified diets for laboratory rodents: Final report of the American Institute of
Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J. Nutr. 1993, 123, 1939–1951. [CrossRef]

34. Badawy, A.A.; Morgan, C.J.; Turner, J.A. Application of the Phenomenex EZ: Faasttrade mark amino acid analysis kit for rapid
gas-chromatographic determination of concentrations of plasma tryptophan and its brain uptake competitors. Amino Acids 2008,
34, 587–596. [CrossRef] [PubMed]

35. Barroso, M.; Rocha, M.S.; Esse, R.; Goncalves, I., Jr.; Gomes, A.Q.; Teerlink, T.; Jakobs, C.; Blom, H.J.; Loscalzo, J.; Rivera, I.; et al.
Cellular hypomethylation is associated with impaired nitric oxide production by cultured human endothelial cells. Amino Acids
2012, 42, 1903–1911. [CrossRef] [PubMed]

36. Whalen, C.A.; Mattie, F.J.; Florindo, C.; van Zelst, B.; Huang, N.K.; Tavares de Almeida, I.; Heil, S.G.; Neuberger, T.; Ross, A.C.;
Castro, R. No Effect of Diet-Induced Mild Hyperhomocysteinemia on Vascular Methylating Capacity, Atherosclerosis Progression,
and Specific Histone Methylation. Nutrients 2020, 12, 2182. [CrossRef]

37. Bagchi, D.P.; MacDougald, O.A. Identification and Dissection of Diverse Mouse Adipose Depots. J. Vis. Exp. 2019, 149, e59499.
[CrossRef]

38. da Silva, I.V.; Whalen, C.A.; Mattie, F.J.; Florindo, C.; Huang, N.K.; Heil, S.G.; Neuberger, T.; Ross, A.C.; Soveral, G.; Castro, R. An
Atherogenic Diet Disturbs Aquaporin 5 Expression in Liver and Adipocyte Tissues of Apolipoprotein E-Deficient Mice: New
Insights into an Old Model of Experimental Atherosclerosis. Biomedicines 2021, 9, 150. [CrossRef]

39. Castro, R.; Whalen, C.A.; Gullette, S.; Mattie, F.J.; Florindo, C.; Heil, S.G.; Huang, N.K.; Neuberger, T.; Ross, A.C. A Hypomethy-
lating Ketogenic Diet in Apolipoprotein E-Deficient Mice: A Pilot Study on Vascular Effects and Specific Epigenetic Changes.
Nutrients 2021, 13, 3576. [CrossRef]

40. Aranda, P.S.; LaJoie, D.M.; Jorcyk, C.L. Bleach gel: A simple agarose gel for analyzing RNA quality. Electrophoresis 2012, 33,
366–369. [CrossRef]

41. da Silva, I.V.; Diaz-Saez, F.; Zorzano, A.; Guma, A.; Camps, M.; Soveral, G. Aquaglyceroporins Are Differentially Expressed in
Beige and White Adipocytes. Int. J. Mol. Sci. 2020, 21, 610. [CrossRef] [PubMed]

42. Fleige, S.; Pfaffl, M.W. RNA integrity and the effect on the real-time qRT-PCR performance. Mol. Asp. Med. 2006, 27, 126–139.
[CrossRef] [PubMed]

43. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(−ΔΔC(T))
Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

79



Biomedicines 2022, 10, 1159

44. Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C.L. Glutathione dysregulation and the etiology and
progression of human diseases. Biol. Chem. 2009, 390, 191–214. [CrossRef] [PubMed]

45. da Silva, I.V.; Barroso, M.; Moura, T.; Castro, R.; Soveral, G. Endothelial Aquaporins and Hypomethylation: Potential Implications
for Atherosclerosis and Cardiovascular Disease. Int. J. Mol. Sci. 2018, 19, 130. [CrossRef]

46. Calamita, G.; Gena, P.; Ferri, D.; Rosito, A.; Rojek, A.; Nielsen, S.; Marinelli, R.A.; Fruhbeck, G.; Svelto, M. Biophysical assessment
of aquaporin-9 as principal facilitative pathway in mouse liver import of glucogenetic glycerol. Biol. Cell. 2012, 104, 342–351.
[CrossRef]

47. Kostogrys, R.B.; Johann, C.; Czyzynska, I.; Franczyk-Zarow, M.; Drahun, A.; Maslak, E.; Jasztal, A.; Gajda, M.; Mateuszuk, L.;
Wrobel, T.P.; et al. Characterisation of Atherogenic Effects of Low Carbohydrate, High Protein Diet (LCHP) in ApoE/LDLR−/−
Mice. J. Nutr. Health Aging 2015, 19, 710–718. [CrossRef]

48. Kennedy, A.R.; Pissios, P.; Otu, H.; Roberson, R.; Xue, B.; Asakura, K.; Furukawa, N.; Marino, F.E.; Liu, F.F.; Kahn, B.B.; et al.
A high-fat, ketogenic diet induces a unique metabolic state in mice. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E1724–E1739.
[CrossRef]

49. Ma, D.; Wang, A.C.; Parikh, I.; Green, S.J.; Hoffman, J.D.; Chlipala, G.; Murphy, M.P.; Sokola, B.S.; Bauer, B.; Hartz, A.M.S.; et al.
Ketogenic diet enhances neurovascular function with altered gut microbiome in young healthy mice. Sci. Rep. 2018, 8, 6670.
[CrossRef]

50. Merra, G.; Miranda, R.; Barrucco, S.; Gualtieri, P.; Mazza, M.; Moriconi, E.; Marchetti, M.; Chang, T.F.; De Lorenzo, A.; Di Renzo, L.
Very-low-calorie ketogenic diet with aminoacid supplement versus very low restricted-calorie diet for preserving muscle mass
during weight loss: A pilot double-blind study. Eur. Rev. Med. Pharm. Sci. 2016, 20, 2613–2621.

51. Roberts, M.N.; Wallace, M.A.; Tomilov, A.A.; Zhou, Z.; Marcotte, G.R.; Tran, D.; Perez, G.; Gutierrez-Casado, E.; Koike, S.;
Knotts, T.A.; et al. A Ketogenic Diet Extends Longevity and Healthspan in Adult Mice. Cell Metab. 2017, 26, 539–546. [CrossRef]
[PubMed]

52. Badman, M.K.; Kennedy, A.R.; Adams, A.C.; Pissios, P.; Maratos-Flier, E. A very low carbohydrate ketogenic diet improves
glucose tolerance in ob/ob mice independently of weight loss. Am. J. Physiol. Endocrinol. Metab. 2009, 297, E1197–E1204. [CrossRef]
[PubMed]

53. Foo, S.Y.; Heller, E.R.; Wykrzykowska, J.; Sullivan, C.J.; Manning-Tobin, J.J.; Moore, K.J.; Gerszten, R.E.; Rosenzweig, A. Vascular
effects of a low-carbohydrate high-protein diet. Proc. Natl. Acad. Sci. USA 2009, 106, 15418–15423. [CrossRef]

54. Shimazu, T.; Hirschey, M.D.; Newman, J.; He, W.; Shirakawa, K.; Le Moan, N.; Grueter, C.A.; Lim, H.; Saunders, L.R.;
Stevens, R.D.; et al. Suppression of oxidative stress by beta-hydroxybutyrate, an endogenous histone deacetylase inhibitor.
Science 2013, 339, 211–214. [CrossRef]

55. Perla-Kajan, J.; Jakubowski, H. Dysregulation of Epigenetic Mechanisms of Gene Expression in the Pathologies of Hyperhomo-
cysteinemia. Int. J. Mol. Sci. 2019, 20, 3140. [CrossRef] [PubMed]

56. Yun, K.U.; Ryu, C.S.; Oh, J.M.; Kim, C.H.; Lee, K.S.; Lee, C.H.; Lee, H.S.; Kim, B.H.; Kim, S.K. Plasma homocysteine level and
hepatic sulfur amino acid metabolism in mice fed a high-fat diet. Eur. J. Nutr. 2013, 52, 127–134. [CrossRef]

57. Barroso, M.; Florindo, C.; Kalwa, H.; Silva, Z.; Turanov, A.A.; Carlson, B.A.; de Almeida, I.T.; Blom, H.J.; Gladyshev, V.N.;
Hatfield, D.L.; et al. Inhibition of cellular methyltransferases promotes endothelial cell activation by suppressing glutathione
peroxidase 1 protein expression. J. Biol. Chem. 2014, 289, 15350–15362. [CrossRef]

58. Tamma, G.; Valenti, G.; Grossini, E.; Donnini, S.; Marino, A.; Marinelli, R.A.; Calamita, G. Aquaporin Membrane Channels in
Oxidative Stress, Cell Signaling, and Aging: Recent Advances and Research Trends. Oxid. Med. Cell. Longev. 2018, 2018, 1501847.
[CrossRef]

59. Esse, R.; Barroso, M.; Tavares de Almeida, I.; Castro, R. The Contribution of Homocysteine Metabolism Disruption to Endothelial
Dysfunction: State-of-the-Art. Int. J. Mol. Sci. 2019, 20, 867. [CrossRef]

60. Kleemann, R.; Zadelaar, S.; Kooistra, T. Cytokines and atherosclerosis: A comprehensive review of studies in mice. Cardiovasc.
Res. 2008, 79, 360–376. [CrossRef]

61. Sukovich, D.A.; Kauser, K.; Shirley, F.D.; DelVecchio, V.; Halks-Miller, M.; Rubanyi, G.M. Expression of interleukin-6 in
atherosclerotic lesions of male ApoE-knockout mice: Inhibition by 17beta-estradiol. Arter. Thromb. Vasc. Biol. 1998, 18, 1498–1505.
[CrossRef]

62. Branen, L.; Hovgaard, L.; Nitulescu, M.; Bengtsson, E.; Nilsson, J.; Jovinge, S. Inhibition of tumor necrosis factor-α reduces
atherosclerosis in apolipoprotein E knockout mice. Arter. Thromb. Vasc. Biol. 2004, 24, 2137–2142. [CrossRef] [PubMed]

63. Duan, Y.; Zeng, L.; Zheng, C.; Song, B.; Li, F.; Kong, X.; Xu, K. Inflammatory Links Between High Fat Diets and Diseases. Front.
Immunol. 2018, 9, 2649. [CrossRef] [PubMed]

64. Kostogrys, R.B.; Franczyk-Zarow, M.; Maslak, E.; Gajda, M.; Mateuszuk, L.; Jackson, C.L.; Chlopicki, S. Low carbohy-
drate, high protein diet promotes atherosclerosis in apolipoprotein E/low-density lipoprotein receptor double knockout mice
(apoE/LDLR(−/−)). Atherosclerosis 2012, 223, 327–331. [CrossRef] [PubMed]

65. Maeda, N. Development of apolipoprotein E-deficient mice. Arter. Thromb. Vasc. Biol. 2011, 31, 1957–1962. [CrossRef]
66. Plump, A.S.; Smith, J.D.; Hayek, T.; Aalto-Setala, K.; Walsh, A.; Verstuyft, J.G.; Rubin, E.M.; Breslow, J.L. Severe hypercholes-

terolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous recombination in ES cells. Cell 1992, 71,
343–353. [CrossRef]

80



Biomedicines 2022, 10, 1159

67. Nasser, S.; Vialichka, V.; Biesiekierska, M.; Balcerczyk, A.; Pirola, L. Effects of ketogenic diet and ketone bodies on the cardiovas-
cular system: Concentration matters. World J. Diabetes 2020, 11, 584–595. [CrossRef]

68. Hu, T.; Bazzano, L.A. The low-carbohydrate diet and cardiovascular risk factors: Evidence from epidemiologic studies. Nutr.
Metab. Cardiovasc. Dis. 2014, 24, 337–343. [CrossRef]

69. Ebbeling, C.B.; Knapp, A.; Johnson, A.; Wong, J.M.W.; Greco, K.F.; Ma, C.; Mora, S.; Ludwig, D.S. Effects of a low-carbohydrate
diet on insulin-resistant dyslipoproteinemia—A randomized controlled feeding trial. Am. J. Clin. Nutr. 2022, 115, 154–162.
[CrossRef]

70. Schneider, K.; Valdez, J.; Nguyen, J.; Vawter, M.; Galke, B.; Kurtz, T.W.; Chan, J.Y. Increased Energy Expenditure, Ucp1 Expression,
and Resistance to Diet-induced Obesity in Mice Lacking Nuclear Factor-Erythroid-2-related Transcription Factor-2 (Nrf2). J. Biol.
Chem. 2016, 291, 7754–7766. [CrossRef]

71. Mills, E.L.; Harmon, C.; Jedrychowski, M.P.; Xiao, H.; Garrity, R.; Tran, N.V.; Bradshaw, G.A.; Fu, A.; Szpyt, J.; Reddy, A.; et al.
UCP1 governs liver extracellular succinate and inflammatory pathogenesis. Nat. Metab. 2021, 3, 604–617. [CrossRef] [PubMed]

72. Kopecky, J.; Clarke, G.; Enerback, S.; Spiegelman, B.; Kozak, L.P. Expression of the mitochondrial uncoupling protein gene from
the aP2 gene promoter prevents genetic obesity. J. Clin. Investig. 1995, 96, 2914–2923. [CrossRef] [PubMed]

73. Li, B.; Nolte, L.A.; Ju, J.S.; Han, D.H.; Coleman, T.; Holloszy, J.O.; Semenkovich, C.F. Skeletal muscle respiratory uncoupling
prevents diet-induced obesity and insulin resistance in mice. Nat. Med. 2000, 6, 1115–1120. [CrossRef]

74. McNeill, B.T.; Morton, N.M.; Stimson, R.H. Substrate Utilization by Brown Adipose Tissue: What’s Hot and What’s Not? Front.
Endocrinol. 2020, 11, 571659. [CrossRef]

75. Skowronski, M.T.; Lebeck, J.; Rojek, A.; Praetorius, J.; Fuchtbauer, E.M.; Frokiaer, J.; Nielsen, S. AQP7 is localized in capillaries of
adipose tissue, cardiac and striated muscle: Implications in glycerol metabolism. Am. J. Physiol. Ren. Physiol. 2007, 292, F956–F965.
[CrossRef] [PubMed]

81





Citation: Puylaert, P.; Van Praet, M.;

Vaes, F.; Neutel, C.H.G.; Roth, L.;

Guns, P.-J.; De Meyer, G.R.Y.;

Martinet, W. Gasdermin D Deficiency

Limits the Transition of

Atherosclerotic Plaques to an

Inflammatory Phenotype in ApoE

Knock-Out Mice. Biomedicines 2022,

10, 1171. https://doi.org/10.3390/

biomedicines10051171

Academic Editors: Tânia

Martins-Marques, Gonçalo

F. Coutinho and Attila Kiss

Received: 17 April 2022

Accepted: 17 May 2022

Published: 19 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Gasdermin D Deficiency Limits the Transition of
Atherosclerotic Plaques to an Inflammatory Phenotype in ApoE
Knock-Out Mice

Pauline Puylaert, Melissa Van Praet, Frederik Vaes, Cédric H. G. Neutel, Lynn Roth, Pieter-Jan Guns,

Guido R. Y. De Meyer and Wim Martinet *

Laboratory of Physiopharmacology, University of Antwerp, 2610 Antwerp, Belgium;
pauline.puylaert@uantwerpen.be (P.P.); melissa.vanpraet@uantwerpen.be (M.V.P.);
frederik.vaes@student.uantwerpen.be (F.V.); cedric.neutel@uantwerpen.be (C.H.G.N.);
lynn.roth@uantwerpen.be (L.R.); pieter-jan.guns@uantwerpen.be (P.-J.G.);
guido.demeyer@uantwerpen.be (G.R.Y.D.M.)
* Correspondence: wim.martinet@uantwerpen.be

Abstract: Gasdermin D (GSDMD) is the key executor of pyroptotic cell death. Recent studies suggest
that GSDMD-mediated pyroptosis is involved in atherosclerotic plaque destabilization. We report that
cleaved GSDMD is expressed in macrophage- and smooth muscle cell-rich areas of human plaques.
To determine the effects of GSDMD deficiency on atherogenesis, ApoE−/− Gsdmd−/− (n = 16) and
ApoE−/− Gsdmd+/+ (n = 18) mice were fed a western-type diet for 16 weeks. Plaque initiation and
formation of stable proximal aortic plaques were not altered. However, plaques in the brachiocephalic
artery (representing more advanced lesions compared to aortic plaques) of ApoE−/− Gsdmd−/− mice
were significantly smaller (115 ± 18 vs. 186 ± 16 × 103 μm2, p = 0.006) and showed features of
increased stability, such as decreased necrotic core area (19 ± 4 vs. 37 ± 7 × 103 μm2, p = 0.03)
and increased αSMA/MAC3 ratio (1.6 ± 0.3 vs. 0.7 ± 0.1, p = 0.01), which was also observed in
proximal aortic plaques. Interestingly, a significant increase in TUNEL positive cells was observed
in brachiocephalic artery plaques from ApoE−/− Gsdmd−/− mice (141 ± 25 vs. 62 ± 8 cells/mm2,
p = 0.005), indicating a switch to apoptosis. This switch from pyroptosis to apoptosis was also
observed in vitro in Gsdmd−/− macrophages. In conclusion, targeting GSDMD appears to be a
promising approach for limiting the transition to an inflammatory, vulnerable plaque phenotype.

Keywords: gasdermin D; pyroptosis; inflammation; atherosclerosis

1. Introduction

Vulnerable atherosclerotic plaques are characterized by a large necrotic core formed by
excessive necrotic cell death and inflammation [1]. Plaque cells can undergo different types
of regulated necrosis although their significance in atherosclerosis is not always clear-cut.
One of the best-defined forms of regulated necrosis is pyroptosis, a pro-inflammatory form
of regulated cell death that is characterized by the formation of plasma membrane pores via
members of the gasdermin (GSDM) protein family [2,3]. Six members of this family have
been identified, including gasdermin D (GSDMD). GSDMD is N-terminally (NT) cleaved
and is activated by caspase 1 and caspase 4/5 (homologous to caspase 11 in mouse) [3–5].
Subsequently, NT-GSDMDs oligomerize, translocate to the cell membrane and induce pore
formation, which allows the release of cellular content and pro-inflammatory cytokines
such as IL-1β and IL-18, and finally results in membrane disruption and cell lysis [6,7].

In canonical pyroptosis induction, cleavage and activation of caspase 1 is mediated
by inflammasomes, which are large supramolecular complexes that sense intracellular
danger signals through nucleotide-binding oligomerization (NOD)-like receptor sensor
molecules [8]. NLRP3 (NOD-like, leucine-rich repeat (LRR) and pyrin domain containing
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receptor 3) inflammasome-mediated pyroptosis is currently the best characterized pathway
described in atherosclerotic plaques. Activation of the NLRP3 inflammasome can be ini-
tiated by oxidized LDL, cholesterol and calcium phosphate crystals inducing lysosomal
lysis, cathepsin release, and potassium efflux [9–12]. In human atherosclerotic plaques,
mRNA and protein levels of caspase 1, NLRP3, IL-1β, and IL-18 are increased compared to
normal arteries [13–16]. Immunohistochemical analyses of human carotid plaques have
revealed that NLRP3 immunoreactivity colocalizes with CD68-positive macrophages and
occasionally with smooth muscle cells [15,16], and that plaque rupture is associated with
strong immunoreactivity for caspase 1 [17]. In mice, several studies have demonstrated
beneficial effects on atherogenesis and plaque stability when components of the NLRP3
inflammasome, caspase 1 activity, IL-1 or IL-18 are lacking [18–26]. Together, these studies
suggest that modulation of NLRP3- and caspase 1-mediated pyroptosis offers significant
health benefits for patients with advanced atherosclerosis [27]. This assumption is sup-
ported by the CANTOS trial showing beneficial effects of IL-1β antibody canakinumab
in statin-treated patients at risk [28]. In contrast to canonical pyroptosis, caspase 4/5 and
caspase 11 can be directly activated without the need for an inflammasome, resulting in
non-canonical pyroptosis induction [29,30]. Recently, caspase 11 deficiency was reported to
reduce plaque burden and macrophage infiltration in ApoE−/− mice [30], demonstrating
that also non-canonical pyroptosis plays a role in atherogenesis.

GSDMD is the common executor of both canonical pyroptosis (mediated by NLRP3
and other inflammasomes) and non-canonical pyroptosis. Moreover, GSDMD is required
for IL-1β release, not only during pyroptosis but also in viable macrophages [7,31]. In-
terestingly, Gsdmd mRNA is upregulated in peripheral blood monocytes from patients
with coronary artery disease and expression of GSDMD and NT-GSDMD is increased in
ApoE−/− mice fed a high fat diet as compared to chow-fed controls [30]. These experiments
indicate that GSDMD is actively involved in pyroptosis during atherogenesis in both hu-
mans and mice, and thus represents a promising target in plaques for inhibiting pyroptosis
and inflammation. Genetic deletion of Gsdmd or pharmacological inhibition with necro-
sulfonamide reduces infarct size and heart failure in a mouse model of acute myocardial
infarction [32], underlining the involvement of GSDMD in cardiovascular disease and the
possibility for using it as a pharmacological target in atherosclerosis. Therefore, we aimed
to evaluate the impact of Gsdmd gene deletion in atherogenesis. First, the effects of Gsdmd
gene deletion were evaluated in macrophages and smooth muscle cells in vitro. We also
analyzed the expression of cleaved GSDMD in human carotid lesions. Next, the effect of
Gsdmd deletion on advanced atherogenesis was evaluated in ApoE−/− mice.

2. Materials and Methods

2.1. Human Atherosclerotic Plaques

Human carotid endarterectomy specimens were obtained from patients (71 ± 3 years,
70% men) with a carotid stenosis of >70% [33]. Specimens were fixed in 4% formaldehyde
(pH 7.4) within 2 min after surgical removal and paraffin embedded. To identify specific cell
types expressing cleaved GSDMD, double immunohistochemical staining was performed
using anti-cleaved GSDMD (Cell signaling, 36425, Danvers, MA, USA) combined with anti-
CD68 (clone PG-M1, ab9498, Abcam, Cambridge, UK), anti-α-smooth muscle actin (αSMA;
clone 1A4, A2547, Sigma-Aldrich, St. Louis, MO, USA), or anti-CD31 (clone JC/70A, ab783,
Abcam, Cambridge, UK). Images were acquired with an Olympus BX43 microscope and
quantified using Image J software (National Institutes of Health, Bethesda, MD, USA).

2.2. Mice

Standard ApoE−/− mice (Jackson Laboratory, 002052, Bar Harbor, ME, USA) were
crossbred with Gsdmd−/− mice (Genentech, South San Francisco, CA, USA), carrying a 1 bp
insertion in the Gsdmd coding sequence (GAGTGATGTTGTCAGGCATGGGA becomes
GAGTGATGTTtGTCAGGCATGGGA) created with CRISPR/Cas9. Litters were screened
for the Gsdmd−/− genotype by PCR analysis using Gsdmd-specific primers (forward primer:
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GTTTCTTGTCGATGGGAACATTCAG, reverse primer: TGAGTCACACGCAGTATA) fol-
lowed by Sanger sequencing using the reverse primer. Genotyping of the ApoE alleles was
performed by PCR according to the instructions from the Jackson Laboratory. Thereafter,
ApoE−/− Gsdmd−/− mice and ApoE−/− Gsdmd+/+ controls (all females, 6–8 weeks old) were
fed a western-type diet (WD; TD.88137 supplemented with 21% fat and 0.2% cholesterol,
Envigo, Indianapolis, IN, USA) to induce plaque formation. The animals were housed in
a temperature-controlled room with a 12 h light/dark cycle and had free access to water
and food. After 16 weeks WD, an overdose of sodium pentobarbital (250 mg/kg, i.p.) was
administered and blood samples were collected via the retro-orbital plexus. Plasma levels
of total cholesterol were measured using a commercially available kit (Randox laboratories,
Crumlin, UK). Blood leukocyte subsets were analyzed on a BD accuri C6 flow cytometer
as previously described [34]. All experiments were approved by the Ethical Committee of
the University of Antwerp (Code 2019-24) and carried out in accordance with European
Directive 2010/63/EEC.

2.3. Histological Analyses

The thoracic aorta was stained en face with Oil Red O to determine lipid burden. The
heart, brachiocephalic artery, and proximal ascending aorta of ApoE−/− Gsdmd−/− and
ApoE−/− Gsdmd+/+ mice were fixed in 4% formaldehyde (pH 7.4) for 24 h, dehydrated
overnight in 60% isopropanol, and subsequently embedded in paraffin. The proximal
ascending aorta was marked on the distal arch end and the brachiocephalic artery on the
distal carotid end to ensure that they were always cut on the proximal side. Serial cross-
sections (5 μm) of the proximal parts of the brachiocephalic artery, proximal aorta and aortic
root were prepared in random for histological analyses. Atherosclerotic plaque size and
necrotic core area (defined as acellular areas with a threshold of 3000 μm2) were analyzed
on hematoxylin-eosin (H&E) stained sections. Total collagen content was measured on
Sirius red stained sections. Apoptosis was analyzed using an ApopTag Plus Peroxidase
In Situ Apoptosis kit (Millipore, S7101, Burlington, VT, USA). For immunohistochemistry,
the following antibodies were used: anti-MAC3 (BD Pharmingen, 550292, San Diego, CA,
USA) and anti-α-smooth muscle actin (αSMA, 12547, Sigma-Aldrich, St. Louis, MO, USA).
Images were acquired with an Olympus BX43 microscope, which was calibrated for each
magnification. Plaque size was measured based on pixels per μm, which was determined
during the calibration of the microscope. Per mouse, one section was analyzed. Plaques
were manually delineated in Image J software (National Institutes of Health) to establish
the region of interest (ROI). Further analyses within the ROIs were performed using color
thresholding or manual counting (apoptotic cells).

2.4. Cell Culture

Bone marrow-derived macrophages (BMDMs) were harvested by flushing bone mar-
row of the femur with a 25 Gauge needle and heparinized (10 IU/mL) RPMI 1640 medium
(Gibco Life Technology, Merelbeke, Belgium). After washing and filtration, cells were
cultured in RPMI 1640 medium supplemented with Glutamax (Gibco Life Technology,
Merelbeke, Belgium) and 15% L929-cell conditioned medium (LCCM) containing monocyte
colony stimulating factor (M-CSF) for 7 days in 95% air/5% CO2 until 80–90% confluency
was reached. To induce pyroptosis, BMDMs were primed with 100 ng/mL lipopolysac-
charide (LPS, Sigma-Aldrich, St. Louis, MO, USA) for 4 h followed by treatment with
2.5–20 μM nigericin (Enzo Life Sciences, BML-CA421-0005, Brussels, Belgium) or 5 mM
ATP (Calbiochem, 1191, Sigma-Aldrich, St. Louis, MO, USA). Vascular smooth muscle cells
(VSMCs) were isolated as previously described [35,36]. Briefly, aortas were incubated in
an enzyme solution containing 1 mg/mL collagenase type II (Worthington, Lakewood,
NJ, USA), 1 mg/mL soybean trypsin inhibitor (Worthington, Lakewood, NJ, USA), and
0.744 units/mL elastase (Worthington) for 15 min at 37 ◦C to remove the adventitia. Subse-
quently, aortas were placed in a fresh enzyme solution for 75 min at 37 ◦C. Isolated cells
were collected, washed, and resuspended in DMEM/F12 medium (Gibco Life Technology)
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supplemented with 20% heat-inactivated FBS (Gibco Life Technology). Cells were used
from passage 4 till 10 and cultured in DMEM/F12 medium supplemented with 10% heat-
inactivated FBS. To induce pyroptosis, VSMCs were primed with 50 ng/mL TNFα (Abcam,
ab9740, Cambridge, UK) for 2 h followed by treatment with 5 mM ATP (Calbiochem, 1191)
for 2 h. Alternatively, non-primed cells were treated with 300 μg/mL oxidized LDL (oxLDL,
L34357, Life Technologies, Carlsbad, CA, USA) for 48 h. Necrosis was evaluated by label-
ing BMDMs or VSMCs with 1 μg/mL propidium iodide (PI, Molecular Probes, Eugene,
OR, USA) and 10 μg/mL Hoechst (Life Technologies, Carlsbad, CA, USA), followed by
visualization of PI/Hoechst-labeled cells using a Celena S digital Imaging System (Logos
Biosystems, Dongan-gu, Anyang-si, Korea). To measure the release of IL-1β and IL-18,
primed BMDMs were treated with 10 μM nigericin. After 2 h, cell supernatant was collected
and cellular debris was removed by centrifugation. IL-1β and IL-18 secretions were quanti-
fied in the supernatant using a mouse IL-1β Quantikine ELISA kit (R&D Systems, MLB00C,
Minneapolis, MN, USA) and IL-18 mouse ELISA kit (Invitrogen, BMS618-3, Waltham, MA,
USA), respectively.

2.5. Flow Cytometry

Apoptosis was quantified with TdT-mediated dUTP-X nick end labeling (TUNEL).
Briefly, BMDMs were detached with 0.25% trypsin-EDTA (Thermo Fischer Scientific,
25200072, Waltham, MA, USA). Detached BMDMs were fixed in 4% paraformaldehyde
for 1 h at room temperature. After washing with PBS, BMDMs were permeabilized with
0.1% Triton X-100 in 0.1% sodium citrate solution for 2 min on ice. BMDMs were washed
again and incubated with TUNEL reaction mixture using an in situ cell death detection kit
(fluorescein, 11684795910, Roche, Switzerland) for 1 h at 37 ◦C. The samples were washed
twice with FACS buffer (PBS with 0.1% bovine serum albumin and 0.05% sodium azide)
and measured in the FL-1 channel on a BD Accuri C6 flow cytometer. At least 10,000 cells
were measured. Debris was always gated out based on FSC/SSC scatter. Positive con-
trols consisted of BMDMs treated with TNFα combined with cycloheximide. Negative
controls consisted of untreated BMDMs. Unstained controls were included to exclude
background signal.

2.6. Western Blotting

Tissues were homogenized in RIPA buffer containing protease and phosphatase in-
hibitors. Protein concentrations were determined using the BCA method. Samples were
then 1:1 diluted in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) containing 5%
β-mercaptoethanol (Sigma-Aldrich) and heat-denatured for 5 min at 100 ◦C. Samples were
loaded on Bolt 4–12% Bis-Tris gels (Invitrogen) and after electrophoresis transferred to
Immobilon-FL PVDF membranes (Millipore) according to standard procedures. Subse-
quently, membranes were blocked for one hour in Odyssey Li-COR blocking buffer. After
blocking, membranes were probed with primary antibodies diluted in Odyssey Li-COR
blocking buffer followed by 1 h incubation with IRDye-labeled secondary antibodies at
room temperature. Membranes were visualized with an Odyssey SA infrared imaging
system (Li-COR Biosciences, Lincoln, NE, USA).

The following primary antibodies were used: rabbit anti-GSDMD (Abcam, ab219800,
Cambridge, UK), rabbit anti-cleaved GSDMD (Cell signaling, 10137, Danvers, MA, USA),
rabbit anti-NLRP3 (Abcam, ab263899), rabbit anti-caspase 1 (Abcam, ab179515), and mouse
anti-β-actin (Abcam, ab8226).

2.7. Statistical Analyses

Statistical analyses were performed using Graphpad Prism 9. All data were expressed
as mean ± SEM, except in boxplots where medians are shown. Dots represent the number
of samples from independent experiments or individual mice. Statistical tests are specified
in the text and figure legends. Differences were considered significant when p < 0.05.
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3. Results

3.1. Pyroptosis Is Inhibited in Gsdmd−/− BMDMs but a Switch to Apoptosis Is Induced

Because pyroptosis is mainly characterized in myeloid cells [37,38], BMDMs were
isolated from Gsdmd−/− and Gsdmd+/+ mice. First, GSDMD deficiency was confirmed in
Gsdmd−/− BMDMs via Western blotting (Figure 1A). To induce pyroptosis, BMDMs were
primed with LPS followed by treatment with nigericin, a canonical pyroptosis inducer.
Significant induction of cell death was observed in Gsdmd+/+ cells while Gsdmd−/− cells were
clearly more resistant to pyroptosis induction (Figure 1B). The release of IL-1β and IL-18
was quantified in BMDM supernatant after LPS priming and treatment with nigericin. Both
IL-1β and IL-18 were released by Gsdmd+/+ BMDMs and this was significantly decreased
in Gsdmd−/− BMDMs (Figure 1C). IL-1β and IL-18 were not detected in supernatant of
untreated BMDMs (data not shown). LPS priming induced the expression of NLRP3
and procaspase 1, both in Gsdmd+/+ and Gsdmd−/− BMDMs (Figure 1D). Accordingly,
Western blot analysis further showed that LPS-primed Gsdmd+/+ BMDMs treated with 2.5 to
20 μM nigericin expressed GSDMD and cleaved GSDMD, while Gsdmd−/− BMDMs did not
(Figure 1E). Moreover, both Gsdmd+/+ and Gsdmd−/− BMDMs expressed procaspase 1 and,
upon treatment with nigericin, the active caspase 1 p10 subunit was expressed (Figure 1E).
Altogether, these results confirm that GSDMD-pore formation and pyroptosis induction
are inhibited in Gsdmd−/− BMDMs while upstream NLRP3 assembly and procaspase 1
recruitment (and cleavage) are not affected.

Interestingly, the expression of caspase 1 p10 was significantly higher in Gsdmd−/−
BMDMs as compared to Gsdmd+/+ controls (Figure 1E). Because active caspase 1 can also act
in a pro-apoptotic fashion [39,40], a TUNEL assay was performed on LPS-primed BMDMs
after treatment with nigericin for 1 h (Figure 1F). A significant increase in TUNEL positivity
was observed after nigericin treatment in Gsdmd−/− BMDMs, while PI positivity was not
increased, indicating that the plasma membranes of Gsdmd−/− cells were intact but that
DNA fragmentation typical of apoptosis occurred. In contrast, TUNEL positivity did
not change in Gsdmd+/+ BMDMs after nigericin treatment while PI positivity did increase
significantly (Figure 1F). Similar findings were observed after treatment with ATP, another
classical caspase 1-dependent pyroptosis inducer (Figure 1G).

3.2. Gsdmd−/− VSMCs Are Less Sensitive to Pyroptosis Inducers

There is increasing evidence that pyroptosis is not limited to inflammatory
cells [22,41–43]. Therefore, VSMCs were isolated from Gsdmd+/+ and Gsdmd−/− mice.
Absence of GSDMD in Gsdmd−/− VSMCs was confirmed via Western blotting (Figure 2A).
To induce pyroptosis, VSMCs were primed with TNFα followed by ATP treatment. Cell
death increased significantly in Gsdmd+/+ VSMCs but not in Gsdmd−/− VSMCs (Figure 2B).
Similar to TNFα/ATP treatment, oxLDL, which is also reported to induce pyroptosis [12,44],
increased cell death significantly in Gsdmd+/+ VSMCs but not in Gsdmd−/− cells (Figure 2C).

3.3. Cleaved GSDMD Is Expressed in Human Carotid Lesions

To confirm that GSDMD is not only active in mice, cell-specific expression of cleaved
GSDMD was evaluated in human carotid lesions (Figure 3). In general, cleaved GSDMD
was expressed in the plaque, especially in the shoulder regions, and media (Figure 3B–D).
Double immunohistochemical staining of cleaved GSDMD and CD68 showed that GSDMD
is cleaved in plaque areas rich in macrophages, albeit not all CD68-positive cells contained
cleaved GSDMD (Figure 3B). On sections stained separately for cleaved GSDMD and
αSMA (Figure 3C), the positivity pattern appeared very similar. Indeed, double immuno-
histochemical staining of cleaved GSDMD and αSMA showed a clear overlapping of red
(cl-GSDMD) and purple (αSMA) signal, confirming colocalization of cleaved GSDMD and
smooth muscle cells. The CD31-positive intima delineated the vessel lumen (Figure 3D).
However, no cleaved GSDMD positivity was observed in CD31-positive endothelial cells.
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Figure 1. Pyroptosis is inhibited in Gsdmd−/− BMDMs and a switch to apoptosis occurs. Bone marrow-
derived macrophages (BMDMs) were isolated from Gsdmd+/+ and Gsdmd−/− mice. (A) Deficiency of
GSDMD in Gsdmd−/− BMDMs was confirmed via Western blotting. (B–D) Gsdmd−/− and Gsdmd+/+

BMDMs were primed with 100 ng/mL LPS for 4 h followed by treatment with 10 μM nigericin for 2
h. (B) Cell death was measured using propidium iodide (PI) labelling (two-way ANOVA followed
by Sidak’s multiple comparison, n = 5 independent experiments) and (C) the release of IL-1β and
IL-18 was quantified in the cell supernatant (Mann–Whitney test, n = 5 independent experiments).
(D) Western blot analyses of NLRP3 and procaspase (procasp) 1 on lysates of LPS-primed BMDMs
(two-way ANOVA followed by Sidak’s multiple comparison, n = 4–7 independent experiments, data
are expressed as fold change of target/β-actin ratio). (E) Gsdmd−/− and Gsdmd+/+ BMDMs were
primed with 100 ng/mL LPS for 4 h followed by treatment with 2.5–20 μM nigericin for 2 h. Western
blot analyses of GSDMD, cleaved (cl)-GSDMD, procaspase 1, and caspase (casp) 1 p10 (two-way
ANOVA followed by Dunnett’s multiple comparison between concentrations per genotype, * p < 0.05,
*** p < 0.001; two-way ANOVA followed by Sidak’s multiple comparison between genotypes per
concentration, # p < 0.05; n = 3 independent experiments, data are expressed as fold change of target/β-
actin ratio). (F,G) LPS-primed BMDMs were treated for 1 h with (F) 20 μM nigericin or (G) 5 mM
ATP. TUNEL labeling was performed and analyzed via flow cytometry and cell death was measured
using PI labelling (two-way ANOVA followed by Sidak’s multiple comparison, n = 3–5 independent
experiments). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Gsdmd−/− VSMCs are less sensitive to pyroptosis inducers compared to controls. Vascular
smooth muscle cells (VSMCs) were isolated from Gsdmd+/+ and Gsdmd−/− mice. (A) Deficiency of
GSDMD in Gsdmd−/− VSMCs was confirmed via Western blotting. (B) VSMCs were primed with
50 ng/mL TNFα for 2 h followed by treatment with 5mM ATP for 1 h. (C) VSMCs were treated with
300 μg/mL oxLDL for 48 h. Cell death was measured using PI labelling. * p < 0.05 (two-way ANOVA
followed by Sidak’s multiple comparison, n = 4 independent experiments).

3.4. Atherogenesis Is Delayed in ApoE−/− Gsdmd−/− Mice but a Switch to Apoptosis Occurs in
Plaques of the Brachiocephalic Artery

To evaluate the effect of Gsdmd gene deletion on atherogenesis, ApoE−/− Gsdmd−/−
and ApoE−/− Gsdmd+/+ mice were fed a western-type diet (WD) for 16 weeks. First, deletion
of Gsdmd was confirmed via Western blotting in the aortic arch, descending thoracic aorta
(desc TA), lung, liver, heart, spleen, and kidney of ApoE−/− Gsdmd−/− mice (Supplementary
Figure S1). After 16 weeks WD, body weight (27.2 ± 0.7 vs. 29.3 ± 1.0 g, 1.5 ± 0.03 vs.
1.5 ± 0.05 fold change compared to starting weight; independent samples t-test, p > 0.05),
plasma cholesterol (685.8 ± 18.2 vs. 652.1 ± 20.0 mg/dL; independent samples t-test,
p > 0.05), and circulating leukocyte subsets (Supplementary Figure S2) were not different
between ApoE−/− Gsdmd+/+ and ApoE−/− Gsdmd−/− mice. En face Oil Red O staining
of the thoracic aorta showed no differences in lipid burden between ApoE−/− Gsdmd+/+

and ApoE−/− Gsdmd−/− mice in the whole thoracic aorta, as well as in the aortic arch and
descending aorta separately (Figure 4).
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Figure 3. Cleaved GSDMD is expressed in human carotid plaques. (A) Overview image of a section
from a human carotid artery lesion stained with hematoxylin/eosin. The boxed area corresponds with
the region shown in (B–D). (B–D) Immunohistochemical staining of cleaved (cl)-GSDMD combined
with (B) CD68, (C) α-smooth muscle actin (αSMA) or (D) CD31. From top to bottom: 1. Image
of section stained for (B) CD68 (red), (C) αSMA (brown), or (D) CD31 (red). 2. Image of section
stained for cl-GSDMD (red). 3. Image of double stained section for cl-GSDMD (red) combined with
(B) CD68, (C) αSMA, or (D) CD31 (purple). 4–7. Magnifications of dotted frames in images 3–5.
Scale bar = 500 μm (A,B–D: 1–3), 100 μm (B–D: 4–7). Representative images are shown. M = media,
L = lumen, I = intima, P = plaque.
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Figure 4. Lipid burden in the thoracic aorta is not different between ApoE−/− Gsdmd−/− and ApoE−/−

Gsdmd+/+ mice. ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ mice were fed a WD for 16 weeks. The
aortic arch and descending thoracic aorta (TA) were stained en face with Oil Red O to evaluate the
plaque burden (Mann–Whitney test, n = 6 mice per group). The dotted line seperates the aortic arch
(top) from the descending TA (bottom). Scale bar = 5 mm.

In contrast, plaque size was significantly decreased in the brachiocephalic artery
of ApoE−/− Gsdmd−/− mice as compared to ApoE−/− Gsdmd+/+ controls (115 ± 18 vs.
186 ± 16 × 103 μm2; independent samples t-test, p = 0.006, Figure 5A). This suggests
that plaque progression is delayed in ApoE−/− Gsdmd−/− mice. Moreover, the necrotic
core area was significantly decreased in ApoE−/− Gsdmd−/− plaques of the brachio-
cephalic artery as compared to ApoE−/− Gsdmd+/+ controls (19 ± 4 vs. 37 ± 7 × 103

μm2; independent samples t-test, p = 0.03), although the relative necrotic core area
was not altered (Figure 5A). Similarly, the number of cells infiltrated in plaques of the
brachiocephalic artery of ApoE−/− Gsdmd−/− mice was significantly lower as compared
to ApoE−/− Gsdmd+/+ mice (Figure 5A). The total collagen content did not differ be-
tween ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ plaques in the brachiocephalic artery
(Figure 5B). Moreover, αSMA and MAC3 immunoreactivity did not change signifi-
cantly, however, the ratio of αSMA to MAC3 immunoreactivity increased significantly
in ApoE−/− Gsdmd−/− plaques of the brachiocephalic artery as compared to controls
(Figure 5C), indicating a shift in plaque composition and inflammatory state. Because
a switch in cell death modality was observed in vitro in Gsdmd−/− BMDMs, TUNEL
staining was performed on plaques of ApoE−/− Gsdmd+/+ and ApoE−/− Gsdmd−/− mice.
Similarly to what was observed in vitro, TUNEL positivity in vivo was significantly
increased in plaques of the brachiocephalic artery from ApoE−/− Gsdmd−/− mice com-
pared to ApoE−/− Gsdmd+/+ controls (Figure 5D).

In plaques of the proximal aorta (Figure 6) and aortic root (Supplementary Figure S3),
no differences in plaque size, necrotic core area, cell infiltration, and total collagen content
were observed between ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ mice. Nevertheless,
MAC3 immunoreactivity was significantly decreased while the αSMA to MAC3 immunore-
activity ratio was significantly increased in plaques of the proximal aorta from ApoE−/−
Gsdmd−/− mice, again indicating a shift in plaque composition and inflammatory state (Fig-
ure 6C). In contrast to what was observed in vitro and in the brachiocephalic artery from
ApoE−/− Gsdmd−/− mice, TUNEL positivity was not increased in plaques in the proximal
aorta (Figure 6D).
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Figure 5. Plaques in the brachiocephalic artery from ApoE−/− Gsdmd−/− mice are smaller but show
increased apoptosis. ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ mice were fed a WD for 16 weeks.
Sections of the brachiocephalic artery were stained with (A) hematoxylin/eosin to quantify plaque
size, necrotic cores (# hash signs), and cell infiltration; (B) Sirius red to measure total collagen content;
(C) anti-MAC3 and anti-α-smooth muscle actin (αSMA) to determine macrophage and smooth
muscle cell content, respectively, and to calculate the ratio of αSMA/MAC3 immunoreactivity;
(D) TUNEL to count apoptotic cells (dotted boxes are magnified, scale bar = 20 μm). * p < 0.05,
** p < 0.01 (independent samples t-test, boxplot: Mann–Whitney test, n = 10–18 mice per group).
Scale bar = 100 μm. Representative images are shown.

92



Biomedicines 2022, 10, 1171

Figure 6. Plaques in the proximal aorta from ApoE−/− Gsdmd−/− mice show decreased macrophage
infiltration as compared to ApoE−/− Gsdmd+/+ controls. ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+

mice were fed a WD for 16 weeks. Sections of the proximal aorta were stained with (A) hema-
toxylin/eosin to quantify plaque size, necrotic cores (# hash signs), and cell infiltration; (B) Sirius
red to measure total collagen content; (C) anti-MAC3 and anti-α-smooth muscle actin (αSMA) to
determine macrophage and smooth muscle cell content, respectively, and to calculate the ratio of
αSMA/MAC3 immunoreactivity; (D) TUNEL to count apoptotic cells (dotted boxes are magnified,
scale bar = 20 μm). * p < 0.05, ** p < 0.01 (independent samples t-test, boxplot: Mann–Whitney test,
n = 13–18 mice per group). Scale bar = 100 μm. Representative images are shown.
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4. Discussion

GSDMD is the common executor of canonical and non-canonical pyroptosis. Increas-
ing evidence suggests that pyroptosis occurs in atherosclerotic plaques in both humans and
mice [13–26]. In the present study, we isolated BMDMs and VSMCs from Gsdmd+/+ and
Gsdmd−/− mice and confirmed that canonical pyroptosis is GSDMD-dependent in BMDMs
and VSMCs. Indeed, treatment of LPS-primed BMDMs with classical caspase 1 activators
such as nigericin and ATP induced significant pyroptosis in Gsdmd+/+ controls, but not in
Gsdmd−/− cells. Concurrently, Gsdmd−/− BMDMs showed increased DNA fragmentation,
measured with TUNEL staining, which was absent in Gsdmd+/+ BMDMs. Thus, Gsdmd−/−
BMDMs are resistant to canonical pyroptosis induction, albeit they switch to another type
of cell death that is characterized by DNA fragmentation, strongly suggestive of apoptosis.
A switch from pyroptosis to apoptosis is further supported by the observation that caspase
1 p10 is upregulated in LPS/nigericin-treated Gsdmd−/− BMDMs, and not in Gsdmd+/+

controls, and may act in a pro-apoptotic manner in the absence of GSDMD [39,40,45].
Previous studies have demonstrated that GSDMD, NT-GSDMD, and Gsdmd mRNA are

upregulated in aortas of hyperlipidemic mice and in LPS/oxLDL-treated mouse peritoneal
macrophages [30]. Moreover, the expression of NT-GSDMD is increased in plaques of
LDLr−/− mice [45]. Gsdmd mRNA is also upregulated in peripheral blood monocytes
of atherosclerotic patients [30]. However, to the best of our knowledge, the expression
of cleaved NT-GSDMD has not yet been evaluated in human atherosclerotic plaques.
Therefore, we performed immunostaining on human carotid lesions. We demonstrated that
NT-GSDMD was expressed in human plaques, both in macrophage- and VSMC-rich regions.
However, it should be noted that this finding was based on analysis of a limited number of
plaques and comparison with plaque-free arteries was not made. Other groups have shown
that components of the canonical pyroptosis pathway colocalize with plaque macrophages
and contribute to macrophage pyroptosis and atherogenesis [12,15,24,27]. Interestingly,
in the present study, colocalization of NT-GSDMD with αSMA-positive smooth muscle
cells was even more pronounced than with CD68-positive macrophages. This is in line
with a recent study reporting that caspase 1-dependent pyroptosis occurs in VSMCs and
contributes to the progression of atherosclerosis [22]. Importantly, pyroptosis has also
been described in plaque endothelial cells [46–48]. However, we did not observe any
NT-GSDMD immunoreactivity in the luminal endothelial layer of human carotid lesions.
Similarly, Rajamäki and colleagues also did not observe any NLRP3 immunoreactivity in
the endothelium of human coronary plaques [15].

Disulfiram (used to treat alcohol use disorder) has recently been identified as a potent
GSDMD inhibitor [49]. Furthermore, dimethyl fumarate (used as an immunomodulator
in multiple sclerosis) also covalently binds GSDMD thereby inhibiting pyroptosis in vitro
and in vivo in a mouse model of LPS-induced shock [50]. The availability of safe, EMA-
and FDA-approved drugs that inhibit GSDMD makes it an interesting therapeutic target
to address pyroptosis in atherosclerosis. Therefore, we crossbred atherosclerotic ApoE−/−
mice with Gsdmd−/− mice to evaluate the effect of GSDMD deficiency on atherogenesis.
After 16 weeks WD, Oil red O staining was performed on the thoracic aorta but no change
in overall lipid burden was observed. In line with this finding, plaque size was not
altered in the proximal aorta. However, the plaque size in the brachiocephalic artery of
ApoE−/− Gsdmd−/− mice was significantly decreased as compared to ApoE−/− Gsdmd+/+

mice. Although both the ascending proximal aorta and the brachiocephalic artery of
ApoE−/− mice are atherogenesis-prone sites [51], plaques in the brachiocephalic artery enter
an advanced, human-like stage more rapidly [52,53]. Indeed, plaques in the brachiocephalic
artery of ApoE−/− mice easily reveal a vulnerable plaque phenotype and thinning of the
fibrous cap may even lead to plaque rupture, similarly to human plaques [53–55]. In
contrast, aortic plaques of ApoE−/− mice resemble stable lesions in humans, based on fibrous
cap stress analysis [53]. Altogether, these observations suggest that GSDMD deficiency does
not affect plaque initiation (as lipid burden in the thoracic aorta and proximal aortic plaque
size were not decreased in ApoE−/− Gsdmd−/− mice) but rather the transition to and growth
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of a vulnerable plaque. This is supported by the increased αSMA/MAC3-immunoreactivity
ratio observed in plaques of both the brachiocephalic artery and the proximal aorta of
ApoE−/− Gsdmd−/− mice as compared to controls. This finding suggests a lower degree of
plaque inflammation and vulnerability, and was also observed in plaques of the proximal
aorta despite the unchanged plaque size, demonstrating a general decrease in plaque
inflammation. Moreover, macrophage content was significantly decreased in plaques in
the proximal aorta of ApoE−/− Gsdmd−/− mice as compared to controls. This is in line with
a recent study in which GSDMD expression was suppressed in ApoE−/− mice using an
adeno-associated virus-5 (AAV-5) delivery system [30]. The authors reported a decrease in
F4/80-positive macrophage content in the aorta and aortic valve of AAV-5-GSDMD-treated
ApoE−/− mice as compared to AAV-5-control-treated ApoE−/− mice. Of note, the authors
also reported a decrease in lipid burden and plaque size in the aorta and aortic valve when
GSDMD expression was suppressed, however, only a limited number of mice was included
and preliminary data were reported [30]. Another study reported a decreased lesion area
in the aortic root of LDLr antisense oligonucleotide-treated Gsdmd−/− mice compared to
Gsdmd+/+ controls, which was attributed to decreased IL-1β release resulting in decreased
foam cell formation and ATP release in plasma [45]. Importantly, experimental differences
such as a longer period of feeding WD in the present study, evaluation of different vascular
sites, and the use of different genetic models make comparison with these studies difficult.

In plaques of the brachiocephalic artery, the number of TUNEL positive cells per mm2

was significantly increased in ApoE−/− Gsdmd−/− mice compared to controls. Increased
TUNEL positivity is not specific and DNA fragmentation is reported to occur during
apoptotic death as well as during different forms of necrotic death [56,57]. However, as
necrosis is decreased in plaques of ApoE−/− Gsdmd−/− mice, it is plausible to conclude that
a switch to apoptosis occurs when pyroptosis is defective. Accordingly, in vitro TUNEL
positivity and levels of pro-apoptotic caspase 1 p10 were increased in Gsdmd−/− BMDMs
while PI positivity did not increase. Similarly, Opoku and colleagues recently reported
increased apoptosis, characterized by phosphatidyl serine exposure on the cell surface,
when pyroptosis was defective in Gsdmd−/− macrophages [45]. Importantly, a switch
to apoptosis, which is non-lytic and non-inflammatory (in contrast to pyroptosis), will
limit plaque progression, inflammation, and destabilization and thus, is regarded to be
atheroprotective at this stage of atherosclerosis in ApoE−/− mice. However, as previously
reported by our lab, accumulation of apoptotic bodies can induce secondary necrosis,
eventually resulting in expansion of the necrotic core and plaque size during later stages
of atherosclerosis [58]. Accordingly, large plaques with an inflammatory phenotype were
observed in the aortic root from both ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ mice,
possibly because after 16 weeks WD plaques in the aortic root are in a more advanced
stage compared to plaques in the brachiocephalic artery. Thus, the effects in the longer
term of targeting GSDMD and the concomitant switch in cell death modality remain to
be elucidated.

5. Conclusions

We report that cleaved GSDMD is present in human atherosclerotic plaques and is
required for inflammatory pyroptosis in murine macrophages and smooth muscle cells
in vitro. GSDMD deficiency in ApoE−/− mice does not inhibit plaque initiation and the
formation of stable aortic plaques, but plays a role in the formation of inflammatory plaques
in the brachiocephalic artery. Indeed, a shift toward a less inflammatory plaque composition
and delayed plaque progression were observed in plaques of the brachiocephalic artery
from ApoE−/− Gsdmd−/− mice as compared to plaques with a more vulnerable phenotype
observed in ApoE−/− Gsdmd+/+ controls. This is accompanied by less plaque necrosis
and a switch to apoptosis when GSDMD is deficient, which is also observed in vitro in
BMDMs. Therefore, targeting GSDMD appears to be a promising approach for limiting
the transition to an inflammatory and vulnerable plaque phenotype, and subsequently
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plaque destabilization. However, the pharmacological translation and therapeutic value in
atherosclerosis patients should be further investigated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10051171/s1, Figure S1: Validation of GSDMD
deficiency in tissues from ApoE−/− Gsdmd−/− mice; Figure S2: Analysis of leukocyte subsets in
plasma from ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ mice. Figure S3: Plaque analysis in the aortic
root from ApoE−/− Gsdmd−/− and ApoE−/− Gsdmd+/+ mice.
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Abstract: Neutrophil extracellular traps (NETs) recently emerged as a newly recognized contributor
to venous and arterial thrombosis. These strands of DNA, extruded by activated or dying neutrophils,
decorated with various protein mediators, become solid-state reactors that can localize at the critical
interface of blood with the intimal surface of diseased arteries alongside propagating and amplifying
the regional injury. NETs thus furnish a previously unsuspected link between inflammation, innate
immunity, thrombosis, oxidative stress, and cardiovascular diseases. In response to disease-relevant
stimuli, neutrophils undergo a specialized series of reactions that culminate in NET formation. DNA
derived from either nuclei or mitochondria can contribute to NET formation. The DNA liberated from
neutrophils forms a reticular mesh that resembles morphologically a net, rendering the acronym NETs
particularly appropriate. The DNA backbone of NETs not only presents intrinsic neutrophil proteins
(e.g., MPO (myeloperoxidase) and various proteinases) but can congregate other proteins found in
blood (e.g., tissue factor procoagulant). This systematic review discusses the current hypothesis of
neutrophil biology, focusing on the triggers and mechanisms of NET formation. Furthermore, the
contribution of NETs to atherosclerosis and thrombosis is extensively addressed. Again, the use
of NET markers in clinical trials was considered. Ultimately, given the vast body of the published
literature, we aim to integrate the experimental evidence with the growing body of clinical information
relating to NET critically.

Keywords: neutrophil extracellular trap; atherosclerosis; atherosclerotic plaques; thrombosis

1. Introduction

Fucks et al. [1] further emphasized the role of neutrophils as the master cells of the
innate immune system, anticipating one of the mechanisms of action of neutrophils which
is the generation of neutrophil extracellular traps (NETs). Since the publication of this land-
mark study, research consideration for the neutrophil extracellular trap (NET) has steadily
increased. Recently, it affirmed a preponderant presence in the panorama of cardiovascular
biology, recognizing a crucial role of the NET in the pathogenetic mechanisms that support
venous and arterial thrombosis [1–6]. The NET is composed of DNA strands squeezed out
from activated or dying neutrophils, decorated with various protein mediators such as
neutrophil elastase or azurocidine. The latter belongs to the serprocidin family and has the
function of promoting the adhesion and transmigration of monocytes, as well as influenc-
ing the proinflammatory inclination that macrophages have among their functions. These
inherent features of the NET offer further insight into a formerly unlooked-for connection
between inflammation, innate immunity, thrombosis, and cardiovascular disease described
by Lim et al. [5] Neutrophils have the ability to respond to an expanding range of stimuli
by initiating a specialized series of reactions that culminate in the formation of the NET.
DNA derived from nuclei or mitochondria can contribute to the generation of the NET.
The fundamental step in the formation of the NET is linked to the release from the ionic
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bond constraints that hold DNA together with histones. In this way, the neutrophil spreads
out the linear deoxyribonucleic acid (DNA) in the extracellular space thus constituting a
reticular mesh that morphologically looks like a network which confers the acronym NET
extremely suitable [7–9]. It was observed that the existence of mitochondrial oxidative
stress can be considered as an important triggering factor specifically in human aging and
more particularly in cardiovascular diseases. It was also suggested that a causal link exists
between the mitochondrial oxidative stress of endogenous neutrophils and the subsequent
NETosis during aging with a tendency towards a greater formation of atherosclerotic
lesions [1,6–8].

Although we have learned that DNA once assembled to the proteins present within
the neutrophil itself constitutes the backbone of the NET, however, this DNA can collect
other circulating proteins in the blood. NET-associated neutrophil-specific proteins include
MPO (myeloperoxidase), the serine proteinases of neutrophils with specific functions
such as cathepsin G, neutrophil elastase, and proteinase and again the proinflammatory IL
(interleukin)-1a molecule. Regarding the circulating proteins of non-neutrophilic derivation
aggregated to the NET, the procoagulant tissue factor is of recognized importance because
it plays a crucial role in thrombogenesis [1–9].

Several studies [10–17] described the presence of neutrophil-generated NETs in atheroscle-
rotic lesions in mice and humans [17]. In atherosclerotic plaques studied in humans, neu-
trophils and NETs were isolated near atherosclerotic lesion segments rich in apoptotic smooth
muscle and endothelial cells (SMCs). This typical localization implies that NETs contribute not
only to plaque rupture but are differentially distributed depending on the classification of the
plaque in its degree of complication [12]. Human coronary plaques recovered from subjects
with CAD including 44 complicated plaques, characterized by intraplaque hemorrhages,
erosions, and ruptures, as well as 20 intact plaques, were evaluated by immunohistochemistry.
The presence of neutrophils with myeloperoxidase, neutrophil elastase and CD177 and of
NETs with citrullinated histone-3 and PAD4 were closely evaluated highlighting some specific
differences between the complicated lesions compared to the intact ones. Concerning the
former, neutrophils and NETs were recorded in all recovered samples, without significant
differences in their extension or in the presence of ruptures, erosions, and intraplate hemor-
rhages. In contrast, intact plaques did not reveal the presence of NETs. Furthermore, evidence
of the fundamental importance for the evolution of atheromatous plaque in patients with
CAD involved the adjacent perivascular tissue. In complicated plaques, it also contained a
high number of neutrophils and NETs which was not detected in intact plaques [16].

A vast body of literature is now available to corroborate that the presence of NETs
in human lesions supports their substantial involvement in promoting the process of
atherothrombosis. It is true that while the strong experimental evidence has been well
established, evidence for the causality of NETs in human disease remains elusive. Fur-
thermore, it remains to be clarified whether their formation precedes or follows the initial
rupture of the atherothrombotic plaque. Here, we present a systematic review that offers
an update on this field that is experiencing rapid and extensive scientific speculation today.

We discuss the fundamental principles of neutrophil biology, the triggers, and the mecha-
nisms of NET formation. Furthermore, we focus our analysis on the contribution that NET
provides to atherosclerosis and thrombosis. Recent evidence produced in the literature fo-
cused attention on the use of NETs’ markers in clinical trials which were considered for the
completeness of the review. Our effort was aimed at providing a synthesis between the
evidence suggested in the experimental literature and the results emerging from the large
body of clinical information relating to NET. We believe the evidence dispensed here could
supply a basis for further discernment on the knowledge of the NET and could help the
physician–patient discussion of the risks, benefits, and expectations about the role of the NET.
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2. Material and Methods

The authors rule that all supporting data are ready for use within the article and its
online supplementary files. This systematic review complies with the Preferred Reporting
Items for Systematic Reviews statement.

2.1. Data Sources and Systematic Literature Review

Searches were run on 1 September 2022, to date examining Ovid’s version of MEDLINE
and EMBASE in order to ensure the update of the manuscripts of interest. Inclusion criteria
were English language publications, research articles, adjusted or matched observational
studies or RCTs evaluating neutrophil function (15,428 to date), NETs (1628 to date),
NETs’ function (746 to date), and NETosis (132 to date) and coupled with the neutrophil
NET (306 to date), neutrophil NETosis (117 to date), neutrophil atherosclerosis (211 to
date), neutrophil extracellular traps’ atherosclerosis (19 to date). In addition, we searched
recent meta-analyses and reviews of this topic for potential additional studies. A total
of 18,587 studies were retrieved, and after deduplication, 3 reviewers (S.S.A.S., F.B., and
F.N.) independently screened a total of 6240 citations. All citations were reviewed by two
investigators independently (S.S.A.S., F.B.), and any dissents were resolved by a third
author (F.N). In case of overlapping studies, the greater series were included. A total of 465
citations were evaluated of which 40 studies met inclusion criteria and were included in the
final systematic review as reported in Figure 1 including the PRISMA flow diagram. In the
supplementary material, the PRISMA 2020 checklist is illustrated. The systematic review
was registered in the OSF platform https://osf.io/hs2yj/, accessed on 12 December 2022.

Figure 1. PRISMA 2021 Flow diagram for new systematic review which includes searches of database
and registers only. Consider, if feasible to do so, reporting the number of records identified from
each database or register searched (rather than the total number across all databases/registers). ** If
automation tools were used, indicate how many records were excluded by a human and how many
were excluded by automation tools. From: McKenzie et al. [18] (Supplementary Table S1).
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2.2. Data Extraction, Quality Assessment, and Aims

Data extraction was performed independently by 2 investigators (S.S.A.S., F.B.). The
following variables were included: study demographics (sample size, number of centers,
publication year, study period), type of study (animal, human), aims, and major findings
of the data. Only animal models, RCTs, and observational studies of high quality were
included in the final analysis. The primary objective of the systematic review was, in light
of recent discoveries, the evaluation of the mechanisms that determine an alteration of
inflammatory responses with the release of NETs in arterial thrombosis. The secondary ob-
jective was the evaluation of the potential clinical cardiovascular implication of biomarkers
of NETs and the therapeutic implication of NETs in cardiovascular conditions. The selected
studies are reported in Tables 1–3.

3. Results

3.1. Recent Advances in the Biology of Neutrophils

Neutrophils are terminally differentiated cell lines with short-lived phagocyte func-
tion but with an action that is expressed in a quite unrestrained manner. To perform their
function adequately, the circulating number must amount to a production of 1011 neu-
trophils per day in the adult human body. In medullary hematopoietic tissues, neutrophils
develop and mature from progenitor cells (HSPC), and after a cascade of proliferation
and differentiation phases, they are stored as a rapidly mobilizable pool. The production
of neutrophils adapts to the conditions of stress when the request for their intervention
supports accelerated cell production to satisfy further requests. Substantial evidence shows
that hypercholesterolemia and hyperglycemia, which are considered two main actors for
the stratification of cardiovascular disease risk, determine an alteration of inflammatory
responses through a reprogramming of the HSPC function. The result lies in the enhance-
ment of the subsequent myelopoiesis including the triggering of a number of granulocytes
necessary to cope with the new role. Again, the proliferation towards the differentiation
and functional maturation of neutrophils is evoked by the accumulation of cholesterol in
the cell membrane of HSPCs. The latter mobilize even if misrepresenting their maturation
towards a myeloid bias [2]. Likewise, Negardy et al. [3] reported an altered process of
granulopoiesis sustained by hyperglycemia and mediated by the release of S100 calcium-
binding protein A9 (S100A8/A9) from circulating neutrophils. It is important to underline
that the metabolic risk factors intervene on neutrophils on two levels, both favoring an
accelerated production and inducing a state of greater reactivity of the cells. Indeed, Wong
et al. [4] observed that hyperglycemia is a strong conditioning factor for the production of
NETs in humans and mice, through a process that requires the generation of reactive oxygen
species (ROS). Therefore, the overproduction of ROS in patients with diabetes mellitus is
closely related to the release of extracellular DNA from neutrophils. Similarly, the evidence
reported by Tall et al. [6] suggested a substantial role of NETS in accelerating the formation
of atherosclerotic lesions. This process is aided by the disgregated efflux of cholesterol
in neutrophils that can also increase the activation of the inflammasome and encourage
arterial infiltration of neutrophils and NETs’ release [8]. Cellular aging of HSPCs leads
to somatic mutations in subjects even in the absence of overt hematological neoplasms.
Substantial evidence was reported which demonstrated how HSPCs with inherent specific
somatic mutations can spread out to form clones in peripheral blood according to the
phenomenon known as clonal hematopoiesis. Clonal hematopoiesis primarily affects cells
of the myeloid lineage, and this phenomenon is notably prone to lead to an increased risk
of adverse cardiovascular outcomes [9].

A look at specific mutations that intervene in clonal hematopoiesis is crucial for implica-
tion in the process of the infiltration of atheromatous plaque by neutrophils. As for the genes
that are most frequently mutated, they include DNA (cytosine-5)-methyltransferase 3A
(DNMT3a), Ten-eleven-translocation 2 (TET2), Putative Polycomb group protein (ASXL1),
and JAK2. In particular, a specific somatic signaling gain-of-function mutation in JAK2
(Janus kinase 2, V617F) activates STAT (signal transducer and activator) and deserves to

102



Biomedicines 2023, 11, 113

be underlined. Studies on hyperlipidemia in mice by Wang et al. [10] demonstrated that
Jak2V617F in myeloid cells induces marked erythrophagocytosis associated with neutrophil
infiltration. The events that emerge lead to a speeding up of the atherogenesis process asso-
ciated with an increase in the characteristics of the propensity to rupture. Furthermore, two
independent studies revealed that the JakV617F mutation is also coupled to spontaneous
strengthening in NET release [10,11] as well as thrombus generation [11].

Once the acute inflammatory process has been established, the neutrophils are sud-
denly recalled through a well-defined recruitment cascade divided into several steps. There
is no single pattern in which this process is articulated with peculiar differences that
occur between tissues and with marked structural disorders that occur in the great arter-
ies [12,13]. Several studies clarified the mechanisms that regulate the inflammatory process
of atherosclerotic plaque. Drechsler et al. [14] highlighted the role of arterial neutrophil
adhesion favored by platelet-producing chemokines by suggesting that this mechanism
plays a substantially minor role in microcirculation. In particular, the role offered by
platelet-derived Chemokine (C-C motif) ligand 5 (CCL5) and chemokine (C-X-C motif)
ligand 4 (CXCL4) is crucial in activating neutrophils, especially as regards the release of the
NET, thus providing a plausible explanation of the finding of the NET on the luminal side
of the developing atherosclerotic lesion [15–17,19,20]. A relevant discovery was reported
by relating the behavior of neutrophils to circadian rhythms in mice that are surprisingly
interconnected. Winter et al. [21] suggested that not only an oscillation in the neutrophil
count is detectable in peripheral blood during the course of the day but that the diurnal
variation in the adhesion of neutrophils to the large arteries shows a 12 h phase shift
compared to the same phenomenon in the microcirculation. Furthermore, recent evidence
proved the existence of an intrinsic clock within neutrophils that regulates the activity of
these cells including the ability to release the NET [19,22,23]. Of note, it is observed that
neutrophils can invade non-inflamed tissues such as the liver and intestines through the
microvasculature with a mechanism similar to that carried out by non-classical patrolling
monocytes [24–27]. The point that deserves to be clarified concerns the possibility that this
phenomenon also occurs in the great arteries. The anti-inflammatory offensive that can be
carried out by neutrophils includes a wide range of preconstituted “weapons” which are
therefore distributed in the inflammatory site. This line of attack includes the production
and release of ROS as well as bioactive lipid mediators. A second offensive line is war-
ranted by neutrophil storage of preformed granular proteins including various alarmins
(e.g., cathelicidins, defensins) or serine protease and MMP-8 (matrix metalloproteinase-8).
Likewise, neutrophils store high levels of MPO in the granules which can generate the
avidly oxidant and chlorinating species hypochlorous acid (HOCl) that is generated in situ
from sodium hypochlorite [28]. In this way, the anti-inflammatory effect is synergistically
guaranteed by NADPH (nicotinamide adenine dinucleotide phosphate), associated with
the surface, whose role of oxidase favors the production of superoxide anion (O2−), while
myeloperoxidase, once released from the granules, induces the production of ROS with
a highly oxidizing and chlorinating function such as extracellular HOCl [26–28]. Again,
the specific function of granular proteins can be used in the inflammatory site after further
degranulation and the rapid release of anti-inflammatory substances that act outside the
neutrophil cells. Microbiology studies taught us a recognized and crucial antimicrobial
role played by neutrophil granules. Recent findings suggested that granular proteins have
an effect as important stimulant molecules on immune cells [29]. Researchers today are
very actively engaged in explaining the interaction between enzymes contained in gran-
ules stored by neutrophils and NETs. In fact, when this bond is exerted, it is capable of
favoring the local activity of the NETs [30,31]. The most stimulating studies are aimed at
understanding how the interaction of granular proteins with the chromatin NET alters
their function [2,4,32–34].
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Mechanisms for the Release of NETs and Composition of NETs

The mechanism that supports the genesis of NETs is dependent on both NADPH
oxidase-dependent and NADPH-independent activity. We recognize a wide range of stim-
uli that induce a NETosis favored by oxidase-dependent NADPH. An extrinsic stimulus
involves the role of bacteria [35–37], as opposed to intrinsic stimuli induced by hydrogen
peroxide [38,39]. Again, other stimuli that induce NADPH oxidase-dependent NETosis
involve the role of concanavalin A [40] or phorbol myristate acetate [36]. Studies by Amulic
et al. [40] and Hakkim et al. [41] revealed that the stimuli described above trigger the
activation of downstream signaling molecules such as extracellular signal-regulated ki-
nases (ERKs), capable of activating NADPH oxidase. It was observed that the levels of O2,
CO2, bicarbonate, and pH have a modulation function on NETosis. In this regard, in the
presence of phorbol myristate acetate, normoxia is not required to generate NET from a
Staphylococcus aureus infection [42]. Moreover, Dölling et al. found a wide infiltration of
the hypoxic heart muscle after myocardial infarction. Most of these neutrophils had viable
morphology, and only a few showed signs of nuclear decondensation, a hallmark of early
NET formation [43]. The stimuli work to activate NADPH oxidase which transforms molec-
ular oxygen into superoxide. Therefore, as it was suggested, the mechanisms supporting
a pharmacological inhibition of NADPH oxidase or ROS scavengers lock the genesis of
the NET [41]. The superoxide is broken down into hydrogen peroxide which provides the
substrate for the MPO-catalyzed production of hypochlorous acid which is a ROS with a
highly oxidizing and chlorinating function. It was reported that inhibitors of the function
of MPO have a substantial role in stopping the process of NETosis [44–46]. Two other
substances of bacterial origin can induce NET formation independent of NADPH oxidase
or MPO activity. These inducers are the calcium ionophore A23187 processed by Strep-
tomyces chartreusensis and the potassium nigericin ionophore created by Streptomyces
hygroscopicus [47,48].

Among the other inducers of NETosis, we recognize the nuclear peptidylarginine deim-
inase 4 (PAD4) which supports the conversion of positively charged arginyl residues and
which are abundantly found in histones, in citrulline. The latter has the peculiar characteristic
of an uncharged amino acid. The dense network of DNA and histones are tightly bound
together. The intervention of PAD4 has the substantial function of breaking the ionic bonds
that favor the close interconnection between the negatively charged DNA with the histones in
the nucleosomes. The intervention of PAD4 leads to the release of DNA that can take place to
form strands which, once extruded, generate the NETs [49,50]. Li et al. [51] suggested the key
role involving PAD4 in NET formation and the killing of bacteria. The mouse animal model
also revealed a strong susceptibility to bacterial infections. Evidence proven by the authors
stated that NET formation depends on PAD4-mediated histone hypercitrullination. However,
the role of PAD4 must be contextualized. This aspect emerges in a paper by Martinod et al. [52]
who did not report increased susceptibility to bacterial infections induced by cecal ligation
and puncture in PAD4-deficient mice. The formation of NETs can evade the role of PAD4 and
be due to independent mechanisms which therefore do not give importance to the detection of
a PAD4 deficiency as reported in a model of mice with anticitrullinated histone antibodies [53].
Although the role of PAD4 in NETosis has been downsized, however, the reduced production
of NETs in PAD4-deficient mice caused by an anti-histone H3 antibody remains important
evidence [54–56]. A landmark paper suggesting the role of circadian rhythms in the neutrophil
discharge mechanism of the NET was established by Adrover et al. [57]. The authors observed
that neutrophils release the NET at a certain time of day. Furthermore, they demonstrated that
there is a neutrophil-intrinsic trigger, represented by the CXCR2-dependent timer that controls
this rhythmicity. Together with the observed circadian oscillation of the neutrophil proteome,
it was possible to demonstrate that the NET composition and therefore the functionality differ
with the time of day [57]. Likewise, a marked neutrophilic degranulation activity was noted
in hemodialysis patients who disclose a higher rate of mortality from bacterial infections in
hemodialysis that is estimated to be 100–1000 times as compared to the healthy population.
Talal et al. [58] recently described a massive neutrophil degranulation with a considerable
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reduction in ROS production that was noted in hemodialysis patients whose protein levels
and transcriptome of neutrophils were found highly expressed. These patients experienced
defective oxidative cellular signaling with a compromised function of neutrophils that exhibit
a severely impaired ability to generate NETosis due to both NADPH oxidase-dependent
and independent pathways, thus reflecting their loss of capacity to kill extracellular bacteria.
Evidence suggested that severe and chronic impairment of NET formation led to substantial
clinical vulnerability to bacteremia that most likely results from the metabolic and environ-
mental context representative to hemodialysis patients and not by the common human genetic
shortage. Importantly, aberrant gene expression and differential exocytosis of well-defined
granule populations could ponder the chronic flaw in neutrophil functionality and their
diminished ability to induce NETosis. These findings support the conclusion that targeting
NETosis in hemodialysis patients may reduce infections, minimize their severity, and decrease
the mortality rate from infections in this cohort of patients [58]. In Table 1 are reported the
characteristics of more recent studies discussed.

Table 1. Characteristics of the included studies of biology of neutrophils, NET composition, and
release.

First Author/Year Ref Type of Study Cohort Aims Finding

Gu et al. (2019)
Science [2]

Multicenter Center
(USA/China)

Animal Model
Zebrafish lines and
Ldlr−/− (B6) mice

Whether AIBP
orchestrates HSPC

emergence from the
hemogenic

endothelium

AIBP-regulated
Srebp2-dependent

paradigm for HPSC
expansion in

atherosclerotic
cardiovascular disease.

Lim et al. (2018)
Front Immunol [5]

Prospective
Multicenter Center
(China/Sweden)

Blood human donors

To evaluate effects of
human protease

thrombin and plasmin
during injury and

wounding on NETome

Exogenous proteases
present during
wounding and

inflammation influence
the NETome.

Keitelman (2022)
Front Immunol [7]

Prospective
Multicenter Center

(Argentina)

Blood human donors.
Healthy vs. GOF
NLRP3-mutation

To study the role of
caspase-1 upon
inflammasome

activation to release
Interleukin-1 beta

(IL-1β)

Caspase-1 regulates
human neutrophil

IL-1β secretion.

Jaiswal et al. (2017)
NEJM [9]

Prospective
Multicenter Center
(USA/UK/Spain)

Blood human
donors/mice model

Prospective CAD (4726
pt.)

Retrospective Control
(3529 pt.).

Hypercholesterolemia-
prone mice

BM homozygous or
heterozygous Tet2

knockout mice
BM control

Association between
CHIP and

atherosclerotic
cardiovascular disease

using whole-exome
sequencing

Double risk of CAD in
humans with CHIP.

Higher risk of
atherosclerosis in mice.

With higher
macrophages infiltrate
in Tet2 knockout mice.
Higher expression of

chemokine and
cytokine genes.

Wang et al. (2018)
Circ Res. [10]

Multicenter Center
(USA/China)

Animal Model
Ldlr−/− vs. BM

wild-type or
Mice Jak2 VF

To evaluate
atherosclerosis and

mechanisms in
hypercholesterolemic

mice with
hematopoietic Jak2 VF

expression

Lesion formation with
increased complexity in

advanced
atherosclerosis

hematopoietic Jak2 VF
expression led. In early
lesion neutrophil and

macrophages
infiltration.
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Table 1. Cont.

First Author/Year Ref Type of Study Cohort Aims Finding

Wolach et al. (2018)
Sci Transl Med

[11]

Multicenter Center
(USA/Israel/UK/

Netherlands)

Human/Animal Model
Human 10,000 without

MPNs
Mice knock-in of

Jak2V617F

Whether neutrophils
from patients with

MPNs are triggered for
NET formation

JAK2V617F expression is
linked to NET
formation and

thrombosis. JAK2
inhibition may reduce
thrombosis in MPNs
through cell-intrinsic
effects on neutrophil

function. PAD4 is
required for NET

formation increasing in
Jak2V617.

Li et al. (2022)
Int J Biochem Cell Biol

[13]

Single Center
(China)

Animal model
BAP31 knockdown

mice

Whether BAP31
regulates CD11b/CD18

neutrophils

BAP31 depletion
exerted a protective

effect on ALI.
Decreased neutrophil

adhesion and
infiltration by blocking

the expression of
adhesion molecules
CD11b/CD18 and

PSGL-1.

Winter (2018)
Cell Metab [21]

Multicenter Center
(Germany/Netherlands/

Spain/Sweden)

Animal model
Mice

Cx3cr1GFP/WTApoe−/−
monocyte

BM control

To evaluate that diurnal
invasion of the arterial

wall could sustain
atherogenic growth by

CCL2 and CCR2

In activity phase,
chronic inflammation

of large vessels
nourishes on cadenced

myeloid cell
recruitment. Inhibition

of atherosclerosis by
means of

pharmacological CCR2
neutralization.

Adrover (2019)
Immunity [22]

Multicenter Center
(Spain/USA/Germany/

France/Singapore)

Animal model.
Mice engineered for

constitutive neutrophil
aging

To identify a
neutrophil-intrinsic

program that works as
efficient anti-microbial

defense while
preserving vascular

health

In mice, engineered
diurnal

compartmentalization
of neutrophils

coordinates immune
defense and vascular
protection becoming
resistant to infection.
Nevertheless, higher

evidence of
thrombo-inflammation

and death

Yan (2021)
Front Immunol [23]

Single center
(USA)

Animal model
C57Bl/6 mouse

neutrophils containing
a genomic knock-in

BM control

Mutation disabling
RGS protein-Gαi2

interactions (G184S)
lead to worse

chemoattractant
receptor signaling;

compromised response
to inflammatory insults

Neutrophil Gαi2/RGS
protein interactions

limit and facilitate Gαi2
signaling. Promoting

normal neutrophil
trafficking, aging, and

clearance.
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Table 1. Cont.

First Author/Year Ref Type of Study Cohort Aims Finding

Casanova-Acebes
(2018)

J Exp Med [24]

Multicenter
(Spain/Singapore/
Canada/Germany/
Netherlands/Japan)

Animal model

To investigate
neutrophils’ capacity to

infiltrate multiple
tissues in the

steady-state leading to
process that follows

tissue-specific
dynamics

Homeostatic
infiltration of tissues

unveils a facet of
neutrophil biology that
sustains organ function
inducing pathological

states.

Zheng (2022)
Proc Natl Acad Sci U S

A [25]

Multicenter Center
(USA)

Animal model
* MISTRGGR mice

To evaluate the role of
humanized mouse

model MISTRGGR The
mouse G-CSF was

replaced with human
G-CSF, and the mouse
G-CSF receptor gene

was deleted in existing
MISTRG mice

MISTRGGR mice
represent a unique
mouse model that

permits the study of
human neutrophils in

health and disease.

Amulic (2017)
Dev Cell. [40]

Multicenter Center
(Germany, USA) Animal model

To investigate NETs’
formation induced by

mitogens; role of
phosphorylation

In neutrophils, CDK6 is
required for clearance
of the fungal pathogen

Candida albicans.
CDK4/6 is implicated

in immunity.

Dölling (2022)
Front Immunol. [43]

Multicenter Center
(Germany)

Human
autopsy samples

To investigate the
neutrophil infiltration

in cardiac tissue of
patients with AMI

Nuclear HIF-1α is
associated with

prolonged neutrophil
survival and enhanced

oxidative stress in
hypoxic areas of AMI.

Silvestre-Roig (2019)
Nature [54]

Multicenter
(Germany/Netherlands/

USA/France/
Spain/Sweden)

Animal model
Mouse models of

atherosclerosis

To investigate chronic
inflammation and its

cellular and molecular
mediators

Histone H4 binds to
and lyses SMCs,

leading to the
destabilization of

plaques. The
neutralization of

histone H4 prevents
cell death of SMCs and

stabilizes
atherosclerotic lesions.

Talal et al. (2022)
BMC Med [58]

Multicenter
(Israel)

Human
HD patients

To investigate mortality
from bacterial

infections in HD
patients and NET role

Targeting NETosis in
HD patients may
reduce infections,

minimize their severity,
and decrease the

mortality rate from
infections in this

patient population.

Abbreviations; AIPB, accelerated irrigation benefit program; ALI, Acute lung injury; AMI, acute myocardial
infarction; BAP31, B-cell receptor associated protein 31; BM, bone marrow; CAD, coronary artery disease; CCL2,
chemokine ligand 2; CCR2, C-C chemokine receptor type 2; CDK4, cyclin-dependent kinases 4; CHIP, Clonal
hematopoiesis of indeterminate potential; Gαi2, g protein 2; GOF, gain-of-function; G-CSF, granulocyte colony-
stimulating factor; HD, hemodialysis; HSPCs, hematopoietic stem and progenitor cells; JAK, Janus kinase;
Ldlr−/−, low-density lipoprotein receptor knockout; MPNs, myeloproliferative neoplasms; NETome, neutrophil
extracellular trap proteome; NLRP3, NOD-like receptor family, pyrin domain containing 3; PSGL-1, P-selectin
glycoprotein ligand-1; RGS, Regulator of G protein signaling; SMC, smooth muscle cell; SREBP2, Sterol Regulatory
Element-binding Protein-2; TET2, ten-eleven-translocation 2. * MISTRG acronym for the 7 modified genes in the
genome of these mice: M-CSFh/h IL-3/GM-CSFh/h SIRPah/h TPOh/h RAG2−/− IL2Rg−/−.
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3.2. The NETs Induce a Worsening of the Thrombotic Process Complicating the
Atherosclerotic Plaque

The atherosclerotic plaques are responsible for causing fatal events and are charac-
terized by the presence of large lipid nuclei, significant infiltration of macrophages, and
depletion of SMC which underlines the presence of thin fibrous caps as well as collagen
exhaustion. The occurrence of fibrous cap thinning due to an imbalance between collagen
formation and increased collagen degradation, caused by SMC death, can frequently be
complicated by plaque rupture and the evolution to myocardial infarction with a fatal
outcome [59–61]. In advanced lesions, an anatomopathological examination of the athero-
matous plaque highlights the greater presence of infiltrates of macrophages and subgroups
of T cells [62,63] compared to neutrophils which are found with a much lower frequency.
However, this can be interpreted as misleading as the low counts observed at any given
time may simply reflect the typical characteristic of neutrophils being present in tissue
for a typically short duration. Although evidence suggests that neutrophil infiltration is
poor in atheromatous injuries characterized by older lesions, clinical data support that
they may play a key role in plaque complications. Although evidence suggests that neu-
trophil infiltration is poor in atheromas characterized by more advanced lesions, clinical
data support that they may play a key role in plaque complications. Peripheral blood
neutrophil counts or neutrophil/lymphocyte ratios were shown to be closely related to the
risk of developing cardiovascular events and outcomes [64–68]. Similarly, Zhang et al. [69]
demonstrated that plasma MPO levels are positively correlated with the risk of developing
coronary heart disease. Plasma nucleosome levels were also observed to be associated with
an increased risk of coronary stenosis, and the presence of MPO-DNA complexes supports
a close link with the occurrence of major adverse cardiac events. This evidence proves
that NET-derived markers can predict atherosclerotic disease charges and events [70] as
reported in Figure 2.

. 

Figure 2. The inflammatory process intervenes in the mechanisms of rupture and thrombosis of
atheromatous plaques. Mechanisms that drive plaque inflammation may accelerate and precipitate
thrombotic complications of atherosclerosis by promoting symptom onset. The central lipid core of
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the plaque is infiltrated by foam cells of macrophages (yellow) and T cells (blue) as evidenced
in the cross-section of an atheromatous plaque (bottom of figure). The cellular component of the
intima and media is characterized by the presence of arterial- smooth muscle cells (red), which are
producing arterial collagen, which is represented by the triple helix spiral structures. The activated T
lymphocytes present in the lesion are of the type 1 helper T lymphocyte subtype with the specific
function of secreting the cytokine interferon-γ, which inhibits the production of the new interstitial
collagen necessary to repair and maintain the protective fibrous cap of the plaque (top left). Another T
cell function leads to the activation of macrophages in the intimal lesion by expressing the CD40 ligand
(CD154), which engages its cognate receptor (CD40) on the phagocyte. This inflammatory signaling
results in an overproduction of interstitial collagenases consisting of matrix metalloproteinases
(MMPs) that catalyze the initial rate-limiting step in collagen breakdown (top right). The ligand effect
of CD40 also induces macrophages to produce more of the procoagulant than tissue factor. Thus, the
inflammatory response generated in the plaque exposes the collagen in the fibrous cap to a double
risk. It decreases synthesis and increases breakage, thus making the cap more susceptible to breakage.
The inflammatory activation also induces an increased production of tissue factors, which trigger
thrombus formation in the damaged plaque [71–75].

Role of Nets in Plaque Destabilization: The New Challenge

An important contribution to the knowledge of the pathophysiological process that
favors the progression of the atheromatous plaque and its complications was provided by
the study on the infiltration of neutrophils and consequent destabilization of the atheroma-
tous lesion. Ionita et al. [76] studied the morpho-functional alterations of the atheromatous
plaque emphasizing the peculiar characteristic of the cellular infiltrate. The authors de-
scribed lesions characterized by marked infiltration of neutrophils substantially present
in plaques with a large lipid core. Again, they recorded an abundant concentration of
macrophages and a marked modification of the vascular architecture, which was testified
by a reduction in the amount of collagen fiber and SMC expression. Taken together, these
alterations suggested the crucial role of neutrophils in plaque destabilization processes,
with two key elements to underline, necrotic nucleus growth and thinning of the fibrous
cap [76]. Given the importance of the lesions sustained by an abnormal growth of the
necrotic nucleus and the thinning of the fibrous cap, Silvestre-Roig et al. [54] observed that
these two anatomopathological conditions were the indication of an excessive concentra-
tion of neutrophils-triggering inflammation and in particular of the generation of NETs in
promoting the destabilization of the plaque [77].

Substantial evidence demonstrated a mechanical interaction between the SMCs popu-
lating the fibrous cap and neutrophils with the effect of producing their activation leading
to ROS production and NET release. This sequence of events is mediated by the action
of CCL7 conveyed by the SMC which supports the generation and release of NETs. In-
hibition of the NET release can be achieved after treatment with a PAD inhibitor in mice
with pre-existing lesions or those lacking PAD4, revealing the presence of lesions with
characteristics of reduced vulnerability. The latter appears to be an expression of smaller
necrotic nuclei in association with higher levels of SMC, compared with a control cohort
of mice. One fact emerges with fundamental relevance in the mouse model studied and
concerns the cytotoxic action exerted by NETs. This is triggered in the circuit involving
the close interaction between neutrophils and NETs on the one hand and dying SMCs,
dimensions of the necrotic nucleus, and structural changes typical of the thinning of the
fibrous caps. Of note, the killer action of NETs on SMCs was reported in ex vivo studies
which suggested that this effect was not exerted by granule-derived neutrophil proteins or
the cytoplasm, but rather by a specific intervention afforded by nuclear histones. Among
these, histone H4 works with well-understood cytotoxic activity, in the context of the
specific action offered by histones transmitted by the NET [2,78–80]. Histone H4 deserves
attention for its function as a strongly cationic protein, which can interact with negatively
charged SMC surfaces. This bond interferes with membrane activity leading to membrane
flexure and ultimately pore formation, prodromal of the lytic effect, resulting in cell death.
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Furthermore, the depletion of the SMC reservoir can lead to a reduction in the thickness of
the fibrous cap, a phenomenon supported by marked collagen removal, which is crucial
for the preservation of a suitable interstitial architecture. The demonstrated centrality
of histone H4 and its involvement in the mechanisms leading to plaque rupture were
suggested in further studies using a neutralizing histone H4 antibody and cyclic HIPE,
exhibiting the function of histone interference peptides that are involved in targeting the
N-terminus of histone H4. The two intervention strategies reported above involve the
pathoanatomic characteristics of the developing atheromatous plaque and have the effect
of reinforcing its stability. First, it is important to underline that in mice with advanced
atherosclerosis, activation of the dsDNA sensing AIM2 inflammasome induced a marked
release of the proatherogenic cytokines IL-1β and IL-18. Second, the lack or neutralization
of AIM2 generated plaques that disclosed a poorer propensity to rupture; in particular,
they expressed a smaller necrotic nucleus in association with a thicker fibrous cap [81–83]
However, the exciting promises that emerged about AIM2’s role in promoting greater
human plaque stability warrant further study as highlighted in Figure 3 [71–75].

 

Figure 3. NETs’ direct arterial occlusion. During the process of atherothrombosis, neutrophil-
generated NETs can intervene by supporting a series of biochemical phenomena that can ultimately
trigger the activation of the coagulation cascade. Through the destabilization of the atheromatous
plaque up to its rupture, NETs help to increase the stability of the thrombus. Abbreviations; EC,
endothelial cell; MMPs, Matrix metalloproteinases; MPO, myeloperoxidase; ROS, reactive oxygen
species; SMC, smooth muscle cell. Other abbreviations in text and tables [18,71–75].

4. NETs’ Actors of Arterial Thrombosis

Given the sizeable evidence recently offered, new insights into the implication of
neutrophils and the role of neutrophil-derived inflammatory mediators in thrombosis have
emerged [84]. The role of platelets in NET generation was discussed by Carestia et al. who
highlighted the mediators, stimuli, and molecular mechanisms involved in the process
of NET generation that was platelet-induced, both in human and murine models [85].
Gould et al. [86] studied the procoagulant potential of intact NETs released from activated
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neutrophils. The authors highlighted the relative contribution of cell-free DNA (cfDNA)
and histones to thrombin generation in plasmas from patients with sepsis. A total of
1000 patients were enrolled in the DYNAMICS STUDY (DNA as a prognostic marker
in ICU patients) from 2010 to 2012. The cohort included a prospectively independent
population of severe sepsis patients (n = 400) and a broad cohort of non-septic ICU patients
(n = 600). The first confirmation provided by the study was that NETs released by phorbyl
myristate-activated neutrophils increased thrombin generation in platelet-poor plasma.
This effect was closely related to DNA, after confirmation obtained from DNase treatment,
and occurred through the intrinsic pathway of coagulation. In fact, in the plasma, there was
a depletion of factor XII and factor XI of coagulation. In the platelet-rich plasma treated with
a corn trypsin inhibitor, the addition of neutrophils activated by phorbol myristate showed
an increased production of thrombin which was associated with a decreased lag time due
to a mechanism dependent on toll-like receptor-2- and toll-like receptor-4-dependent. After
the addition of DNase, a further increase in thrombin genesis was observed, suggesting
that dismantling of the NET scaffold increases histone-mediated and platelet-dependent
thrombin generation. Another key piece of evidence that emerged showed that in platelet-
poor plasma samples from patients with sepsis, a positive correlation was found between
endogenous cfDNA and thrombin generation, and the increase in thrombin generation was
attenuated by DNAse. The results of the DYNAMICS STUDY highlighted the procoagulant
activities of cfDNA and histones in the context of NETs. The study suggested the key role
played by the intrinsic coagulation pathway in the pathogenesis of sepsis [86].

Pivotal studies by Fuchs et al. [87] and von Brul et al. [88] reported the presence of
NETs associated with prothrombotic molecules such as the tissue factor, factor XII, histones
H3 and H4, and fibrinogen, which promote thrombosis. Again, the NETs and the fibrin
network generated by the same traps can also constitute a scaffold that entraps platelets and
red blood cells. However, Noubouossie et al. [89] reported substantial evidence showing
that the in vitro activation of coagulation was caused by human neutrophil DNA and
histone proteins but not by neutrophil extracellular traps. Firstly, human neutrophils were
incited to generate NETs in platelet-free plasma (PFP) or buffer using phorbol myristate
acetate or calcium ionophore. DNA and histone proteins were also separately purified
from normal human neutrophils and used to reconstitute chromatin using a salt-gradient
dialysis method. Neutrophil stimulation resulted in a robust NET release. The second key
finding of the analysis disclosed that in recalcified PFP, purified DNA triggered contact-
dependent thrombin generation (TG) and amplified TG initiated by low concentrations
of the tissue factor. Likewise, in a buffer milieu, DNA started the contact pathway and
magnified thrombin-dependent factor XI activation. Recombinant human histones H3 and
H4 triggered TG in recalcified human plasma in a platelet-dependent manner. Neither
intact NETs, reconstituted chromatin, individual nucleosome particles, nor octameric core
histones repeated any of these procoagulant effects. This study suggested that unlike
DNA or individual histone proteins, human intact NETs do not directly launch or intensify
coagulation in vitro. This difference is likely unfolded by the complex histone-histone
and histone-DNA interactions within the nucleosome unit and higher-order supercoiled
chromatin that determined the neutralization of the negative charges on polyanionic DNA
leading to modification of the binding properties of individual histone proteins [89].

Accumulating evidence revealed that NETs and their components are located in human
coronaries [90–94] as they disperse in the thrombus related to ischemic strokes [95]. This
process occurs regardless of plaque type, but NETs were observed numerically to dominate
more recent thrombi rather than older, more organized thrombi as demonstrated by Fucks
et al. [87]. In this way, of crucial relevance are investigations of Riegger et al. [90] and de
Boer et al. [92].

The study of Riegger et al. [90] evaluated 253 thrombus specimens from a large-scale
multicenter study in patients with ST across Europe (Prevention of Late Stent Thrombosis by
an Interdisciplinary Global European Effort (PRESTIGE) Investigators). Of the population
studied, 79 (31.2%) patients had thrombosis with an early ST while 174 (68.8%) had a late ST.
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A total of 79 patients (31.2%) were treated with PCI with bare metal stenting, as opposed to
166 (65.6%) patients in whom a drug-eluting stent was used. For 8 (3.2%) PCI recipients, the
thrombus examined was from a stent of an unknown type. Regarding the morphology of
the thrombus samples examined, heterogeneity was observed. However, an increased abun-
dance of platelet-rich thrombi and fibrin/fibrinogen fragments was revealed; again, 57% of
the overall thrombus surface was covered with platelets. An important finding was the
amount of thrombus-infiltrating leukocytes that was distinctive for both early and late ST
(early: 2260 ± 1550 per mm (2) vs. late: 2485 ± 1778 per mm (2); p = 0.44). Of the leukocytes
examined, the subset of neutrophils constituting the most important cellular component
was preponderant (early: 1364 ± 923 per mm (2) vs. late: 1428 ± 1023 per mm (2); p = 0.81).
Leukocyte counts were markedly higher than in a control group of patients with thrombus
aspiration in spontaneous myocardial infarction. Extracellular neutrophil traps were found
in 23% of these samples. Eosinophils were expressed as a line in all stent types, albeit
the largest number was recorded in patients with late ST normalization in sirolimus and
everolimus-eluting stents [90].

De Boer et al. [92] studied samples of different blood clots from patients who experi-
enced acute myocardial infarction in various developmental stages. The neutrophilic cell
component, NET, and immunoreactive IL-17A were preferentially localized in fresh rather
than organized thrombi, thus suggesting a substantial contribution of these elements to
thrombus stabilization and growth. A detailed histological analysis performed on 64 human
coronary artery plaque segments included 44 complicated plaques and 20 intact plaques.
In the 44 complicated plaques, where intraplaque hemorrhages, erosions, and ruptures
occurred, and in the 20 intact plaques, neutrophils and NETs were most frequently observed
in more recent unorganized thrombi and acute developmental intraplaque processes with
ongoing hemorrhages versus older and more organized thrombi. This evidence supports
the presence of NETs in distinct types of atherothrombosis, in particular, with all evidence,
in fresher arterial thrombi [16,96]. The investigation of 111 different thrombi obtained from
patients with acute coronary elevation syndrome reported a concentration of higher NETs,
and it was correlated to a less favorable evolution of the ST elevation resolution associated
with a greater extension of the infarct size. These suggest two key roles for NETs. In the
former, they offer negative support to infarct lesions through the propagation of thrombosis.
Instead, the second role exerted by NETs leads to the inflammation that develops distally in
the infarcted myocardium and to the death of myocytes during athero-embolism. The use
of DNAse, an enzyme that acts to eliminate NETs by digesting DNA strands, in regions of
the infarcted myocardium, revealed a smaller extent of lesions that were related to both a
reduced size of the infarction but also to a positive resolution of ST-segment elevation acute
myocardial infarction (STEMI). Mangold et al. suggested that the lysis of these thrombi was
accelerated by an ex vivo addition of DNAse [93]. It is important to note that observational
studies performed on human samples generate intriguing hypotheses but do not allow
definitive conclusions on causality to be drawn.

The role of the procoagulant tissue factor as one of the key factors for the triggering
of coronary syndromes and the characteristic that they can decorate NETs was recently
extensively investigated. Stakos et al. [94] studied the in vivo relevance of NETs during
atherothrombosis in humans by means of selective sampling of thrombotic material. They
retrieved surrounding blood from the infarct-related coronary artery (IRA) and the non-
IRA during primary percutaneous revascularization in 18 patients with STEMI. Authors
suggested that thrombi detached from the IRA encompassed PMNs and NETs decorated
with the tissue factor (TF). The relevant findings suggested that although TF was expressed
intracellularly in circulating PMNs of patients in which a STEMI occurred, however, an
active TF was specifically exposed by NETs obtained from a complicated atheromatous
plaque with exhibited rupture. Authors again generated NETs and subsequent TF exposure
after a second necessary step consisting of the interaction between PMN and thrombin-
activated platelets. The conclusions reached by Stakos et al. established that the interaction
between neutrophils and platelets at the sites of plaque rupture in patients with STEMI
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promoted local NETs’ generation associated with the delivery of an active TF and the
stimulation of prothrombotic events. The evidence highlighting this new role of NETs
offers adjunctive findings to explain the mechanism by which PMNs release thrombogenic
signals during atherothrombosis and may offer novel therapeutic targets [94].

Maugeri et al. [97] evaluated the presence of NETs in 26 retrieved thrombi from patients
with acute myocardial infarction using immunohistochemistry and immunofluorescence
and markers of NETs assessed in the plasma. In addition, in vitro NET generation was stud-
ied both in static and physiological flow conditions. Investigators revealed that coronary
thrombi mainly consist of activated platelets, neutrophils, and NETs in close proximity to
platelets. Activated platelets engaged neutrophils to NET generation. The event decreased
in the presence of competitive antagonists of the high mobility group box 1 (HMGB1)
protein. Hmgb1(−/−) platelets were lacking to elicit NETs, whereas the HMGB1 alone
engaged neutrophils to NET generation. The integrity of the HMGB1 receptor, Receptor for
Advanced Glycation End-products (RAGE), was required for NET generation, as evaluated
using pharmacologic and genetic tools. Exposure to HMGB1 anticipated depletion of the
mitochondrial potential that prompted autophagosome formation and extended neutrophil
survival. These metabolic effects were determined by the activation of autophagy. Of note,
stoppage of the autophagic flux regressed platelet HMGB1-elicited NET generation. These
findings proved that activated platelets presented HMGB1 to neutrophils and engaged
them in autophagy and NET generation. This chain of events may be responsible for
some types of thrombo-inflammatory injuries thus designating novel tracks for molecular
intervention [97].

We learned that optimal medical therapy for arterial thrombosis is mainly directed
against platelets and coagulation factors. However, the treatment can lead to bleeding
complications in an environment where the cells of the immune response and the atheroma-
tous plaque interfere [98–100]. To circumvent concerns related to bleeding after treatment
with antiplatelet drugs, new antithrombotic therapies, currently being studied in animals,
targeted immune cells and neutrophil extracellular traps (NETs). Several studies addressed
whether the immune cell composition of arterial thrombi induced in mouse models of
thrombosis resembles that of human acute myocardial infarction (AMI) patients [101–103].
A previous report by Novotny et al. [104] studied the immune component of human
thrombi with that of a mouse model. The authors evaluated 81 human arterial thrombi
obtained during a percutaneous coronary procedure in patients suffering from acute my-
ocardial infarction that were compared to arterial thrombi retrieved from mice in which
experimental thrombosis was induced using ferric chloride (FeCl3) or carotid artery wire
injury. The results evidenced by a detailed histological analysis demonstrated that the
FeCl3-induced murine arterial thrombi and those of human coronary thrombi consisted
of similar immune cells. The component of human thrombi and those withdrawn from
the mouse experimental model consisted of neutrophils combined with plenty of NETs
and coagulation factors. The authors found that the addition of the pharmacological
administration of mice with the protein arginine deiminase (PAD)-inhibitor Cl-amidine
abolished NET formation, and was related to a reduction in arterial thrombosis associated
with a restriction of injury in a model of myocardial infarction. Neutrophils are a hallmark
of arterial thrombi in patients suffering from acute myocardial infarction and in mouse
models of arterial thrombosis. Inhibition of PAD could represent an interesting strategy
for the treatment of arterial thrombosis to reduce neutrophil-associated tissue damage
and improve functional outcomes. The evidence reported in Novotny’s study supports
the presence of extensive neutrophil infiltration. Again, the results observed with PAD
inhibition may guide the study and application of new strategies for the treatment of
arterial thrombosis. The ultimate goal is aimed at obtaining a reduction in tissue damage
associated with the concentration of neutrophils at the infarct site and at improving the
functional outcome [104].

A convergence of findings emerges in several independent reports revealing a body
of evidence supporting the substantial role that NETs play in acute ischemic stroke (AIS)
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and acute myocardial infarction thrombi [100]. Laridan et al. [95] investigated sixty-eight
thrombi retrieved from patients who experienced an ischemic stroke and received an en-
dovascular procedure. The analysis of thrombi was performed using immunostaining
neutrophil markers such us CD66b and neutrophil elastase as well as specified NET mark-
ers such as citrullinated histone H3 (H3Cit) and extracellular DNA. For completion of the
histopathology evaluation, neutrophils and NETs were quantified, and the addition of
DNase 1 to the tissue plasminogen activator was used to facilitate ex vivo lysis of patient-
derived thrombi. The evidence showed the marked existence of neutrophils throughout
all thrombi. Again, H3Cit, a hallmark of NETs, was disclosed in nearly all thrombi. Im-
portantly, investigators suggested that the colocalization of H3Cit with extracellular DNA
released from neutrophils could be related to the peculiar occurrence of NETs in the damage
site. Moreover, H3Cit was highlighted abundantly in patients with thrombi generated from
a cardioembolic origin compared to other causes. Likewise, high levels of neutrophils and
H3Cit were recorded in older thrombi as compared to fresh thrombi. Interestingly, using
DNAse 1 added to standard t-PA, the ex vivo lysis of the patient thrombi was achieved with
greater success. These findings suggest that neutrophils and NETs constitute significant
components of cerebral thrombi and may offer a novel diagnostic/therapeutic pathway
for targeting NETs with DNase that could potentially be used as a thrombolytic in the
treatment of acute ischemic stroke [95].

Recently, Novotny et al. [100] performed a detailed histological analysis of arterial
thrombi in which the structure of the thrombus but especially the abundance of leukocyte
subsets differed between patients with acute ischemic stroke (AIS) and acute myocardial
infarction (AMI). Investigators revealed that although amounts of leukocytes (p = 0.133)
and neutrophils (p = 0.56) were alike between AIS and AMI thrombi, however, monocytes
(p = 0.0052), eosinophils (p < 0.0001), B cells (p < 0.0001), and T cells (p < 0.0001) were
found to be more abundant in patients with a stroke as to patients with AMI thrombi.
In addition, the quantity and appearance of NETs revealed an inhomogeneous pattern
of NETs that were experienced in 100% of patients with AIS as compared to only 20.8%
of patients with AMI. The wealth of NETs in thrombi was associated with poor outcome
scores in patients with AIS while patients with AMI recorded a decreased ejection fraction.
This difference outlined in patients’ outcomes after AIS and AMI supports a critical im-
pact of NETs on thrombus stability in both conditions [100]. Ducrox et al. [105] reported
histological evidence in a randomized controlled trial enrolling 108 acute ischemic stroke
patients from whom thrombi were recovered. The objective of the RCT was to assess the
presence of NETs in thrombi retrieved during endovascular therapy in patients with AIS
and their impact on tPA-induced thrombolysis. The authors demonstrated the presence of
conglomerates of NETs in all thrombi with a higher concentration of networks in the outer
layers of the thrombus. They concluded that the thrombus NET content was responsible
for reperfusion resistance, and included both mechanistic and pharmacological approaches
with intravenous tPA, regardless of their etiology. Thus, the efficacy of a strategy involving
the administration of DNAse 1 in addition to tPA could be considered a new way to be
explored in the context of AIS. Studies by Novotny et al. and Ducrox et al. offered an expla-
nation of the importance of NETs in thrombosis and the clinical potential they represent.
Above all, the substantial result is represented by the fact that ex vivo, recombinant DNAse
1 accelerated thrombolysis induced by the tissue plasminogen activator. However, DNAse
1 alone did not have the same effect [105].

These findings should be correlated with those suggested by Farkas et al. [91] which
highlighted a difference between the content of NETs, the relative concentration of platelets,
and the fibrin structure of thrombi as well as their distribution in thrombi recovered from
patients with acute ischemic stroke, myocardial infarction, or peripheral artery disease.
The authors reported the presence of DNA in the thrombi of acute ischemic stroke patients
during the comparison, perhaps explaining why DNase 1 alone did not effectively destroy
the thrombi. Furthermore, the DNA/fibrin ratio was significantly lower in thrombi recov-
ered from patients who had experienced an acute ischemic stroke than in patients in whom
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thrombi were recovered from peripheral arteries. Again, the thrombi from peripheral artery
disease contained fewer platelets. Bucking, thrombi from the three sites studied expressed
comparable histone citrullinated levels-3 [91].

From these data, it emerges that the levels of DNA substantially condition the effect
of the therapy. Thus, the combination of the tissue plasminogen activator and DNAse I
demonstrated greater efficacy in thrombus lysis, just as it was suggested that the addition
of DNAse I to DNA-poor thrombi, such as those obtained from patients with ischemic
stroke, is not sufficient to lyse the thrombus. Furthermore, the presence and involvement
of NETs in thrombosis may vary according to the type of artery involved. This aspect is
crucial because it can direct both the type of intervention to be performed and the time
necessary to obtain a benefit from the treatment. Therefore, potential therapeutic targeting
should take due consideration of the age of the thrombus and the aspiration procedure
which play a key role in the success of the procedure. The latter will require adaptation
depending on the site and the timing of the treatment.

Studies performed in mice revealed that neutrophil-derived externalized nucleosomes
associated with NETs are implicated in arterial thrombosis induced by FeCl3 application.
Massemberg et al. [106] in a wild-type FeCl3-mouse model disclosed that administration
of a histone-neutralizing antibody resulted in a prolonged time to occlusion associated
with decreased thrombus stability in the carotid arteries. This result was not obtained after
infusion of antibodies in mice with selective neutrophil elastase/cathepsin G deficiency in
which vascular damage was induced. This evidence supports the substantial role played
by externalized nucleosomes which allow the assembly of the complex constituted by
neutrophil elastase and its substrate-tissue factor pathway inhibitor located on the surface
of activated neutrophils. This mechanism may sustain the series of events leading to
thrombosis. The evidence emerging in the study by Massemberg et al. supports substantial
data that, in sterile inflammation that develops in large vessels, neutrophil-derived serine
proteases and nucleosomes may favor the initiation of a thrombotic process responsible for
myocardial infarction and heart attack stroke [106]. However, it is important to underline
the independent role of neutrophils with respect to NETs which, through the release of
single components, can exert stronger procoagulant effects than those induced by NETs
by completing the action of the latter. This aspect emerges during in vitro activation of
coagulation by human neutrophil DNA and histone proteins but not by neutrophil extracel-
lular traps [89]. Knight et al. [102] studying an in vivo model of New Zealand mixed mice,
which have the characteristic of developing a lupus-like systemic pathological condition
driven by IFN type I, reported increased NETs’ formation with manifested accelerated
vascular dysfunction and increased prothrombotic risk. The authors administered chlorami-
dine to New Zealand mixed mice and recorded a substantial reduction in the generation
of NETs associated with both an improvement in endothelium-dependent vasodilation
and a marked reduction in the time to arterial thrombosis [102]. In a more recent study,
Sorvillo et al. [107] supported the role of PAD4 in accelerating thrombus formation and
stability. This process was mediated by a reduction in the clearance of von Willebrand
factor (vWf) -platelet thread structures in the circulation. The proposed role of PAD4 lies in
the inhibition of the vWf degrading proteinase ADAMTS-13 which acts as a disintegrin
and metalloprotease with a thrombospondin-1-like domain 13 [107].

NETs are not always generated. Cherpokova et al. [108] evaluated neutrophil function
in a mouse model using the specialized resolution mediator resolvin D4. The authors
recorded a reduced susceptibility to NETosis induced by ionomycin administration, ex-
plaining the role of modulators exerted by these resolution mediators after administration.
Their modulatory action in directing the severity of thrombo-inflammatory diseases in vivo
is exerted through interference with the generation of NETs [108]. Franck et al. [109] identi-
fied a crucial role played by NETs in exacerbating the aspects of thrombosis supported by
superficial erosion. Evaluations were performed on mice in which an arterial lesion was
previously induced followed by a periarterial cuff-induced flow disturbance. A model thus
generated allowed reproduction of the set of characteristics of human lesions complicated
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by superficial erosion, therefore to study the plaque complication that can previously be
associated with NETs. The number of NETs generated and the initiation of thrombosis
were strictly dependent on a PAD4 deficiency in myeloid cells or DNAse treatment. Either
a PAD4 deficiency in bone-marrow-derived cells or administration of DNAse1 to disrupt
NETs reduced the extent of arterial intimal injury in mice with arterial lesions tailored to
summarize environments reproduced in human atheroma complicated by erosion. Results
derived from Franck et al. suggested that PAD4 from bone-marrow-derived cells and NETs
did not influence the chronic processes on the basis of induced experimental atherogenesis.
In contrast, they fortuitously shared in the acute thrombotic complications of tunica intima
lesions that restate features of superficial erosion [109]. The main studies identified in the
systematic review are reported in Table 2.

Table 2. Characteristics of the included studies investigating the role of NET in arterial thrombosis.

First Author/Year Ref Type of Study Cohort Aims Finding

Fernandez et al. (2019)
Nat Med [62]

Multicenter Center
(USA/Sweden)

Human
carotid artery plaques

To investigate the role of T
cells and macrophages in
carotid artery plaques of

patients with recent stroke or
transient ischemic attack

compared to no recent stroke

In plaques from
asymptomatic patients, T

cells and macrophages
were activated and

displayed evidence of
IL-1β signaling.

Zhao et al. (2022)
J Hum Hypertens [68]

Multicenter Center
(China/Sweden)

Human
4667 pts > 40 yrs

To study the relationship
between NLR and the risk of

CVD

When NLR was
categorized into tertiles,
participants in the top

tertile had a significantly
higher risk of CVDs (HR
1.61, 95% CI: 1.06, 2.44)

and MI (HR 1.88, 95% CI:
1.09, 3.27) relative to those

in the bottom tertile.

Locke et al. (2020)
Sci Rep. [78]

Multicenter
(UK)

Human
blood donors

Whether formation of
fibrinogen/fibrin-histone
aggregates prevented cell

death

Fibrinogen did not bind to
or protect neutrophils

stimulated with PMA. The
role of fibrinogen in

NETosis.

Noubouossie et al. (2017)
Blood [89]

Multicenter
(USA/Taiwan)

Human
blood patients’

neutrophils

To investigate the mechanism
leading to thrombosis

promoted by intact NETs

Recombinant human
histones H3 and H4

triggered TG in recalcified
human plasma in a
platelet-dependent

manner. However, human
intact NETs do not directly

initiate or amplify
coagulation in vitro.

Riegger et al. (2016)
Eur Heart J [90]

Multicenter
(Germany /USA/UK/
Netherlands/Belgium/
France/Spain/Polland)

Human
253 thrombus specimens

To evaluate thrombus
specimens in patients with ST

and presence of NET

Patients with ST revealed
thrombus with leukocytes,
particularly neutrophils in
ST group. The presence of

NETs supports their
pathophysiological

relevance.

Farkas et al. (2019)
Thromb Res [91]

Multicenter
(Hungary/Australia)

Human
CAD 66 pts
PAD 64 pts

To investigate the NET-related
structural features of thrombi

retrieved from different
arterial localizations

NET content of thrombi
was correlated with

systemic inflammatory
markers and with patients’

age.
Evidence of NET-related
variations in thrombus

structure.
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Table 2. Cont.

First Author/Year Ref Type of Study Cohort Aims Finding

Laridan et al. (2017)
Ann Neurol [95]

Multicenter
(Belgium/Sweden)

Human
68 thrombus specimens

To investigate the presence of
neutrophils and NETs in
ischemic stroke thrombi

H3Ci higher in
cardioembolic thrombi.

Older thrombi contained
significantly more

neutrophils and H3Cit
compared to fresh

thrombi.

Shimony et al. (2010)
Acute Card Care [110]

Single Center
(Israel)

Human
16 randomly acute STEMI

pts
vs.

47 healthy individuals

To evaluate detection of CFD
in patients with ST STEMI; to

study correlation with
established markers of

necrosis and ventricular
function

CFD levels were linked
with the levels of

established markers of
myocardial necrosis but

not with EF.

Langseth et al. (2020)
PLoS One [111]

Multicenter
(Norway)

Human
61 randomly STEMI pts

To investigate NETs’ associate
to MF and IL 8 in STEMI

patients with symptomatic
acute HF

NETs’ components higher
in acute heart failure and
associated to myocardial

function and interleukin 8
levels.

Langseth et al. (2020)
Sci Rep [112]

Multicenter
(Norway)

Human
956 cohort STEMI pts

To investigate association
between circulating

NETs-related components,
clinical outcome, and

hypercoagulability in STEMI

dsDNA levels were
associated with increased

all-cause mortality and
with hypercoagulability in

STEMI patients.

Helseth et al. (2016)
Mediators Inflamm [113]

Single center
(Norway)

Human
20 pts with STEMI

vs.
10 pts with AP

To study infarct size and NETs’
markers in STEMI and AP

Higher levels of NETs in
STEMI

Valles et al. (2017)
Thromb Haemost [114]

Single center
(Spain)

Human
43 pts with AIS

To evaluate NETs in the
plasma of patients with acute

ischemic stroke

At one-year follow-up,
NETs were associated

with severity and
mortality. Relevant

specific marker of NETs
citH3 was higher and

independently associated
with AF and all-cause

mortality. Significant role
of NETs in the

pathophysiology of stroke.

Hirose et al. (2014)
PLoS One [115]

Multicenter
(Japan) Human

263 pts in ICU

To evaluate whether NETs and
Cit-H3 were correlated with

clinical and biological
parameters

Crucial role of NETs in the
biological defense against

the dissemination of
pathogens from the

respiratory tract to the
bloodstream in potentially

infected patients.

Helseth (2019)
Mediators Inflamm [116]

Multicenter Center
(Germany)

Human
259 pts with STEMI

To explore circulating NET
markers and associations to

myocardial injury

dsDNA levels after STEMI
were associated with

myocardial infarct size,
adverse left ventricular
remodeling, and clinical

outcome.

Langseth (2018)
Eur J Prev Cardiol [117]

Multicenter
(Norway)

Human
1001 pts with AP

To investigate the role of NETs’
markers, dsDNA, and

myeloperoxidase-DNA in
clinical outcome and
hypercoagulability

Double-stranded DNA
levels were significantly

related to adverse clinical
outcome after 2 years, but

only weakly associated
with hypercoagulability.
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Table 2. Cont.

First Author/Year Ref Type of Study Cohort Aims Finding

Martinod et al. (2016)
Thromb Haemost [118]

Multicenter
(USA)

Animal model
WT vs. †NE (−/−) vs.

SB1 vs.
† NE (−/−) SB1 (−/−)

mice.

Whether neutrophils from NE
(−/−) mice have a defect in

NETosis, similar to PAD4
(−/−)

Neutrophil elastase is not
required for NET

formation. NE (−/−)
mice, which form

pathological venous
thrombi containing NETs,
do not phenocopy PAD4
(−/−) mice in in vitro

NETosis assays or
experimental venous

thrombosis.

Kim et al. (2017)
J Immunol Res [119]

Multicenter
(Korea) 60 pts in MHD

Whether NET formation was
responsible for ESRD leading
to higher incidence of CAD

Uremia-associated-
increased NET generation
may be a sign of increased
burden of atherosclerosis.

Bang et al. (2019)
Stroke [120]

Multicenter
(Korea)

Human 138 randomly
38 pts cancer-related

stroke
36 pts healthy-controls
27 pts cancer-controls
(active cancer but no

stroke)
40 pts stroke-controls

(acute ischemic stroke but
no cancer)

Whether NETs were increased
in cancer-related stroke;

whether higher NETs levels
were associated with

coagulopathy

Increased circulating DNA
levels were associated

with cancer-related stroke.
NETosis was one of the

molecular mechanisms of
cancer-related stroke

Abbreviations; AF, atrial fibrillation; AIS, acute ischemic stroke; AP, stable angina pectoris; CAD, coronary artery
disease; CFD, circulating cell free DNA; CVD, cardiovascular diseases; dsDNA, double-stranded DNA; end-stage
renal disease (ESRD Il, interleukine; EF, ejection fraction; H, histone; H3Cit, citrullinated histone H3; HF, heart failure;
MI, myocardial infarct; MF, myocardial function; MHD, maintenance hemodialysis; NE, neutrophil elastase, NET,
neutrophil extracellular trap; NLR, neutrophils-to-lymphocyte ratio; PAD, peripheral artery disease; PAD4 (−/−),
peptidylarginine deiminase 4; PMA, phorbol 12-myristate 13 acetate; ST, stent thrombosis; SB1, SerpinB1; STEMI, ST
elevation myocardial infarction; TG, thrombin generation; WT, wilt type. † (−/−) Knock minu.

5. The Cardiovascular Clinical Potential Derived from Biomarker Applications of NETs

The literature has a large number of studies in which a relationship between potential
biomarkers of NETs and clinical variables emerged, including some that are discussed in the
text in Table 3 [93,94,97,104,105,111]. To date, there are no solid data to support a definitive
validation of these biomarkers in clinical practice, whose full consideration, therefore,
remains incomplete and still open to discussion. However, the biomarkers, which several
investigations adopted as reliable parameters to establish the effective involvement of NETs
in the destabilization process of atheromatous plaque, are double-stranded DNA, MPO-
linked DNA, citrullinated histones, neutrophil elastase, among other NET constituents in
the blood or aspirated thrombi. In clinical practice, the challenge that will allow to develop
and validate more specific biomarkers of NETs becomes of utmost importance. Such
studies can be directed to explore different hypotheses relating to NETs’ involvement in the
progression of plaque which explains this phenomenon in purely physical or deterministic
terms. Furthermore, these studies can contribute to providing useful information for
prognosis, and possibly could be used to designate specific therapies based on the degree
of NET involvement, in the utility of personalized or precision medicine [121].

One study correlated NETs’ markers with the manifestation of more severe degrees
of coronary atherosclerosis in CAD associated with stable angina as assessed by various
imaging modalities [69]. Several studies suggest the presence of elevated markers of NETs
in patients exhibiting acute coronary syndromes. Patients who develop CAD with ST-
elevation in the course of IMA reveal an increased level of cell-free DNA and other NET
constituents, compared with the control group [15,110–113,122,123]. Likewise, patients with
an acute ischemic stroke disclose increased blood NET markers [114,115,124]. NET markers
were observed in aspirated thrombi from patients with acute coronary syndromes, stent
thrombosis, ischemic stroke, and acute peripheral arterial disease [90–97,105]. In patients
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with documented atherosclerosis, several clinical conditions were highlighted which may
be associated with the different concentrations of NET markers. For example, NET load is
closely related to infarct size as observed with magnetic resonance imaging [93,116]; it was
also associated with worse outcomes at a 2-year follow-up in patients with stable coronary
artery disease [117,125]. We have a growing experimental literature, which agrees with
the data above, reporting that NET-derived products can be detected in systemic chronic
diseases complicated by cardiovascular disease. This condition is typical of patients who
associate atherosclerosis with rheumatoid arthritis [118,126]. A total of 60 maintenance
hemodialysis patients were studied in a cross-sectional analysis. Of these, 30 matched for
age and sex were healthy individuals and represented the negative control while the other
30 patients manifested an acute infection and represented the positive control. In the latter, a
correlation was reported between the increased production of NETs associated with uremia
and with a worsening of atherosclerosis disease [119]. Of no less importance is the evidence
linking the formation of NETs to the vexing clinical problem of thrombotic complications
associated with cancer [127]. Another example of an increase in the generation of NETs
was reported in a study that enrolled 138 patients with stroke-related cancer [120]. The
main studies identified in the systematic review are reported in Table 3.

Table 3. Characteristics of the included studies investigating the role of NET in cardiovascular clinical
biomarker applications.

First Author/Year Ref Type of Study Cohort Aims Finding

Mangold et al. (2015)
Circ Res [93]

Single Center
(Germany)

Human
111 pts with STEMI

To investigate relationships
between CLS -NETs, bacterial

components as triggers of
NETosis, activity of

endogenous
deoxyribonuclease,

ST-segment resolution, and
infarct size

PMNs were highly activated
in STEMI with NETosis at the

CLS and coronary NET
burden. Deoxyribonuclease

activity was predictor of
ST-segment resolution and

myocardial infarct size.

Stakos et al. (2015)
Eur Heart J [94]

Multicenter Center
(Greece/Germany) Human

18 pts with STEMI

To assess the in vivo
importance of NETs during

atherothrombosis

NETs by mean PMNs
mediated thrombogenic

signals during
atherothrombosis.

Maugeri et al. (2020)
Sci Rep [97]

Single center
(IT) Human To assess the mechanism of

platelets induced NETs

Activated platelets were
related to HMGB1 in

neutrophils. HMGB1 led to
autophagy and NET

generation.

Novotny et al. (2018)
PLoS One [104]

Multicenter
(Germany)

Human/animal
model

81 human arterial
thrombi retrieved

mice with injury of
carotid artery

To evaluate composition of
arterial thrombi in mice

compared to those of human
patients with AMI

Inhibition of PAD was useful
for the treatment of arterial

thrombosis and to reduce NET
generation.

Ducrox et al. (2018)
Stroke [105]

Multicenter
(France)

Human
108 pts with AIS

To determine the occurrence of
NETs in thrombi retrieved

during endovascular therapy.
Impact on tPA-induced

thrombolysis

The efficacy of a strategy
involving an administration of

DNAse 1 in addition to tPA
was effective in the setting of

AIS.

Cui et al. (2013)
Cardiology [91]

Single center
(China)

Human
137 pts with ACS

60 healthy individuals
13 pts with stable

angina (SA)

To investigate cf-DNA
concentrations in ACS and

their relationship with clinical
features

cf-DNA as a new valuable
marker for diagnosing and
predicting the severity of

coronary artery lesions and
risk stratification in ACS.

Abbreviations; ACS, acute coronary syndrome; AIS, acute ischemic stroke; AMI, acute myocardial infarction;
cf-DNA, circulating cell free DNA; dsDNA, double-stranded DNA; HMGB1, high mobility group box 1 protein;
NET, neutrophil extracellular trap; PMNs; polymorphonuclear neutrophils; SA, stable angina; STEMI, ST elevation
myocardial infarction; tPA, tissue-type plasminogen activator.
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6. Therapeutic Implications of NETs in Cardiovascular Conditions

The afforded scientific literature states that NETs contribute to thrombosis and are
considered effectors in the process of the amplification of inflammation. The development
of vascular damage offers additional potential for the generation of the NET and NETs
as therapeutic objectives. In the course of this reported analysis, we cited numerous
experimental studies that used chloramidine as an inhibitor of PAD4. While on the one
hand, the use of chloramidine can be useful to demonstrate the mechanisms of interference
for the formation of NET, chloramidine works to inhibit different isoforms of PAD, and for
this reason, it is characterized by a lack of specificity. This constitutes an important aspect
of the clinical application limiting its use. Increasing research aimed at studying other
PAD4 inhibitors could provide new avenues toward a direct approach in which the goal is
to limit the formation of NETs. If, on the one hand, limiting the generation of NETs can be
considered a valid approach, also the acceleration of the disintegration of these reticular
structures can guarantee an effective result considering another therapeutic route. It was
described how DNAse-1 can dissolve NETs by breaking their DNA strands. The use of
DNAse was successful when it was applied to counteract the inflammatory response of
the bronchial mucosa in patients with cystic fibrosis resulting in neutrophil-rich bronchial
mucosa and NET generation. Another open front for the application of DNAse in clinical
therapy, supported by clinical and experimental studies, is directed towards the cure of
myocardial infarction. Improvements in this area were reported in IMA injuries due to
ischemia-reperfusion after DNase infusion [128–131]. As far as myeloperoxidase inhibitors
are concerned, they could be effective in reducing the production of ROS associated with
the generation of NETs. Furthermore, the formation of NETs can be reduced, thus limiting
the harmful consequences, with the administration of drugs for preventive purposes which
include colchicine, inhibitors of complement, or phosphodiesterase 4 [132–134].

Two randomized trials were designed for the administration of colchicine in patients
with recent myocardial infarction. In the CALCOT (Colchicine Cardiovascular Outcomes
Trial) study, [135] 2366 patients treated with low-dose colchicine versus 2379 placebo pa-
tients revealed a significantly lower risk of myocardial infarction [0.91 (95% CI, 0.68 to 1.21)].
Again, the hazard ratios were 0.84 (95% CI, 0.46 to 1.52) for death from cardiovascular
causes, and 0.83 (95% CI, 0.25 to 2.73) for resuscitated cardiac arrest in the cohort colchicine
vs. placebo. The administration of colchicine at a dose of 0.5 mg daily was associated with
a significantly lower risk of ischemic cardiovascular events than the placebo in patients
with recent myocardial infarction.

Likewise in the other CONVINCE RCT (Colchicine for the prevention of vascular
inflammation in non-cardioembolic patients Stroke) currently underway [136], 154 pa-
tients were enrolled from 17 countries in a multicenter international Prospective, Ran-
domized Open-label, Blinded-Endpoint assessment (PROBE) controlled Phase 3 clinical
trial. The study was designed to establish the safety and efficacy of low-dose colchicine
anti-inflammatory therapy plus usual care with the goal of reducing recurrent vascular
events in patients with non-severe, non-cardioembolic stroke and TIA compared with care
alone. Colchicine proved safety and effectiveness as a novel therapeutic agent to induce
inhibition of the inflammation cascade in patients with extra- or intracranial atherosclerosis
or arteriolosclerosis, resulting in decreased vascular events [137,138]. The action exerted
by colchicine could be directed towards the inhibition of inflammasome activity, [139–141]
with the associated effect of reducing the burden of NETs generated in recent myocardial
infarction or stroke tissue and could contribute strongly to support the outcome reported
in the COLCOT study. Instead, the supposed action of reducing the accumulation of
NETs in acute coronary syndrome suggested by the administration of anticoagulants and
antiplatelet therapies provides sufficient evidence to demonstrate efficacy [142–144]. It is
important to underline the contradiction that emerged from experimental evidence which
proved how NETs can induce the polarization of macrophages in the infarct zones, promot-
ing the healing of the affected myocardium through a push towards connectivity [145,146].
Therefore, caution in the use of NET inhibitors is necessary because their inhibition could be
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a sword of Damocles [144,146,147], in circumstances in which the inflammatory response
can produce beneficial effects [145]. It is appropriate to affirm how the need to promote
other clinical and experimental studies on the role of NETs can feed our knowledge and
lead to an adequate use of drugs that interfere with the generation of NETs.

7. Limitations

The initial description of NETs is relatively recent and dates back to 2004, albeit it
sprouted quickly. For this reason, the current review is limited to the relative novelty
of NETs even if links between data emerging in the experimental literature and those
present in the clinic focus on the role of NETs in numerous cardiovascular conditions. This
evidence opens new windows for the mechanistic exploration of pathophysiology. The
current availability of data is also limited regarding the use of NET biomarkers that can
provide a step towards personalized precision medicine capable of identifying groups of
subjects particularly susceptible to certain therapies. Importantly, the limitation of the data
presented could be related to the lack of manuscripts in languages other than English that
were not considered for this review, which could have reduced the number of available
studies. While data are abundant, exemplified by the number of hits on primary search
criteria, a large proportion of these came from secondary sources (reviews and editorials)
that were not included as part of the systematic review process but discussed later. Since
the recognition of the role of NETs in cardiovascular diseases is of fundamental importance,
even more because it identifies a new series of therapeutic targets currently under intense
consideration, the analysis of data coming from randomized clinical trials registry studies
including a large number of patients becomes crucial. The provenance and certainty of the
data are of substantial importance to the role played by the NET in cardiovascular disease
which was the subject of some criticism, reinforcing the need for rigor in basic and clinical
research in this field [53].

8. Conclusions

Our current knowledge of NETs’ evolution and its influence on the propagation of
cardiovascular insults such as acute ischemic stroke, peripheral artery disease or acute
myocardial infarction, and subsequent development of heart failure are still in their infancy.
However, therapeutic options look to be on the horizon. The immediate therapeutic options
have the caveat of negating the beneficial effects of inflammation which play an important
role in homeostasis. This should be the next avenue to the cardiovascular disease spectrum
and its potential sequelae.
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Abstract: Purinergic signaling is associated with a vast spectrum of physiological processes, including
cardiovascular system function and, in particular, its pathological calcifications, such as aortic valve
stenosis. Aortic valve stenosis (AS) is a degenerative disease for which there is no cure other than
surgical replacement of the affected valve. Purinergic signaling is known to be involved in the
pathologic osteogenic differentiation of valve interstitial cells (VIC) into osteoblast-like cells, which
underlies the pathogenesis of AS. ATP, its metabolites and related nucleotides also act as signaling
molecules in normal osteogenic differentiation, which is observed in pro-osteoblasts and leads to
bone tissue development. We show that stenotic and non-stenotic valve interstitial cells significantly
differ from each other, especially under osteogenic stimuli. In osteogenic conditions, the expression of
the ecto-nucleotidases ENTPD1 and ENPP1, as well as ADORA2b, is increased in AS VICs compared
to normal VICs. In addition, AS VICs after osteogenic stimulation look more similar to osteoblasts
than non-stenotic VICs in terms of purinergic signaling, which suggests the stronger osteogenic
differentiation potential of AS VICs. Thus, purinergic signaling is impaired in stenotic aortic valves
and might be used as a potential target in the search for an anti-calcification therapy.

Keywords: aortic valve; calcification; purinergic signaling; osteogenic differentiation

1. Introduction

Calcific aortic valve stenosis (AS) is a degenerative disease for which there is no cure
other than surgical replacement of the affected valve. Pathological conditions associated
with the disease include mechanical stress, endothelial dysfunction, lipid deposition, ox-
idative stress, bicuspid aortic valve, inflammation, extracellular matrix remodeling and
biomineralization (comprehensively reviewed in [1]). Purinergic signaling is associated
with a vast spectrum of physiological processes, including cardiovascular system function
and also with its pathological calcification, such as calcific aortic valve stenosis.

It is known that the pathologic osteogenic differentiation of valve interstitial cells
(VIC) into osteoblast-like cells underlies the pathogenesis of AS, and purinergic signaling
is involved in this [2]. During normal osteogenic differentiation, which is observed in
pro-osteoblasts and leads to bone tissue development, ATP, its metabolites and related
nucleotides also act as signaling molecules.

Purinergic signaling involves ATP, its metabolites and related molecules, which may
be implicated in multidirectional cellular effects. For example, while ATP and ADP act as
damage-associated molecular patterns (DAMPs) and induce sterile inflammatory response,
adenosine and inosine are known to be anti-inflammatory agents. Regarding vascular
and valvular calcification, it has been shown that ATP and UTP decrease osteogenic the
differentiation of VICs and vascular smooth muscles cells (VSMC), while uridine adenosine
tetraphosphate (Up4A) stimulates it [3].
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Purin metabolites are formed during their degradation by ecto-nucleotidases, which
produce derivative products also exhibiting their effects via purinergic receptors. The
first ectonucleotidase in the chain of extracellular ATP metabolites is ENTPD1 (CD39,
E-NTPDase1), which converts ATP to AMP and phosphate (Pi). AMP is further converted
to adenosine by the ectonucleotidase NT5E (CD73, Ecto5’NTase) with a release of inorganic
phosphate (Pi); after that, adenosine is converted to inosine by the ectonucleotidase ADA.
ENTPD1 and NT5E are significantly expressed in two main types of valve cells, namely,
valve endothelial cells (VEC) and VICs. Cell cultivation with an addition of extracellular
nucleotides showed a more rapid formation of NT5E products on VICs than on VECs,
while the opposite pattern was found for ENTPD1 [4].

There is also an alternative mechanism of nucleotide degradation in which ATP
and some other purines may be degraded to AMP by another ectonucleotidase—ENPP1
(CD203a)—with a release of pyrophosphate (PPi). While Pi promotes hydroxyapatite
deposition, Ppi is known for its inhibiting influence on hydroxyapatite deposition via
chemisorption of pyrophosphate on the surface of hydroxyapatite, which prevents further
crystal growth. Nevertheless, PPi may be converted to Pi by alkaline phosphatase. ATP may
decrease the calcification rate via PPi production. In addition, ATP decreases calcification
via reduction in apoptosis [3], which is known to trigger vascular calcification by serving
apoptotic bodies as nucleating structures for calcium crystal formation [5]. It has been
shown that ENPP1 is highly upregulated in AS VICs and, despite the production of
PPi, promotes the mineralization of cells [3,6]. This might be due to the fact that the
overexpression of ENPP1 depletes the pool of extracellular ATP, which acts as a survival
signal for VICs and prevents apoptosis [3]. In this way, apoptosis, which triggers calcium
crystal formation, might be a stronger factor of calcification than Pi/PPi production.

Nucleotides act in cells via specific receptors. P2 purinergic receptors (P2X and P2Y
subtypes) are mainly sensitive to ATP and UTP, while P1 (ADORA) receptors are activated
by adenosine and inosine. The precise role of the purinergic receptors in cardiovascular
calcification is controversial and not clear. Several works show an inhibitory effect of P2Y2
receptors, activated by ATP, on vascular calcification through PI3K/Akt [3,7]. In contrast,
other works showed that the effects of ATP and UTP on VSMC calcification were not
mediated via the P2Y2 receptor [8]. In addition, an activation of P2Y2/6 receptors by Up4A
was described, which involved phosphorylation of the mitogen-activated kinases MEK and
ERK1/2, followed by enhanced calcification of vascular cells [9,10].

Adenosine and its receptor ADORA2b may play a major role in cardiovascular calcifi-
cation. Adenosine is a mediator of intercellular signaling in many tissues. In the cardio-
vascular system, adenosine reduces heart rate, inhibits inflammation, protects cells from
hypoxia caused by this inflammation and increases resistance to ischemia [11]. Adenosine
also impacts AS pathogenesis. It has been reported that stimulating receptors ADORA2A
and ADORA2B produces strong pro-degenerative effects on VICs [12]. There are data
showing that the expression of ADORA2a and ADORA2b is diminished in uncalcified
fragments of stenotic valves compared to non-stenotic ones [13]. It has also been shown
that the activity of adenosine deaminase, which degrades adenosine, is increased in stenotic
aortic valves [13]. This leads to increased vascular adenosine degradation and hypertension.
Due to turbulent blood flow on the aortic side of the valve, its stenotic part is prone to
attachment and infiltration of immune cells with subsequent endothelial damage and even
more severe calcification.

VICs play a crucial role in valvular calcification and are thought to differentiate
into osteoblast-like cells. Nevertheless, the process is orchestrated by other cell types,
such as VECs. Multiple effects of endothelial cells on the underlying interstitial cells
have been shown. Endothelial cells biosynthesize Up4A via the activation of vascular
endothelial growth factor receptor (VEGFR). Up4A synthesis performed by the endothelium
is enhanced by stimulation with ATP, UTP and mechanical stress [14], which takes place
in aortic stenosis. Up4A has a much longer half-life compared to ATP/UTP, contains
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both purine and pyrimidine parts [14] and, in contrast to ATP/UTP, enhances vascular
calcification in rat VSMCs [9].

This study is devoted to the identification of the distinctive features of cells derived
from stenotic aortic valves in the context of purinergic signaling, as well as searching for
similarities and differences between the processes of pathogenic and normal osteogenic
differentiation of mesenchymal cells. We show here that AS valvular cells react to extra-
cellular ATP and adenosine in a distinct manner in comparison to non-stenotic cells; AS
VICs also undergo pathogenic osteogenic differentiation more similar to osteoblast-like
cells compared to the osteogenic differentiation of non-stenotic cells. Elevated expression
levels of ATP-degrading nucleotidases and adenosine receptors indicate a general elevation
of purinergic signaling in AS VICs influenced and orchestrated by the endothelial cells.
Nevertheless, some components of the signaling turn out to be downregulated. Our data
indicate a general imbalance in the purinergic signaling in AS VICs.

2. Materials and Methods

2.1. Isolation of Primary Cells

The study protocols were approved by the local Ethics Committee of Almazov Federal
Medical Research Centre and Vreden Institute of Traumatology and Orthopedics and
performed in accordance with the principles of the Declaration of Helsinki. All patients
gave written informed consent. Human valve interstitial cells (VIC) and human valve
endothelial cells (VEC) were isolated from tricuspid aortic valves explanted during aortic
valve replacement due to calcific aortic valve disease (CAVD). Patients with known infective
endocarditis and rheumatic disease were excluded from the study. Clinical data of the
patients are represented in Table 1. VICs and VECs from normal aortic valves, which
were used as a control group, were isolated from healthy tricuspid aortic valves obtained
from explanted hearts from recipients of heart transplantation. Human umbilical vein
endothelial cells (HUVEC) were obtained at Almazov National Medical Research Center
from cords after healthy delivery. Femur bone epiphysis for osteoblast-like cell isolation
was acquired during surgery at Vreden Institute of Traumatology and Orthopedics [15].

Table 1. Clinical data of the patients.

Characteristics (m, w)
CAVD Patients
(n = 17) (m, w)

Age 63.0 (58.0; 67.0)

Gender W—15 (46.8%)
M—17 (53.2%)

Proximal ascending aortic diameter, mm 36 (32; 40)

Body mass index (BMI) kg/m2 32.62 (26.79; 34.94)

General cholesterol, mM/L 4.91 (4.23; 6.11)

High density lipoproteins (HDL), mM/L 1.16 (1.04; 1.46)

Low density lipoproteins (LDL), mM/L 3.54 (2.77; 4.17)

C-reactive protein, mg/L 3.01 (1.06; 4.70)

VICs and VECs were isolated with a standard technique. Leaflets of the heart valves
were cleared from aorta fragments. VECs were isolated by vortexing collagenase−treated
leaflets (10 min with collagenase type IV) (Worthington Biochemical Corporation, Lake-
wood, NJ, USA). The resulting pellet after vortexing was suspended and seeded in a flask
covered with 0.2% gelatin in an ECM (ScienCell, Logan, UT, USA). When a VEC confluence
of 70–80% was attained, cells were magnetically sorted by CD31 antigen and passaged in a
ratio of 1:3 in the ECM (ScienCell, Logan, UT, USA). To isolate VICs, leaflets were incubated
again in collagenase type IV overnight. The resulting pellet after vortexing was suspended
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and seeded in a flask in DMEM supplemented with 15% FBS, 2 mM of L-glutamine and
penicillin/streptomycin (100 mg/L) (all—Invitrogen, Grand Island, NJ, USA).

HUVEC were acquired from the umbilical vein by collagenase dissociation. The vein
was filled with 0.1% collagenase solution (Collagenase, Type II) (Worthington Biochemical
Corporation, USA) and incubated in PBS at 37 ◦C for 10 min. The suspension was cen-
trifuged at 300× g for 5 min. The cell pellet was suspended and seeded on a Petri dish
covered with 0.2% gelatin in the ECM (ScienCell, Logan, UT, USA).

Isolation of osteoblast-like cells from bone tissue was carried out using the enzymatic
method. Bone tissue was crushed into fragments using carbide cutters. Cancellous bone
fragments were selected, washed in PBS and incubated with 0.2% collagenase type II (Wor-
thington Biochemical Corporation, USA) solution for 30 min at 37 ◦C. The homogenized
mass was washed in PBS and transferred into 0.2% collagenase type IV solution (Worthing-
ton Biochemical Corporation, USA) for 16 h at 37 ◦C. The collagenase type IV was then
inactivated with high-glucose DMEM (Gibco, Grand Island, NJ, USA) supplemented with
15% FBS (HyClone, New York, NY, USA) and 0.1% ascorbic acid solution (Sigma-Aldrich,
St. Louis, MO, USA). The resulting suspension was transferred into a flask and cultivated
for several weeks. Then, the resulting osteoblast-like cells were cultured in Petri dishes
according to standard procedures [15].

2.2. Culture and Osteogenic Differentiation

For the experiments, VICs, VECs and HUVECs of 3–5 passages were used. The cells
were seeded in 6-well plates with a density of 220 × 103 cells per well. Osteoblasts of
3–4 passages were plated in 12-well plates with a density of 90 × 103 cells per well covered
with 0.2% gelatin. VICs and VICs with HUVECs were cultured under normal conditions
in DMEM supplemented with 15% bovine serum (all—Gibco, USA), 2 mM glutamine,
50 IU/mL penicillin and 50 IU/mL streptomycin (Invitrogen, USA). VEC cultivation was
carried out using an ECM medium (ScienCell, USA) with the addition of the appropriate
supplements from the manufacturer. Osteoblasts were cultured in 4.5% glucose DMEM
with the addition of 15% Hyclone bovine serum (all—Gibco, USA), 2 mM glutamine,
50 IU/mL penicillin and 50 IU/mL streptomycin (Sigma, USA). To induce osteogenic
differentiation, cells were placed in DMEM medium supplemented with 10% Hyclone
bovine serum (Gibco, USA), 2 mM glutamine, 50 IU/mL penicillin, 50 IU/mL strepto-
mycin, 100 mM b-glycerophosphate, 50 mg/mL ascorbic acid and 0.1 μM dexamethasone
(Sigma, USA).

All cells were cultured for 4 days, after which total RNA was isolated using the
ExtractRNA reagent (Evrogen, Moscow, Russia) in accordance with the manufacturer’s
recommendations. Calcium deposition was detected by Alizarin Red staining (Sigma, USA)
on day 18 of differentiation for the VIC and on day 15 for osteoblast cells.

2.3. Real-Time PCR

Real-time PCR was used to assess the expression levels of exo-nucleotidase and
purinergic receptors. PCRs for the VEC and VIC populations (pure and in co-cultivation
with HUVEC) were run without technical and biological replicates. PCRs were performed
in technical and biological duplicates; all the resulting values were independently used
in the analysis. Total RNA (1 μg) was reverse-transcribed with an MMLV RT kit (Euro-
gen, Moscow, Russia). Real-time PCR was performed with 1 μL of cDNA and TaqMan
PCR Mastermix (Thermo Fisher Scientific, Grand Island, NJ, USA) in the Light Cycler
system. The thermocycling conditions were as follows: 95 ◦C for 5 min, followed by
45 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min. A final heating step of 65 ◦C to 95 ◦C
was performed to obtain melting curves of the final PCR products. The corresponding
gene expression level was normalized to GAPDH from the same samples. Changes in the
target genes expression levels were calculated as fold differences using the comparative
ΔΔCT method. ENTPD1, ENPP1, ADA, NT5E, ADORA2b, P2RX1 and P2RX7 primers
were bought at Thermofisher Scientific (USA) as Single Tube TaqMan Gene Expression As-
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says (Hs01054040_m1, Hs00159686_m1, Hs00969559_m1, Hs01110945_m1, Hs00386497_m1,
Hs00175721_m1, Hs00175686_m1, Hs00925146_m1, respectively).

Values were compared using Student’s t-test and nonparametric Spearman correlation.
A value of p ≤ 0.05 was considered significant. Statistical analysis was performed using
R software (version 2.12.0; R Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Purinergic Signaling in Osteogenic Differentiation of Healthy and Stenotic Aortic Valve
Interstitial Cells Versus Osteoblasts

As pathologic osteogenic differentiation of VICs underlies the pathogenesis of AS, we
induced the osteogenic differentiation of VICs to simulate this process. In all differentiated
cell lineages, calcium depositions were positively stained (Figure 1).

Figure 1. Microscopic images of alizarin-red staining of cells after osteogenic differentiation; calcium
depositions are stained in red. Valve interstitial cells (VIC) (a), osteoblasts (b) and VIC co-cultivated
with human umbilical cord endothelial cells (HUVEC) (c) before and after osteogenic differentiation.

Osteogenic conditions strongly increased the expression of the ecto-nucleotidases
ENPP1 and ENTPD1 in both AS and non-stenotic VICs (Figure 2). Importantly, this
elevation in ENPP1 and ENTPD1 expression in osteogenic media was higher in VICs
derived from AS patients compared to the control group. Osteogenic differentiation also
raised the expression of the ecto-nucleotidase ADA in non-stenotic cells and reduced the
expression level of the ATP receptor P2RX7 and the adenosine receptor ADORA2b in
AS VICs.

Osteoblast-like cells normally undergo osteogenic differentiation. We analyzed the
expression profile of the components of purinergic signaling in human osteoblasts in
osteogenic conditions (Figure 2). In differentiated osteoblasts, we observed an elevated
expression level of the ecto-nucleotidases ENPP1 and ENTPD1 similarly to AS and non-
stenotic VICs. The ADA level in osteoblast-like cells was not changed. The expression
level of the ATP receptor P2RX7 declined in differentiated osteoblasts similarly to AS
VICs. Concurrently, the expression level of adenosine receptor ADORA2b remained the
same in osteogenic conditions and in non-stenotic cells, but not in AS VIC. The osteogenic
differentiation of osteoblasts did not influence the expression of the ecto-nucleotidase NT5E,
similarly to that in VICs.

To summarize, pro-osteoblast differentiation looks similar to VIC differentiation in
terms of purinergic signaling component expression and in most cases corresponds to AS
VICs but not to non-stenotic control cells. Nevertheless, the expression levels of ENPP1,
ADA, NT5E and P2RX7 in osteoblast-like cells are reliably higher than in VICs, both before
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and after osteogenic differentiation. At the same time, the expression level of ADORA2b is
not elevated in osteoblasts compared to VICs.

Figure 2. Expression levels of ENPP1, ENTPD1, ADA, P2RX7, ADORA2b and NT5E in valve
interstitial cells (VIC) and osteoblast-like cells. Relative mRNA levels in non-stenotic VICs (VIC
Control) are compared with stenotic VICs (AS VIC); relative mRNA levels in stenotic VICs are
compared with osteoblast-like cells (Osteoblasts). Relative mRNA levels in undifferentiated cells
(Undif) are compared with cells in which osteogenic differentiation (Dif) was induced.

Osteogenic conditions help to explain the difference between AS and non-stenotic cells
regarding the expression levels of purinergic signaling components. In our experiments
(Figure 2), the osteogenic medium triggered elevated expression of the ecto-nucleotidases
ENTPD1 and ENPP1 in AS VICs compared to non-stenotic cells and a decreased expression
of the ecto-nucleotidase ADA and ATP receptor P2RX7.

3.2. Purinergic Signaling in Valve Endothelial Cells

We also analyzed the expression of purinergic genes in valve endothelial cells (VEC)
(Figure 3). In VEC, the expression level of ADORA2b also varied between AS and non-
stenotic cells, but, in contrast to VIC, its expression decreased in AS cells compared to the
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control cells from healthy valves. In addition, AS VEC displayed an elevated level of the
ATP receptor P2RX7 compared to non-stenotic VEC.

Figure 3. Expression levels of ADORA2b and P2RX7 in VEC. Relative mRNA levels in non-stenotic
control cells (C) are compared with relative mRNA levels in stenotic cells (AS).

To see whether the presence of endothelial cells could influence purinergic signaling
in VICs, we analyzed the expression of purinergic genes in a co-culture of VICs and
endothelial cells. A co-culture of VICs with HUVECs revealed the difference between AS
and non-stenotic VICs (Figure 4). The expression levels of the ecto-nucleotidase ENTPD1
and ATP-receptor P2RX1 in AS were lower compared to non-stenotic cells in the co-culture.
Notably, this was not observed in a pure VIC culture (Figure 2). At the same time, the
expression of ATP-receptor P2RX7 was higher in stenotic VICs co-cultured with endothelial
cells in comparison to control cells from healthy valves (Figure 4).

Figure 4. Expression levels of ENTPD1, P2RX1 and P2RX7 in VIC co-cultured with endothelial cells.
Relative mRNA levels in non-stenotic control cells (C) are compared with relative mRNA levels in
stenotic cells (AS).

The small molecule adenosine is a purine nucleoside widely used as a vasodilator and
neuromodulator. Recently, a growing amount of attention has been focused on adenosine
and adenosine receptors as factors implicated in bone regeneration. Exogenous adenosine
supplementation has been reported as an effective method for successful osteogenic dif-
ferentiation of mouse bone-marrow-derived MSC [16]. Therefore, we analyzed whether
exogenous adenosine influenced osteogenic differentiation of valve interstitial cells. We
induced the osteogenic differentiation of VICs in the presence of 10 uM of adenosine and
analyzed whether that influenced alizarin staining efficiency. We did not detect any influ-
ence of adenosine on the effectivity of osteogenic differentiation of VICs. However, we
observed a change in the expression profile of CD39/CD73 (ENTPD1/NT5E) using flow
cytometric analysis (Supplementary Figure S1).

In summary, our data suggest an important role that changes in purinergic signal-
ing could play in the sensitivity of cells from diseased valves undergoing pathologic
osteogenic differentiation.
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4. Discussion

We found that aortic valve cells derived from stenotic patients significantly differ in
purinergic signaling from their counterparts derived from healthy donors. This fact is also
proven by PCA plotting, which shows that different kinds of cells (AS and non-stenotic)
create two clusters (Figure 5). Valve interstitial cells from stenotic and non-stenotic valves
significantly differ in their expression of ENTPD1, ADORA2b and P2RX7 genes, while
endothelial cells from stenotic and non-stenotic valves mainly differ in their expression of
genes ADORA2b, P2RX7 and P2RX1.

Figure 5. Principal component analysis (PCA) plot representing ENTPD1, ENPP1, ADA, NT5E,
P2RX1, P2RX7 and ADORA2b gene expression in non-stenotic (Control) and stenotic (AS) VICs
and VECs.

The endothelial influence on purinergic signaling component expression in VICs
and their pathological differentiation potential is significant. It is known that the ecto-
nucleotidase ENTPD1 is involved in the catabolism of the dinucleotide Up4A [17], which is
produced by the endothelium and increases the intensity of the pathological calcification
process in the cardiovascular system [9].

In the course of ATP degradation, the ectonucleotidases ENTPD1 and NT5E release
Pi, while ENPP1 releases PPi—an inhibitor of hydroxyapatite formation and, hence, a
mineralization deprivator. The relative amounts of Pi and PPi play an important role in
the development of tissue calcification. In a co-culture of VICs with endothelial cells, the
ENTPD1-pathway also predominates because endothelium increases ENTPD1 but does
not affect ENPP1. It turns out that the endothelium changes the balance of two ATP-
degradation pathways in VIC and hence reduces the relative amount of pyrophosphate
and increases the relative amount of phosphate. Thus, the endothelium of the diseased
valves could induce hydroxyapatite deposits.

It has been reported that the P2RX7 receptor participates in the differentiation of
osteoclasts and osteoblasts and its downregulation inhibits osteogenic potential of pre-
osteoblastic cells [18]. It also serves as a pattern recognition receptor for extracellular ATP-
mediated apoptotic cell death [19]. Our results evidence a significant increase in P2RX7
expression in normal conditions in AS VECs and AS VICs co-cultured with endothelium
(Figures 3 and 4). Nevertheless, pure AS VIC in normal conditions do not display this over-
expression, nor do AS cells and osteoblasts in the osteogenic medium where we observed
the downregulation of P2RX7. These data may indicate that in osteogenic conditions, when
the work of ENTPD1 and ENPP1 is strongly intensified in AS VICs, the pool of extracellular
ATP is largely exhausted and the signal does not reach the P2RX7 receptor. Here, our data
suggest that in normal conditions AS VECs, unlike AS VICs intensify P2RX7 expression.
Since the P2RX7 receptor takes part in ATP-mediated apoptotic cell death, AS VECs may
intensify the apoptosis-mediated mineralization of VICs. These data further indicate the
crucial orchestrating role of endothelium in the pathological calcification of VICs.
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Adenosine, an important signaling molecule and a stress regulator, is produced by the
ecto-nucleotidase NT5E from AMP. It is known that increasing adenosine levels produces
strong pro-degenerative effects in VIC, and vice versa, lowering adenosine levels by the
inhibition of NT5E leads to protective effects against VIC osteogenic degeneration [12].

According to our results, NT5E expression in VICs, VECs and pro-osteoblasts remained
constant in all experiments, even in osteogenic conditions when AMP production was
reinforced (elevated ENTPD1 and ENPP1 in osteo-differentiated cells, Figure 2). However,
some evidence suggests that NT5E expression varies in non-stenotic and AS valves tissues
when analyzed using immunohistochemical or immunofluorescent staining [13]. Changing
NT5E expression might represent an effect of different cell type interactions in valve tissue
and could be influenced by other tissue components, such as inflammatory cells, while
isolated and co-cultured VICs and VECs exhibit stable NT5E expression. In addition, there
are data showing that cells isolated from different locations of stenotic valves express
different levels of NT5E [13], although in our work, we did not take the latter parameter
into consideration.

We show that ecto-nucleotidase ADA, which is supposed to degrade over-accumulated
adenosine, is not elevated in AS VICs in normal conditions, as might be expected. Moreover,
its expression is even decreased in AS VICs under osteogenic stimulation (Figure 2). It
is known that adenosine might be deaminated by adenosine deaminase, whose activity
in AS cells is higher than in non-stenotic cells [20]. So, while normal VICs tend to reduce
extra adenosine level via ADA, AS cells probably reduce extra adenosine with the help of
adenosine deaminase.

Adenosine takes part in cardiovascular pathologies through the activation of adeno-
sine receptors, including ADORA2b. It has been reported that stimulating adenosine
receptors ADORA2a and ADORA2b results in strong pro-osteogenic effects on VICs [12].
We show that ADORA2b expression was elevated in AS VICs, both in normal and os-
teogenic conditions (Figure 2). The intensified ADORA2b pathway in AS VICs suggests
their strong potential for osteogenic transition and also the elevated amount of adenosine in
the stenotic valve, which is an important stress marker. Despite the stable NT5E expression
observed in our experiments, adenosine level may be increased in stress caused by stenosis.

This study has limitations associated with the 2D in vitro culture of isolated valve
cells and also with the fact that we isolated the cells from a patient with end-stage disease.
Unfortunately, the animal models for calcific aortic valve stenosis are still very limited [21],
and this lack of relevant models limits our understanding of the disease pathogenesis. Nev-
ertheless, we suggest that our findings are relevant for finding potential targets for calcific
aortic stenosis, as understanding the mechanisms of pathological osteogenic differentiation
of valve cells could help to find potential anti-calcification therapies [22,23].

5. Conclusions

We show here that valve interstitial cells from stenotic valves react to extracellular
ATP and adenosine in a distinct manner in comparison to non-stenotic valve cells. AS
VICs also undergo pathologic osteogenic differentiation more similarly to osteoblast-like
cells in comparison to cells from non-stenotic valves. Elevated expression levels of ATP-
degrading nucleotidases and adenosine receptors suggest general elevation of purinergic
signaling in AS VICs, influenced and orchestrated by the endothelial cells. However, some
components of the signaling were found to be downregulated. Our data indicate a general
imbalance in the purinergic signaling in aortic valve interstitial cells of the stenotic valves.
Moreover, in osteogenic conditions, the diseased interstitial cells look more similar to
osteoblasts than non-stenotic cells in terms of purinergic signaling, which suggest the
stronger osteogenic differentiation potential of AS VICs. In summary, purinergic signaling
is impaired in stenotic aortic valves and might be used as a potential target in the search
for anti-calcification therapies.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines11020307/s1. Figure S1: Analysis of the influence of
adenosine on the expression of CD39 (ENTPD1) and CD73 (NT5E) in valve interstitial cells from the
patients with aortic stenosis. The cells were induced to osteogenic differentiation in control conditions
and in the presence of 10 uM of adenosine. CD39/CD73 expression was analyzed by flow cytometry
using specific antibodies to CD39 and CD73 (Biolegend) and flowcytometer Cytoflex. * p < 0.01,
** p < 0.05.
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Abstract: In heart failure with reduced ejection fraction (HFrEF), cardiogenic edema develops from
impaired cardiac function, pathological remodeling, chronic inflammation, endothelial dysfunction,
neurohormonal activation, and altered nitric oxide-related pathways. Pre-clinical HFrEF studies
have shown that treatment with sodium–glucose cotransporter-2 inhibitors (SGLT-2i) stimulates
natriuretic and osmotic/diuretic effects, improves overall cardiac function, attenuates maladaptive
cardiac remodeling, and reduces chronic inflammation, oxidative stress, and endothelial dysfunction.
Here, we review the mechanisms and effects of SGLT-2i therapy on cardiogenic edema in various
models of HFrEF. Overall, the data presented suggest a high translational importance of these
studies, and pre-clinical studies show that SGLT-2i therapy has a marked effect on suppressing the
progression of HFrEF through multiple mechanisms, including those that affect the development of
cardiogenic edema.
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1. Introduction

Heart failure (HF) affects about 64.3 million people worldwide [1], including an esti-
mated 6.2 million in the United States [2]. The prevalence of symptomatic HF is expected to
increase 46% by 2030, in comparison to 2012 [3]. HF with reduced ejection fraction (HFrEF)
is characterized by progressive heart enlargement and declining contraction that leads
to clinical symptoms (breathlessness, fatigue, swelling, etc.) from pathological fluid and
sodium retention (edema) [4,5]. Sodium retention and the dysregulation of neurohumoral
systems, including the sympathetic nervous system, renin–angiotensin–aldosterone system
(RAAS), and the natriuretic peptide (NP) system, lead to excessive extracellular fluid ac-
cumulation in the interstitial space or edema (pulmonary, pleural effusion, ascites and/or
gross/systemic peripheral fluid retention), which are hallmarks of symptomatic HF [5–12].
Symptomatic HF adversely impacts quality of life, is the primary cause of patient hospital-
ization, and is associated with premature mortality [13–20]. The prognostic role of edema is
confirmed by clinical trials and post hoc analysis [13,19,21–23]. Maintaining physiologically
relative fluid homeostasis is one of the primary goals of HF management [17,24].

During the last decade, significant progress has been made in the management of
HFrEF with clearly defined, guideline-directed therapies [5,25–31]. Pharmaco-therapeutic
interventions for HFrEF include modulating the neurohumoral response by targeting
RAAS with angiotensin-converting enzyme inhibitors and angiotensin II (Ang II) receptor
blockers; the sympathetic nervous system with beta-blockers; the mineralocorticoid system
with mineralocorticoid receptor blockers (MRBs); and both RAAS and NP systems with
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combined Ang II receptor–neprilysin inhibitors (ARNI). However, better pharmacological
interventions for reversing or preventing cardiogenic edema are needed. Early treatment at
the pre-clinical stages may prevent HF progression to symptomatic stages with or without
decompensation and improve outcomes. Most recently, the US Food and Drug Adminis-
tration approved a new class of drug for the management of HF with reduced, mid-range
or preserved ejection fraction called sodium–glucose cotransporter-2 inhibitors (SGLT-2i,
originally developed as glucose-lowering agents), including canagliflozin, dapagliflozin,
empagliflozin, and ertugliflozin [32,33]. In patients with HFrEF, SGLT-2i-based thera-
pies enhance natriuresis/diuresis, modulate neurohumoral activation, improve cardiac
and renal functions, functional status, duration, and quality of life [34]. These agents
reduce HF-related hospitalization rates that are due to the aggravation of HF signs and
symptoms caused by edema, independent from the reduction in glycemic level and the
co-administration of guideline-directed HF therapy [34].

In HF, the retention of sodium and water by the kidneys leads to an expansion of
free fluid in the interstitial compartments or edema. The expansion of the interstitial
fluid volume is aggravated by vascular leakage caused by inflammation and endothelial
dysfunction [35,36] and is associated with impaired extra fluid removal from the interstitial
to intravascular space, which is in part caused by pathological alteration in the capillary
dynamics and lymphatic system [24,37–39]. Fluid accumulation in the lungs manifests
as cardiogenic pulmonary edema, while peripheral interstitial fluid overload manifests
as soft tissue or third space edema. In contrast to classical diuretics, which affect blood
plasma volume, SGLT-2i efficiently lowers edema by reducing pathological HF-related
sodium retention and intestinal fluid volume [34,40–43]. Treatment with SGLT-2i also
reduces the plasma level of N-terminal pro B-type natriuretic peptide (NT-pro-BNP) as an
indicator of HF-associated reduced edema [44]. SGLT-2i receptor SGLT-2 is not expressed
by cardiac tissue [45], excluding direct action of this class of drug on the heart. Therefore,
the molecular and pathophysiological mechanisms of action of SGLT-2i in HFrEF remain
inconclusive, although many intriguing hypotheses and mechanisms of action have been
proposed [46–49].

This review aims to summarize the current evidence from pre-clinical translational
studies, providing mechanistic experimental support for SGLT-2i action targeting the
normalization of sodium–water homeostasis and the attenuation or prevention of edema
signs and symptoms in HFrEF.

2. Contribution of Neurohumoral Activation, Cardiorenal Dysfunction and Cardiac
Remodeling to Edema in HFrEF

Regardless of the etiology causing ventricular dysfunction, the ensuing compensatory
mechanisms that occur in response to decreased cardiac output will be the same. Decreased
cardiac output leads to a reduction in the intra-arterial effective circulating volume [24].
Subsequent sympathetic nervous system activation leads to an increase in heart rate and
peripheral vasoconstriction. Concurrent RAAS activation and decreased renal perfusion
lead to a reduction in sodium and water excretion from the kidneys [26,50]. Increased
adrenergic tone and (Ang II)-induced vasoconstriction cause cardiac pressure overload.
Increased intra-cardiac filling pressure leads to a backup of fluid in the pulmonary vascula-
ture and the development of pulmonary congestion symptoms [9]. Increased water and
sodium retention leads to intravascular blood volume expansion as well as interstitial fluid
accumulation (extracellular water). Increased blood volume leads to increased central fill-
ing pressures and contributes to the development of peripheral congestion symptoms [9,24].
Edema directly increases pre-load as a feedback mechanism, contributing to left ventricular
wall stress, cardiac remodeling and overall further decline in cardiac function [17].

During the asymptomatic stage of ventricular dysfunction (at risk for HF or at pre-HF
stage [5]), the effects of elevated intra-cardiac filling pressures are mitigated by structural
ventricular remodeling and the compensatory interdependent activation of neurohumoral
systems. Thus, the early activation of the sympathetic nervous system and RAAS ini-
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tially may help to maintain cardiac output and systemic perfusion. This compensatory
response prevents the development of clinically evident signs or symptoms associated
with the dysregulation of sodium–water homeostasis. As systolic dysfunction progresses,
increased volume within the ventricles leads to an alteration in ventricular architecture,
including myocyte hypertrophy/dilation, myocyte apoptosis, myofibroblast proliferation,
and interstitial fibrosis [51]. Decreased forward flow as a result of decreased contractility
leads to pathological neurohumoral activation, and the increased production of pro-atrial
(ANP) and pro-B-type (BNP) natriuretic peptides by atria and ventricles as a compensatory
mechanism. However, as HFrEF progresses, the NP system becomes impaired [52–54]
and unbalanced persistent neurohumoral activation eventually becomes maladaptive and
contributes to extracellular fluid retention or edema via vascular exchange to the interstitial
space [26,41,50,55–57].

3. Evidence Supporting Edema Attenuation by SGLT-2i in Pre-Clinical HF Models

SGLT-2i inhibits renal sodium reabsorption and increases the urinary excretion of
sodium, which may attenuate symptomatic HFrEF by reducing pulmonary and systemic
edema and/or preventing edema formation [34]. Pre-clinical studies in animal models of
HFrEF have shown that, in addition to natriuretic and osmotic/diuretic effects, treatment
with SGLT-2i positively modulates edema-related plasma biomarkers and physiological
outcomes contributing to edema modulation. Thus, SGLT-2i improves cardiac output
and attenuates maladaptive cardiac remodeling, chronic inflammation, oxidative stress,
and endothelial dysfunction (ED) by restoring the activity of nitric oxide (NO) within the
vascular endothelium. The ability of SGLT-2i to attenuate inflammation and ED strongly
suggests that SGLT-2i may help prevent fluid leakage from the vascular compartment to the
interstitial space and prevent edema development. Despite the fact that the direct action of
SGLT-2i on cardiac tissue is unlikely since SGLT-2 protein is not expressed in the heart, the
combined impact of anti-inflammatory, anti-oxidative stress, and anti-ED effects of SGLT-2i
may improve ventricular and global cardiac output, reduce fibrosis, suppress edema, and
overall, attenuate HF progression.

3.1. Impact of SGLT-2i on Neurohumoral Activation toward Edema Restraining in HFrEF

SGLT-2i might retard HF-associated chronic activation of the sympathetic nervous
system and RAAS, which stimulates salt and water retention by the kidneys and crucially
contributes to pulmonary and systemic edema formation [26,58,59].

Experimental data related to the association between SGLT-2i treatment and RAAS
modulation are limited to translational models of type 2 diabetes mellitus [60]. Overstimu-
lation of the sympathetic nervous system in HFrEF is associated with elevated levels of
norepinephrine in circulation [59]. Neurohormonal activation was attenuated in a group
of non-diabetic pigs with post-MI HFrEF treated with empagliflozin, as demonstrated
by reduced plasma levels of norepinephrine catabolites in comparison with the control
experimental group [61]. Persistent sympathetic activation causes tachycardia [62]. In
contrast to diuretics that elevate resting heart rate, SGLT-2i treatment is not associated with
heart rate elevation [49] and may even reduce it [63], therefore suppressing pathologically
elevated sympathetic activity. A trial in patients with HFrEF is warranted to align this
mechanism with SGLT-2i outcomes in the clinic.

3.2. SGLT-2i Positively Affect Natriuretic Peptide System, Diuresis/Natriuresis, HF Signs, and
Edema-Associated HF Plasma Biomarkers

The natriuretic peptide system plays a central role in natriuresis, diuresis, and va-
sodilatation, and balances the outcomes of the sympathetic nervous system and RAAS;
however, in symptomatic HFrEF, its physiologic activity is impaired [52,54,64,65]. The as-
sociations between plasma BNP/NT-pro-BNP levels and edema were incorporated into the
Universal Definition of Heart Failure [5]. In pre-clinical models of HFrEF, elevated plasma
and cardiac pro-BNP/BNP (and pro-ANP/NT-pro-ANP) levels were strongly associated

143



Biomedicines 2022, 10, 2016

with extracellular fluid accumulation and clinically relevant edema manifestation as pleural
effusion and pulmonary edema [53,56,66–69].

In a spontaneous hypertensive rat (SHR) HF model, treatment with empagliflozin
reduced expression levels of ANP/BNP and tumor necrosis factor alpha (TNFα) in the
ventricular tissue that were upregulated by HF [70]. In a zebrafish model of HF (induced
by aristolochic acid), treatment with empagliflozin (0.1%, 10 μg) dampened the expression
of ANP/BNP and downregulated related signaling pathways [66]. In an obese rat model
of spontaneous hypertensive HF, empagliflozin treatment (925 mg/kg body weight by oral
gavage for 6 months) decreased hepatic congestion [71]. In a post-myocardial infarction
(MI) rat model of HFrEF, empagliflozin treatment increased urinary sodium excretion
associated with a substantial reduction in body weight [72]. Utilizing a TAC-induced mouse
HFrEF model, the beneficial effects of empagliflozin treatment on cardiac function were
not dependent on natriuresis since the diuretic effect of SGLT-2i was not associated with
any significant changes in electrolyte balance (blood or urine Na+ and K+ concentrations).
ANP/BNP levels were not provided in this study [73].

3.3. SGLT-2i May Depress Edema by Improving Cardiac Function

Left ventricular function is an important indicator of HFrEF progression [1]. Reduced
cardiac output stimulates chronic activation of the sympathetic nervous system and RAAS
and promotes edema. The impact of SGLT-2i on systolic and diastolic function has been
evaluated in rat, mouse and pig translational models of HFrEF. Several studies have inves-
tigated cardiac function outcomes in post-MI HFrEF models of left anterior descending
(LAD) coronary artery ligation. In an ischemic reperfusion (IR) model of pre-diabetic obese
insulin-resistant Wistar rats on a high-fat diet, dapagliflozin improved LVEF [74]. In a post-
MI HFrEF model: (1) empagliflozin treatment increased LVEF [72], improved contractility,
stroke volume, and end-systolic blood pressure despite diuresis, and improved diastolic
function (reduction in LV end-diastolic pressure) [75]; canagliflozin IR model treatment
alleviated left ventricular (LV) systolic and diastolic dysfunction, which may be explained
by the increased phosphorylation of adenosine monophosphate-activated protein kinase,
eNOS, and subsequent vasodilation [76]; (2) in non-diabetic mice, dapagliflozin treatment
improved LV systolic function and LV mass [77]. In an MI porcine model, empagliflozin
treatment improved LV systolic function [61] and ameliorated diastolic dysfunction [78].
In a model of cardiomyopathy induced by Ang II infusion in diabetic mice, dapagliflozin
treatment increased LV fractional shortening [79]. In a genetic rat model of HFrEF (in-
ducible diabetes and hypertensive HF), treatment with empagliflozin increased EF [80].
In a mouse model of doxorubicin (DOX)-induced cardiomyopathy, treatment with em-
pagliflozin ameliorated LV dysfunction [81]. In a mouse model of cardiac pressure overload
(by transverse aortic constriction (TAC)), the treatment of empagliflozin attenuated LV sys-
tolic and diastolic dysfunction, perhaps by increasing glucose and fatty acid oxidation [82].
Treatment with empagliflozin blunted the decline in cardiac function in a mouse model of
TAC-induced HFrEF [73]. In a hypertensive HF model (spontaneous hypertensive rats fed
a high fat diet for 32 weeks), treatment with empagliflozin normalized end-systolic and
end-diastolic volume, but LV ejection fraction was not significantly improved [70]. Through
the various species and models presented, SGLT-2i—at a minimum—maintains, but in
most cases shows an overwhelming objective improvement in, cardiac function. Overall
outcomes of SGLT-2i in translational models of HFrEF are summarized in Table 1.
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Table 1. Cardiac outcomes of treatments with SGLT-2i in pre-clinical models of HFrEF.

Preclinical
Models

(species)

Drug
Dosage

Duration
Cardiac Function

Cardiac
Remodeling

Inflammation, ROS, ED

Hypertensive HF
model
(rat)

Empagliflozin
20 mg/kg/day

12 weeks
[70]

• Normalized end
diastolic, end systolic
volume.

• LVEF not significantly
improved [70]

• Reduced cardiac
fibrosis [70]

Genetic HFrEF model
(rat)

Empagliflozin
10 mg/kg/day

4 weeks

• Increased cardiac
function and LVEF [80]

• Decreased infiltration
by macrophages [80]

Post-MI
HFrEF model

(rat; mouse, pig)

Empagliflozin
10mg orally

2 months [61]

• Increased LV systolic
volume [61]

• Attenuated
remodeling post-MI
(lower LV, dilation,
sphericity) [61]

20 mg/kg/day
6 weeks [75]

• Improved contractility,
stroke work,
end-systolic blood
pressure diastolic
function [75]

• No improvement in
interstitial fibrosis or
cardiomyocyte
hypertrophy [75]

30 mg/kg/day
2 weeks [72]

• Improved LVEF [72]
• Attenuated

cardiomyocyte
hypertrophy, fibrosis
[72]

• Decreased
inflammation
alleviated oxidative
stress [72,83–85];

10 mg/day
2 months [78]

• Improved diastolic
function [78]

• Ameliorated diastolic
dysfunction [78]

• Reduced extracellular
volume [78]

• Increased eNOS
activity and NO
production and
bioavailability
associated with
cGMP-PKG axis [78]

10 mg/kg/day
2 weeks [81]

• Improved cardiac
remodeling [81]

Dapagliflozin
1 mg/kg/day
28 days [72,74]

• Improved LVEF [72,74]

1.5 mg/kg/day
4 weeks [77] • Systolic function [77]

• Inhibited cardiac
apoptosis and reduced
LV mass, cardiac
collagen 1/3,
ANP/BNP, TGF-β1
transcripts, cardiac
fibrosis [77]

• Lowered levels of
inflammatory
cytokines [77]

Canagliflozin
3 μg/kg

5 mins [76,82]

• Alleviated LV systolic
and diastolic
dysfunction [76,82]

Ang II-induced
cardiomyopathy

(mouse)

Dapagliflozin
1.5 mg/kg/day

30 days [79]

• Increased LV fractional
shortening [79]

• Decreased
inflammation and ROS
production [79]

DOX-induced
cardiomyopathy

(mouse)

Empagliflozin
(not provided) [81]

• Ameliorated LV
function [81]

• Lowered myocardial
fibrosis [81]

LPS-induced
cardiomyopathy

(mouse)

Empagliflozin
5 mg/kg [86]

• Preserved cardiac
function [86]

• Reduced cardiac iNOS,
plasma TNFα and
creatine kinase
MB [86]
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Table 1. Cont.

Preclinical
Models

(species)

Drug
Dosage

Duration
Cardiac Function

Cardiac
Remodeling

Inflammation, ROS, ED

TAC-induced HFrEF
(mouse)

Empagliflozin
10 mg/kg/day

2 weeks
post-surgery

[73,82]

• Attenuated the decline
in cardiac function
[73,82]

• Attenuated LV
remodeling [82]

• Decreased expression
of markers of cardiac
inflammation [73]

Heart failure (HF); Left ventricular ejection fraction (LVEF); Heart failure with reduced ejection fraction (HFrEF);
Left ventricular (LV); Angiotensin II (Ang II); Reactive oxygen species (ROS); Endothelial dysfunction (ED);
Doxorubicin (DOX); lipopolysaccharides (LPS); Inducible nitric oxide synthase (iNOS); Tumor necrosis factor
alpha (TNFα); Transverse aortic constriction (TAC).

3.4. SGLT-2i May Block Edema by Reducing Cardiac Remodeling

Pathological cardiac remodeling contributes to the development of edema and the
progression of HF [5,51]. Beneficial effects of SGLT-2i treatment were demonstrated on
inducible rat and mouse models of HFrEF (Table 1). In a hypertensive HF model (sponta-
neous hypertensive rats on a high-fat diet for 32 weeks), the treatment of empagliflozin
significantly attenuated cardiac fibrosis in atrial and ventricular tissues [70]. Empagliflozin
treatment attenuated adverse LV remodeling in post-MI HFrEF in pigs [61] and reduced
interstitial cardiac fibrosis in pigs HFrEF induced by 2 h balloon occlusion of the proxi-
mal left anterior descending artery [78], which was associated with reduced extracellular
volume [78]. In a rat post-MI model of HFrEF, empagliflozin treatment attenuated car-
diomyocyte hypertrophy and fibrosis [72], but did not show any improvement in interstitial
fibrosis or cardiomyocyte hypertrophy in another study [75]. In a mouse post-MI HFrEF
model: empagliflozin treatment improved cardiac remodeling by the inhibition of apopto-
sis, alleviated oxidative stress, restored mitochondrial membrane potential, and activated
AMPK signaling [83]; dapagliflozin treatment inhibited cardiac apoptosis and reduced
LV mass, the expression of cardiac collagen 1/3, atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP), and transforming growth factor-β1 (TGF-β1) transcripts of
cardiac fibrosis histological staining [77]. Treatment with empagliflozin (10 mg/kg/day)
administered 3 weeks before MI improved cardiac remodeling and ameliorated fibrosis
and hypertrophy post-MI in both diabetic and non-diabetic rats. This is possibly due to the
increase in the myocardial expression of cardiac guanosine-5′-triphosphate enzyme cyclo-
hydrase 1 (cGCH1), which activates neuronal nitric oxide synthase (nNOS) and endothelial
nitric oxide synthase (eNOS) and inhibits inducible nitric oxide synthase (iNOS) [84]. In a
mouse model of DOX-induced cardiomyopathy, treatment with empagliflozin (dosage not
provided) lowered myocardial fibrosis [81]. In a rat model of cardiomyopathy (salt-sensitive
hypertensive rats fed a high-salt/high-fat diet) treatment with tofogliflozin (0.005% for
9 weeks) reduced cardiomyocyte hypertrophy, perivascular fibrosis and associated fibrosis
genes (ANP, BNP and interleukin 6) [87]. In an Ang II-induced model of cardiomyopathy
in diabetic mice, dapagliflozin treatment attenuated fibrosis [70]. Overall, SGLT-2i reduce
cardiac remodeling pathology, help to maintain a healthy cardiac tissue architecture, and
prevent diastolic dysfunction, thus preventing HF progression and edema development.

3.5. Impact of SGLT-2i on Cardiorenal Function Leading to Edema Suppression

Cardiac and renal function are highly interdependent and modulate sodium and
water retention. Increased sodium retention by the kidneys leads to intravascular blood
volume expansion, as well as interstitial fluid accumulation (extracellular water). SGLT-2i
may restrict excessive sodium and water retention in the interstitial space of the kidney
parenchyma and reduce edema formation in HFrEF [88]. In a rat chronic kidney disease
model caused by 5/6 subtotal nephrectomy and DOX-induced dilated cardiomyopathy,
empagliflozin treatment (20 mg/kg/day for 60 days) was associated with a lower kidney
injury score, decreased myocardial fibrosis, inhibited LV remodeling, and decreased BNP
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protein level in LV (an indicator of HF/pressure overload). This may be explained by
empagliflozin treatment causing downregulated autophagy, apoptosis, reduced markers
of oxidative stress (NADPH oxidase, NOX-1, NOX-2) in renal tubular cells, decreased
markers of DNA damage (phosphorylated histone H2AX) and mitochondrial damage (cy-
tosolic cytochrome C), and increasing indicators of mitochondrial integrity (mitochondrial
cytochrome C) [89].

3.6. SGLT-2i Block Activation of Sodium–Hydrogen Exchangers in the Heart and Kidneys That
Contribute to the Clinical Progression of HFrEF Associated with Edema

SGLT-2i may slow edema development and HF progression by blocking the activity of
sodium–hydrogen exchangers (NHE) expressed in the myocardium (NHE-1 isoform) and
in the proximal convoluted tubule of kidneys (NHE-3 isoform) [90], as well as the activity
of the late component of the cardiac sodium channel current in cardiomyocytes [91]. NHE-1
regulates cardiomyocyte pH and volume. NHE-3 is responsible for the reabsorption of
approximately 70% of filtered sodium [90]. In HFrEF, chronic neurohumoral activation
stimulates the activation of cardiac NHE-1 and renal NHE-3, leading to enhanced sodium
retention that contributes to the physiological and clinical progression of HFrEF associated
with fluid retention (edema) and increased sodium influx and intracellular calcium linked
to cardiac hypertrophy, cell injury and fibrosis [90,92,93].

Excess intracellular calcium within cardiac myocytes also increases arrhythmogenicity
due to increased cytosolic calcium during the relaxation phase of the cardiac cycle. The
inhibition of NHE-1 activity with cariporide in animal models of HF adequately restored
sodium and calcium handling, caused the regression of ventricular hypertrophy, and
improved several markers of electrophysiological remodeling such as reduced QT and
QRS intervals [94]. SGLT-2i antagonizes the effects of NHE in the heart and kidneys. An
in silico analysis of the mechanism of action of empagliflozin showed that it binds to and
inhibits the downstream signaling effects of NHE activation. The NHE blockade prevents
cardiomyocyte death by increasing the expression of apoptotic inhibitors in cardiomyocytes.
These findings were validated by an in vivo HF rat model, which showed that treatment
with empagliflozin led to an increased expression of anti-apoptotic proteins and slowed
HF progression [95]. However, several studies do not support empagliflozin as a potent
inhibitor of NHE-1 in the healthy heart [96,97].

3.7. SGLT-2i May Restrain Edema by Suppressing Chronic Inflammation and ROS

Chronic inflammation and oxidative stress promote maladaptive systolic dysfunction,
cardiac remodeling, and pulmonary/systemic edema, and therefore are hallmarks of HFrEF
pathophysiology [36,98–100]. Treatment with SGLT-2i decreased inflammation and/or the
production of reactive oxygen species (ROS) in inducible and genetic rat/mouse mod-
els of HFrEF. Empagliflozin treatment attenuated oxidative stress [72], and dapagliflozin
treatment lowered cardiac transcripts of inflammatory cytokines (TNFα, TGF-β1, Vcam-1,
MCP-1, Icam-1, IL-6) [77] in mouse/rat MI models. Incardiac dysfunction mouse mod-
els induced by administering lipopolysaccharide (LPS, 5 mg/kg) co-administration of
empagliflozin preserved cardiac function possibly by improved AMPK phosphorylation
and ATP/ADP, as well as reduced cardiac iNOS, plasma TNFα, and creatine kinase MB
(isoenzyme, found mostly in cardiac and some skeletal muscles) levels [86]. In a model of
cardiomyopathy by Ang II infusion in diabetic mice, dapagliflozin decreased inflammation
and ROS production [70]. In a genetic rat model of HFrEF (inducible diabetes and hyperten-
sive HF), treatment with empagliflozin decreased the infiltration of macrophages [80]. In a
mouse TAC-induced model of HFrEF, empagliflozin decreased the expression of markers
of sterile cardiac inflammation, possibly by attenuating the activity of the neutrophil-to-
lymphocyte ratio (NLR) family pyrin domain containing 3 (NLRP3) inflammasome; this
occurred in the absence of changes to ketone bodies or cardiac ATP use [73]. SGLT-2i
therapy clearly attenuates cardiac inflammation and ROS associated with HFrEF.
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3.8. SGLT-2i May Prevent Vascular Leakage and Edema by Improvement of
Endothelial Dysfunction

The endothelium is a semi-permeable barrier that plays a crucial role in tissue fluid
hemostasis by the tight control of fluid exchange from the vascular compartment to the
interstitial space [101]. The proper function of the vascular endothelium is vital for prevent-
ing the inadvertent extravasation of fluid into surrounding tissues or edema. Clinical and
translational HF is associated with a significant impairment of endothelium-dependent
vasodilation (endothelial dysfunction (ED)), which is mediated almost entirely by the
excess formation of superoxide radicals and other oxidant species that interfere with the
activation of nitric oxide (NO) and the bioavailability of cyclic guanosine monophosphate
(cGMP) [35,69,102]. Thus, in chronic HF, increased oxidative stress and the dysregulation
of NO pathways lead to coronary/peripheral arteries and/or lung ED, which contribute to
HF decompensation (NYHA class IV, pulmonary edema) and are associated with hospital-
ization and heart transplantation [103–105].

In HFrEF, treatment with SGLT-2i may prevent vascular leakage leading to edema
by the prevention or improvement of ED. The impact of SGLT-2i on attenuating ED by
restoring the activity of NO within the vascular endothelium in pre-clinical and clinical
studies has been comprehensively overviewed [106–109]. Several pre-clinical studies
have demonstrated that one of the off-target effects of SGLT-2i may involve a reduction
in ED [106,107]. These pre-clinical studies were predominantly conducted on models
of diabetes, since ED is known to be a major mediator of diabetic vascular disease. In
a porcine model of HFrEF induced by 2 h balloon occlusion of proximal LAD artery,
treatment with empagliflozin increased the activity of eNOS and NO production and the
bioavailability associated with the activation of the cGMP–PKG axis [78]. Ex vivo studies
have demonstrated that SGTL-2i may directly induce vasodilation by several mechanisms,
including the modulation of cell adhesion molecules, the attenuation of inflammation,
and reduced oxidative stress [106]. Treatment with empagliflozin was associated with a
significant improvement in endothelial-dependent vasodilation in streptozotocin (STZ)-
induced type 1 diabetes mellitus (T1DM) rat models [107]. Empagliflozin has been found to
improve the enzymatic activity of eNOS, a key enzyme in the production of the one of the
most important mediators of vasodilation, NO, in STZ-induced diabetic rats [107]. Thus,
SGLT-2i may exert its vasodilatory effects by restoring the activity of NO within the vascular
endothelium. Another possible mechanism by which SGLT-2i carriy out their vasorelaxant
effect is by inhibiting glucose-mediated membrane depolarization [110]. One study found
that canagliflozin and phlorizin induced membrane hyperpolarization in pulmonary artery
smooth muscle cells. This finding was attributed to the activation of potassium channels in
the plasma membrane of these cells by NO [110]. Empagliflozin restored the beneficial effect
of cardiac microvascular endothelial cells on cardiomyocyte function in a co-culture system
of human cardiac microvascular endothelial cells with adult rat ventricular cardiomyocytes
by reducing mitochondrial oxidative damage and, ROS accumulation, and increasing
the bioavailability of endothelial NO [109]. Still, an investigation of SGLT-2i treatment
outcomes on pre-clinical model(s) of DCM-HFrEF characterized by impaired NO-cGMP
bioavailability and cardiac eNOS production [69] is warranted.

3.9. Alteration of Cardiac Metabolism and Energy Utilization by SGLT-2i Improves Cardiac
Structure and Function, Which May Contribute to Edema Reduction

As noted in earlier sections, the effects of SGLT-2i on cardiac tissue are largely indirect.
However, cardiac metabolism is directly altered with the inclusion of SGTL-2i therapy.
The failing heart is characterized by altered cardiac muscle contraction, increased oxygen
demand, and high cellular turnover, resulting in an increased metabolic demand to sup-
port the pathologic condition which can manifest symptomatically as cardiac cachexia
and sarcopenia [56,111]. By lowering circulating glucose levels, SGLT-2i shifts the cardiac
metabolism to function under a fasting-like state (catabolic), with energy provided by
gluconeogenesis and ketogenesis [112]. The energy-deficient state increases cardiac au-
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tophagy (cellular cleanup) by activating the SIRT1/PGC-1α/FGF21 pathway, thus reducing
local inflammation, lowering oxidative stress, and removing dysfunctional cells that may
otherwise contribute to myocardial remodeling as a consequence of cellular necrosis [112].
Ketone utilization produces more ATP than glucose or other metabolites [113], thus im-
proving the energy supply for HFrEF. The increased availability of cardiac energetics with
SGLT-2i therapy has been shown to improve cardiac structure and function in mice with
and without T2DM [114,115]. These improvements should reduce cardiogenic-associated
edema in HFrEF models treated with SGLT-2i therapy, though additional studies are needed
to specifically investigate this correlation.

4. Limitations

Pathological RAAS overactivation and the impairment of the NP system significantly
contributes to sodium retention and fluid accumulation in the interstitial space leading to
edema. However, pre-clinical studies targeting the impact of SGLT-2i on these systems and
overall neurohumoral activation are currently lacking. In HFrEF clinical and pre-clinical
studies, treatment with SGLT-2i leads to an overall improvement of left ventricular function
and the attenuation of cardiac remodeling, which are essential promoters and indicators
of edema development and HF progression. Still, the direct mechanisms responsible for
such beneficial action of SGLT-2i remain unclear, since cardiac tissue lacks the SGLT-2i
receptor SGLT-2.

One major issue surrounding clinical and pre-clinical cardiogenic edema is the ability
to detect early changes in excess fluid during the transition from the pre-symptomatic to
the symptomatic phase of HF. Current diagnostic imaging modalities include echocardiog-
raphy, MRI, CT, and thoracic radiography, though they often require specialized training
for image collection and analysis. Quantitative magnetic resonance (QMR) has been intro-
duced as an objective and longitudinal method for diagnosing and monitoring systemic
cardiogenic edema in animal models [56,67,69,116,117], which may offer a refined method
for monitoring edema therapeutic response throughout all phases of HF.

The locomotive and anatomical differences between human and animal models
(mice, rats, pigs) used should also be considered. Upright (bipedal) versus horizontal
(quadrupedal) orientation may have translational differences for the effects of edema devel-
opment, manifestation, and clearance. Known differences include: pedal edema (humans),
which is less commonly observed in the forelimbs of animals exhibiting HF due to changes
in subcutaneous space [118]; the alteration of fluid lines and pulmonary patterns in thorax
imaging due to gravity-dependence [119]; and evolutionary changes in baroreceptor sites
and function throughout mammalian species [120]. Additional considerations for manag-
ing hospitalized HF patient positioning (horizontal recumbent, supine) when undergoing
treatment and care for cardiogenic edema should be examined, as unanesthetized HF ani-
mal models rarely adopt this orientation. Newer studies suggest proning edema patients,
and thus placing them in a more animal-like posture [119,121] to improve outcomes.

SGLT-2i is recommended in the outpatient setting for all patients with stable HFrEF
conditions [122]. As with most pharmacological treatments, side effects and limitations for
use have been reported from clinical trials and medical practice with SGLT-2i [123–125].
The most common clinical side effects might include fatigue, nausea, increased drinking,
sudden urge to urinate, dry mouth, female urinary tract infections, hypotension, changes
in blood pH, and, more rarely, acute renal pathology, bone fractures, and lower limb
amputations. As a result of study design and inability to communicate directly with the
patient, unfortunately, most pre-clinical studies are not able to account for all potential side
effects prior to advancing to human administration.

5. Conclusions

Effective edema prevention and treatment are the primary goals of HF management
and an unmet need to improve quality of life, reduce HF-related hospitalization rate, and
prolong life. HFrEF pre-clinical studies have demonstrated that SGLT-2i treatment may
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attenuate edema formation through the stimulation of natriuretic and osmotic/diuretic
effects, improvement in overall cardiac function, and the suppression of maladaptive
cardiac remodeling, chronic inflammation, oxidative stress, and endothelial dysfunction
(Figure 1). By repressing inflammation and endothelial dysfunction, SGLT-2i may prevent
vascular leakage and edema development associated with extensive fluid accumulation
in the interstitial space. In addition to its anti-inflammatory, anti-oxidative stress, and
anti-fibrotic effects, SGLT-2i improves ventricular and global cardiac output, suppresses
edema, and slows the rate of HF progression, locally in terms of cardiac function, and
systemically at the kidneys, which appear to be the primary site of action.

 
Figure 1. Mechanism by which sodium–glucose cotransporter 2 inhibitors (SGLT-2i) reduce pul-
monary and systemic edema in HFrEF. Ejection fraction (EF); cardiac output (CO); reactive oxygen
species (ROS). Created with BioRender.com on 18 July 2022.
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Abstract: Background: Preclinical studies suggest that methylglyoxal (MG) increases within the
myocardium upon acute myocardial infarction (AMI) and thereafter contributes to adverse postinfarct
remodeling. The aims of this study were to test whether MG increases in plasma of humans after
AMI and whether this increase is related to the left ventricular ejection fraction (LVEF). Methods: The
plasma samples of 37 patients with ST elevation AMI undergoing primary percutaneous coronary
intervention (pPCI) acquired in a previously conducted randomized controlled trial testing remote
ischemic conditioning (RIC) were analyzed by means of high-performance liquid chromatography.
Time courses of the variables were analyzed by means of mixed linear models. Multiple regression
analyses served to explore the relationship between MG levels and the LVEF. Results: Compared to
the MG levels upon admission due to AMI, the levels were increased 2.4-fold (95% CI, 1.6–3.6) 0.5 h
after reperfusion facilitated by pPCI, 2.6-fold (1.7–4.0) after 24 h and largely returned to the baseline
after 30 d (1.1-fold, 0.8–1.5). The magnitude of the MG increase was largely independent of that of
cardiac necrosis markers. Overall, the highest MG values within 24 h after AMI were associated with
the lowest LVEF after 4 d. While markers of myocardial necrosis and stretch quantified within the
first 24 h explained 52% of the variance of the LVEF, MG explained additional 23% of the variance
(p < 0.001). Conclusions: Considering these observational data, it is plausible that the preclinical
finding of MG generation after AMI negatively affecting the LVEF also applies to humans. Inhibition
of MG generation or MG scavenging might provide a novel therapeutic strategy to target post-AMI
myocardial remodeling and dysfunction.

Keywords: acute myocardial infarction; methylglyoxal; cardiac function; remodeling

1. Introduction

1.1. Background

Despite significant improvements in the care of patients with acute myocardial in-
farction (AMI) in the recent decades, AMI remains associated with high morbidity and
mortality [1]. Rapid restoration of blood flow has been proven beneficial; however, the
resulting reperfusion of the ischemic myocardium acutely exacerbates tissue damage, a
phenomenon known as ischemia-reperfusion injury [2,3]. Different interventions target-
ing ischemia-reperfusion injury have been tested in preclinical and clinical studies so far,
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although no intervention has yielded a convincing effect that would result in its imple-
mentation in the clinical routine, as reviewed previously [2]. One of these interventions is
remote ischemic conditioning (RIC), whereby brief and repetitive ischemia and reperfusion
cycles in a remote tissue or organ lead to tissue protection. In this regard, one can differ-
entiate between pre-, per- and postconditioning, i.e., conditioning that takes place before,
during or after the ischemia causing infarction [4]. Preclinical results have been promis-
ing [5,6], and preconditioning is impossible for the treatment of AMI in humans, but large
clinical trials applying per- or postconditioning strategies have ultimately failed to show
the cardioprotective effect of RIC in patients with ST elevation myocardial infarction [7,8].

After myocardial infarction, the main driver of morbidity and mortality is the resulting
myocardial dysfunction, ultimately resulting in subsequent heart failure. An important de-
terminant of the latter is the final infarct size [9]. However, myocardial dysfunction remains
only partly explained by the loss of cardiomyocytes. As such, the concept of myocardial
dysfunction following AMI involves several other processes. These include inflammatory
ones that can be detected in the border zone of the infarcted myocardium, which largely
contribute to adverse left ventricular remodeling resulting in cardiac dysfunction [10,11].

In this regard, advanced glycation end-products (AGEs) have been linked to worse
outcomes after AMI. Specifically, an important AGE precursor methylglyoxal (MG) was
shown in a preclinical study to causally affect myocardial dysfunction. Blackburn et al. [12]
demonstrated that myocardial ischemia stimulates the production of MG within the my-
ocardium. Overexpression of glyoxalase-1 (GLO1)—which constitutes the rate-limiting
step in the detoxification of MG [13]—not only reduced the intramyocardial methylglyoxal
levels, but also partially reversed the damage inflicted by infarction as measured with the
left ventricular ejection fraction (LVEF). Notably, this functional difference occurred despite
similar infarct sizes in both groups. Additionally, MG was shown as an independent
predictor of the prognosis of patients with congestive heart failure [13]. This motivated us
to investigate whether a negative association of MG levels after AMI and the subsequent
LVEF exists in humans. In this case, translatability of the findings of Blackburn et al. [12]
would seem plausible.

1.2. Objectives

Currently, it is unclear whether AMI in humans also leads to increased MG levels.
Therefore, the primary objective of this study was to test whether MG levels increase over
time in patients admitted to hospital due to AMI with ST elevation undergoing primary
percutaneous coronary intervention (pPCI). To this end, the plasma samples previously
acquired in the course of a randomized controlled trial investigating the effects of RIC on
myocardial damage in patients with acute ST elevation AMI were analyzed. Thus, another
exploratory objective was to test whether RIC affects MG levels, markers of myocardial
damage and the myocardial function. The third objective was to investigate whether the
negative impact of MG levels on the LVEF observed in mice [12] translated to a negative
correlation of MG and the LVEF in patients.

2. Materials and Methods

2.1. Trial Design

The original study was a single-center, open-label, parallel-group randomized con-
trolled trial. Patients with ST elevation AMI were randomized to RIC or sham in a 1:1 ratio.
The associative research question addressed in the present report refers to observations
of patients participating in the abovementioned trial. In this regard, the present analysis
corresponds to an observational cohort study.

2.2. Participants, Setting and Recruitment

All the patients who presented with ST elevation AMI to the Third Medical Department
(Cardiology) at Klinik Ottakring, Vienna, Austria, with intended interventional treatment
by pPCI that gave written informed consent were included. We excluded patients if the
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symptom onset exceeded 8 h at the time of presentation to the emergency department,
those with a regular intake of drugs affecting the KATP channel, patients with neurological
disorders (i.e., diabetic neuropathy) and those in cardiogenic shock or other circumstances
making informed consent impossible. In addition, four apparently healthy control subjects
were included for assay development.

2.3. Interventions

The intervention was “remote ischemic conditioning” (RIC). It was carried out as
previously described [14] using a blood pressure cuff applied to the left arm filled with a
pressure of 200 mm Hg over 5 min. In case the patient’s systolic blood pressure exceeded
200 mm Hg, the cuff was inflated to exceed that pressure by 15 mm Hg. The RIC protocol
consisted of four cycles of 5 min inflation each. In between, the pressure was released for
5 min to allow reperfusion. RIC was performed as soon as possible after admission and
following informed consent but prior to and without delaying reperfusion of the culprit
lesion. The patients in the sham control group were fitted with a blood pressure cuff for
40 min without inflating it.

2.4. Outcomes

The primary outcomes for the present analysis are the levels of MG in plasma, their
association with the measured myocardial necrosis markers, RIC and the LVEF. Details can
be found in the Appendix B.5.

2.5. Safety Considerations

A major concern could be that RIC delays the start of myocardial reperfusion. There-
fore, RIC was started as soon as possible after the arrival of each patient to the hospital.
In all those cases where the RIC protocol could not be fully performed before the start of
reperfusion, the missing cycles were continued throughout the routine procedures and in
case of very early reperfusion in the sense of “remote ischemic postconditioning”.

2.6. Sample Size

The present analysis includes all consecutive patients included from April 2016 to
March 2018. No power calculation for the final sample considering the presented analyses
was performed as this analysis is of exploratory character. The primary aim of the original
randomized controlled trial was to confirm the previously reported benefit of RIC with
respect to infarct size. White et al. [15] reported a reduction of infarct size from 24.5% in the
control subjects to 18% in the RIC-treated ones. Based on their reported group difference
and an assumed common standard deviation of 12%, it was calculated that 54 patients per
group would be necessary to detect the relevant difference with a power of 80% accepting
a type I error rate of 5%. As a dropout rate of 10% was expected, it was aimed for a total of
120 patients. The study was terminated after 37 of the intended 120 patients for the reasons
provided below.

2.7. Randomization and Blinding

The allocation sequence was generated using a computer-based randomization tool
generating 1:1 randomization in blocks of 8. The allocation sequence was available using
serially numbered envelopes. The patients were informed that an additional intervention
was offered as part of a clinical trial with a 50% chance of receiving this intervention, which
might reduce damage to the heart. Due to the nature of the intervention, the patients and
the physicians were not blinded regarding the group allocation. All the persons performing
laboratory assessments were blinded to group allocation.

2.8. Methylglyoxal Measurements

Details on the methods, including Figures A1–A3, can be found in Appendix A.
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2.9. Statistical Methods

Mixed linear models, partial correlation coefficients and multiple linear regression
analyses are described in detail in Appendix B. The analyses were performed with IBM
SPSS Statistics 27. They were not predefined in the study protocol, and no adjustment for
multiplicity was performed; therefore, the results need to be interpreted accordingly. Only
two-sided p-values are reported; p-values ≤ 0.05 were considered statistically significant.

3. Results

3.1. Participants

Between April 2016 and March 2018, 37 patients were randomized. In this period,
several studies were published, which provide evidence that the beneficial effect of RIC
is, at best, minimal [8]. Additionally, the recruitment of patients was far slower than ex-
pected, wherefore a decision was made to stop the study prematurely. The baseline patient
characteristics were already published previously [14]. Plasma samples of 33 patients were
available for MG measurements; the data of these patients are presented in this paper
(Figure 1).

 

Figure 1. CONSORT flow diagram, analyzed parameters and sample size. The sample size given in
the lower right corners next to the check marks indicate the sample size of the respective parameter
at the timepoint. The number on the left of the slash represents the RIC patients, on the right—the
sham patients.

3.2. Myocardial Infarction Is Associated with a Transient Increase in Plasma Methylglyoxal Levels
Independent of RIC

Compared to the MG values at 0 h, the levels were increased 2.4-fold (95% CI, 1.6–3.6,
p < 0.001) after 0.5 h and 2.6-fold (1.7–4.0, p < 0.001) after 24 h. Thirty days after admission,
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MG levels did not significantly differ from the ones upon admission (1.1-fold, 0.8–1.5,
p = 0.42). There was no evidence of an effect of RIC (interaction time * group p = 0.15, mixed
linear model with time as a discrete variable, Figure 2A).

 

Figure 2. Time course of plasma MG levels after hospital admission due to myocardial infarction.
(A) Individual time courses of plasma MG levels of the RIC and sham patients after presentation in
the context of the plasma MG levels of four healthy control subjects as reference. Remote ischemic
conditioning (RIC, red) or sham intervention (blue) were performed between 0 and 0.5 h. Logarithmic
axis scaling allows visual discrimination between individual datapoints. (B) Estimated geometric
mean time courses of methylglyoxal within the period until 24 h after admission. Error bands are 95%
confidence intervals. (C) Estimated fold difference of MG levels between the RIC patients (red) and
the sham patients (blue). Abbreviations: MG—methylglyoxal, RIC—remote ischemic conditioning,
PR—presentation.

Exploration of the data using a mixed linear model with time as a continuous variable
showed that they could be well-described by means of a cubic function (linear, quadratic
and cubic terms p < 0.001 each, interactions with group p > 0.09 each), suggesting a RIC-
independent nonlinear time course (Figure 2B,C, predicted vs. observed, Appendix B
Figure A4A). The peaks of the estimated curves occur at 4 h and would correspond to a
6.7-fold (RIC: 6.1, sham: 7.2) increase compared to 0 h.

3.3. Release of Enzymes Indicative of Myocardial Damage or Dysfunction Is Not Reduced by RIC
after Myocardial Infarction

As markers of myocardial damage, CK-MB, total CK and TnI were repeatedly deter-
mined in plasma. To repeatedly assess myocardial dysfunction, NT-proBNP was quantified.
Taken together, the following analyses are hardly consistent with a beneficial effect of RIC
and rather point in the opposite direction, i.e., a detrimental effect.

CK-MB data (Figure 3A) were modelled using quartic polynomials (linear, quadratic,
cubic, quartic terms p < 0.001 each; further increasing the order of the polynomial did
not improve the fit; quintic term p = 0.067). Interactions of these terms with the fac-
tor group suggest different time courses for each group (Figure 3B, linear term * group
p = 0.002, quadratic term * group p = 0.004, cubic term * group p = 0.009, quartic term * group
p = 0.054). The estimated differences on a multiplicative scale (Figure 3C) suggest higher
CK-MB levels in the RIC group compared to the sham group, with the difference most
pronounced at around 2 h.

The time course of the total plasma CK levels were also well-described by a quartic
polynomial (linear, quadratic, cubic, quartic terms p < 0.001 each); however, there was no
evidence for group-specific parameters (all interaction terms p > 0.22, Figure 3D–F). Never-
theless, point estimates of the fold differences due to RIC are constantly well above one.

Concerning TnI levels (Figure 3G), the applied statistical model suggested a group-
specific time course (Figure 3H, linear, quadratic terms p < 0.001 each, cubic p = 0.007,
quartic p = 0.022, linear term * group p = 0.004, quadratic term * group p = 0.017, cubic term *
group p = 0.038, quartic term * group p = 0.34). Similar to CK-MB, the estimated differences
on a multiplicative scale (Figure 3I) show nearly threefold higher TnI levels compared to
the sham treatment at around 2 h. Notably, the uncertainty of this estimate, quantified
using the 95% confidence error band, needs to be considered. A sensitivity analysis showed
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no relevant impact on the estimates by the two highest outlying datapoints (Figure A5 in
Appendix B).

 

Figure 3. Biomarker levels in plasma after admission to the hospital due to myocardial infarction.
The left panels show the raw values, with red lines indicating RIC and blue lines indicating sham
control. The middle panels show the geometric means with 95% confidence bands estimated using
mixed linear models. The right panels show the estimated fold difference of the RIC group compared
to the control group with 95% confidence bands. Panels: (A–C) CK-MB, (D–F) CK, (G–I) TnI and
(J–L) NT-proBNP.

Regarding NT-proBNP, the polynomial model suggested a group-specific time course
as well (Figure 3J). In contrast to the abovementioned markers of myocardial damage, there
was no evidence that a higher-order polynomial would fit the data better than a linear fit
(linear and quadratic terms p = 0.005 and 0.24, Figure 3K). However, the slope of the lines
differed between the groups (linear term * group p = 0.016), resulting in approximately
1.5-fold NT-proBNP levels increase towards the end of the day after MCI (Figure 3L).
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3.4. Changes in MG Levels after AMI Are Only Weakly Dependent on Changes in CK, CK-MB,
TnI or NT-proBNP, but Might Be Affected by Diabetes

As one would expect for different indices of the same underlying cause, i.e., CK-MB
and TnI as markers of myocardial damage, they were strongly correlated within the patients
(Figure 4A, partial r = 0.86, p < 0.001). TnI and NT-proBNP showed weak correlations with
changes in methylglyoxal levels (NT-proBNP partial r = 0.22, p = 0.19, TnI partial r = 0.22,
p = 0.14, Figure 4B,C). Myocardial damage markers CK-MB and CK were only moderately
correlated with changes in methylglyoxal levels (CK-MB partial r = 0.41 p = 0.024, CK partial
r = 0.45, p < 0.001, Figure 4D,E). When entered into a single multiple regression model,
NT-proBNP, TnI, CK-MB and CK explained only 2.5% of the variance of methylglyoxal
(p = 0.8). This suggests that the extent of myocardial damage cannot be the main de-
terminant of the methylglyoxal level increase following AMI. As diabetes is associated
with increased methylglyoxal levels, we explored whether the presence of diabetes type
II might be an additional determinant. Although only two diabetic patients were among
the included ones, these two patients indeed had comparably high methylglyoxal lev-
els (Figure 4F), a difference that reached formal significance in the applied polynomial
mixed linear model (interactions linear term * group p = 0.008 and quadratic term * group
p = 0.008).

 

Figure 4. Correlations between myocardial damage and methylglyoxal. (A) Relationship between
changes in TnI levels and changes in CK-MB. Each line represents measurements taken at different
timepoints from a patient. Red indicates RIC, blue—sham. Correlation of changes can be appreciated
by approximately parallel lines. (B) Correlations between intraindividual changes in methylglyoxal
levels with changes in NT-proBNP, (C), TnI, (D) CK-MB and (E) CK. (F) Methylglyoxal levels of two
patients with diagnosed type 2 diabetes (dotted lines) in the context of respective levels of all the
nondiabetic patients.

3.5. Association of Methylglyoxal Levels within 24 h after AMI with the Myocardial Function after
4 Days

To assess the relationships between myocardial damage, methylglyoxal levels and
myocardial dysfunction, the area under the curve (AUC) of CK-MB, TnI, CK and NT-
proBNP was calculated for 24 h after admission for each patient. The AUC values of
CK-MB, TnI and CK were highly correlated with each other (Figure 5A, p < 0.001 each).
Higher levels of the latter two markers for myocardial damage were weakly associated
with higher NT-proBNP levels (Spearman ρ = 0.43, p = 0.01 and Spearman ρ = 0.41,
p = 0.02), whereas no relevant correlation between CK-MB and NT-pro-BNP was observed
(p = 0.16). Methylglyoxal showed no relevant association with any of the abovementioned
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variables. There were, however, moderate negative pairwise correlations between the LVEF
and each of the biomarkers CK-MB, TnI, CK and NT-proBNP (p < 0.007 each).

Figure 5. Methylglyoxal levels partially explain the myocardial function after myocardial infarction.
(A) Changes in the parameters except for the LVEF were assessed by their area under the curve within
the first 24 h. Heatmap of the Spearman correlation matrix including AUCs of enzymes in plasma
indicating myocardial damage, AUCs of NT-proBNP, AUCs of methylglyoxal and the left ventricular
ejection fraction. (B) LVEF values predicted without methylglyoxal. Entering each patient’s values
into the formula results in their predicted LVEF. The dotted line represents the perfect prediction.
(C) Plot analogous to B, with inclusion of MG as a linear and quadratic predictor. (D) Relationship
between AUC(MG) and the LVEF. The covariates other than MG were kept constant at their means.
The AUC(MG) values in the observed range were entered into Model 2.

Next, a multivariable regression analysis was carried out to investigate whether
methylglyoxal levels are associated with the LVEF independently of markers of myocardial
damage and NT-proBNP. First, a model was built that predicts the LVEF (Figure 5B, Model 1)
using CK, CK-MB, age, TnI and NT-proBNP. This model explained 52% of the variance
of the LVEF (p < 0.001). Next, MG was added as a linear and quadratic term, the latter of
which allows a nonlinear relationship between methylglyoxal and the LVEF. This Model 2
(Figure 5C) explained 23% more variance (R2 change p = 0.001) than Model 1, namely 75%.
This means that methylglyoxal levels within the 24 h after AMI contained information
regarding the LVEF measured approximately three days later in addition to the information
contained in NT-proBNP, CK, CK-MB, TnI and age. The relationship between methylglyoxal
and the LVEF was significantly curvilinear (logAUC(MG) linear and quadratic terms
p < 0.001 each, Figure 5D). By plotting the predicted LVEF values against the range of
observed AUC(MG) values, a curvilinear relationship can be appreciated, with the highest
MG levels associated with the lowest LVEF. Additionally, there was no evidence that RIC
affected the LVEF (Figure A6, Appendix B).
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3.6. Harms

No serious adverse events related to placing the blood pressure cuff (and inflation in
case of RIC) were observed. Overall, there was one death due severely impaired cardiac
function following ST-elevation AMI in the RIC group.

4. Discussion

The main finding of this exploratory study is the observation that in patients admitted
to a hospital due to ST elevation AMI who have undergone reperfusion by pPCI, MG levels
in plasma rise substantially within a few hours and return to levels similar to the ones upon
admission within 30 days. We speculate that AMI with subsequent reperfusion causes this
transient elevation. It needs to be emphasized that based on our study design, it is not
possible to deduce if AMI causes higher MG levels or if reperfusion by pPCI causes them.
However, given the results in mice, which clearly show that AMI alone causes increased
levels of MG-derived advanced glycation end-products within the myocardium [12], it is
highly plausible that in humans AMI itself causes an increase in MG. However, a clear
differentiation from a potential additional effect on MG levels due to reperfusion is not
possible [16].

The second central finding is an association of higher MG levels within the first day of
hospitalization with lower LVEF values after 4 days. In particular, an exploratory statistical
analysis showed a nonlinear association between the methylglyoxal burden within the first
24 h after admission and the LVEF four days after AMI. Thereby, the highest MG levels
seemed to be associated with the lowest LVEF values. This is in line with the previous
preclinical data, showing that reducing the MG burden after AMI improves the LVEF [12].
Based on this preclinical observation, our study for the first time demonstrates a similar
effect in humans with AMI undergoing reperfusion, suggesting a potential new target
for treatment strategies. For instance, as soon as the exact mechanism of MG generation
within the myocardium during AMI and following reperfusion is elucidated, one could
try to interfere with it to improve the LVEF, e.g., by increasing the glyoxylase-1 activity.
Alternatively, in case generation cannot be addressed, one could aim to scavenge MG, a
concept that has been implemented experimentally [17]. It might also be possible that
MG exerts its negative effects on the myocardial function by the formation of advanced
glycation end-products. In this case, it might constitute an additional option to interfere
with the interaction of MG with proteins or lipids.

Under the assumption that MG indeed reduces the LVEF after AMI, it seems relevant
which factors determine the extent of MG increase thereafter. Moreover, the extent of
MG increase seems to be independent of the measured surrogate markers for myocardial
damage. Thus, other factors not involved in our models seem to alter MG. Among those,
inflammation seems to be an important driver as previously shown in preclinical mod-
els [12]. Hence, although AMI might trigger the MG increase, its extent is determined by
an unknown factor. A possible candidate factor could be diabetes, as this metabolic state
is generally associated with higher MG levels [16]. Our observation that the two diabetic
patients exhibited comparatively high MG increases after AMI compared to nondiabetic
patients would fit this hypothesis; however, this needs to be investigated with an adequate
sample size.

As the samples from an RCT investigating RIC in the context of AMI were analyzed,
a RIC effect in MG or cardiac enzymes indicative of myocardial damage could also be
assessed. In this regard, we found no evidence that RIC affects MG levels or markers
of myocardial necrosis. Furthermore, our study did not reveal any significant benefit of
RIC on these markers, nor did RIC have any significant influence on cardiac function
thereafter. On the contrary, our analyses suggest a potential higher enzyme release in the
RIC group that, based on the regression model, is most pronounced at 2 h after reperfusion.
However, in sight of the smaller than expected sample size and the significant width
of the confidence intervals, these results should be interpreted with caution and do not
necessarily imply causality. Overall, previous studies and their pooled analysis showed a
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very small effect in favor of RIC on infarct size and cardiac function [8]. In line, the largest
clinical trial conducted demonstrated a neutral effect with respect to occurrence of death or
hospitalization for heart failure following AMI [7].

Limitations and Generalizability

The results of this study seem plausible considering the published data, e.g., regarding
the non-superiority of RIC compared to the control regarding myocardial damage or the
MG increase after AMI and reperfusion that was already observed in preclinical studies.
Nevertheless, several limitations need to be taken into consideration. Besides the effects
of RIC, which were investigated in an experimental design, all other findings are of ob-
servational nature, i.e., no causal interpretation is possible. Consequently, it cannot be
excluded that the MG increase is related not to AMI or reperfusion, but to an unknown
confounder. Additionally, the low sample size adds some uncertainty, and validation of
our results by independent researchers would be beneficial. Future studies should also
include LVEF measurements at later timepoints after AMI. Another limitation concerns the
multiplicity of statistical analyses. The polynomial modelling included several sequential
decisions and thus might have resulted in false positive conclusions. Additionally, AUC
calculations are based on the estimates derived from mixed linear models and thus are
subject to some degree of uncertainty. Another limitation relates to the quantification of
MG. In our view, the absolute concentration in plasma cannot be given due to matrix effects.
For this purpose, a standard curve based on MG spiked, but otherwise an MG-free solution
would be required. There is no method to remove MG from plasma without altering the
matrix. However, the AUC of a given amount of MG obtained by HPLC heavily depends
on the matrix, e.g., water, saline or plasma. The standard curve generated in H2O clearly
did not reflect the DMQ/IS relationship to MG in plasma. Of note, this does not affect the
conclusions of this study, which are based on relative MG concentration changes.

5. Conclusions

In conclusion, we found a temporal relationship between the occurrence of AMI treated
with reperfusion and a subsequent increase in plasma MG. We also observed an association
between the magnitude of the MG increase within the first day after the infarction with the
left ventricular function four days later despite statistical adjustment for the known positive
association of the established cardiac necrosis markers. Based on this observation, future
studies investigating the causal relationship between MG and cardiac function in humans
are warranted. Overall, MG might serve as a new target for the treatment of myocardial
dysfunction, reperfusion injury and associated remodeling following AMI if confirmed in
future randomized controlled trials.
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Appendix A. Quantification of Methylglyoxal in Plasma Samples

The assay follows the principles described earlier [18,19]. Methylglyoxal can be quan-
tified by detection of its derivative 6,7-dimethoxy-2-methylquinoxaline (DMQ), which
is formed upon addition of 1,2-diamino-4,5-dimethoxybenzene (DDB). DMQ is well-
detectable due to its chromophoric and fluorophoric properties. Based on availability,
we relied on measuring absorption at 352 nm. Like methylglyoxal, butanedione can be
derivatized by addition of DDB, which produces a suitable internal standard of the same
substance class, 6,7-dimethoxy-2,3-dimethylquinoxaline (DDMQ), detectable at the same
wavelength (Figure A1).

 

Figure A1. Compounds relevant for methylglyoxal quantification by HPLC. 4,5-Dimethoxybenzene-
1,2-diamine (A) is added to methylglyoxal (B) upon which 6,7-dimethoxy-2-methylquinoxaline (DMQ,
(C)) is formed. DMQ can be detected by HPLC. Similarly, 4,5-dimethoxybenzene-1,2-diamine (A) can
react with butanedione (B) and forms 6,7-dimethoxy-2,3-dimethylquinoxaline (DDMQ, (C)), which
serves as the internal standard.

For analytical procedures 2,3-Butanedione and 4,5-dimethoxybenzene-1,2-diamine
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), trifluoroacetic acid (Thermo Scientific,
Waltham, MA, USA), and acetonitrile (Merck, Darmstadt, Germany) were purchased.
Methylglyoxal was a gift from Thomas Fleming (Heidelberg, Germany).

The internal standard 6,7-dimethoxy-2,3-dimethylquinoxaline (DDMQ) was synthe-
sized as previously described [18]. Plasma (300 μL) was spiked with 6 μL of the internal
standard DDMQ (250 μM), vortexed, and then mixed with 1.2 mL acetonitrile to achieve
precipitation of the proteins. The mixture was cooled on ice for 15 min and then centrifuged
(20 min, 20,000× g). The supernatant (1300 μL) was acidified with 13 μL of trifluoroacetic
acid (99%). Freshly dissolved DDB (30 μL; 12 mM) was added under nitrogen and the
mixture was agitated at room temperature for 2 h, protected from light. The mixture was
freeze-dried, and the residue was dissolved in 40 μL of the mobile phase (2% acetonitrile
in 0.1% TFA/water), of which 35 μL were analyzed by means of HPLC. Measurements
obtained from plasma samples with less than 300 μL (35 of 123 samples) were filled up to a
total volume of 300 μL with saline (150 mM NaCl).
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Reverse-phase high-performance liquid chromatography (RP-HPLC) was performed
on a Dionex UHPLC focused UltiMate 3000 system (Sunyvale, CA, USA). The samples
were run on a Phenomenex Kinetex C18 column (150 × 3.0 mm, 2.6 μm) (Torrance, CA,
USA) in a mobile phase consisting of acetonitrile, water and 0.1% trifluoroacetic acid at a
rate of 0.3 mL/min. An initial period of five minutes with 1.8% acetonitrile was followed by
a gradient for acetonitrile from 1.8% to 66.6% within 24 min, DMQ had a peak elution after
approximately 17.5 min, DDMQ—after 17.95 min (full protocol in Figure A2). Detection
of the analyte was achieved at 352 nm at room temperature. For recovery of the column,
acetonitrile was reduced back to 1.8% within 3 min, maintained for 10 min.

 

Figure A2. Acetonitrile gradient used for quantification of the analyte and the internal standard (IS).

Plasma samples of the four young and healthy control subjects with unknown methyl-
glyoxal concentrations were spiked with methylglyoxal before adding acetonitrile. The
added concentrations of methylglyoxal were 1000, 500, 350, 250, 176, 125, 87, 62, 29 and
0 nM. The assay was carried out as described above. Calibration curves were constructed
by plotting the concentrations of methylglyoxal against the peak area of DMQ normalized
to the peak area of the internal standard.

Spiking of plasma of the four healthy control subjects (not included in the CONSORT
flow diagram above) with different amounts of MG increased the measured quotient of
DMQ and IS (internal standard, Figure A3A). The linear regression lines fitted to each
healthy volunteer’s data resulted in DMQ/IS values of 0.090, 0.089, 0.042 and 0.037 for
unspiked plasma (0 μM, intercepts). Notably, spiking of H2O resulted in a substantially
different slope. Under the assumption that the reason for the intercepts to be >0 is en-
dogenous methylglyoxal, one can deduce a linear relation of plasma methylglyoxal and
DMQ/IS, whereby DMQ/IS value of 0 represents 0 μM methylglyoxal and 1 μM increase
in plasma would be reflected by an increase in the DMQ/IS value by 0.15 (Figure A3B).
As it is unknown whether this assumption holds, this relationship should be interpreted
with caution, but this has no impact on intraindividual time series. Subsequent statistical
analyses were performed with DMQ/IS values.

 

Figure A3. Relationship between DMQ/IS and methylglyoxal concentration. (A) DMQ/IS val-
ues resulting from spiking plasma of the four apparently healthy control subjects. (B) Estimated
relationship with 95% CI between DMQ/IS and plasma methylglyoxal concentration.
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Appendix B. Supplemental Statistical Methods

Appendix B.1. Assessment of Treatment-Specific Time Courses

To test the hypothesis that MG levels increase after AMI and reperfusion, a mixed
linear model with the fixed factors time (levels: presentation, 0.5 h, 24 h and 30 d after
PCI) and group (sham or RIC) was used. The patients were included as levels of a random
factor, resulting in a random intercept for the patients. The duration of ischemia before
reperfusion was included as continuous covariate. A diagonal covariance structure was
selected based on the smallest Akaike information criterion. DMQ/IS as a dependent
variable was log-transformed prior to analysis.

Time courses of MG, CK, CK-MB, TnI and NT-proBNP were modelled using the
following mixed linear model approach. The time from admission with the unit hours
was transformed (transformed hours = log10(hours+1). Additionally, the dependent vari-
ables were log10-transformed. In the first step, a basic model of the time course of the
dependent variables was built by allowing each patient to have a random intercept and
a random slope. The log10(hours+1) time variable was entered as a fixed covariate and
as its quadratic, cubic, quartic and quintic form. Beginning with the highest-order poly-
nomial, each term was removed separately until the highest-order remaining term was
significant. Based on this basic model, the binary fixed factor group was introduced to-
gether with its interactions with all the polynomial terms remaining in the previous step.
Following this, the group * polynomial term interactions were removed, beginning with
the interaction with the highest-order polynomial until only significant interactions were
left or no interaction with the factor group remained. Approximate normal distribution
of residuals was checked visually, scatterplots showing predicted vs. observed values are
presented in Figure A4. Least-squares means with confidence intervals were computed for
timepoints closely enough together to appear as a continuous function in the graphs and
back-transformed and thus represent the estimated geometric means. Group comparisons
were also back-transformed and thus represent differences on a multiplicative scale (i.e.,
fold group differences).

Appendix B.2. Correlation between Intraindividual Changes in Methylglyoxal with Intraindividual
Changes in Cardiac Enzymes and NT-proBNP

For this purpose, partial correlation coefficients were calculated. Adjustment for
dependence of data originating from within patients was performed by including n–1 binary
dummy variables. To quantify how much of the variance of methylglyoxal can be explained
by CK, CK-MB, TnI and NT-proBNP, all the patient dummy variables were entered in the
first block, the abovementioned enzymes and NT-proBNP—in the second block. The
change in R2 between the two blocks was taken as a measure of variance explained by
enzymes and NT-proBNP.

Appendix B.3. Association of Methylglyoxal Levels with the Myocardial Function

To assess whether methylglyoxal might be related to the myocardial function, i.e.,
the LVEF, the area under the curve of the predictors methylglyoxal, CK, CK-MB, TnI and
NT-proBNP was calculated. For this purpose, the predicted values of the polynomial
mixed linear models were used by applying the trapezoidal rule. The predicted values
were chosen instead of the raw values because there were several raw values missing. Of
note, the missingness is based on organizational and technical reasons and not related
to any predictors or the LVEF. Thus, bias seems unlikely. Nevertheless, this approach
represents a potential limitation of the statistical approach, and the results need to be
confirmed independently.
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Figure A4. Predicted vs. observed values. (A) Methylglyoxal, (B) CK-MB, (C) CK, (D) TnI,
(E) NT-proBNP.

Appendix B.4. Estimation of Methylglyoxal Levels in Healthy Subjects

A general linear model with the predictor “spiked MG concentration” as a continuous
covariate and the four volunteers as levels of a factor was applied. This resulted in a
parameter estimate for the covariate, which is the change in DMQ/IS for each unit in the
spiked MG concentration increase. Further, this resulted in n–1 parameters indicating
by how much the intercept for three volunteers is shifted in the y-direction compared to
the reference subject. For the latter, the intercept of the model applies. By adding the
parameters of the three subjects to the model intercept (which equals the intercept of one
reference individual), each volunteer’s intercept was calculated.

Appendix B.5. Additional Outcomes

The primary outcome of the initially conducted randomized controlled trial was infarct
size quantified by single photon emission computer tomography one day after admission
and one month, which will be reported elsewhere. Additionally, the predefined secondary
outcomes included the area under the curve of the biomarkers associated with myocardial
necrosis measured within 24 h after admission and the left ventricular ejection fraction
(LVEF) measured four days after AMI by echocardiography. The biomarkers included
creatine kinase (CK), creatine kinase myocardial band (CK-MB) and troponin I (TnI).
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Appendix B.6. TnI Sensitivity Analysis

 

Figure A5. Sensitivity analysis of the TnI time course. The left column shows details of the analyses
depicted in Figure 3G. In the first row, the raw data are depicted (sham control in blue and RIC in
red). The two values visually identified as outliers are plotted as the dotted lines. As data are heavily
right-skewed, they were log10-transformed prior to analysis; log10-transformed data are depicted
in the second row. Notably, log transformation resulted in a distribution much closer to a normal
distribution. The resulting estimated mean curve is plotted as a black line in the third row on top of
the raw data. For the final plots, the data with their polynomial curve describing the central tendency
was back-transformed. Thus, the black line in row four represents the estimated geometric mean on
the original scale. Below, the p-values of the original model are listed. At the bottom, Figure 3G is
reproduced to allow direct comparison with the analysis after exclusion of the outliers. The right
column represents the corresponding plots of the sensitivity analysis without the dotted outliers.
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Appendix B.7. No Relevant Effect of RIC on the Ejection Fraction

 
Figure A6. Effects of remote ischemic conditioning on the left ventricular ejection fraction 4 days
after acute myocardial infarction.
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Abstract: Recovery of the contractile function of the heart and the regeneration of the myocardium
after ischemic injury are contemporary issues in regenerative medicine and cell biology. This study
aimed to analyze early transcriptional events in cardiac tissue after infarction and to explore the cell
population that can be isolated from myocardial tissue. We induced myocardial infarction in Wistar
rats by permanent ligation of the left coronary artery and showed a change in the expression pattern
of Notch-associated genes and Bmp2/Runx2 in post-MI tissues using RNA sequencing and RT-PCR.
We obtained primary cardiac mesenchymal cell (CMC) cultures from postinfarction myocardium by
enzymatic dissociation of tissues, which retained part of the activation stimulus and had a pronounced
proliferative potential, assessed using a “xCELLigence” real-time system. Hypoxia in vitro also causes
healthy CMCs to overexpress Notch-associated genes and Bmp2/Runx2. Exogenous activation of the
Notch signaling pathway by lentiviral transduction of healthy CMCs resulted in a dose-dependent
activation of the Runx2 transcription factor but did not affect the activity of the Bmp2 factor. Thus,
the results of this study showed that acute hypoxic stress could cause short-term activation of the
embryonic signaling pathways Notch and Bmp in CMCs, and this interaction is closely related to
the processes of early myocardial remodeling after a heart attack. The ability to correctly modulate
and control the corresponding signals in the heart can help increase the regenerative capacity of the
myocardium before the formation of fibrotic conditions.

Keywords: myocardial infarction; heart regeneration; cardiac mesenchymal cells; Notch signaling
pathway; early remodeling of the heart

1. Introduction

Myocardial infarction remains one of the major medical problems of a non-infectious
character that kills and disables the world’s population [1]. The search for an effective
therapeutic strategy is still ongoing, and many studies are aimed at exploring the possi-
bilities of myocardial cell therapy, but the cellular mechanisms of post-infarction cardiac
recovery are still unclear. According to traditional concepts, the human heart is a defini-
tively differentiated organ; however, foci of cell proliferative activity may occur in the heart,
the intensity of which increases in the peri-infarct zone [2]. The discovery of cardiac stem
cells stimulated the development of new approaches in myocardial cell therapy [3], but the
ability of these cells to directly generate cardiomyocytes remains controversial.
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The turnover of contractile cardiomyocytes in a healthy myocardium is approximately
0.5–2% per year [4,5], and these numbers slightly increase with heart damage [2]. The
renewal of cardiomyocytes occurs mainly due to the re-entry of cells into the cell cycle,
but not due to the differentiation of the cardiac stem cells themselves [5]. Mesenchymal
stem cells (including cardiac stem cells) possibly participate in regenerative processes in
the myocardium, releasing paracrine factors that provide myocardial protection, neovascu-
larization, remodeling, and differentiation of the heart [6].

There is evidence that the mechanisms of myocardial functional recovery are contained
in paracrine intercellular signaling, and their activation can occur precisely during the early
response to damage. In this regard, the study of the mechanisms of early activation of
regenerative processes in post-infarction tissue is an urgent issue. Although the existence of
resident cardiac progenitor cells has been questioned [5], it is clear that myocardial regen-
eration exists, but the mechanisms remain undefined. This study aimed to analyze early
transcriptional events in cardiac tissue after infarction and to explore the cell population
that can be isolated from myocardial tissue.

Here we report that acute hypoxic stress affects the activation of the Notch signaling
pathway and Bmp2/Runx2 genes in cardiac mesenchymal cells, and the action of these
pathways is associated with early myocardial remodeling processes. In this study, we
induced myocardial infarction in rats and, 8/24 h after surgery, we isolated post-infarction
tissues and primary CMC cultures with a pronounced proliferative potential. We showed a
change in the expression pattern of Notch-associated genes and Bmp2/Runx2 in postinfarc-
tion tissues and CMCs using RNA sequencing and RT-PCR. Hypoxia in vitro also causes
healthy CMCs derived from sham-operated rats to upregulate Notch-associated genes and
Bmp2/Runx2. Exogenous activation of the Notch signaling pathway led to dose-dependent
activation of the transcription factor Runx2 but did not affect the activity of the Bmp2 factor.

2. Materials and Methods

2.1. Ethics Statements and Animals

We obtained permission from the local ethics committee of the Almazov National
Medical Research Centre for conducting animal experiments. Male Wistar rats (Pushchino,
Russia) of the same age and weight between 200 and 250 g were used in the experiment.
Animals were kept in separate plastic cages with free access to water and standard diet
food during the experiment. All experiments were performed following the Guide for the
Care and Use of Laboratory Animals.

2.2. Induction of Myocardial Infarction In Vivo

Male Wistar rats (n = 16) were anesthetized with chloral hydrate (2 mg/kg intraperi-
toneally), intubated, and vented (SAR-830P; CWE, Inc., Ardmore, PA, USA) using room air
with a tidal volume of 2 mL/100 g and a frequency of 60 breaths per minute. The core body
temperature was maintained at 37.0 ± 0.5 ◦C using a feedback heating pad (TCAT-2LV
controller; Physitemp Instruments Inc., Clifton, NJ, USA). Registration of heart rate and
arrhythmias was monitored by electrocardiography. After thoracotomy, the heart was
visualized through the fourth intercostal space. Further, in a blunt way, using the branches
of anatomical tweezers, the pericardium was removed. At the border of the free edge of
the left atrial appendage, the left coronary artery (LCA) was visualized, under which a
ligature (prolene 6/0, Ethicon, Germany) was applied, directly at the edge of the left atrial
appendage [7]. Myocardial ischemia was confirmed by visual examination of the anterior
surface of the heart and the elevation of the ST segment on the ECG.

2.3. RNA-seq Library Preparation

We excised the post-infarction area, including the peri-infarction zone (the area was
slightly visible and had a whitish hue, and was under the ligature), from the left ventricle
of the ischemic heart to obtain post-infarction tissues and isolation of the primary CMC
cell culture. We isolated total RNA according to the manufacturer’s protocol (Eurogen,
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Russia) from postinfarction tissues and CMCs (n = 3); RNA obtained from sham-operated
rats from healthy myocardial tissues and CMCs (n = 3) was used as a control. The quality
and quantity of the isolated RNA were checked on a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific) and an Agilent 2100 bioanalyzer (Agilent Technologies). A total
of 1 μg of total RNA was used to create libraries using the TruSeq RNA sample preparation
kit (Illumina) following the low sample (LS) protocol from the manufacturer’s instructions.

2.4. Differential Gene Expression Analysis

Raw RNASeq reads were aligned with STAR 2.7 against Rnor_6.0 (GCA_000001895.4)
and transcript annotations (ensemble 97) [8]. Differential expression analysis was per-
formed using the DESeq2 Bioconductor package [9]. Genes with a p-value of 0.05 or less
were called differentially expressed genes. Comparisons were made between ischemic
tissues/cells and control tissues/cells. Data analysis and visualization (PCA Plot and
Volcano Plot) were performed using Phantasus (version: 1.7.3, build: master-709) [10].

2.5. Ingenuity Pathway Analysis

Bioinformatic analysis was performed using ingenuity pathway analysis (IPA; Qiagen
Silicon Valley, Redwood City, California, USA. Available online: http://www.ingenuity.
com (accessed on 24 September 2020)) of differentially expressed genes to determine the
interactions of genes and related networks using the default Rattus norvegicus background
for settings. All the genes that passed the significance filter were identified as focus genes
and uploaded to the IPA for further functional and network analysis. The specificity of
connections within the network for each focus gene was calculated by the percentage of
its connections with other significant genes in the database. Canonical pathway analysis
identifies the paths from the IPA library that were most significant for the input data set.

2.6. Isolation of Cardiac Mesenchymal Cells

The heart was taken 8 and 24 h after surgery. Cardiac mesenchymal cells were obtained
from the ischemic myocardial zone by grinding a tissue fragment followed by enzymatic
treatment with type 2 collagenase (Worthington) solution (2 mg/mL) for 90 min in an
incubator (37 ◦C, 5% CO2, humidity 99%); a healthy myocardium obtained from rats 24 h
after the sham operation was used as a negative control [11]. The cell suspension was
centrifuged at 300 x g for 5 min, and cells were resuspended in growth medium (two times),
seeded on the flask, and cultured in an incubator (37 ◦C, 5% CO2, and 99% humidity).
Medium for cardiac mesenchymal cells contains: 70% DMEM/F12 (Invitrogen, Waltham,
MA, USA), 20% ECM (Invitrogen, USA), 10% fetal bovine serum (HyClone, Logan, UT,
USA), 100 μM MEM NEAA amino acid solution (Gibco, Grand Island, New York, USA),
2 mm L-Glutamine (Gibco, USA), a mixture of penicillin (100 u/mL) and streptomycin
(100 μg/mL) (Gibco, USA). In the next three days, we replaced it with a fresh culture
medium once per day. On the third day, we removed large tissue debris and then continued
to cultivate until the confluent state (~1 week). In the obtaining culture, live cardiomyocytes
were absent, and the cell population was homogeneous. In this study, we used cells derived
from rats 24 h after surgery, between 1 and 3 passages.

2.7. Assessment of Proliferative Activity of Cardiac Mesenchymal Cells

Cell proliferation was monitored in real-time using the xCELLigence RTCA DP Real-
Time Cell Analyzer system. We used impedance as an indication recorded by the xCEL-
Ligence system to evaluate cell proliferative ability [12]. The system measures electrical
impedance through oncoming microelectrodes embedded in the bottom of the electronic
plates. The impedance measurement, which is displayed as a cell index (CI) value, provides
quantitative information about the biological status of the cells, including the number of
cells and their viability. Five thousand cells were sown in each well of the E-Plate (in 100 μL
of cell suspension). The impedance value of each well was automatically monitored by
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the xCELLigence system for 72 h and expressed as the CI value. The obtained data were
processed in the RTCA Software program (version number 1.0.0.1304).

2.8. In Vitro Hypoxia Induction

We used cardiac mesenchymal cells from sham-operated rats. The cells were seeded
on 5 cm Petri dishes and cultured in the medium for the CMCs. The next day we transferred
the cells into an incubator, where it is possible to adjust the level of oxygen in the chamber.
Cardiac mesenchymal cells were hypoxic for 8 and 24 h with oxygen levels of 1% and 5%
(37 ◦C, 5% CO2, and 99% humidity); as a control, we used cells under normoxic conditions
(37 ◦C, 5% CO2, 20% O2, and 99% humidity).

2.9. Real-Time PCR

RNA was isolated from myocardial tissues and primary cell cultures using a Trisol
analog called ExtractRNA (Eurogen, Russia). Reverse transcription was performed using
MMLV reverse transcriptase and the MMLV RT kit (Eurogen, Russia) according to the
recommendations of the manufacturer. All samples were pretreated with DNase. We
used a 5-fold reaction mixture qPCR mix-HS SYBR with intercalating dye SYBR Green I
(Eurogen, Russia) for real-time PCR. cDNA (50 ng), forward and reverse primers (10 μM
each) were added to the mixture, and the final volume was adjusted with sterile water to
25 μL. The sequences of the primers used: Gapdh (F: CCAGTATGACTCTACCCACG, R:
CATTTGATGTTAGCGGGATCTC), Notch1 (F: CAATGAGTGTGACTCACGGC, R: GCA-
CAAGGTTCTGGCAGTTG), Notch2 (F: CCGTGGGGCTGAAGAATCTC, R: CTTTCTTTG-
GCTGGGGTCCT), Notch3 (F: GCCTAGTCCAGCAACTGCTAC, R: GGGAACAGATATGGGGT-
GTGG), Dll1 (F: TAACCCCGATGGAGGCTACA, R: GCACCGTTAGAACAAGGGGA), Dll4
(F: GCAGCTGTAAGGACCATGAGA, R: TTCACAGTGCTGGCCATAGT), Jag1 (F: CGCC-
CAATGCTACAATCGTG, R: TCTTGCCCTCGTAGTCCTCA), Hes1 (F: ACCAAAGACAGC-
CTCTGAGC, R: TTGGAATGCCGGGAGCTATC), Runx2 (F: TCCCTCCGAGACCCTAA-
GAAA, R: GCTGCTCCCTTCTGAACCTAC), Bmp2 (F: CTGCCATGGGGAATGTCCTT,
R: TGCACTATGGCATGGTTGGT), Hif-1a (F: GGCGAGAACGAGAAGAAAAATAGG,
R: AGATGGGAGCTCACGTTGTG), Vegf-a (F: GCAGCGACAAGGCAGACTAT, R: TG-
GCACGATTTAAGAGGGGA), Ccnd1 (F: CTTACTTCAAGTGCGTGCAGAG, R: TTCATCT-
TAGAGGCCACGAACA), Hes7 (F: CATCAACCGCAGCCTAGAAGAG, R: CACGGC-
GAACTCCAGTATCTCT), Hey1 (F: CCTGGCTATGGACTATCGGAG, R: AGGCATCGAGTC-
CTTCAATGAT), Myc (F: CAGCTCGCCCAAATCCTGTA, R: TGATGGGGATGACCCT-
GACT). The polymerase chain reaction was carried out using a 7500 Real-Time PCR System
(7500 Software v2.3, Life Technologies Ltd, Paisley, UK). Quantitative PCR was performed
for 40 cycles. Data analysis was conducted using the 2-ΔΔCT method; relative gene expres-
sion was normalized on the GAPDH housekeeping gene.

2.10. Statistical Analysis

Analysis of the data was performed using Microsoft Excel and GraphPad Prism
Software (version 9.3.1(350)). The significance of differences between the groups was
evaluated using the unpaired nonparametric Mann–Whitney test. The differences were
considered significant at p < 0.05. All experiments were repeated three times.

3. Results

3.1. The Gene Expression Profile Changes Significantly in Myocardial Tissues 24 h after Infarction

In order to assess transcriptional changes in the heart during acute hypoxic stress, we
induced myocardial infarction in Wistar rats by permanent ligation of the left coronary
artery. Twenty-four hours after the operation, we took the postinfarction area of the
myocardium, including the periinfarction zone, for subsequent isolation of total RNA
and preparation of libraries. As a control, we used a healthy area of the myocardium
obtained from sham-operated rats. We analyzed the genetic profile of postinfarction tissues
by RNA sequencing. PCA showed significant variability in data for the first and second
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components (Figure 1a). The transcriptional profiles of post-infarction and healthy tissues
were divided and formed separate clusters. Analysis of differentially expressed genes
(DEGs) showed that in postinfarction tissues, 1241 genes were upregulated and 1256
downregulated (adjusted p-value < 0.05) (Figure 1b). The top 50 DEGs include genes
that determine the epithelial–mesenchymal transition, as in wound healing and fibrosis
(CD44, GPC1, SDC1, VCAN, PLAUR, SERPINE1, PMEPA1, PVR); genes encoding proteins
involved in glycolysis and gluconeogenesis (ANGPTL4, SLC16A3); genes upregulated by
STAT5 in response to IL2 stimulation (MYC, SLC1A5, IL1R2, SELP), as well as genes that
are regulated by NF-kB in response to TNF, in response to low oxygen levels (hypoxia),
and determine the inflammatory response (Table S1).

 
 

(a) (b) 

Figure 1. (a) Principal component analysis (PCA) displays variability in gene expression in healthy
(green dots, n = 3) and postinfarction (orange dots, n = 3) myocardial tissues using the Phantasus
Web Tool. Major component 1 (PC1) on the x-axis and PC2 on the y-axis accounted for 41.4% and
25.2% of the total variability in gene expression, respectively. PC1 covers a significant part (41.4%) of
the experimental variability and largely reflects the difference between the two states of the heart
muscle. PC2 represents experimental variability (25.2%) associated with the difference in gene profile
between various biological repeats (laboratory animals). The samples are visually divided into two
main groups. (b) Volcano plots showing differentially expressed genes (adjusted p-value < 0.05) in
post-infarction samples compared to controls, performed using Bioconductor software in R. The
y-axis corresponds to the mean expression value of −log10 (p-value), and the x-axis displays the log2
(fold-change) value. The red dots represent significantly differentially expressed genes.

3.2. Early Remodeling Processes are Enhanced in the Postinfarction Myocardium, which is
Involved Components of the BMP and NOTCH Signaling Pathways

To assess the effect of acute hypoxic injury on dysregulation of canonical signaling
pathways and biological functions in cardiac tissue 24 h after the onset of infarction,
we performed GSEA and canonical pathway analysis of DEGs using Qiagen software.
DEGs were uploaded into Qiagen Ingenuity Pathway Analysis (IPA) to identify enriched
pathways in the dataset, after filtering for significance (adj. p < 0.05). In total, about 152
canonical signaling and metabolic pathways were identified, the significance of which was
higher than −log (P)> 1.3, and only 82 signaling pathways had absolute z-scores more than
1.0 (Figure S1A).

In the heart after myocardial infarction, massive cell death occurs in the affected area
and a sustained formation of an inflammatory response, in particular, aimed at providing
reparative processes associated with early myocardial remodeling [13]. We observed a shift
in the pattern of gene expression towards early myocardial remodeling 24 h after the induc-
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tion of acute infarction. According to this, an affective ‘Apelin Cardiac Fibroblast Signaling
Pathway’ (ratio—0.455; z-score—−2.333; p-value—5.67× 10−4), which means the activation
of cardiac fibroblasts and their differentiation into myofibroblasts and causes the formation
of cardiac fibrosis, leading to heart failure, and ‘Remodeling of Epithelial Adherents Junctions’
(ratio—0.382; z-score—2.449; p-value—1.71 × 10−5), ‘Inhibition of Matrix Metalloproteases’
(ratio—0.344; z-score—−1.265; p-value—4.57× 10−3), or ‘TGF-β Signaling’ (ratio—0.218;
z-score—1.5; p-value—4.86× 10−2) were found in dataset (Figure S1A). Additionally, sig-
naling pathways involved in the regulation of the cell cycle and proliferative activity (‘Cell
Cycle Control of Chromosomal Replication’, ‘PI3K/AKT Signaling’, ‘Aryl Hydrocarbon
Receptor Signaling’, ‘Cell Cycle Regulation by BTG Family Proteins’, ‘STAT3 Pathway’,
‘HIF1α Signaling’, ‘Cyclins and Cell Cycle Regulation’) and migration activity (‘Regula-
tion of Actin-based Motility by Rho’, ‘Actin Cytoskeleton Signaling’) were activated in
postinfarction tissues.

Gene networks generated using the IPA program, which reflect forms of non-canonical
signaling, were noted for various upregulated and downregulated genes involved in the
growth and development of tissues and cells (Figure S1B). More than 100 molecules have
been identified by gene-set enrichment analysis that are involved in the formation of the
immune response, the growth and development of the cardiovascular system, the processes
of cell division, and changes in cell morphology are affected. The main bio-functions and
diseases are listed (Table S2). It should be noted that proliferative processes, including
smooth muscle cells, differentiation of connective tissue cells, and organization of sarcomere
are activated in the ischemic heart (Figure S2).

In these processes, the activity of Bmp2 from the TGF-b subfamily and several compo-
nents of the Notch signaling pathway was noted, such as the Notch2 receptor, the target
genes Myc, Ccnd1, and the Runx2 transcription factor [14,15], which were upregulated,
and the target gene Hey1, which was downregulated. In particular, Bmp2 from the TGF-b
subfamily was identified among the key regulators. A complete list of overexpressed
components of the Notch signaling pathway is presented (Table S3).

3.3. Activation of Notch Signaling Pathway Components and Bmp2/Runx2 in Post-Infarction
Myocardial Tissues

In order to confirm the RNA sequencing data that Bmp2 and components of the
Notch signaling pathway are activated in post-infarction tissues, we analyzed them using
qPCR. Additionally, we took into account an even earlier time point after the induction of
myocardial infarction in rats, 8 h, to assess the difference in gene expression between the
two time intervals.

We showed (Figure 2) that acute hypoxia in vivo activates the expression of Notch
signaling pathway components and Bmp2 in the ischemic myocardium compared to a
healthy heart. The obtained qPCR data were in accordance with the RNA sequencing
results for the 24 h point.

3.4. Postinfarction Cardiac Mesenchymal Cells had a Pronounced Ability to Proliferate

We induced myocardial infarction in Wistar rats to obtain primary cultures of cardiac
mesenchymal cells from the postinfarction area (including the periinfarction zone) of
the myocardium 8 and 24 h after surgery; cardiac mesenchymal cells of the ventricular
myocardium of the healthy heart of sham-operated rats were used as a negative control
(Figure 3a). The phenotypic characterization of this cell type is complex, and there is
no specific marker or combination of markers for identifying mesenchymal stem cells
(MSCs) [16,17]. The International Society for Cellular Therapy has established the following
criteria for the identification of MSCs: adhesion to plastic, expression of markers, the
adipogenic and osteogenic differentiation ability, and the ability to form fibroblast colony-
forming units (CFU-F) [17,18]. Here, we use the term cardiac mesenchymal cells (CMC)
because of some terminological differences associated with the correct classification of these
cells [19,20]. The obtained CMC primary cultures clearly expressed CD90 and were positive
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for CD166, which was previously described as a marker of cardiac mesenchymal cells and
one of the populations of cardiac stem cells obtained from cardiospheres [21]. They were
also negative for endothelial markers and did not belong to hematopoietic markers, namely
negative for CD45, CD31, and CD34 [17] (Figure 3b).

Figure 2. The dynamics of the expression of the Notch signaling pathway and Bmp2/Runx2 in
tissues by quantitative PCR analysis. SH—healthy myocardium from sham-operated rats (n = 3);
8 h-MI—tissue from the post-infarction zone of the myocardium from rats 8 h after induction (n = 4);
24 h-MI—tissue from the post-infarction zone of the myocardium from rats 24 h after induction (n = 9).
Vertical—the relative amount of mRNA in each group, measured by the 2−ΔΔCT method; box plots
with whiskers at min to the max are presented. * The asterisk shows significant differences between
SH and MI groups at p < 0.05 (unpaired nonparametric Mann–Whitney test).

 

(a) (b) 

Figure 3. (a) Cardiac mesenchymal cells (CMCs) derived from healthy (SH-CMC) and postinfarct
(MI-CMC) myocardium of rat during 5-day cultivation. CMCs were isolated 24 h after myocardial
infarction. SH-CMC were obtained from rat hearts after sham operation. The primary cell culture of
CMCs demonstrated the ability to form fibroblast colony-forming units (CFU-F) and had adhesion to
a culture plastic. (b) Immunophenotyping of primary cultures of CMC using flow cytometry. The
histograms show the expression levels of surface markers CD31, CD34, C45, CD90, and CD166 (red
lines) concerning isotype (gray lines).
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To evaluate and compare the proliferative activity of postinfarction and healthy cardiac
mesenchymal cells obtained one day after surgical procedures, we used the xCELLigence
system to monitor cell proliferation in real-time. We found (Figure 4) that postinfarction
CMCs (orange curve) have a more pronounced potential for proliferation and, accordingly,
have an activation stimulus in response to acute hypoxic stress than healthy myocardial
cells (blue curve). The experiment lasted for 72 h with a frequency of measurements every
15 min.

Figure 4. The proliferation rate of postinfarction cardiac mesenchymal cells (MI-CMC, orange curve,
n = 9) and healthy cardiac mesenchymal cells (SH-CMC, blue curve, n = 3). Each curve represents the
average values between the samples and the standard error of the mean (vertical lines). Horizontal—
the time during which the measurements of proliferative activity were taken every 15 min. The
experiment lasted for 72 h. Vertical—the value of the cell index, which reflects the quantitative
information about the biological status of cells, including their number and viability. The seeding
density was 5000 cells per well. The significance of differences between the SH-CMC and the MI-CMC
is p < 0.05 with D’Agostino and Pearson omnibus normality test.

3.5. The Gene Expression Profile of Postinfarction CMC is Altered

Next, we analyzed transcriptomic profile of cardiac mesenchymal cells from the
postinfarction area and from healthy hearts of sham-operated rats by RNA sequencing.
Principal component analysis showed the main patterns in the resulting dataset. PC4
covers an insignificant part (14.5%, p < 0.05) of the experimental variability and reflects
a relatively small difference between the two CMC states, which may indicate a gradual
change in the expression profile during cell culture under normal conditions (Figure 5a).

Analysis of RNA sequencing data revealed 13 differentially expressed genes (adjusted
p-value <0.05) in the obtained post-infarction cell cultures. Among the activated genes,
the expression of Spp1, RGD1565131, Tagap, Myh1 can be noted, while the expression of
Bmp3, Fgl2, Sfrp4, on the contrary, was reduced in postinfarction cardiac mesenchymal cells
(log2 (fold-change) ≥ 1.9) (Figure 5b). A complete list of differentially expressed genes
(DEGs), sorted by adjusted p-value, is presented (Table S4). We collected the 50 top highly
expressed genes, sorted by statistical criteria (Table S5).

We found that the expression of Twist1 and the target genes Notch Hey2 and Ccnd1
are reduced in postinfarction cardiac mesenchymal cells. In addition, the activity of the
Thbs2 gene, which may be responsible for the inhibition of angiogenesis, and Dnm1, which
is involved in vesicular transport, decreased (p-value> 0.05) (Table S6).
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(a) (b) 

Figure 5. (a) Principal component analysis (PCA) displays variability in gene expression in healthy
(green dots, n = 3) and postinfarction (orange dots, n = 3) CMCs using the Phantasus Web Tool. Major
component 1 (PC4) on the x-axis and PC5 on the y-axis accounted for 14.5% and 8.9% of the total
variability in gene expression, respectively. The samples are visually divided into two main groups.
(b) Volcano plots showing differentially expressed genes (p-value < 0.05) in post-infarction samples
compared to controls, performed using Bioconductor software in R. The y-axis corresponds to the
mean expression value of -log10 (p-value), and the x-axis displays the log2 (fold-change) value. The
red dots represent significantly differentially expressed genes.

3.6. GSE Analysis and Canonical Pathway Analysis of DEGs Showed that the Pattern of Gene
Expression Characteristic of the Ischemic Heart is Partially Retained in MI-CMC

To identify enriched signaling pathways in the dataset, genes were loaded into Qiagen
Ingenuity Pathway Analysis (IPA) after significance filtering (p-value < 0.05). In total,
about 14 canonical signaling pathways were identified, including Metabolic Pathways and
Signaling Pathways, the significance of which was greater than −log (P)> 1.3, and only 1
STAT3 signaling pathway had absolute z-scores more than 2.0 (Figure 6). A complete list of
this data is provided in Table S7.

Figure 6. Dysregulated signaling pathways in postinfarction CMC samples identified by IPA analysis.
The histogram represents the dysregulated canonical signaling pathways in a stacked bar chart by
Fisher’s Exact Test p-value (p-value > 0.05, z-score > 1). The ratio plot shows the number of significant
genes expressed in the data versus the total number of genes in that particular signaling pathway.
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We conducted a core analysis in the IPA program to find key diseases and bio-functions
in the CMCs, and we identified about 12 categories in which processes related to diseases
or functions were affected (p-value—0.05), and only in 3 of them, the z-score was more
than 2. It was interesting to note that a partial pattern of genes associated with heart failure
persisted in post-infarction cells (‘Failure of heart’, p-value = 8.25× 10−3, z-score = 2.177), and
along with this, the modulation of processes associated with neovascularization and cell
migration was reflected. At the same time, the ‘Expansion of cells’ parameter was suppressed
(p-value = 6.09× 10−3, z-score = −2.219), which may be the result of a delay in the cell cycle,
since DNA synthesis was also slightly increased (p-value = 1.31× 10−2, z-score = 1.077). A
complete list of this data is provided (Table S8).

We constructed probabilistic networks of dysregulated genes using the IPA program
based on the detected activated/repressed genes and those that were statistically filtered
but present in the data set (Table S9). We combined probabilistic networks based on related
processes and key regulators and found that one of the Notch Hey2 targets is reduced in
MI-CMCs.

3.7. The Expression of the Jag1 and Hes1 Genes of the Notch Signaling Pathway and Bmp2/Runx2
Factors is Preserved in Cell Culture

In order to approve the results of RNA sequencing and evaluate the level of expression
of Notch signaling components using real-time PCR with reverse transcription, passages
1–3 cells were obtained from rat tissues 8 and 24 h after induction of myocardial infarction.
In particular, we assessed the level of expression of Bmp2 and Runx2, the dysregulation of
which was noted in the transcriptome. Since the BMP signaling pathway plays an essential
role in cardiogenesis, as does the Notch signaling pathway, and Runx2 can be a target gene
for both types of signaling and has also been identified in cardiac development, according
to our hypothesis, Bmp2 and Runx2 can be early remodeling genes. We found (Figure 7) that
in postinfarction cardiac mesenchymal cells, the activation potential is partially preserved,
which is expressed in increased expression of the Bmp2 and Runx2 genes, and Jag1 and Hes1
genes of the Notch signaling pathway compared to cells obtained from a healthy heart.

Figure 7. Dynamics of expression of Notch signaling pathway components and Bmp2/Runx2 genes in
cardiac mesenchymal cells using quantitative PCR analysis. SH—cells from a healthy myocardium
of sham-operated rats (n = 3); 8 h-MI—post-infarction cells from rats 8 h after induction (n = 4);
24 h-MI—post-infarction cells from rats 24 h after induction (n = 9). Vertical—the relative amount
of the mRNA in each group, measured by the 2-ΔΔCT method; box plots with whiskers at min to the
max are presented. The asterisk shows significant differences between the SH and MI groups at p < 0.05
(unpaired nonparametric Mann–Whitney test).
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3.8. Activation of Notch Signaling Pathway Components and Bmp2/Runx2 Factors in Cardiac
Mesenchymal Cells during In Vitro Hypoxia Induction

To determine whether hypoxia is a sufficient factor to activate the Notch signaling
pathway and Bmp2/Runx2 factors, we took CMC from the healthy myocardium of sham-
operated rats and induced hypoxia in vitro. Two different oxygen concentrations of 1% and
5% in the incubator and two time points of 8 and 24 h, during which the cells were under
conditions of hypoxic stress, were chosen. We showed (Figure 8) that under conditions of
hypoxia, the Notch signaling pathway components and Bmp2/Runx2 are activated in cells
compared to CMCs under normoxia conditions. Hif-1α and Vegfa were used as a control of
hypoxia.

Figure 8. Dynamics of expression of Notch signaling pathway components, Bmp2/Runx2 factors,
and hypoxic stress markers in cardiac mesenchymal cells obtained from healthy myocardium of
sham-operated rats by quantitative PCR analysis. NX—healthy cells in a state of normoxia (n = 3);
5% HX—healthy cells in a state of hypoxia with an oxygen level of 5% (n = 3); 1% HX—healthy
cells in a state of hypoxia with an oxygen level of 1% (n = 3). Horizontal—the time at which the
cells were in hypoxic conditions. Vertical—the relative amount of mRNA, measured by the 2-ΔΔCT

method; box plots with whiskers at min to the max are presented. * The asterisk shows significant
differences between the control and the 5% HX and 1% HX groups at p < 0.05 (unpaired nonparametric
Mann–Whitney test).

3.9. Exogenous Activation of the Notch Signaling Pathway in Cardiac Mesenchymal Cells
Dose-Dependently Activates Runx2

To reveal the relationship between the Notch signaling pathway and Bmp2 and Runx2
factors, we took CMCs from the healthy myocardium of sham-operated rats and transduced
them with a lentiviral vector carrying an NICD insertion to activate the Notch signaling
pathway. Viral particles were added to the culture at two different concentrations of 3
and 15 μL. Cells were cultured with the virus for 24 h. We demonstrated (Figure 9) that
activation of the Notch signaling pathway led to dose-dependent activation of Runx2. On
the contrary, the Bmp2 did not respond to the activation of Notch.
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Figure 9. The dynamics of the expression of Bmp2/Runx2 factors and Notch signaling pathways in
cardiac mesenchymal cells obtained from healthy myocardium of sham-operated rats by quantitative
PCR analysis. CTRL—healthy cells as a negative control (n = 3); 3 μL-NICD—healthy cells that had
3 μL of the virus with NICD added (n = 3); 15 μL-NICD—healthy cells that had 15 μL of the virus
with NICD added (n = 3). Vertical—the relative amount of mRNA, measured by the 2−ΔΔCT method;
box plots with whiskers at min to the max are presented. * The asterisk shows significant differences
between CTRL and the 3 μL-NICD and 15 μL-NICD groups at p < 0.05 (unpaired nonparametric
Mann–Whitney test).

4. Discussion

Myocardial infarction is a common acute disease that impairs heart functionality.
Molecular and cellular mechanisms of cardiac early remodeling and recovery of postin-
farction myocardium remain not fully understood. In this study, we induced myocardial
infarction in rats to study early transcriptomic events occurring 8 and 24 h after surgical
procedures. We showed a change in the expression pattern of Notch-associated genes and
Bmp2/Runx2 in postinfarction tissues using RNA sequencing and RT-PCR. We obtained
primary CMC cultures from the postinfarction myocardium, which retained part of the
activation stimulus and had a pronounced proliferative potential. Hypoxia in vitro also led
healthy CMCs to upregulate the expression of Notch-associated genes and Bmp2/Runx2. Ex-
ogenous activation of the Notch signaling pathway resulted in a dose-dependent activation
of the Runx2 transcription factor but did not affect the activity of the Bmp2 factor.

Some studies have shown that foci of proliferative activity are formed in the peri-
infarction area in response to injury [2,22]. The effect of hypoxemia on myocardial recovery
after a lesion has also been noted in in vivo studies in mice [23]. This study aimed to study
early transcriptional events in cardiac tissue after myocardial infarction and to explore the
cell population of cardiac mesenchymal cells, which can be isolated from myocardial tissue
in order to analyze the molecular mechanisms of activation of the regenerative potential on
these cells in vitro.

The results of RNA sequencing during induction of myocardial infarction showed
significant changes in the gene expression pattern in postinfarction tissue. Myriad signaling
pathways and processes associated with early cardiac remodeling, cell proliferation and
migration, and immune response have been affected.
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Gude et al. showed that expression of the Notch1 receptor, the Jagged1 ligand, and
the Hes1 target gene upregulated in interstitial cells and cardiomyocytes in the peri-infarct
region [24]. Notch is a highly conserved signaling pathway involved in the embryonic
development of most multicellular organisms, as well as in the regulation of tissue home-
ostasis, cell differentiation, and maintenance of the stem cell population in the postnatal
period [25]. The role of Notch in myocardial recovery is still not fully understood [26].

We observed that components of the Notch signaling pathway are activated in postin-
farction tissue. Overexpressed genes included targets from non-canonical signaling, such
as Myc, Ccnd1, and Runx2 [14,15]. The Runx2 transcription factor has been noted in the
development of the cardiovascular system [27]. BMP signaling is also involved in devel-
opment [28,29], and according to our data, it is activated during myocardial infarction,
in particular, Bmp2. It is known to play a critical role in the development of the heart, in-
duction of differentiation of cardiac progenitor cells into cardiomyocytes, and to stimulate
their contraction [30–33]. It can act with a key upregulation role and modulate the Notch
signaling pathway [34], and be involved in early remodeling processes [35]. Expression of
Bmp2 has been observed in both cardiomyocytes and interstitial fibroblasts in myocardial
infarction [36,37]; however, the activation mechanism also remains unknown [38]. We
hypothesize that the Notch signaling pathway, together with the key factors Bmp2 and
Runx2, may play an important role in early myocardial events in response to injury.

In order to confirm that, we obtained a fraction of activated cardiac mesenchymal cells
from the post-infarction area of the myocardium with promoted properties. The discovery
and experimental use of cardiac mesenchymal cells have become a new focus in cardiovas-
cular regenerative medicine [39]. Recently, clinical trials have been conducted using one
type of these cells and their products in therapy, and mainly to improve the function of the
heart with a single ventricle in patients with hypoplastic left heart syndrome [40–42]. We
obtained cells 24 h after the induction of myocardial infarction, and during cultivation, they
were passaged only three times to preserve their properties and perform functional tests.
Proliferative activity was assessed in real-time using the xCELLigence system. We found
that post-infarction cardiac mesenchymal cells have a more pronounced proliferative po-
tential than CMCs obtained from a healthy heart. This is consistent with the data which we
obtained on tissues with the analysis of the affected processes. In turn, we performed RNA
sequencing of primary cultures of CMCs and found that postinfarction CMCs partially
retain their transcriptional profile and reflect early events in the affected myocardium.

For comparison, we obtained an activated CMC fraction 8 h after induction of myocar-
dial infarction. The subsequent analysis of the evaluation of the expression of the Notch
signaling pathway components and putative early remodeling genes using real-time PCR
showed that the Notch target gene Hes1 and Bmp2/Runx2 factors are activated. Moreover,
the activation of the latter was expressed precisely at an earlier time point.

Hypoxia has been described as a factor modulating Notch [43], and whether in vitro
hypoxic stress on healthy CMCs can lead to the same activation of the Notch signaling
pathway and early remodeling genes remains a question. We induced hypoxia in vitro
by placing cardiac mesenchymal cells obtained from sham-operated rats in an oxygen-
controlled incubator. CMCs experienced acute hypoxic stress at 1% or 5% oxygen for
24 h. We isolated the RNA and assessed gene expression. We found that in vitro hypoxia
increased the expression of Notch signaling pathway components and Bmp2/Runx2 genes.

In embryonic development, there is crosstalk between the Notch signaling pathway
and Bmp2, as with Runx2, but whether Notch can act as an activator of putative early
remodeling factors in healthy CMCs remains unclear. We transduced healthy CMCs
obtained from sham-operated rats, a lentiviral vector in a low and high dose containing
the insertion of the Notch intracellular domain 1 (NICD1). We showed that Runx2 is dose-
dependently activated in response to increased Notch expression. Bmp2 did not react in any
way to the introduction of the vector, which, in turn, may indicate its superior position in
the regulation of the gene network, but we plan to investigate this interaction in the future.
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Despite these results, our work may have the following limitations. Several studies
have shown [44–46] the probable effect of epicardium-derived cells on neovascularization
and cardiomyogenesis by reactivating a fetal gene program in response to myocardial
infarction. In our methodology, we removed the epicardium prior to isolation of RNA
and primary cell cultures, but there is a possibility that the influence of the activated
epicardium may have affected the myocardium, and therefore further studies are required
to identify possible effects. In addition, we would like to note that under in vitro cultivation
conditions, we inevitably encounter a change in the properties of cultured cells, which in
turn can affect the ability of mesenchymal cells to proliferate and change their proangiogenic
properties [47]. In this work, we showed that under the same conditions, postinfarction
CMCs had more pronounced proliferative abilities than CMCs that were obtained from
healthy animals, but whether this will affect myocardial recovery in vivo remains a question
for further studies.

5. Conclusions

Recovery of the contractile function of the heart and the regeneration of the my-
ocardium after ischemic injury are contemporary issues in regenerative medicine and cell
biology. Traditional treatments such as drug therapy and revascularization only cropped
symptoms but do not contribute to full recovery from developing heart failure.

Thus, the results of this study showed that acute hypoxic stress could cause short-term
activation of the embryonic signaling pathways Notch and Bmp in cardiac mesenchymal
cells, and this interaction is closely related to the processes of early myocardial remodeling
after a heart attack. The ability to correctly modulate and control the corresponding signals
in the heart can help increase the regenerative capacity of the myocardium before the
formation of fibrotic conditions.
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involved in the growth and development of tissues and cells, which were generated using the IPA
software. Red means increased measurements, and green means decreased amounts. The brightness
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Abstract: A controversial understanding of the state of the DNA methylation machinery exists
in ischaemic cardiomyopathy (ICM). Moreover, its relationship to other epigenetic alterations is
incomplete. Therefore, we carried out an in-depth study of the DNA methylation process in human
cardiac tissue. We showed a dysregulation of the DNA methylation machinery accordingly with
the genome-wide hypomethylation that we observed: specifically, an overexpression of main genes
involved in the elimination of methyl groups (TET1, SMUG1), and underexpression of molecules
implicated in the maintenance of methylation (MBD2, UHRF1). By contrast, we found DNMT3B
upregulation, a key molecule in the addition of methyl residues in DNA, and an underexpression of
miR-133a-3p, an inhibitor of DNMT3B transcription. However, we found many relevant alterations
that would counteract the upregulation observed, such as the overexpression of TRAF6, responsible
for Dnmt3b degradation. Furthermore, we showed that molecules regulating Dnmts activity were
altered; specifically, SAM/SAH ratio reduction. All these results are in concordance with the Dnmts
normal function that we show. Our analysis revealed genome-wide hypomethylation along with
dysregulation in the mechanisms of addition, elimination and maintenance of methyl groups in the
DNA of ICM. We describe relevant alterations in the DNMT3B system, which promote a normal
Dnmt3b function despite its upregulation.

Keywords: ischaemic cardiomyopathy; DNMT3B; DNA methylation; non-coding RNA

1. Introduction

Ischaemic cardiomyopathy (ICM) is an important cause of mortality worldwide,
associated with the development of heart failure (HF) [1]. Therefore, there is a great interest
in the study of ICM to obtain a better understanding of the pathophysiology underlying the
disease. One of the main research foci is epigenomics, which has allowed the identification
of epigenetic alterations in ICM patients [2–4]. These epigenetic changes are associated
with differential expression at the mRNA level of genes described in the development
of ICM [5–7]. In addition, it has been observed that the epigenetic alterations produced
during disease development could be valuable diagnostic and prognostic markers, and
serve as therapeutic targets [8–11].

The most studied epigenetic modification is DNA methylation. It is a complex process,
characterised by two main mechanisms: the addition and the elimination of methyl residues
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in DNA. The addition of methyl groups to the cytosine residues of DNA, which is associated
with gene repression, is directly catalysed by three members of the DNA methyltransferase
(DNMT) family. These molecules require S-adenosylmethionine (SAM), a methyl group
donor, to carry out the reaction, which is then transformed into S-adenosyl-L-homocysteine
(SAH). On the other hand, the removal of methyl groups from DNA is a complex process
since several enzymatic reactions are required [12]. Moreover, in recent years, a large
number of molecules implicated in DNA methylation have been described [13]. These
key molecules can be classified based on their main function, as molecules involved in
the addition, elimination and maintenance of the methyl residues on DNA or regulators
of the methylation process. Other epigenetic mechanisms, such as post-translational
modifications of histones and RNA-based mechanisms, mainly miRNAs, can also interact
with the DNA methylation machinery. This allows complex gene regulation through the
different components of the epigenome [14,15].

In the context of HF, an increase in the expression of the de novo DNMTs, DNMT3A
and DNMT3B, has been observed [16], DNMT3B being the main DNA methyltransferase
expressed in human and mouse hearts [17]. Controversially, greater hypomethylation has
been observed in regions associated with genes that encode proteins in these patients [18].
Moreover, blood genome-wide DNA hypomethylation has been described to be a risk
factor for ischaemic heart disease [19].

Therefore, due to the lack of knowledge and the controversies described related to
the DNA methylation process in ICM, this study aims to elucidate the state of the DNA
methylation machinery. To carry it out, we analyzed the expression of the main genes
involved in DNA methylation in ischaemic hearts. Furthermore, to clarify the role of
DNMT3B upregulation, we studied the state of the DNMT3B system and the genome-wide
methylation state.

2. Materials and Methods

2.1. Cardiac Tissue Samples

Left ventricular (LV) tissue samples from 40 explanted human hearts were used in
our experiments, some of them matching between different analyses. The specific sample
size of each individual study is reported in Table 1. Patients were diagnosed with ICM
based on the following inclusion criteria: prior documented episodes of acute myocardial
infarction, an echocardiography showing normal contractility segments coexisting with
other dyskinetic or akinetic segments and an electrocardiography showing signs of ischemia
or myocardial necrosis. There were no signs of existence of a primary valvular disease.
The ICM characteristics for inclusion in the study were obtained from clinical history,
hemodynamic study, electrocardiograms and Doppler echocardiography data. All the data
was collected by physicians who were blind to the subsequent analysis of the LV function.
Patients were functionally classified following the New York Heart Association criteria
and were receiving medical treatment in accordance with the guidelines of the European
Society of Cardiology [20].

All controls (CNTs) had a normal LV function (LV ejection fraction >50%) and no
history of any cardiac disease. Samples were obtained from non-diseased donor hearts that
had been rejected for cardiac transplantation due to size or blood type incompatibility. All
heart donors died either from a cerebrovascular accident or in a motor vehicle accident.

Tissue samples were collected from near the apex of the left ventricle, maintained in
0.9% NaCl, and preserved at 4 ◦C for a maximum of 4.4 ± 3 h after coronary circulation
loss. The samples were stored at −80 ◦C until further use. Appropriate handling and rapid
sample collection and storage led to high-quality samples (DNA ratios 260/280 ~1.8 and
260/230 ~2.0, RNA ratio 260/280 ~2.0 and RNA integrity number ≥9).

This study was approved by the Ethics Committee (Biomedical Investigation Ethics
Committee of La Fe University Hospital of Valencia, Spain) and was conducted in accor-
dance with the guidelines of the Declaration of Helsinki [21]. Signed informed consent was
obtained from each patient or, in the case of CNT subjects, from their relatives.
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Table 1. Clinical characteristics of ischaemic cardiomyopathy patients.

Epigenomic
Study

mRNA
Sequencing

ncRNA
Sequencing

DNMT3B
Validation

Dnmt3b
Nuclear
Protein *

SAM/SAH
Ratio

n = 8 n = 13 n = 22 n = 14 n = 8 n = 30

Age (years) 53 ± 5 54 ± 8 55 ± 8 55 ± 8 53 ± 6 55 ± 8

Gender male (%) 100 100 100 93 100 100

NYHA class III–IV III–IV III–IV III–IV III–IV III–IV

BMI (kg/m2) 28 ± 3 27 ± 4 26 ± 3 27 ± 4 28 ± 4 27 ± 4

Haemoglobin (mg/dL) 14 ± 2 14 ± 3 14 ± 2 13 ± 3 15 ± 2 14 ± 2

Haematocrit (%) 44 ± 4 41 ± 6 41 ± 6 40 ± 8 43 ± 4 41 ± 5

Total cholesterol (mg/dL) 152 ± 43 162 ± 41 174 ± 45 160 ± 40 162 ± 46 187 ± 44

Prior hypertension (%) 25 33 40 31 38 56

Prior smoking (%) 88 92 81 85 88 77

Diabetes mellitus (%) 63 42 45 38 50 55

LVEF (%) 24 ± 6 25 ± 5 24 ± 7 24 ± 6 23 ± 5 24 ± 7

LVESD (mm) 57 ± 8 57 ± 8 54 ± 8 57 ± 8 57 ± 8 54 ± 8

LVEDD (mm) 65 ± 7 65 ± 8 63 ± 9 65 ± 8 65 ± 8 63 ± 8

BMI: body mass index; ICM: ischaemic cardiomyopathy; LVEF: left ventricular ejection fraction; LVEDD: left ven-
tricular end-diastolic diameter; LVESD: left ventricular end-systolic diameter; NYHA: New York Heart Association.
Data are presented as the mean ± SD.* The same patients were used to measure Dnmts nuclear activity.

2.2. mRNA Extraction and Sequencing

For this analysis, 23 samples were used (ICM, n = 13; and CNT, n = 10). RNA isolation
and RNA-sequencing (RNA-seq) procedures and analyses have been extensively described
previously by Roselló-Lletí et al. [22]. Briefly, RNA extractions were performed using a
PureLink™ Kit (Ambion Life Technologies; Waltham, MA, USA) and cDNA libraries were
obtained following Illumina’s recommendations. Transcriptome libraries were sequenced
on the SOLiD 5500 XL (Applied Biosystems; Waltham, MA, USA) platform. All data
presented in this manuscript has been deposited in the NCBI’s Gene Expression Omnibus
(GEO) database and are accessible through the GEO series accession number GSE55296.

2.3. ncRNA Extraction and Sequencing

For this analysis, 30 samples were used (ICM, n = 22; and CNT, n = 8). RNA extraction
was carried out using the Quik-RNATM miniprep plus kit (Zymo Research; Irvine, CA,
USA) and following the manufacturer’s instructions. RNA quantification was performed
using NanoDrop 1000 spectrophotometer and Qubit 3.0 fluorometer (Thermo Fisher Scien-
tific; Horsham, UK). The purity and the integrity of the RNA samples were determined
using a 0.8% agarose gel and the Agilent 2100 Bioanalyzer with RNA 6000 nano assay and
small RNA assay kits (Agilent Technologies; Spain).

The cDNA libraries have been obtained following Illumina´s recommendations.
Briefly, 3′ and 5′ adaptors were sequentially ligated to the RNA prior to reverse tran-
scription and cDNA generation. The cDNA was enriched using PCR to create an indexed
double-stranded cDNA library, and size selection was performed using a 6% polyacry-
lamide gel. The quality and quantity of the libraries were analyzed using a 4200 TapeStation
(Agilent Technologies; Madrid, Spain) D1000 High-Sensitivity assay. The cDNA libraries
were pooled and then sequenced using paired-end sequencing (100 × 2) in the Illumina
HiSeq 2500 (Illumina; San Diego, CA, USA) sequencer.

2.4. Validation for RT-qPCR

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed to val-
idate the expression of DNMT3B in the LV samples (ICM, n = 14; and CNT, n = 8). One
microgram of total RNA was reverse transcribed into cDNA using the M-MLV enzyme,
as per the manufacturer’s instructions (Invitrogen; Waltham, MA, USA). The resulting
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cDNA was used as a template for RT-qPCR, which was performed in duplicate using
the high-performance ViiATM 7 Real-Time PCR System thermal cycler, according to the
manufacturer’s instructions (Applied Biosystems; Waltham, MA, USA) and using TaqMan®

(Thermo Fisher Scientific; Horsham, UK) probes: DNMT3B (Hs00171876_m1) and GAPDH
(Hs99999905_m1). GAPDH was used as the reference gene. The relative expression of the
DNMT3B gene was calculated according to the Livak method of 2−ΔΔCt [23].

2.5. Enzyme-Linked Immunosorbent Assay

Dnmt3b protein levels, Dnmts activity and the concentrations of S-adenosylmethionine
(SAM) and S-adenosylhomocysteine (SAH) were determined via a specific sandwich
enzyme-linked immunosorbent assay, as per the manufacturer´s instructions (DNMT3B As-
say Kit ab113471 from Abcam (Cambridge, UK), DNMT Activity Quantification Kit (Colori-
metric) ab113467 from Abcam, Human S-adenosylmethionine SAM ELISA kit MBS2605308
and Human S-adenosylhomocysteine SAH ELISA kit MBS2602645 from MyBioSource (San
Diego, CA, USA)). The tests were quantified at 450 nm in a dual-wavelength microplate
reader (Sunrise; Tecan, Tecan Ibérica Instrumentación S.L Barcelona, Spain) using Magellan
version 2.5 software (Tecan).

Dnmt3b protein levels and Dnmts activity were measured in nuclear extracts from
homogenate heart tissue (ICM, n = 8; CNT, n = 8). The isolation method of the nuclear
fraction is detailed by Tarazón et al. [24]. Briefly, 100–150 mg of frozen left ventricle was
used for the extraction, which was homogenized in an extraction buffer. The homogenates
were subjected to a sucrose gradient and to successive ultracentrifugations until the isolation
of the nuclear fraction. The concentrations of SAM and SAH were measured in cardiac
tissue homogenates (ICM, n = 30; and CNT, n = 6). For the extraction, we used 25 mg
of the frozen left ventricle. These were then homogenized with an extraction buffer in a
FastPrep-24 homogenizer (MP Biomedicals; Irvine, CA, USA) with specifically designed
Lysing Matrix D tubes. The homogenates were centrifuged, and the supernatant was
aliquoted. The SAM and SAH tests have a limit of detection up to 5 ng/mL and 0.06 ng/mL,
respectively. No significant cross-reactivity or interference between these metabolites and
their analogues were observed.

2.6. DNA Extraction and Infinium MethylationEPIC BeadChip

For this analysis, 16 samples were used (ICM, n = 8; and CNT, n = 8). DNA isolation
and DNA methylation analyses—using the Infinium MethylationEPIC BeadChip platform
(Illumina; San Diego, CA, USA) to interrogate over 850,000 CpG sites—were performed
and extensively described by Ortega et al. [7].

2.7. Statistical Methods

Data are expressed as the mean ± standard deviation (SD) of the mean for continuous
variables and as percentage values for discrete variables. The Kolmogorov–Smirnov test
was used to analyze the data distribution. Significant differences between the means of
groups with a normal distribution were analyzed using the Student’s t-test, while the
non-parametric Mann–Whitney U test was used for data that was non-normally distributed.
Finally, Pearson’s correlation coefficient was calculated to determine the statistical rela-
tionship between variables. The molecules with p < 0.05 and fold > 1.20 were considered
statistically significant. CpGs with a Δβ ≥ ±0.1 and p < 0.05 were considered as differen-
tially methylated. All statistical analyses were performed using the SPSS software (version
20.0) for Windows (IBM SPSS Inc.; Endicott, NY, USA).

3. Results

3.1. Clinical Characteristics of Patients

This study included explanted heart tissue samples from CNT individuals and HF
patients from ischaemic etiology. The six study populations with ICM were homogeneous
with regard to their clinical characteristics (Table 1). ICM patients had a mean age of
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56 ± 8 years, and 99% were male. They belonged to classes III–IV of the New York Heart
Association functional classification and presented altered values in echocardiographic
parameters. Furthermore, they were previously diagnosed with significant comorbidi-
ties, including hypertension and diabetes mellitus. CNT individuals had a mean age of
55 ± 17 years, and 65% were male. Comorbidities and other echocardiographic data were
not available for the CNT group, in accordance with the Spanish Organic Law on Data
Protection 15/1999.

3.2. mRNA Expressio£n of Genes Involved in DNA Methylation

Transcriptome-level differences between ICM and CNT samples were investigated using
the mRNA-seq technology. We focused on the study of the genes involved in the DNA
methylation machinery; these genes were classified based on their main function, relating
to the addition, elimination, maintenance of methyl residues in DNA, or such as regulators
of the DNA methylation process (Supplementary Table S1). We found alterations in several
molecules of the methylation machinery (Figure 1a). Specifically, we observed the overex-
pression in DNMT3B gene (1.90 fold and p < 0.001), a molecule involved in the addition of
de novo methyl groups in the DNA. Amongst the major genes analyzed associated with
the elimination of methyl groups that were expressed in the heart, we observed that TET1
(1.94 fold and p < 0.05) and SMUG1 (1.36 fold and p < 0.05) were overexpressed in ICM patients.
In addition, MBD2 (−1.27 fold and p < 0.01) and UHRF1 (−1.52 fold and p < 0.01) genes
were underexpressed, both implicated in the maintenance of methyl groups. Finally, genes
involved in the regulation of the methylation process were analyzed (Figure 1b). Specifically,
we observed alterations in genes implicated in the regulation of the addition of methyl group,
AHCY (−1.46 fold and p < 0.05) and TRAF6 (1.31 fold and p < 0.05), and overexpression of
genes related to the regulation of the elimination of methyl groups, GADD45G (2.33 fold and
p < 0.001) and OGT (1.33 fold and p < 0.05).

Figure 1. mRNA relative expression levels of altered genes involved in the DNA methylation process
in ischaemic hearts versus controls. (a) Methylation machinery of DNA: genes related to addition
(DNMT3B), elimination (TET1 and SMUG1) and maintenance (MBD2 and UHRF1) of methyl groups
to DNA. (b) Methylation machinery regulators (AHCY, TRAF6, GADD45G and OGT). The results were
obtained by mRNA-sequencing SOLiD 5500XL platform. Data are presented as the mean ± SEM.
a.u., arbitrary units. Ischaemic cardiomyopathy patients (n = 13; blue), controls subjects (n = 10; grey).
* p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. DNMT3B Regulation Analysis

We validated the expression of DNMT3B, which plays a central role in the DNA methy-
lation process and its overexpression contrasted with the general hypomethylation ob-
served in these ICM patients. The results obtained by RT-qPCR corroborated the DNMT3B
overexpression (2.22 fold and p < 0.01; Figure 2a) observed by RNA-seq (Figure 1a). We
carried out a second RNA sequencing study, which allows the detection of ncRNAs and we
observed alterations in several miRNAs previously described as regulators of DNMT3B
expression. miR-133a-3p (Figure 2b), negative regulator of DNMT3B transcription, was
reduced (−1.38 fold and p < 0.001). In addition, post-transcriptional regulators miRNAs of
DNMT3B were altered (Figure 2c). Specifically, the miR-30d-5p (1.22 fold and p < 0.01) and
miR-379-5p (1.41 fold and p < 0.05) were overexpressed, while the miR-29c-3p (−1.30 fold
and p < 0.01) and miR-221-5p (−1.33 fold and p < 0.01) were underexpressed in ICM pa-
tients. Next, nuclear levels of the Dnmt3b protein were analyzed and we did not observe
statistically significant changes between ICM and control individuals (Figure 2d).

Figure 2. DNMT3B system dysregulation. (a) DNMT3B mRNA levels in ischaemic hearts (n = 14) and
controls (n = 8), using RT-qPCR. (b) miR-133a-3p expression levels in ischaemic hearts (n = 22) and
controls (n = 8), using HiSeq 2500 platform. (c) miRNAs expression levels in ischaemic hearts (n = 22)
and controls (n = 8), using HiSeq 2500 platform. (d) Dnmt3b nuclear protein levels in ischaemic hearts
(n = 8) and controls (n = 8), using ELISA. (e) SAM/SAH ratio in ischaemic hearts (n = 30) and controls
(n = 6), using ELISA. (f) lncRNA H19 expression level in ischaemic hearts (n = 22) and controls (n = 8),
using the Illumina HiSeq 2500 platform. (g) Dnmts nuclear activity in ischaemic hearts (n = 8) and
controls (n = 8), using ELISA. Data are presented as the mean ± SEM. a.u., arbitrary units. Ischaemic
cardiomyopathy patients (blue), controls subjects (grey). * p < 0.05, ** p < 0.01, *** p < 0.001.
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On the other hand, we analyzed different molecules that regulate the activity of Dnmts
to determine whether their levels could favor the inhibition of Dnmts and, consequently,
the global hypomethylation in ICM patients. Lower levels of SAM and higher levels of SAH
are related to reduce methylation capacity, which is represented by the SAM/SAH ratio [25].
We measured SAM and SAH levels in human heart samples through ELISA analyses. The
SAM/SAH ratio (Figure 2e) was reduced by 37% in ICM patients (p < 0.05). Specifically,
we obtained a SAM/SAH ratio of 631.45 ± 163.26 in the CNT group and 461.55 ± 173.72 in
ICM patients. Moreover, as previously shown, AHCY was underexpressed in ICM patients
(Figure 1b). This gene encodes the S-adenosyl-L-homocysteine hydrolase (SAHH) protein,
which is responsible for degrading SAH. Furthermore, through the sequencing of ncRNAs,
we detected the levels of lncRNA H19 (Figure 2f), which was overexpressed in ICM patients
(1.68 fold and p < 0.01). H19 is an SAHH inhibitor that favors the accumulation of SAH in
the cells. In addition, the expression of H19 correlated with the ejection fraction (r = 0.590
and p < 0.01). Next, we analysed Dnmts activity, observing absence of changes in ICM
patients compared to control individuals (Figure 2g).

3.4. State of Global DNA Methylation

We analyzed global DNA methylation levels in ICM patients and CNT individuals.
The β value and the p value were calculated for each detected CpG site, allowing the
identification of 643 differentially methylated CpGs sites. We represented each CpG with a
statistically significant value using a heat map (Figure 3a), which identified the ICM and
CNT groups in two different methylation patterns. Specifically, the 82.9% of the CpGs sites
were hypomethylated in ICM patients (Figure 3b). Furthermore, we analyzed the global
methylation mean between both groups (ICM, mean β value = 0.481 ± 0.164 and CNT,
mean β value = 0.569 ± 0.171; p < 0.0001 (Figure 3c)). These results showed genome-wide
hypomethylation in ICM patients.

Next, we analyzed the position in the genome of the differentially methylated CpGs
(Table 2). The 26.1% sites were distributed in the promoter proximal regions (TSS1500,
TSS200 and 5´UTR), 44.3% in gene body and first exons, and 29.6% in 3´UTR and intergenic
regions. In relation to CpG content and neighborhood context, the 54% of CpGs were
present in open sea; the 27.2% in shores and shelves of CpG sites; and the 18.8% in CpGs
sites. Although there is an evident greater number of a hypomethylated CpGs sites in ICM
patients, we observed that the percentage of methylation is similar for hypermethylated
and hypomethylated CpGs sites in each region, except for absence of differentially hyper-
methylated CpGs sites in 3´UTR regions and the marked reduction in the percentage of
hypermethylation in the context of the TSS200 regions and islands.

Table 2. Comparison of statistically significant CpG site methylation (Δβ > 0.1 and p < 0.05) between
ischaemic cardiomyopathy patients and control individuals.

Functional Genomic Distribution

All CpG Sites
Hypermethylated

CpG Sites
Hypomethylated

CpG Sites

CpGs % CpGs % CpGs %

TSS1500 67 10.4 11 10.0 56 10.5

TSS200 47 7.3 3 2.7 44 8.3

5’UTR 54 8.4 9 8.2 45 8.4

1stExon 26 4.0 5 4.5 21 3.9

Gene body 259 44.3 49 44.5 210 39.4

3’UTR 16 2.5 0 0.0 16 3.0

Intergenic 174 27.1 33 30.0 141 26.5

643 110 533
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Table 2. Cont.

CpG Content and Neighbourhood Context

All CpG Sites
Hypermethylated

CpG Sites
Hypomethylated

CpG Sites

CpGs % CpGs % CpGs %

North Shelf 28 4.3 8 7.3 20 3.8

Surth Shelf 19 3.0 4 3.6 15 2.8

North Shore 75 11.7 17 15.5 58 10.9

Surth Shore 53 8.2 8 7.3 45 8.4

Island 121 18.8 10 9.1 111 20.8

Open sea 347 54.0 63 57.3 284 53.3

643 110 533

Figure 3. Global CpGs hypomethylation in ischaemic cardiomyopathy patients. (a) Heat map
representing global methylation in ischaemic hearts (n = 8) and controls (n = 8) for each statistically
significant CpGs. The results are represented as individual β values (1 = hypermethylated (red)
and 0 = hypomethylated (green)). (b) Bar graph illustrating the number of hypermethylated and
hypomethylated CpGs in ischaemic hearts. (c) Box plot graph with global methylation mean. Data
are presented as the mean ± SEM. *** p < 0.0001. The results were obtained by the 850 K Infinium
MethylationEPIC BeadChip platform.
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4. Discussion

Gene expression is regulated by pathological mechanisms involving DNA methylation
and ncRNAs function. Both processes are closely related, but incomplete knowledge of
these epigenetic alterations exists in ICM [26]. Moreover, controversial results have been
published regarding DNA methylation in ICM. Specifically, increased expression of methyl
group addition molecules contrasts with the DNA hypomethylation observed [16,18]. Thus,
this study focused on the analysis of the state of the DNA methylation machinery in these
patients. Our results showed an alteration of the DNA methylation machinery in ICM
patients; specifically, we found a dysregulation in addition, elimination and maintenance
of methyl groups accordingly with the genome-wide hypomethylation observed.

Regarding the mechanisms of elimination of methyl groups, we observed the overex-
pression of TET1 and SMUG1 genes, both molecules favoring DNA hypomethylation [27].
TET1 plays a major role in the initiation of the active DNA demethylation process [28,29].
Furthermore, OGT has been related to the post-transcriptional regulation of TET1 in animal
models [30]. Loss of Ogt in early fetal cardiomyocytes leads to multiple heart develop-
mental defects, including hypertrabeculation, biventricular dilation, atrial septal defects,
ventricular septal defects and defects in coronary vessel development [31]. In this study,
we observed overexpression of the OGT gene. Ogt adds residues of O-GlcNAc to Tet1,
thereby stimulating its activity [32]. However, the impact of Ogt on the Tet family in human
cells is slightly controversial and requires additional studies [33]. In addition, we observed
overexpression of the GADD45G gene in ICM. This gene belongs to the GADD45 gene
family, which participates in the regulation of the active demethylation process, and its
expression is stimulated by cellular stress [34]. Moreover, Lucas et al. [35] demonstrated
that Gadd45g is up-regulated in murine cardiomyocytes subjected to simulated ischemia,
and that it promotes the development and persistence of HF by inducing cardiomyocyte
apoptosis. These results indicate a dysregulation in the process of elimination of methyl
groups, which could favor the demethylation of DNA.

Furthermore, the MBD2 and UHRF1 genes were underexpressed in this study. These
genes are responsible for reading the DNA methylation pattern and maintaining the methy-
lated state associated with transcriptional repression [12]. Genetic alterations in MBD2 and
UHRF1 have been linked to various cardiovascular pathologies such as atherosclerosis or
arterial aneurism, which can trigger HF [36,37].

On the other hand, we observed overexpression of the DNMT3B gene in ICM patients.
This gene encodes a methyltransferase responsible for adding methyl groups to DNA, thus
promoting the methylated state. Previously, DNMT3B overexpression has been reported
in the context of HF [16], which could be favored by hypoxic conditions [38]. DNMT3B
is a molecule subject to significant regulation. At the transcriptional level, different miR-
NAs regulators of its expression have been described in human and mouse cells [39–42].
Specifically, the miR-133a-3p binds to the DNMT3B promoter, reducing its transcription
in cardiac cells [43], finding in our results the underexpression of miR-133a-3p in ICM
patients. Furthermore, we observed alterations in several DNMT3B target miRNAs, which
can induce dysregulation in the levels of mRNA, as well as at the protein level. Next, we
analysed Dnmt3b nuclear protein levels. Our results did not show differences at the protein
level between patients with ICM and control individuals. Yu et al. [44] have described in
murine models of breast cancer that the ubiquitin E3 ligase Traf6 interacts with Dnmts,
catalyzing their ubiquitination and inducing protein degradation. TRAF6 mRNA levels
were increased in ICM patients, being able to favor lysosomal degradation of Dnmt3b.

Moreover, the enzymatic activity of Dnmt3b is regulated by different molecules. Specif-
ically, the SAH metabolite acts as an inhibitor of various methyltransferases, including
Dnmt3b, thereby preventing the addition of methyl groups to DNA [45,46]. The accumu-
lation of SAH in cells is caused by the SAM-dependent methylation, whose degradation
product is SAH, and by the inactivation of SAHH, a molecule involved in the breakdown
of SAH into adenosine and homocysteine. The results obtained in this study showed that
the SAM/SAH ratio was reduced in ICM patients. SAH is a competitive inhibitor of Dnmts;
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therefore, the increase in SAH, together with the decrease in SAM, favors the binding of
this molecule to one of its main targets. In addition, the reduction in SAM/SAH ratio has
been linked to the development of vascular diseases and to DNA hypomethylation of the
genome [47]. These results reinforce the existence of a generalized DNA hypomethylation
in ICM patients. Furthermore, we observed the underexpression of AHCY, gene encoding
SAHH and the overexpression of lncRNA H19 in ICM patients. H19 acts as an SAHH
inhibitor, thus preventing SAH degradation [48]. However, the Dnmts activity was similar
in ICM patients and control individuals. In recent years, the role of H19 in the development
and prognosis of HF has been extensively studied [49,50]. Several authors described altered
H19 expression in cardiovascular diseases and related it with hypertrophic growth inhibi-
tion in cardiomyocytes and alleviation of myocardial ischemia reperfusion injury [51–53].
We further observed that its expression related with ejection fraction, the central measure
of left ventricular function, as previously has been described [52]. These results represent a
promising possibility to identify new therapeutic strategies, such as H19-targeted delivery
for clinical ICM therapy.

To date, alterations in the methylation pattern have been identified in ICM patients
in specific regions of the genome [16]. Moreover, the analysis of genome-wide DNA
methylation in human ICM was carried out, observing differential methylation in the
CpG sites associated with gene promoters [54], as well as a greater hypomethylation in
regions associated with genes that encode proteins in these patients [18]. We also analyzed
the status of the CpG sites as a whole in ICM patients compared to control individuals,
and our results showed a higher degree of hypomethylated CpGs in each of the genomic
regions. In addition, the results obtained in the present study indicate an increase in the
regulatory mechanisms that promote DNA demethylation. Consistently, our assessment
of the global DNA methylation pattern revealed that explanted hearts from individuals
with ICM presented genome-wide hypomethylation. A limitation of this study includes
the use of cardiac tissue samples from patients with end-stage HF, who exhibit intrinsic
variability that exists between individuals. The patients who participated in this study
were also treated pharmacologically, and some therapies may have influenced the results.
However, our study population was etiologically homogeneous and all individuals had
been receiving medical treatment according to the guidelines of the European Society of
Cardiology [20].

5. Conclusions

Our analysis revealed genome-wide hypomethylation concordant with dysregulation
in the mechanisms of addition, elimination and maintenance of methyl groups in DNA
observed in ischaemic hearts. We describe relevant alterations in the DNMT3B system,
which promote a normal Dnmt3b function despite its upregulation.
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Abstract: Lysine acetylation is a highly conserved mechanism that affects several biological processes
such as cell growth, metabolism, enzymatic activity, subcellular localization of proteins, gene tran-
scription or chromatin structure. This post-translational modification, mainly regulated by lysine
acetyltransferase (KAT) and lysine deacetylase (KDAC) enzymes, can occur on histone or non-histone
proteins. Several studies have demonstrated that dysregulated acetylation is involved in cardiac
dysfunction, associated with metabolic disorder or heart failure. Since the prevalence of obesity,
type 2 diabetes or heart failure rises and represents a major cause of cardiovascular morbidity and
mortality worldwide, cardiac acetylation may constitute a crucial pathway that could contribute to
disease development. In this review, we summarize the mechanisms involved in the regulation of
cardiac acetylation and its roles in physiological conditions. In addition, we highlight the effects of
cardiac acetylation in physiopathology, with a focus on obesity, type 2 diabetes and heart failure. This
review sheds light on the major role of acetylation in cardiovascular diseases and emphasizes KATs
and KDACs as potential therapeutic targets for heart failure.

Keywords: acetylation; heart; obesity; diabetes; heart failure; enzymes

1. Introduction

Obesity is a worldwide epidemic associated with several public health challenges
including type 2 diabetes, hypertension, obstructive sleep apnea, dyslipidemia and cardio-
vascular disease, and notably heart failure. The prevalence of these disorders (e.g., obesity,
type 2 diabetes and heart failure) is still increasing and heart failure remains the most
common cause of cardiovascular morbidity and mortality in the world [1]. Interestingly,
although heart failure could provoke systolic or diastolic cardiac dysfunction, obesity
and type 2 diabetes are more often characterized by cardiac hypertrophy and diastolic
dysfunction [2]. Moreover, diastolic heart failure remains one of the more challenging dis-
eases to treat and, thus, a better understanding of the physio(patho)logical mechanisms
involved in metabolic heart disease is necessary to propose new pharmacological ther-
apies. In this context, epigenetic or protein post-translational modifications, including
phosphorylation, methylation, O-GlcNAcylation, ubiquitylation, and acetylation, could rep-
resent interesting targets since they modulate gene or protein expression during metabolic
diseases [3].

Protein acetylation is a highly conserved mechanism that was first described 60 years
ago, in which an acetyl group is covalently attached to the ε-amino group of lysine
residues [4]. This modification induces important changes to the protein structure at
its lysine residue, by altering its charge status and adding an extra structural moiety [5].
These post-translational modifications can regulate protein–protein interactions, stability
and function. Acetylation was first described to regulate chromatin structure and histone
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activity, associated to epigenetic-mediated gene regulation [4]. Since then, several pro-
teomic analyses enabled to identify more than a thousand acetylation sites in both histone
and non-histone proteins [6–8], and, interestingly, revealed that the subcellular distribution
of acetylation is tissue dependent [9]. Focusing on cardiovascular and metabolic diseases,
Table 1 indicates some of the most common proteins modified by cardiac acetylation.

Table 1. Most common proteins modified by cardiac acetylation in cardiovascular and metabolic
diseases.

Class Name KAT KDAC Function of Acetylation in the Heart References

Mitochondrial
proteins

LCAD/SCAD GCN5L1 SIRT3 Increased activity and modulated fatty
acid oxidation [5,10–13]

β-HAD GCN5L1 SIRT3 Increased activity and modulated fatty
acid oxidation [5,12,14]

OPA1 Unknown SIRT3 Decreases its activity [15]
PGC1α Unknown SIRT1 Increases its expression [16]

Cyclophilin D GCN5L1 SIRT3 Induces mPTP opening [17]

Transcription
factors

TBX5 KAT2A, KAT2B HDAC4 HDAC5 Increases transcriptional activity [18,19]

VGLL4 P300 Unknown Negatively regulates its binding to
TEAD1 [20]

GATA4 P300 SIRT7 Activates its DNA binding activity [21,22]

MEF2A P300
KAT2B HDAC5 Increased hypertrophy [23,24]

MEF2C KAT2B HDAC5 Increased hypertrophy [24,25]

Anti-oxidant
proteins

SOD2 Unknown
Decreases SOD2 activity [26]

SIRT3
Increased mitochondrial oxidative

stress and
hypertrophy

[27]

Prx1 Unknown HDAC6 Increased peroxide-reduction activity [28]
Nrf2 Unknown SIRT1 Decreases its activity [29]

eNOS Unknown SIRT1 Inactive form [30]

Contractile
proteins

β-MHC Unknown HDAC6 Impact myosin head positioning [31,32]
Titin Unknown HDAC6 Cardiac contraction [33]

CapZβ1 Unknown HDAC3/6 Cardiac contraction [34]
TnI Unknown HDAC6 Cardiac contraction [35]

Signaling
pathway

LKB1 Unknown SIRT2
SIRT3

Induces its activation by
phosphorylation [36,37]

Akt Unknown SIRT1 Inhibition of Akt phosphorylation and
activation [38]

SMAD2 KAT2B SIRT1 Induced fibrosis [39,40]
SMAD3 Unknown SIRT1 Induced fibrosis [40–42]

KAT: lysine acetyltransferase; KDAC: lysine deacetylase; LCAD: long chain acyl CoA dehydrogenase; SCAD: short
chain acyl CoA dehydrogenase; β-HAD: L-3-hydroxy acyl-CoA dehydrogenase; OPA1: optic atrophic 1; PGC-
1α: peroxisome proliferator-activated receptor-gamma coactivator; TBX5: T-Box transcription factor 5; VGLL4:
vestigial-like 4; TEAD1: TEA Domain Transcription Factor 1; GATA4: GATA-binding factor 4; MEF: myocyte
enhancer factor; SOD2: superoxide dismutase 2; Prx1: peroxiredoxin 1; Nrf2: nuclear factor erythroid-2-related
factor 2; eNOS: endothelial nitric oxide synthase; β-MHC: beta-myosin heavy chain; TnI: troponin I; LKB1: liver
kinase B1; GCN5L1: general control of amino acid synthesis 5 like-1; SIRT: sirtuins; HDAC: histone deacetylase;
mPTP: mitochondrial permeability transition pore.

2. Cardiac Acetylation

2.1. Regulation of Lysine Acetylation

Lysine acetylation is a reversible mechanism that is regulated by the dynamic actions
of lysine acetyltransferase (KATs) and lysine deacetylase (KDACs) enzymes [43]. There
are three categories of KATs: the MYST family, the Gcn-5-related N-acetyltransferases
(GNATs) and the E1A-associated protein of 300 kDa/CREB binding protein (p300/CBP)
family [44]. KDACs are broadly categorized into four classes based on function and
DNA sequence similarity. Class I (reduced potassium dependency 3 family), II (histone
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deacetylase 1 family) and IV (HDAC11) are considered as classical KDACs with zinc-
dependent active sites, whereas class III enzymes are a family of silent information regulator
2-like nicotinamide adenine dinucleotide (NAD+)-dependent deacetylases/mono-ADP-
ribosyl transferases known as sirtuins 1 to 7 [44]. Interestingly, the level of expression of
KATs and KDACs follows a specific tissue distribution, suggesting specific functions in
these different organs [45]. For example, in physiological conditions, KATs are weakly
expressed in vascular tissue, except for the lysine acetyltransferase KAT2B, which is highly
expressed [45]. Conversely, a database mining approach analyzing the expression profile of
164 enzymes in human and murine tissues highlighted heart as tissue in which KATs and
KDACs are in the highest varieties [45]. In addition to tissue-specific expression, both KATs
and KDACs have precise subcellular localizations related to their specific targets (Figure 1)
and can regulate each other. For example, cardiomyocyte overexpression of SIRT6 decreases
P300 levels, where SIRT6 promotes ubiquitination and degradation of P300 [46]. Moreover,
cardiomyocyte overexpression of SIRT3 increases SIRT1 expression [27].

Figure 1. Subcellular localization of cardiac KATs and KDACs. This figure summarizes the subcellular
localization of the most common lysine acetyltransferases (KATs, blue) and lysine deacetylases
(KDAC, orange) and their cardiac targets. Ac: acetylated form; HDAC: histone deacetylase; SIRT:
sirtuins; β-MHC: beta-myosin heavy chain; TnI: Troponin I; prx1: peroxiredoxin 1; LCAD: long chain
acyl CoA dehydrogenase; SCAD: short chain acyl CoA dehydrogenase; β-HAD: L-3-hydroxy acyl-
CoA dehydrogenase; SOD2: superoxide dismutase 2; CypD: Cyclophilin D; OPA1: optic atrophic 1;
TBX5: T-Box transcription factor 5; VGLL4: vestigial-like 4; GATA4: GATA-binding factor 4; MEF:
myocyte enhancer factor; Nrf2: nuclear factor erythroid-2-related factor 2; GCN5L1: general control
of amino acid synthesis 5 like-1; CBP: CREB binding protein.

In addition, cofactors play an essential role to modulate acetylation. Several short-
chain acyl-CoA products, such as acetyl-coenzyme A (acetyl-CoA), are important metabolite
intermediates generated during catabolism of various energy fuels that modulate cardiac
acetylation. Indeed, acetyl-CoA acts as a substrate for KATs. Moreover, auto-acetylation
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of mitochondrial proteins can occur efficiently at the pH of the matrix (pH ≥ 7.5) in
actively respiring mitochondria [9]. On the other hand, levels of NAD+, an important
cofactor for sirtuins, may impact protein acetylation [5]. Indeed, NAD+ levels, synthesized
from metabolic pathways, connect their enzymatic activity to metabolism and provide a
metabolic link between the sirtuins activity, energy homeostasis and stress responses.

2.2. Physiological Roles of Lysine Acetylation

Lysine acetylation can modulate cell growth, metabolism, protein–protein interactions,
protein stability, subcellular localization, gene transcription, chromatin structure or enzy-
matic activity [6,7]. This post-translational modification plays an essential role in cardiac
physiology (Figure 2).

Figure 2. Physiological roles of cardiac acetylation. Ac: acetylated form; KATs: lysine acetyltrans-
ferases; KDACs: lysine deacetylase; ROS: reactive oxygen species.

2.2.1. Heart Development and Cardiac Ageing

Acetylation can regulate embryonic heart development and cardiac progenitor
fate [47,48]. TBX5, a T-box family transcription factor, is involved in heart and forelimb
development and is acetylated by KAT2A and KAT2B at lysine 339, leading to stimulate its
transcriptional activity [18]. Knockdown of KAT2A and KAT2B in zebrafish severely im-
pairs heart development and induces pericardial oedema by inhibiting TBX5 [18]. Besides
KATs, the lysine deacetylase enzymes HDAC4 and HDAC5 are also able to interact with
TBX5 to exert a repressive role on cardiac genes transcription through deacetylation [19].
Furthermore, TBX1, another T-box family transcription factor expressed in cardiac progen-
itors, represses myocyte enhancer factor 2c (Mef2c) gene expression by reducing histone
3 acetylation on lysine 27 [48]. Moreover, acetylation of vestigial-like 4 (VGLL4) at K225
by P300 negatively regulates its binding to the transcription factor TEA Domain Transcrip-
tion Factor 1 (TEAD1), leading to decreased neonatal cardiomyocytes proliferation and
cardiomyocytes necrosis [20]. Inhibition of HDAC1 was also described to decrease the pro-
liferation cardiomyocyte in zebrafish [49]. Indeed, mutation in HDAC1 gene that induces
protein instability is associated with decreased cardiomyocyte proliferation, suggesting an
important role of HDAC1 during heart growth [49].

In addition, sirtuins are well-described regulators of aging and have been associated
with longevity [50–52]. Indeed, mice deficient for SIRT1 [53,54], SIRT3 [55] or SIRT6 [56]
display a shorter life span with severe cardiac damage, such as hypertrophy and fibrosis.
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SIRT1 is well known to be cardioprotective by decreasing oxidative stress and inflammation,
which promotes cardiomyocyte survival [54]. Moreover, SIRT3 is required for cardiomy-
ocyte survival under several stress conditions such as serum starvation, genotoxic and
oxidative stress [57]. Altogether, these studies demonstrate that KDACs and KATs exert
crucial functions during heart development and cardiac ageing.

2.2.2. Cardiac Contraction

Recently, reversible acetylation of sarcomeric proteins has been described as a mecha-
nism regulating cardiac function. The comparison of lysine acetylation patterns from rats
as well as from human skeletal muscle biopsies revealed that 80% of the proteins involved
in muscle contraction were acetylated [9]. Moreover, proteomic analyses suggested that
HDAC6 is localized in Z-disks and acts as a sarcomeric protein desacetylase [58]. Among
them, acetylation can impact the β-myosin heavy chain (lysine 34, lysine 58, lysine 213,
lysine 429, lysine 951 and lysine 1195) [31], titin [33], CapZβ1 (lysine 199) [34] or cardiac
troponin I [35], directly affecting cardiac contraction.

2.2.3. Role of Lysine Acetylation in Cardiac Energy Metabolism and
Mitochondrial Activity

Proteomic analyses suggested that the subcellular distribution of lysine-acetylated
proteins is tissue dependent [9]. For example, the heart and muscles, both high energy-
demanding organs, are tissues with the largest fraction of mitochondrial protein
acetylation [9]. Calorie restriction or changes in nutrition specifically affect the mito-
chondrial acetylome, but not the cytosol or nucleus [59], suggesting different roles for
lysine acetylation in the mitochondria, nucleus and cytoplasm. Indeed, mitochondrial
lysine acetylation was described to modulate cell metabolism by regulating fatty acid
β-oxidation, the tricarboxylic acid cycle, the urea cycle, and oxidative phosphorylation [60].

In the early newborn period, an important change in myocardial energy substrate
metabolism occurs with an increase in fatty acid β-oxidation [47], associated with an
increase in long chain acyl CoA dehydrogenase (LCAD) and L-3-hydroxy acyl-CoA de-
hydrogenase (β-HAD) acetylation and activation [12]. At the cardiac level, mitochondrial
general control of amino acid synthesis 5 like-1 (GCN5L1) triggers LCAD and β-HAD
acetylation [10,11] whereas SIRT3 deacetylates both LCAD and β-HAD [13,14]. The impli-
cation of GCN5L1 in cardiac metabolism was confirmed by genetic deletion approaches.
Indeed, knockdown of GCN5L1 in H9c2 cardiomyoblasts decreases maximal mitochondrial
respiration and activity of proteins involved in fatty acid oxidation [12].

However, there is no consensus about the effects of lysine acetylation on fatty acid
β-oxidation. Indeed, some studies suggested an inhibitory effect [43] whereas others
suggested a stimulatory effect [13,14]. As an example, it was reported that an impaired
fatty acid β-oxidation was linked to a reduced acetylation and activity of LCAD in the
liver [13] or heart [14] of SIRT3 knockout mice. On the other hand, cardiac mitochondrial
protein hyperacetylation induced by SIRT3 deletion is associated with an increased fatty
acid β-oxidation rates [43]. This discrepancy could be due to organ, physio(patho)logical
status (e.g., diabetes, obesity or newborn period) or acetylated proteins themselves, and are
well described in the following review [43].

The implication of sirtuins in metabolic regulation is well detailed in a recent review [61].
Indeed, SIRT6 was described as a gatekeeper of glucose metabolism in cardiomyocytes.
SIRT6 partial depletion decreased mitochondrial respiration whereas SIRT6 overexpression
enhanced basal oxygen consumption [62]. Conversely, fatty acid uptake increases in SIRT6-
deficient cardiomyocytes and is decreased in SIRT6-overexpressed cardiomyocytes [63]. Of
note, proteins involved in mitochondrial biogenesis can also be acetylated, such as optic
atrophy 1 (OPA1) through SIRT3 which is able to activate OPA1 by deacetylation of the
residues lysine 926 and lysine 931 [15]. Finally, a cross-talk between SIRT1, peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) and AMP-activated
protein kinase (AMPK) has been described to regulate cardiac metabolism [54]. Indeed,
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PGC-1α is a transcription factor playing a central role in the regulation of cellular energy
metabolism, mitochondrial biogenesis and oxidative phosphorylation. SIRT1 could interact
with PGC-1α and increase its expression levels [16]. Moreover, AMPK increases cellular
NAD+ levels and subsequently increases SIRT1 activity, resulting in PGC-1α deacetylation
and activation [64].

2.2.4. Mitochondrial Oxidative Stress

It is well described that several mitochondrial proteins involved in oxidative stress are
acetylated in the heart [60]. Oxidative stress is defined by a production of reactive oxygen
species (ROS) higher than anti-oxidant capacities. Indeed, although different molecular
processes may contribute to global oxidative stress, the majority of ROS originates from
the mitochondrial compartment in the heart. Excessive ROS production occurs during
mitochondrial dysfunction and induces irreversible damage to mitochondria, defining
them as significant contributors to the development of cardiovascular disease [65,66]. In
this context, we recently described that SIRT3 deacetylates and activates the mitochondrial
superoxide dismutase 2 (SOD2), but there is a decreased interaction between SIRT3 and
SOD2 induced SOD2 acetylation on lysine 68 and its subsequent inactivation, leading
to mitochondrial oxidative stress and dysfunction in hypertrophied cardiomyocytes [27].
Moreover, SIRT3 inhibition increased oxidative stress in neonatal rat cardiomyocytes [27]
or human aortic endothelial cells [26].

Other anti-oxidant enzymes were described to be acetylated in the heart, such as
peroxiredoxin 1 [28] in the mitochondria or nuclear factor erythroid 2-related factor 2 [29]
in the nucleus.

3. Implication of Cardiac Acetylation in Metabolic Heart Disease

Post-translational acetylation triggers modification of the activity of several proteins
that occurs in obesity, diabetes and early stage of heart failure as detailed below [67,68].
Table 2 summarizes the cardiac modulation of KATs and KDACs expression levels reported
in metabolic heart disease.

Table 2. Modulation of KATs and KDACs expression in heart failure and metabolic diseases.

KATs KDACs

Name Heart Failure Metabolic Diseases Name Heart Failure Metabolic Diseases

P300 Increase [46,69] Unknown SIRT1 Decrease [70,71] Decrease [30,38,72]
KAT2B Increase [23,25,73] Unknown SIRT2 Decrease [37] Decrease [74,75]

GCN5L1 Unknown Increase in pre-diabetes [11,76] SIRT3 Decrease [77] Decrease [17,78,79]
Decrease in diabetes [10] SIRT6 Decrease [46,63] Decrease [63]

SIRT7 Increase [21] Unknown
HDAC3 Increase [80] Increase [81]
HDAC6 Unknown Increase [28]

KATs: lysine acetyltransferases; KDACs: lysine deacetylases; SIRT: sirtuins; HDAC: histone deacetylase; GCN5L1:
general control of amino acid synthesis 5 like-1.

3.1. Cardiac Hypertrophy

Cardiac hypertrophy is a consequence of genetic, mechanic or neurohormonal changes
contributing to heart failure progression. Interestingly, total KAT activity was found to be in-
creased in the hearts of mice subjected to phenylephrine (PE), an hypertrophic stimulus [23].
In this context, the increased expression of P300 and KAT2B acetylases may explain hyper-
trophied cardiomyocytes under PE [23,25,46,69]. In addition, PE-induced hypertrophy also
decreases SIRT6 expression, leading to an increase in histone H3 acetylation on lysine 9
(H3K9) [25,46,69]. Interestingly, PE-induced hypertrophy is decreased by treatment with
polyunsaturated fatty acid [69] or anacardic acid [23] in association with a decreased H3K9
acetylation. In parallel, overexpression of P300 induces an increased size of cardiomyocytes
and a modification of their myofibrillar organization [69], whereas inhibition of P300 by
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siRNA attenuates hypertrophic response in neonatal rat cardiomyocytes [46]. On the other
hand, overexpression of SIRT6 [46] or SIRT3 [27] decreased cardiomyocytes hypertrophy.
As an example, NAD inhibits oxidative stress and hypertrophy induced by PE in cardiomy-
ocytes or by angiotensin II in mice [36]. Indeed, NAD requires SIRT3 to deacetylate and
activate liver kinase B1 (LKB1) and its target AMPK [36]. Furthermore, a decreased SIRT2
protein expression was reported in hypertrophic hearts from mice whereas cardiac-specific
SIRT2 overexpression protected the hearts against angiotensin II–induced hypertrophy [37].
As shown for SIRT3, SIRT2 deacetylates LKB1 at lysine 48, these promote the phosphoryla-
tion of LKB1 and the subsequent activation of AMPK signaling [37]. Moreover, SIRT7 levels
increase in myocardial tissues after pressure overload induced by transverse aortic constric-
tion in mice [21]. Cardiomyocyte-specific deletion of SIRT7 exacerbates hypertrophy and
fibrosis induced by transverse aortic constriction, suggesting an antihypertrophic role of
SIRT7 [21]. Indeed, SIRT7 deacetylates the hypertrophy response transcription factors such
as GATA-binding factor 4 (GATA4) in cardiomyocytes [21]. Conversely, P300 acetylates
GATA4 and activates its DNA binding activity, inducing cardiac hypertrophy and heart
failure [22].

Finally, HDAC3 expression and activity increase during hypertrophy [80] whereas
a decreased binding of HDAC3 to myofibrils is observed in PE-induced hypertrophy in
neonatal rat cardiomyocytes that increases the acetylation of CapZβ1 at lysine 199 and
alters myofibril growth during cardiac hypertrophy [34].

3.2. Cardiac Fibrosis

Cardiac fibrosis, defined as an excessive deposition of extracellular matrix in the
cardiac muscle, is an important contributor to several heart diseases. Interestingly, in
isoproterenol-injected mice, KAT2B activity was found to be increased only in cardiac fi-
broblasts, whereas no effects were observed in cardiomyocytes isolated from these mice [39].
In this model, KAT2B induces acetylation of SMAD2 and, subsequently, activates SMAD2
and the transforming growth factor β signaling pathway [39]. SMAD3 could also be acety-
lated during cardiac fibrosis [41,42]. Activation of SIRT1 by resveratrol [41], nicotinamide
mononucleotide [42] or geniposide [70] could decrease SMAD3 acetylation and fibrosis.
Moreover, inhibition of P300 appears to exert anti-fibrotic functions [82].

Decreased α-tubulin acetylation and increased HDAC6 were also described in cardiac
fibroblasts or the heart from isoproterenol-induced fibrosis. Interestingly, treatment of
cardiac fibroblasts with tubastatin A, an HDAC6 inhibitor, restored α-tubulin acetylation
and decreased fibrosis [83].

3.3. Heart Failure

Cardiac hypertrophy and fibrosis are both involved in heart failure development by
activation of several intracellular signaling pathways, leading to left ventricular remodeling
with systolic dysfunction. Despite the best modern therapeutic management, left ventric-
ular remodeling remains independently associated with heart failure and cardiovascular
death at long-term follow-up after myocardial infarction [84]. Moreover, alterations in
cardiac energy metabolism, both in terms of changes in energy substrate preference and
decreased mitochondrial oxidative metabolism and ATP production, are key contributors
to heart failure development [5].

An increase in P300 expression is observed during ischemia/reperfusion injury [85]
and myocardial infarction [69]. Interestingly, it was described that activation of P300
acetylase, leading to an increase in acetylated H3K9 induced by myocardial infarction, is
reversed by treatment with polyunsaturated fatty acid [69]. Indeed, eicosapentaenoic acid
and docosahexaenoic acid directly blocks the histone acetyltransferase activity of P300
and subsequently reduces both hypertrophy and fibrosis induced by myocardial infarction
in rats [69]. Other P300 inhibitors were also described to be cardioprotective, such as
Ecklonia stolonifera Okamura extract [86], curcumin [87] and metformin [88]. Moreover,
KAT2B levels are also increased by ischemia/reperfusion injury [73].
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The expression and activity of sirtuins are also highly impacted during heart failure.
As an example, a decrease in SIRT3 and SIRT6 expressions were observed in human failing
hearts that induces a global increase in protein acetylation [63,77]. Proteomic analysis also
identified an increased acetylation of mitochondrial proteins induced by transverse aortic
constriction [89].

Inhibition of SIRT3 was also described to induce mitochondrial oxidative stress and
hypertrophy, notably by increasing the inactive form of SOD2 (acetylated on lysine 68)
in hypertrophy [27] or following ischemia/reperfusion [90]. Moreover, deletion of SIRT2
exacerbates cardiac hypertrophy and fibrosis and decreases cardiac ejection fraction and
fractional shortening in angiotensin II-infused mice by inhibition of AMPK activation,
whereas cardiac-specific SIRT2 overexpression reversed this phenotype [37]. SIRT1 expres-
sion and activity are decreased in the heart following ischemia/reperfusion [30]. SIRT1
inhibition was also reported to increase endoplasmic reticulum stress-induced cardiac
injury by decreasing eukaryotic initiation factor 2 alpha (eIF2α) deacetylation on lysine 143
in cardiomyocytes and in adult-inducible SIRT1 knockout mice [91].

Acetylation of contractile proteins is also modified during heart failure. For example,
acetylation of β-MHC on lysine 951 was decreased in both ischemic and non-ischemic
failing hearts [31].

3.4. Obesity

Obesity is a major cause of disability and is often associated with cardiac hypertrophy,
fibrosis, type 2 diabetes, obstructive sleep apnea and alteration of cardiac metabolism. It
has notably described an increase in genes involved in fatty acid oxidation [11]. Moreover,
several studies have suggested an increase in acetylation raised from the non-enzymatic
reaction of high levels of acetyl-CoA generated during a high-fat diet (HFD) and obesity [5].
Furthermore, hyperacetylation of mitochondrial proteins and metabolic inflexibility was
reported in response to HFD or obesity. SIRT3 expression is decreased in left ventricles
of obese patients and is associated with an increased level of brain natriuretic peptide
(BNP), a marker of cardiac dysfunction and of protein acetylation [17]. It was also reported
that exposure of cardiomyoblasts H9c2 to palmitate led to an increase in both SIRT3 and
GCN5L1 RNA levels [11]. At the metabolic level, HFD induced an increase in SCAD and
LCAD acetylation and activity [11]. Moreover, the acetylation level of α-tubulin on lysine
40 is increased in the hearts of HFD mice and a pharmacological activation of α-tubulin
acetylation decreases glucose transport [92].

In the other hand, cardiac specific inhibition of SIRT6 in mice exposed to HFD-induced
cardiac hypertrophy and lipid accumulation [93]. In this context, SIRT6 activated the expres-
sion of endonuclease G and SOD2, that could decrease oxidative stress and hypertrophy [93].

3.5. Type 2 Diabetes

As obesity, type 2 diabetes is also associated with several cardiac dysfunctions such
as cardiac hypertrophy and fibrosis, and acetylation may be involved in these mecha-
nisms. Indeed, SIRT1 expression and activity are decreased in the heart of diabetic rats,
induced by HFD and streptozotocin injection and, conversely, an up-regulation of SIRT1
by adenovirus attenuates cardiac dysfunction and oxidative stress [30]. Moreover, in a
model of sucrose-fed rats, cardiac dysfunction is associated with a decreased SIRT3 protein
expression (despite an increase at RNA level) and an increased GCN5L1 (protein and RNA)
and mitochondrial protein acetylation [11,17]. Decreased SIRT3 levels are also associated
with an increased acetylation of SOD2, and an increased oxidative stress and apoptosis in
heart of diabetic mice [79]. Interestingly, exposure of cardiomyoblasts H9c2 to high glucose
concentration decreased SIRT3 [78] and increased GCN5L1, oxidative stress and autophagy
mediated by cytoplasmic Forkhead box O1 (FOXO1) acetylation [11,76]. Conversely, ex-
pression of GCN5L1 is decreased in hearts of diabetic ZSF1 rats, a model characterized
by obese animals with hyperglycemia, hyperinsulinemia and cardiac dysfunction [10].
This decreased GCN5L1 expression and activity, with no modulation of SIRT3, induced
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a decrease of short- and long-chain acyl CoA dehydrogenases and a reduced respiratory
capacity [10]. One explanation could be the transition from prediabetes, in which GCN5L1
becomes elevated to promote mitochondrial fatty acids oxidation, to an overt diabetic
state, in which GCN5L1 expression is downregulated leading to an overall decrease in
mitochondrial fuel oxidation [10].

On the other hand, OVE26 mice, a mouse model of type 1 diabetes, develop cardiac
dysfunction with increased left ventricle diameters and fibrosis and decreased ejection frac-
tion associated with an increase in HDAC3 activity, oxidative stress and inflammation [81].
Interestingly, the selective HDAC3 inhibitor RGFP966 reversed the cardiac phenotype in
these mice [81]. In another model of type 1 diabetes, injection of streptozotocin in rats
induced cardiac dysfunction, cardiac hypertrophy, fibrosis and inflammation [72] as well as
oxidative stress [28]. This oxidative stress is due to an increased HDAC6 activity leading to
a decrease in the acetylated form of peroxiredoxin 1, suggesting that acetylation of perox-
iredoxin 1 is involved in this activation [28]. In this context, tubastatin A, a highly selective
inhibitor of HADC6, may represent an interesting pharmacological target since treatment
of diabetic rats with tubastatin A increased acetylation of peroxiredoxin 1 and decreased
oxidative stress and cardiac dysfunction [28]. Conversely, SIRT1 expression and activity
appear to be decreased in the left ventricles of streptozotocin-induced diabetic rats [72]
and mice [38]. In these models, reduced SIRT1 expression is associated with acetylation
of endothelial nitric oxide synthase [72] or Akt [38]. In addition, SIRT6 expression is also
decreased in the hearts of diabetic mice [63], suggesting that sirtuin family members may
play a crucial role in type 1 diabetes-associated cardiac dysfunctions.

3.6. Pharmacological Modulation of Cardiac Acetylation

Due to the major implication of KATs and KDACs in cardiac dysfunction induced
by obesity, type 2 diabetes or heart failure, targeting these enzymes could be beneficial
for patients.

First, inhibition of P300 appears to be a promising approach to inhibit cardiac hy-
pertrophy and fibrosis induced by several stimuli. As an example, oral administration
of eicosapentaenoic acid (1 g/kg) or docosahexaenoic acid (1 g/kg) one week after my-
ocardial infarction preserved fractional shortening and decreased cardiac hypertrophy
and perivascular fibrosis [68]. Ecklonia stolonifera Okamura extract, an algae traditionally
used in Japanese foods, inhibits PE-induced hypertrophy in neonatal rat cardiomyocytes
and restores fractional shortening and reduced cardiac hypertrophy and fibrosis by oral
administration one week after myocardial infarction in rats [73]. Oral administration of
curcumin (50 mg/kg/day) acts also as a P300 inhibitor and decreases posterior wall thick-
ness, cardiac hypertrophy and perivascular fibrosis induced by hypertension [74]. Finally,
metformin, that directly inhibits P300-mediated acetylation of H3K9, blocks PE-induced
cardiomyocytes hypertrophy [75].

Based on the cardioprotective effects of SIRT3, it seems essential to develop new thera-
peutic strategy to increase its expression or activity. Recent reviews have well described
these molecules [94,95]. For example, exogenous NAD is able to inhibit hypertrophy in-
duced by PE in cardiomyocytes or by angiotensin II in mice [36]. Resveratrol, an activator
of both SIRT1 and SIRT3, is also described to be cardioprotective [41].

4. Conclusions

Despite available therapies, cardiovascular diseases, and particularly ischemic dis-
eases, still remain the first cause of mortality and morbidity in the world. Obesity and
type 2 diabetes are some of the major risk factors of cardiovascular diseases. Acetylation
is an essential mechanism involved in several processes contributing to cardiac diseases
such as cell metabolism, gene transcription or enzymatic activity. In this context, targeting
enzymes responsible of acetylation/deacetylation could be beneficial and is a very promis-
ing research area, as demonstrated by the development of inhibitor targeting P300 [82],
modulators of SIRT6 [96] or agonists of SIRT3 [94,95] to treat cardiac dysfunctions.
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Abstract: Renal cell carcinoma (RCC) is one of the most frequent malignant neoplasms of the
kidney. The therapeutic options available for the treatment of advanced or metastatic RCC include
vascular endothelial growth factor receptor (VEGFR)-targeted molecules, for example, tyrosine kinase
inhibitors (TKI). Various VEGFR-TKIs proved to be effective in the treatment of patients with solid
tumours. The combination of two drugs may prove most beneficial in the treatment of metastatic
RCC; however, it also enhances the risk of toxicity compared to monotherapy. Specific VEGFR-TKIs
(e.g., sunitinib, sorafenib or pazopanib) may increase the rate of cardiotoxicity in metastatic settings.
VEGF inhibitors modulate multiple signalling pathways; thus, the identification of the mechanism
underlying cardiotoxicity appears challenging. VEGF signalling is vital for the maintenance of
cardiomyocyte homeostasis and cardiac function; therefore, its inhibition can be responsible for
the reported adverse effects. Disturbed growth factor signalling pathways may be associated with
endothelial dysfunction, impaired revascularization, the development of dilated cardiomyopathy,
cardiac hypertrophies and altered peripheral vascular load. Patients at high cardiovascular risk at
baseline could benefit from clinical follow-up in the first 2–4 weeks after the introduction of targeted
molecular therapy; however, there is no consensus concerning the surveillance strategy.

Keywords: cardiotoxicity; RCC; metastasis; VEGFR-TKIs

1. Introduction

Renal cell carcinoma (RCC) is among the most frequent malignant neoplasms of
the kidney (present in 90% of cases) [1]. At the same time, RCC-related mortality is the
highest among urological neoplasms. Since this type of tumour does not give easily
recognizable alarming symptoms, in nearly one-third of patients it is diagnosed at the
metastatic stage of the disease. The estimated overall 5-year survival is 76%; however, such
survival is significantly reduced in patients with stage IV disease [2]. The treatment of this
tumour is challenging since RCC comprises highly heterogeneous cancers with different
underlying genetic and epigenetic mechanisms and molecular pathways, including clear
cell (accounting for 70–75% of all cases and caused by the loss of tumour suppression gene
VHL (von Hippel–Lindau) on the short arm of chromosome 3) and non-clear cell subtypes:
papillary (15% of all kidney cancers), chromophobe RCC (occurring in 5–10% of all cases,
typically a slowly growing type), collecting duct carcinoma and renal medullary carcinoma
(aggressive types accounting for less than 5% of all RCC cases, resistant to most systemic
treatment options), as well as sarcomatoid RCC (occurring in about 5% of all RCC cases,
generally symptomatic and very aggressive) [3–7]. Approximately 20–50% of patients
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with localized disease will ultimately relapse and advance to the metastatic stage despite
treatment [2,8]. Features of various subtypes of RCC are summarized in Table 1 (based on
data from [9]).

Table 1. Summary of features of various subtypes of RCC.

Features Clear Cell RCC (ccRCC)
Papillary RCC

(pRCC)
Chromophobe RCC

(cRCC)

Clear Cell Papillary
RCC

(ccpRCC)
Multilocular Cystic *

Occurrence ~70–75% of RCC ~10–20% of RCC ~5–7% of RCC 1–4% of RCC ~1–4% of RCC

Age of onset >50 years >50 years >50 years 40–50 years

Morphology

Clear or pale appearance,
sometimes yellow

Acinar, nested, alveolar,
tubular architecture with

small cysts
Capillary vessels intimately
associated with the tumour

Cells with finger-like
projections. Papillary

architecture,
tubulo-papillary,

glomeruloid, and dense
papillary

simulating solid areas also
occur

Slender papillae lined
with a single layer of

cuboidal cells with scant,
basophilic cytoplasm and

inconspicuous nucleoli

Solid architecture with
extension to adjacent renal
parenchymal entrapping

pre-existent tubules
Large eosinophilic cells

and vegetal-like cells with
distinct cytoplasmic

membrane. Eosinophilic
or finely granular
cytoplasm with

perinuclear halos and
nuclei showing “raisinoid”

morphology

Cells with
“piano-key-like” pattern
Clear cells with tubular

(predominant),
papillary, acinar, cystic,
cords and solid growth

Cysts lined with cells
with clear cytoplasm
and low-grade nuclei

with variable sizes
separated by delicate

septae that may contain
cords of clear cell

Characteristic
traits

Originates from proximal
nephron/

tubular epithelium
Aggressiveness related to the

stage and Furham grade

2 types
Originates from distal

nephron/tubular
epithelium

typically low grade; cases
with high-grade nuclear

features (prominent
nucleoli, non-basophilic
cytoplasm), sometimes

invasive growth

Originates from distal
nephron/intercalated cells

of distal tubules
Less aggressive compared

to ccRCC and pRCC
(mortality ~10% patients)
Rhabdoid/sarcomatoid

and tumour
necrosis—more aggressive

behaviour

Indolent, not metastatic

More prevalent in males
Indolent

Not metastatic
Good prognosis

Features Medullary Carcinoma
Mucinous Tubular and

Spindle Cell Carcinoma
Collecting Duct

Carcinoma (CDC)
Xp11 Translocation

RCC
Unclassified RCC

Occurrence ~1% of RCC Rare ~1–2% of RCC 3–6% of RCC

Age of onset 20–30 years 40–50 years 20–30 years childhood Variable

Morphology

Similar to CDC, tubular,
papillary and infiltrative

architectures
Adenoid cystic, reticular and

microcystic patterns

Tightly packed tubular
component lined with

cuboidal cells
transitioning into a bland
spindle cell component

Variable amount of
mucinous/myxoid stroma

Low-grade tubules,
spindle cell component

and mucin

Predominant tubular
morphology

(tubulo-papillary and
papillary patterns are also

common)
Desmoplastic stromal

reaction
High-grade nuclei

Absence of other RCC
subtypes

Papillae lined with
epithelioid clear and

eosinophilic cells with
abundant psammoma

bodies

More than one cell type
visible under a

microscope

Characteristic
traits

Originates from distal
nephron

Extremely aggressive
centred in renal medulla

Associated with sickle cell
trait/disease/related
hemoglobinopathies

Originates from distal
nephron/tubular cells

Indolent, usually
low-grade; rarely

high-grade nuclei and
sarcomatoid, rarely

metastatic

Originates from distal
nephron

High-grade
adenocarcinoma

Medullary involvement
High aggressiveness

(2-year mortality 70%)

Overall prognosis
comparable with clear

cell RCC

Aggressive
High mortality

* multilocular cystic renal neoplasm of low malignant potential.

The therapeutic options available for the treatment of advanced or metastatic RCC
have changed over the years [3]. Initially, high-dose interleukin-2 [IL-2] and interferon-α
were used to affect the immune system signalling cascade and intracellular oncogenic
pathways. The introduction of molecular targeted agents and immunotherapies, including
vascular endothelial growth factor receptor (VEGFR)-targeted molecules (e.g., tyrosine ki-
nase inhibitors; TKI), immune checkpoint inhibitors (ICIs) and inhibitors of the mechanistic
target of rapamycin (mTOR) has improved the prognosis and survival of patients with
metastatic RCC (mRCC) [5,8,10]. Tyrosine kinases (TK) activate numerous proteins via
phosphorylation, thus affecting signal transduction and regulating cellular activity [4]. In
turn, TK inhibitors (TKI) attach to the ATP-binding pocket of these kinases, thus hampering
their activity. Various VEGFR-TKIs proved to be effective in the treatment of patients with
solid tumours [11]. Current guidelines suggest that the combination of two of the afore-
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mentioned drugs may prove most beneficial in the treatment of metastatic RCC [12–14].
However, the combination of two treatment options may increase the risk of toxicity in com-
parison to monotherapy. Cancer-treatment-related toxicities affect many organs; however,
it appears that cardiovascular adverse effects are the most important since they worsen
patients’ prognosis and quality of life [15]. Many studies and clinical trials have suggested
that specific anti-VEGF tyrosine kinase inhibitors (TKI) such as sunitinib, sorafenib or
pazopanib may possibly be responsible for a higher rate of cardiotoxicity in metastatic
settings. Cardio-oncology is a relatively new area of knowledge which focuses on the
treatment of cancer taking into consideration the risk of cardiovascular adverse effects of
the therapies used [16]. This review will focus on the cardiotoxicity risk associated with
VEGFR-TKIs treatment in patients with RCC.

We conducted a PubMed search to identify articles that are suitable for inclusion in
this narrative review. We did not perform a systematic review. Terms that were searched
for included: “cardiotoxicity”, “vascular endothelial growth factor receptor tyrosine kinase
inhibitors”, “VEGFR-TKIs”, “renal cell carcinoma”, “RCC”, “prognosis”, “metastasis”.

2. Vascular Endothelial Growth Factor Receptor Tyrosine Kinase Inhibitors
(VEGFR-TKIs)

Five tyrosine kinase inhibitors (TKIs) of the vascular endothelial growth factor receptor
(VEGFR) pathway (VEGFR-TKI) have been approved by the Food and Drug Administration
(FDA) in the treatment of metastatic RCC [17]. Pazopanib has been approved as the first-
line treatment in patients with RCC3 [17]. These small-molecule tyrosine kinase inhibitors,
including sorafenib, axitinib, sunitinib, cabozantinib and pazopanib, target vascular en-
dothelial growth factor receptors (VEGFRs) [18]. VEGFR-TKIs act at the intracellular sites
of the VEGF receptor, which affects the survival of microvascular endothelial cells [19].
Moreover, the less the VEGFR-TKI is specific, the more the effects are pronounced [20].
Inhibitors of VEGF signalling have been used with success in the treatment of various
cancers since they prevent tumour angiogenesis, thus limiting its growth [17]. Inhibitors of
VEGFR also enhance T lymphocyte trafficking into tumours, improving in consequence
malignant cells’ responsiveness to immunotherapy [21,22]. The results of randomized
phase III trials demonstrated their clinical benefits in the treatment of metastatic renal cell
carcinoma [23]. The introduction of small-molecule targeted VEGFR-TKIs has increased
median progression-free survival and overall survival in advanced/mRCC compared to
previous treatment modes by 6 and 14 months, respectively [24,25]. Clinical data indicate
that the use of TKIs is frequently associated with systemic adverse effects in patients.
Nausea, diarrhoea, fatigue, rhabdomyolysis, hypertension, neutropenia, renal failure, QT
prolongation and heart failure are among the frequent adverse effects [26]. Common
adverse events related to therapy with sorafenib and sunitinib include hand-foot skin
reaction, reversible skin rashes, haemorrhage, diarrhoea, leukopenia, increased pancreatic
enzymes levels, hypophosphatemia and proteinuria [27,28]. Growing evidence suggests
that despite being beneficial in terms of cancer, such treatment exerts cardiotoxic effects of
VEGFRs-TKIs, including asymptomatic left ventricular (LV) dysfunction, hypertension and
even congestive heart failure (CHF) [29,30].

Sunitinib, sorafenib, pazopanib and cabozantinib are used in the treatment of RCC.
Sunitinib (known also as SU11248 or Sutent), an orally active multi-targeted receptor
tyrosine kinase inhibitor, was approved by the FDA in 2006 for the treatment of, i.a., ad-
vanced renal-cell carcinoma (RCC), pancreatic cancer (PC), chronic myeloid leukaemia and
imatinib-resistant gastrointestinal stromal tumour (GIST) [31,32]. This first-line therapy for
metastatic RCC blocks VEGFR 1,2,3, platelet-derived growth factor (PDGF), colony stimu-
lating factor-1, Fms-related receptor tyrosine kinase 3 (FLT-3) as well as tyrosine-protein
kinase KIT (c-kit) [33,34]. Sunitinib’s actions involve the inhibition of angiogenesis and the
limitation of blood supply to the tumour cells. The impact on blood supply, impairment
of signal transduction, cellular metabolism and transcription is associated with elevated
cardiovascular risk in cancer patients treated with such drugs [35]. Due to its relatively
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nonselective binding to the intracellular catalytic site of receptors, sunitinib inhibits a
wide range of tyrosine kinases [36]. Its low specificity raised hope that it would inhibit
angiogenesis and tumour growth but at the same time, it would be less vulnerable to drug
resistance [37]. However, the inhibition of various growth factor pathways, particularly
those involved in cardiac functioning, may be associated with cardiotoxicity. Sorafenib
is a multikinase inhibitor affecting transmembrane VEGFR-2, VEGFR-3, FLT-3, PDGFR-B
and KIT receptors, as well as intracellular serine/threonine-protein kinase B-raf (BRAF)
and RAF proto-oncogene serine/threonine-protein kinase (CRAF) receptors, which is used
in the treatment of patients with RCC [38]. The aforementioned kinases are involved in
intracellular signalling pathways and angiogenesis; thus, their inhibition translates into
hampered tumour growth [39]. A randomized, double-blind, placebo-controlled phase
III trial (TARGET) enrolling over 900 patients previously resistant to therapy showed a
significant benefit of sorafenib (vs. placebo) in terms of progression-free survival (PFS) and
a 28% decrease in the risk of death in patients receiving sorafenib [40,41]. The National
Comprehensive Cancer Network (NCCN) Task Force report [27] suggests that sorafenib
may also be appropriate for certain naïve patients with clear cell mRCC. Pazopanib therapy
is associated with the inhibition of VEGFR 1–3 and subsequent hampering of angiogenesis
and RCC regression [42]. This drug also hinders the actions of stem cell factor KIT recep-
tors and platelet-derived growth factor receptors. Finally, cabozantinib is an oral TKI of
MET, VEGFRs and Anexelekto (AXL). This therapy was used in the phase III METEOR
trial in pre-treated patients with advanced RCC. It was found to increase progression-free
survival (PFS) and objective response rate improvements [43,44]. Currently, cabozantinib
has received the approval of the FDA for RCC [45].

3. Cardiotoxicity and Involved Mechanisms

Therapy with VEGFR inhibitors has been demonstrated to improve overall survival
and progression-free survival (PFS) in patients with metastatic renal cell cancer. How-
ever, tyrosine kinase inhibitors (VEGFR-TKIs) can induce adverse cardiovascular (CV)
toxicities [25,40,46]. Many pathways inhibited by tyrosine kinase inhibitors play crucial
roles in the preservation of cardiovascular development, CV function and response to CV
stress [47–49]. Such therapies interfere with key cardiovascular signalling pathways; thus,
they may induce considerable cardiovascular toxicities [50].

The term cardiotoxicity refers to cardiovascular complications of therapies which result
in higher morbidity and mortality [51]. The occurrence of this phenomenon differs between
oncological therapies, some of which are associated with early clinical manifestation of
cardiotoxicity, while in the case of others the adverse effects appear years after the initiation
of treatment. Since patients with cancers are administered many drugs, the prediction
of cardiotoxicity seems challenging. According to estimations, the incidence of VEGFR-
TKI cardiotoxicity is in the range of 3–30% and depends on the drug, study population
and diagnostic criteria [48,51–53]. Cancer survivors suffer from late CV risk due to prior
cardiotoxic exposure and the appearance of new cardiovascular risk factors with advancing
age. Cardiovascular mortality rates in paediatric cancer survivors have been found to
be up to ten times higher compared to age-matched controls [54]. Late CV risk is also
considerably higher among long-term adult cancer survivors and the risk is particularly
pronounced in adult-onset cancer survivors with underlying CV risk factors [55]. Therefore,
it is important to recognise potential long-term CV toxicity in cancer survivors in order
to implement aggressive correction of CV risk factors in this population and treatment of
incident CV dysfunction [56].

3.1. Possible Mechanisms

Since VEGF inhibitors affect multiple signalling pathways, the identification of the
underlying mechanism that causes cardiotoxicity can be challenging [51]. Cardiotoxic-
ity may be ascribed to the inhibition of tyrosine kinases that are normally expressed in
non-neoplastic tissues, including blood vessels and the myocardium; however, the ex-
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act mechanism remains not fully understood. VEGF signalling is of importance for the
maintenance of cardiomyocyte homeostasis and cardiac function; therefore its inhibition,
especially accompanied by the blockade of PDGFR, RSK and AMPK kinases participating
in cardiomyocytes energy metabolism and survival, can be responsible for the observed
adverse effects [46].

The results of studies have demonstrated that disturbances related to these growth
factors may be associated with endothelial dysfunction, impaired revascularization, the
development of dilated cardiomyopathy, cardiac hypertrophies and altered peripheral
vascular load [57–61]. The family of VEGFR (VEGFR-1, -2 and -3) is involved in numerous
vascular functions important for the preservation of proper functioning of the cardiovascu-
lar system [36,62,63]. Since VEGF promotes endothelial cell proliferation and survival, thus
contributing to vascular integrity, the inhibition of VEGF signalling is associated with a
diminished regenerative capacity of endothelial cells, enhanced proliferation of vascular
smooth muscle cells, increased haematocrit and blood viscosity promoting pro-coagulant
changes and favouring thrombosis [27,64]. The loss of VEGF signalling has been suggested
to cause oxidative stress, vascular rarefaction, the inhibition of nitric oxide pathway and
glomerular injury and result in the development of hypertension [65]. Moreover, VEGF
inhibition can induce renal thrombotic microangiopathy [66]. Available data indicate that
the sequestration of VEGF results in impaired adaptive cardiac hypertrophy in response to
pressure overload [59].

The evidence concerning the cardiovascular toxicity of sunitinib appears to be most
convincing [29,67,68]. The majority of data concerning the mechanisms of sunitinib-induced
cardiotoxicity come from animal studies. Sunitinib-related cardiac side effects are associ-
ated with coronary microvascular dysfunction, the triggering of the endothelin-1 system,
the inhibition of adenosine 5‘-monophosphate-activated protein kinase (AMPK) resulting
in the impairment of normal mitochondrial function and consequent cellular energy home-
ostasis compromise within the heart, as well as hindering of mast/stem cell growth factor
receptor [36]. Indeed, the study of sunitinib’s influence on cardiac mitochondrial function
in the culture of cardiomyocytes revealed considerable abnormalities in mitochondrial
structure [29]. This finding was confirmed in another study in which the incubation of
rat neonatal cardiomyocytes with a high dose of sunitinib triggered the activation of a
caspase-9-related mitochondrial apoptotic pathway as well as the loss of mitochondrial
membrane potential and energy rundown as a result of the inhibition of AMP-activated
protein kinase [69]. The impairment of mitochondria was presented also in other animal
studies. The administration of 40 mg/kg per day of sunitinib for 12 days to mice was asso-
ciated with the appearance of aberrantly shaped and swollen mitochondria with disrupted
cristae [29]. However, cardiomyocyte apoptosis was not triggered until severe hypertension
was induced with the use of phenylephrine in the studied animals. The occurrence of
cardiac apoptosis was seven times higher in mice treated with sunitinib (10 mg/kg per day)
+ phenylephrine in comparison to animals fed only with phenylephrine. Thus, it seems that
sunitinib-related mitochondrial dysfunction and apoptosis are facilitated by the presence
of additional cardiac stress [36]. Since AMPK is involved in the maintenance of cardiac
energy homeostasis in a state of enhanced cardiac stress, the impairment of this pathway
by sunitinib may result in cardiac dysfunction. AMPK may participate in the hindering of
anabolic pathways and inducing energy generation under energy stress via the regulation
of acetyl-CoA-carboxylase (ACC) activity and subsequent uptake and metabolism of prime
cardiomyocytes energy source-free fatty acids. The role of altered AMPK signalling in heart
failure was demonstrated for the first time in patients with the familial form of hypertrophic
cardiomyopathy, a rare disease associated with missense SNP within γ2 regulatory subunit
of AMPK (PRKAG2) [70]. The mechanism of AMPK-inhibition-related sunitinib-induced
cardiotoxicity under stress conditions is slowly emerging, but the picture is still not com-
plete. It appears that AICAR (5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside;
acadesine) may be involved in this process. According to studies, AICAR, which activates
AMPK, may diminish myocardial ischemic injury via the limitation of oxidative stress,
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leukocyte plugging and platelet aggregation [71]. However, the blockage of AMPK was
found to reverse the beneficial effects of acadesine on the apoptosis of rat cardiomyocytes
exposed to hypoxic stress [72]. Also, the role of AMPK signalling in the settings of pressure
overload was assessed. A study of AMPKα2 knockout mice (lacking the catalytic unit of
AMPK expressed predominantly in the heart) which underwent transverse aortic constric-
tion (TAC) showed a more pronounced loss of LV function, accelerated LV hypertrophy
and considerably increased mortality in comparison to wild-type animals after 3 weeks of
TAC. In an animal model, the administration of sunitinib reduced the phosphorylation of
acetyl-CoA-carboxylase (ACC) in heart tissue which translated into the loss of the activity
of AMPK [69]. In turn, the delivery of constitutively active AMPK into cardiomyocytes
was associated with their partial resistance to sunitinib-triggered apoptosis. These findings
may suggest that the impairment of AMPK signalling may be associated with disturbed
adaptation to systolic pressure overload and consequent severe cardiac dysfunction. This
mechanism may be potentially responsible for cardiotoxicity observed in hypertensive
patients treated with sunitinib. However, in vitro study of sunitinib’s effect on isolated rat
heart mitochondria and intact rat myoblast cells failed to demonstrate the direct adverse
impact of treatment on mitochondrial function [73]. According to the authors, sunitinib-
induced mitochondrial abnormalities are due to the inhibition of RSK, which can stimulate
proapoptotic factor Bad, leading to the release of cytochrome and apoptosis. Another study
confirmed that sunitinib acts as a strong inhibitor of RSK [74].

Also, the impact of sunitinib on platelet-derived growth factor receptor (PDGFR)
and AMP-activated protein kinase (AMPK) may affect cardiomyocyte function and sur-
vival [46,75]. Some authors have hypothesized that apart from the greater release of
endothelin-1, lower production of nitric oxide in the arteriole wall as well as microvascular
rarefaction (involving the apoptosis of endothelial cells and the remodelling of capillary
beds) could also be responsible for VEGF-inhibitor-related hypertension [76–78]. The ob-
served rise in resistive load may support the role of the reduced number of microvessels in
the development of sunitinib-related hypertension [50]. The results of other studies also
demonstrated that TKI-induced hypertension may be associated with greater systemic
afterload following VEGF inhibition as well as the destruction of endothelial cells, VEGF-
receptor-inhibition-related disturbances in vasoconstrictor–vasodilator balance, lower sur-
vival of mesangial cells and impaired glomerular function and filtration [79–82]. Moreover,
Catino et al. [50] suggested that the worsening of arterial stiffness may also contribute to
the pathophysiology of hypertension induced by sunitinib. The authors suggested that
the combination of calcium channel blockers with inorganic nitrates may prove useful in
the management of hypertension in sunitinib-treated patients due to their vasodilating
properties and ability to ameliorate conduit artery function, which appears to be impaired
in this group of patients [50]. The aforementioned increased arterial stiffness is also an
important risk factor for coronary and cerebrovascular disease [29,50].

The cardiotoxicity of sorafenib has been suggested to be related to the imbalance of
pro-survival factor RAF1 (probably also involved in cardiac functioning) and pro-apoptotic
factors MST2 (serine/threonine kinase 3) and ASK1 (apoptosis signal-regulating kinase
1) [46]. RAF1 was suggested to inhibit apoptosis-signal-regulating kinase 1 (ASK1) and
mammalian sterile 20 kinase 2 (MST2), which exert apoptotic, ERK-independent effects
and participate in oxidant-stress-induced injury [46]. Sorafenib-induced impairment of
RAF1–ASK1 and/or RAF1–MST2 interactions may cause higher cardiotoxicity compared
to solely ERK cascade hindering [46]. A study in an animal model demonstrated that a
cardiac-muscle-specific Raf-1-knockout (Raf CKO) mirroring Raf-1 inhibition caused LV
systolic dysfunction and heart dilatation induced by considerable elevation of apoptotic
cardiomyocyte amounts and the promotion of fibrosis [83]. TKI drugs may also impair
angiogenesis by affecting the Src family and downstream RAF1 [84]. According to studies,
TKI could target the c-kit, thus negatively affecting the expression of AT2 (angiotensin
II receptor type 2) involved in the repair of ischemic injury [85]. However, a vast range
of cardiotoxic phenotypes and degrees of toxicity cannot be ascribed only to the above-
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mentioned mechanisms. According to another theory, this class of drugs may exert a
cardiotoxic effect via acting “off-target” [20]. It has also been suggested that TKI may
trigger mitochondrial toxicity, thus damaging metabolically active cardiomyocytes of the
heart [46]. Will et al. [73] provided evidence that sorafenib may act as an inhibitor of
Complex V and mitochondrial uncoupler. The results of an animal (rat) study revealed that
sorafenib disturbed mitochondrial cristae [86]. In turn, studies of cell cultures indicated
that treatment of cancerous cell lines with sorafenib increased the levels of the autophagy
markers Beclin1 and LC3 (microtubule-associated protein 1 light chain 3) [87]. In general,
autophagy is considered a protective mechanism; low levels of autophagy in hearts appear
to maintain the homeostasis and turnover of organelles; however, its enhanced activation
may result in cellular death [88–90]. Also, apoptosis has been suggested to contribute to
cardiomyocyte loss and subsequent heart failure or hypertensive cardiomyopathy [91,92].
The activation of the pro-apoptotic protein BAD is associated with the downregulation of
the anti-apoptotic protein Bcl-2’s expression and the subsequent triggering of the initiator
and effector caspases, caspase-9 and -3, and the promotion of death of cardiomyocytes [93].
Moreover, according to some authors, the cardiotoxic effects of sorafenib are associated
with an increase in metabolites such as urea and fatty acid levels in plasma [94].

Another theory concerning cardiotoxicity related to VEGF inhibitors states that perfusion–
contraction match may play a role in this phenomenon [95,96]. According to this thesis, these
drugs may contribute to the decrease in myocardial perfusion that is associated with the
additive effects of diffuse, non-significant reductions in the coronary arteries’ luminal
diameter [97]. Evolving aberrations of the coronary microcirculation may result in the
impairment of myocardial perfusion. Since patients with cardiovascular diseases display
a lower tolerability margin in this area, cardiotoxicity in this group is more common [98].
Chintalgattu et al. [99] confirmed that sunitinib can diminish coronary flow reserve, impair
the integrity of the coronary microcirculation and worsen cardiac function. They suggested
that the inhibition of the PDGF signalling pathway could be responsible for these effects via
a reduction in the pericyte population, resulting in the destabilization of endothelial cells,
coronary microcirculation and eventually cardiac function. In the opinion of the authors,
systemic hypertension combined with impaired PDGFR signalling could be responsible
for the development of heart failure in patients treated with sunitinib [100]. PDGF is a
vital growth factor for various cell types, such as cardiomyocytes, smooth muscle cells,
endothelial cells and stromal cells, that promote angiogenesis and the maintenance of
endothelial function [46,101]. It was also demonstrated to mediate the signalling between
heart myocytes and adjacent endothelial cells [102]. Both receptor subtypes of PDGF are
inhibited by sunitinib. The inhibition of PDGFR receptor-ß tyrosine kinase by sunitinib is
associated with decreased myocardial pericytes, myocardial microvascular density and
worsened cardiac function [99]. The inhibition of PDGFR signalling has been found to
adversely affect cardiac function, particularly in the stressed heart [36]. The aforementioned
pericyte–endothelial–myocardial coupling appears to partly explain the role of VEGF
signalling inhibition in cardiotoxicity [103]. Suggested mechanisms of cardiotoxicity of
VEGF signalling inhibition are presented in Figure 1.
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Figure 1. The results of VEGFR, AMPK and PDGFR inhibition leading to cardiotoxicity of VEGF
signalling inhibition.

3.2. The Results of the Studies

Clinical data show that VEGF inhibitors, especially TKI, can trigger either reversible
or irreversible cardiac side effects [51]. According to estimations, heart dysfunction is
observed in 3–15% of patients treated with sunitinib, pazopanib and axitinib, while symp-
tomatic heart failure occurs in 1–10% of these patients [104–106]. However, clinical data
from large clinical trials are not available for sorafenib and vandetanib, both of which can
also promote cardiac dysfunction. VEGF-inhibitor therapy-related hypertension develops
in approximately 19 to 47% of patients [76]. Meta-analyses of randomized clinical trials of
sorafenib, pazopanib and sunitinib demonstrated that such treatment is associated with
a higher risk of decline in left ventricular ejection fraction (LVEF), hypertension and ar-
terial thrombotic events [66,107–111]. In turn, a recent meta-analysis assessing treatment
with sunitinib, axitinib, ponatinib, vandetanib, cabozantinib, sorafenib, pazopanib and
regorafenib demonstrated a 2.69-fold rise in the risk of congestive HF (all grades) [52,53].
Therapy with either sorafenib or sunitinib was found to be associated with hypertension, LV
systolic and diastolic dysfunction, heart failure (HF) and myocardial ischemia [33,47,48,67].
Sorafenib therapy appeared to affect resistive and pulsatile load [112]. Other clinical events
associated with cardiotoxicity include congestive heart failure (CHF) and arterial throm-
boembolic events (ATE) [27,113,114]. Moreover, adjuvant sunitinib and sorafenib could
trigger arrhythmia and cardiac ischemia [33]. Abdel-Qadir et al. [115] demonstrated a
higher risk of arterial thromboembolism (odds ratio [OR] = 1.52, 95% confidence interval
(CI) 1.17–1.98) in patients treated with VEGF inhibitors. The results of another meta-
analysis revealed a considerably greater risk of all-grade bleeding, all-grade and high-grade
hypertension as well as all-grade cardiac dysfunction in patients with tumours receiving
VEGFR-TKIs [116]. Also, other studies indicated a significantly greater risk of high-grade
(RR 4.60, 95% CI 3.92–5.40) and all-grade (RR 3.85, 95% CI 3.37–4.40) hypertension [108].
VEGFR-TKI therapy was also suggested to trigger QTc interval prolongation [117]. The
most pronounced effect was reported in the case of sunitinib and vandetanib. Bayesian
network meta-analysis of nine FDA-approved VEGFR-TKIs demonstrated their impact on
the occurrence of all grades and grade 3 or higher cardiovascular events, hypertension and
cardiac damage [11]. Totzeck et al. [118] found a higher relative risk of cardiac ischemia (RR
1.69, 95% CI 1.12–2.57), LV systolic dysfunction (RR 2.53, 95% CI 1.79–3.57) QT corrected
interval prolongation (RR 6.25, 95% CI 3.44–11.38) and arterial hypertension (RR 3.78, 95%
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CI 3.15–4.54), especially in sunitinib-treated patients. However, a re-analysis of the afore-
mentioned meta-analysis including 71 trials and eight different VEGFR-TKIs suggested
that the previously observed effect was exaggerated since, according to the authors, such
treatment was associated with a slight elevation in the risk of bleeding, hypertension,
thrombocytopenia and arterial thrombotic damage [119].

The results of a recent meta-analysis indicated that the incidence of sunitinib-induced
HF might amount to 4.1%, while the prevalence of asymptomatic LVEF deterioration could
be even higher in patients with metastatic disease [113,120]. The worsening of LV ejection
fraction appears usually in the first cycle of treatment with sunitinib [50]. A multi-centre,
longitudinal prospective cohort study confirmed early worsening of vascular function
following sunitinib exposure [50]. Such treatment was associated with higher markers of
resistive load, total peripheral resistance and arterial elastance. Catino et al. [50] reported
the worsening of diastolic dysfunction (E/e’) and LV filling pressures (BNP) in sunitinib-
treated patients. Sunitinib’s impact on cardiac function was reported in a phase III trial,
in which either sunitinib or interferon alfa was used in the treatment of patients with
advanced RCC [25]. In that trial, the sunitinib-related decline in left ventricular ejection
fraction (LVEF) was observed in 10% of patients, including 2% of subjects who developed
a grade 3 decline in LVEF. The discontinuation of treatment or dose reduction appeared
to reverse this condition. A retrospective study enrolling patients with RCC or imatinib-
resistant gastrointestinal stromal tumours (GISTs) demonstrated symptomatic grade 3 or 4
LV dysfunction in 15% of sunitinib-treated patients [48]. The results of other studies have
suggested a higher, up to 27%, incidence of cardiac problems [121]. Based on the results
of a prospective study, Narayan et al. [68] suggested that the declines in LVEF occurring
in approximately 9.7% of patients, even the substantial ones observed in 1.9% of patients,
returned to near baseline values despite the continuation of sunitinib therapy in a reduced
dose when careful cardiovascular management was provided. Moreover, according to the
authors, routine cardiac monitoring in asymptomatic individuals after the third cycle of
therapy will not bring great clinical benefit since at that time cardiac dysfunction rates
are low.

A meta-analysis of 16 clinical trials including 6935 patients provided evidence for a
higher risk of congestive heart disease in patients treated with sunitinib (risk ratio 1.81; 95%
CI 1.30–2.50; p < 0.001). The 1.5% incidence of high-grade CHF in this analysis translated
into a three-times-increased risk of developing serious cardiovascular events (risk ratio
3.30; 95% CI 1.29–8.45; p < 0.01). Chu et al. [29] indicated that patients treated with sunitinib
experience continuous, gradual worsening of cardiac function. This effect is also observed
in many patients with stabilized hypertension dynamics (BP < 140/90 mmHg) treated
with beta-blocker and angiotensin-converting enzyme inhibitors. The authors suggested
that perhaps more aggressive BP control may prove beneficial. Increased resting systemic
blood pressure and higher systemic and coronary vascular resistance were also reported
in animals treated with sunitinib [122]. Chronically elevated afterload led to hypertrophic
heart remodelling. One animal study indicated that the process of cardiomyocyte apoptosis
occurred as a result of the combined effect of sunitinib treatment and the increase in
blood pressure [29]. The results of retrospective studies have found that the incidence of
sunitinib-induced cardiotoxicity in mRCC patients ranges from 3% to 30% [47,48,52,123].
Such discrepancies in results could stem from the fact that cardiac monitoring protocols are
not standardized and different definitions of cardiotoxicity were used in studies [68].

According to one of the studies, sorafenib also markedly decreased left ventricular
(LV) pressure, indexes of myocardial contractility and relaxation as well as prolonged
systolic and diastolic periods [94]. Such therapy was also found to trigger vasospasm [124].
Sorafenib-related elevation in mid to late systolic load of the LV can potentially lead to
myocardial hypertrophy, fibrosis and heart failure [125–128]. In turn, one of the most
common side effects of cabozantinib is the development of hypertension with an incidence
of 37% in the METEOR trial (15% of grade 3–4) and 81% in the CABOSUN study (28% of
grade 3–4) [43,44,129,130]. Such a high frequency of hypertension related to cabozantinib
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treatment was confirmed in a meta-analysis. Compared to other VEGFR-TKIs, the occur-
rence of such adverse effects was considerably higher in the case of cabozantinib [129].
A prospective study focusing on the chances of LV systolic dysfunction in cabozantinib-
treatment patients revealed an extremely modest risk of developing this disorder [18].
A decline in LVEF by more than 10% was observed in 11.1% of cases after 3 months of
therapy; however, it did not translate into LV systolic dysfunction or the appearance of
clinical symptoms. This mode of cancer management was not associated with an elevation
in cardiac biomarkers, such as proBNP or hsTnI. Iacovelli et al. [18] reported that cabozan-
tinib did not significantly increase the risk of cardiac dysfunction even in patients with
cardiovascular comorbidities.

Also, the use of pazopanib has been reported to be associated with cardiotoxicity in
the form of hypertension (HTN), thrombotic events, heart failure (HF) with a reduced left
ventricular ejection fraction (LVEF) and myocardial ischemia in many patients [52,131,132].
The incidence of hypertension reaches up to 40% and an elevation of N-terminal B-type
natriuretic peptide (NT-pro-BNP) levels is observed in up to 26% of patients while HF is
reported in 2.4% [52,53]. Another meta-analysis revealed a slightly higher incidence of all-
grade HF (3.2%) related to therapy with VEGFR-TKIs [106]. The cardiotoxicity of pazopanib
was confirmed in animal studies. One of them demonstrated that the administration of
pazopanib considerably increased blood pressure (BP) and diminished CO. The latter
finding may suggest early cardiomyocyte stress and probable remodelling in the presence
of higher mean arterial pressure [17]. However, another study demonstrated that pazopanib
did not negatively affect mouse growth or survival [133].

In contrast to the aforementioned studies, the results of other research have demon-
strated a very low risk of cardiac ischemia/infarction related to treatment with angiogenesis
inhibitors or TKIs [38,67,114,134]. It reached 2.9% in patients on sorafenib therapy, 1.5%
in those on bevacizumab therapy and <1.0% in patients treated with sunitinib. A meta-
analysis of the impact of pazopanib, sunitinib, sorafenib and vandetanib on the occurrence
of venous thromboembolic events failed to demonstrate a significant relationship [109].
Also, a meta-analysis concerning the risk of arterial thromboembolic events (ATE) and
VTEs associated with various VEGFR-TKIs demonstrated a lack of marked increase in the
risk of developing all-grade and high-grade VTEs [135]. It seems that a higher occurrence of
cardiotoxicity may be associated with a relatively high presence of pre-existing CV disease
and/or cardiovascular risk factors in RCC patients [136]. Numerous studies have indicated
that hypertension and cardiovascular disease at baseline are crucial predictors of major ad-
verse cardiac events (congestive heart failure, cardiovascular death, myocardial infarction)
after the VEGF-TKI sunitinib therapy [29,98,123]. Also, the prevalence of sorafenib-related
LVEF dysfunction and/or CHF is higher in patients with a history of hypertension or
coronary artery disease [137–139]. More than 70% of hypertensive patients (grade 3 HTN)
developed LV systolic dysfunction following the initiation of sunitinib treatment. Khakoo
et al. [47] hypothesized that acute rises in blood pressure together with the adverse impact
of sunitinib on cardiomyocytes may result in the impairment of cardiac response to BP
elevation and subsequent heart failure. The randomized, double-blinded phase III ECOG
2805 trial of adjuvant sunitinib, sorafenib or placebo demonstrated a low incidence of
treatment-related significant LVEF decline in formerly untreated patients with completely
resected RCC at high risk for recurrence and without baseline cardiovascular comorbidities.
The authors suggested that the prevalence of cardiac dysfunction could be higher in the
population of symptomatic patients. Therefore, it appears there is a need for close CV
monitoring combined with immediate hypertension therapy in RCC patients treated with
sunitinib or sorafenib [33]. The control of hypertension can potentially decrease the risk
of heart failure. In turn, appropriate HF management can ameliorate already-developed
cardiac dysfunction [140].

The occurrence of cardiotoxicity could be underestimated in some studies since many
clinical trials exclude patients with cardiovascular diseases [141]. A real-life setting study
of major adverse cardiovascular events (MACE) incidence in patients treated with TKI
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revealed that arterial thrombotic events occurred in 3.99% of study participants, rhythm
disorders (atrial fibrillation, atrioventricular block) in 2.66%, and pulmonary embolism
and heart failure in 1.57% at 1 year of follow-up [141]. According to the authors, a high
incidence of atrial fibrillation in the early period of therapy was associated with an anti-
VEGFR treatment-related increase in blood pressure and diastolic dysfunction of the left
ventricle. After the initial period, AF could be associated with early remodelling of the
atrial ventricles.

According to the recommendations of the European Society for Medical Oncology
echocardiography at baseline and every 3 months for the first 6 months and optionally the
evaluation of global longitudinal strain should be performed during the first months of
TKI therapy in order to carefully monitor arrhythmias, the development of heart failure
and pulmonary embolism [141,142]. Considering the increasing prevalence of thrombotic
events, high-risk patients should obtain adequate therapy to prevent thrombotic adverse
effects [141]. Patients at high cardiovascular risk at baseline could benefit from clinical
follow-up in the first 2–4 weeks after the introduction of targeted molecular therapy with,
e.g., sorafenib, sunitinib or pazopanib [51]. Patients should undergo periodic reassessment
of cardiac function to detect early symptoms of developing cardiac complications. There is
no consensus concerning the surveillance strategy. It seems rational to perform periodic
echocardiography until the stabilization of LVEF values. Moreover, the determination
of values of cardiac biomarkers, such as troponin or N-terminal pro-B-type natriuretic
peptide (NT-proBNP), is recommended to increase the number of diagnosed complications.
The timing of the aforementioned assessments should be adjusted to the needs of a given
patient, his baseline cardiovascular risk and antitumour regimen [143]. The lack of optimal
surveillance negatively affects clinical outcomes. However, the optimal timing of biomarker
testing has still not been established. One systematic review suggested that the use of ACE
inhibitors, angiotensin II receptor blockers (ARBs) and beta-blockers appears beneficial
in patients who have developed develop asymptomatic LV dysfunction or HF during the
treatment of cancers [144]. The results of studies presenting benefits and cardiotoxicity risk
related to VEGF-TKI are presented in Table 2.

The potential risk of cardiotoxicity of TKI has resulted in the addition of special
warnings on product labelling [93]. However, sunitinib remains the gold standard in the
treatment of some tumours despite the current focus on its cardiotoxicity. Many studies
have demonstrated its effectiveness and safety and it seems that a better understanding of
the underlying mechanisms would enable the reduction of this risk [32,151]. The inclusion
of studies in this narrative review lacked a systematic approach which could affect our
conclusions concerning this field.
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Abstract: Mitochondria are key organelles for the maintenance of myocardial tissue homeostasis,
playing a pivotal role in adenosine triphosphate (ATP) production, calcium signaling, redox home-
ostasis, and thermogenesis, as well as in the regulation of crucial pathways involved in cell survival.
On this basis, it is not surprising that structural and functional impairments of mitochondria can lead
to contractile dysfunction, and have been widely implicated in the onset of diverse cardiovascular
diseases, including ischemic cardiomyopathy, heart failure, and stroke. Several studies support
mitochondrial targets as major determinants of the cardiotoxic effects triggered by an increasing
number of chemotherapeutic agents used for both solid and hematological tumors. Mitochondrial
toxicity induced by such anticancer therapeutics is due to different mechanisms, generally altering
the mitochondrial respiratory chain, energy production, and mitochondrial dynamics, or inducing
mitochondrial oxidative/nitrative stress, eventually culminating in cell death. The present review
summarizes key mitochondrial processes mediating the cardiotoxic effects of anti-neoplastic drugs,
with a specific focus on anthracyclines (ANTs), receptor tyrosine kinase inhibitors (RTKIs) and
proteasome inhibitors (PIs).

Keywords: anticancer therapy; cardiotoxicity; heart failure; mitochondrial function

1. Introduction

Despite the great energy consumption needed for contraction and ion transport, the hu-
man heart is characterized by a limited content of endogenous high-energy phosphate, able
to support cardiac activity only for a very short time [1]. For this reason, adenosine triphos-
phate (ATP) is constantly produced, especially by mitochondria which, beside representing
one third of myocyte volume, account for more than 95% of the cardiac ATP [2]. Mitochon-
dria not only produce ATP by oxidative phosphorylation (OXPHOS), but are also involved
in the balance of the redox status, in Ca2+ homeostasis, and in the modulation of nuclear
gene expression that may result in the regulation of crucial pathways involved in cell
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survival [3]. Hence, it is not surprising that disorders of these organelles may disrupt car-
diac physiology, leading to cardiovascular diseases (CVDs), as convincingly demonstrated
by different comprehensive studies [4,5]. Over the past decades, further information has
described mitochondria as dynamic organelles undergoing a finely tuned process, known
as mitochondrial dynamics, which contributes to cellular homeostasis, allowing the genera-
tion of an appropriate response to environmental changes [6–9]. Moreover, to accomplish
their activities, mitochondria exploit a selective quality control machinery whose purpose
is to target and remove misfolded proteins or aberrant organelles which could impair
cardiac homeostasis [4,10].

Because of the dominant role of mitochondria in calcium signaling, redox homeosta-
sis, and thermogenesis, as well as in dictating the fate of a cell, mitochondrial disorders
represent a major challenge in medicine [11,12]. Mitochondrial impairment—in terms of
defective apoptosis, cytoplasmic and mitochondrial matrix calcium regulation, reactive
oxygen species (ROS) generation and detoxification, ATP generation, metabolite synthesis,
and intracellular metabolite transport—has been implicated in diverse pathological con-
ditions. Specifically, mitochondria predominantly contribute to maintaining the heart’s
homeostasis; thus, structural and functional alterations in this organelle lead to contractile
dysfunction, and underlie the pathophysiology of several cardiovascular diseases (CVDs),
including ischemic cardiomyopathy, heart failure, and stroke [4,13].

Recently, mitochondrial targets have also emerged as important determinants in the
cardiotoxic effects triggered by an increasing number of chemotherapeutic agents [14,15],
which clinically present as a dose-dependent cardiomyopathy leading to chronic heart
failure (CHF), significantly impacting morbidity and mortality [16]. Given the increasing
number of long-term cancer survivors and the clinical impact of chemotherapy-related
cardiotoxicity, standardizing risk stratification, evaluating the multifactorial processes
relying on the interaction between genetic and environmental factors during anticancer
therapy, and improving the knowledge of the mechanisms underlying anticancer-drug
cardiotoxicity and cardiovascular adverse effects (CVAEs) still represent major challenges
in the field of cardio-oncology [13,16].

In this perspective, the present review aims to provide a comprehensive analysis of the
key role played by mitochondria in cardiac patho-physiology, focusing on mitochondrial
processes implicated in normal cardiac homeostasis, and on their perturbations upon
treatment with those cardiotoxic anti-neoplastic drugs which are relevant from a cardio-
oncology viewpoint, namely anthracyclines (ANTs), receptor tyrosine kinase inhibitors
(RTKIs) and proteasome inhibitors (PIs).

2. Mitochondria and Heart Physio-Pathology

Energy supply in cardiac cells. To cope with the energy demands of the heart, mi-
tochondria produce ATP from a wide range of substrates, such as carbohydrates, fatty
acids, amino acids and ketone bodies; however, under basal conditions, energy is mainly
drawn from fats (60–90% of cardiac energy supply) [1]. Specifically, while fatty acids
(FAs) are directly subjected to β-oxidation in the mitochondria, glucose is preliminarily
subjected to glycolysis in the cytosol to produce pyruvate, which in turn is transferred to
the mitochondria for oxidation. Usually, glucose and FAs establish a reciprocal relationship
described by the Randle cycle, i.e., a dynamic adaptation that induces cardiomyocytes to
use these energetic substrates depending on their availability [17,18]. Altered mitochondria
result in impaired ATP production and defective energy metabolism that may predispose a
higher risk for developing cardiac diseases [10,19].

Redox homeostasis. The oxidative phosphorylation that leads to ATP synthesis is accom-
panied by electron shift, as visible in the electron transport chain (ETC) by the contribution of
electron carriers such as FADH2 and NADH. During this process, a small number of electrons
(0.2–2%) slip and are transferred to O2 to form superoxide [2]. This phenomenon helps explain
why mitochondria represent the main cellular source of ROS, as byproducts of electron transfer,
whose accumulation not only causes mitochondrial injury but also can lead to the development
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of cardiovascular diseases. To regulate oxidative stress, mitochondria employ efficient net-
works, able to scavenge ROS [2,20], which importantly supports the general antioxidant activity
of cardiac cells, mitigating oxidative stress [21–23]. The first defense against mitochondrial ROS
is represented by superoxide dismutase (SOD), which transforms the superoxide anion into
hydrogen peroxide; the latter is then detoxified by catalase, glutathione peroxidase (GSH-PX),
and peroxiredoxin/thioredoxin (PRX/Trx) systems. Catalase is a crucial element of the intra-
cellular ROS detoxification process, and is localized not only in peroxisome but also in cardiac
mitochondria [24], indicating a role in controlling the ROS pool of these organelles; these
enzymes act on hydrogen peroxide, generating water and oxygen. GSH-PX1 and GSH-PX4
are confined in the mitochondria and, by using reduced glutathione (GSH), convert hydrogen
peroxide into water and produce oxidized glutathione (GSSG), which is next reconverted into
GSH by glutathione reductase with the support of NADPH [25]. In addition, GSH represents a
non-enzymatic antioxidant, able to directly neutralize the hydroxyl radical [26]. In this context,
it is important to underline that the GSH/GSSG ratio can be considered a useful indicator of
oxidative stress [27]. Of note, even if both catalase and GSH-PX are able to reduce hydrogen
peroxide, they show important catalytic differences. GPX-PX reduces hydrogen peroxide
by making use of glutathione, while catalase mainly acts through the Fenton reaction [28].
Moreover, a differential role of these enzymes in their scavenging activity has been postulated,
indicating catalase as a primary defense against low hydrogen peroxide concentrations and
GSH-PX as a protective system under high hydrogen peroxide levels [29].

Ionic balance. A fine regulated ion balance, obtained by the presence of selective
channels and appropriate exchangers, ensures the physiological potential of the mitochon-
drial membrane that, in turn, contributes to correct redox regulation and ATP production.
In particular, the mitochondrial membrane potential (ΔΨm) and the negative charge de-
tectable in the matrix are generated by the flow of electrons in the respiratory chain, and
act as a crucial driving force for ATP synthesis [30]. Accordingly, ΔΨm represents a useful
indicator of cardiac cell health, and its preservation is vital for cardiomyocytes [31,32].
Calcium channels and transporters are localized on both the outer (OMM) and the inner
(IMM) mitochondrial membranes [33–35] and make mitochondria able to detect calcium
cytosolic signaling and eventually mediate its sequestration [36]. It is well established that
the amount of intracellular calcium (100 nM) is more than 10,000-fold less than the extracel-
lular [37], and that in the mitochondrial matrix calcium levels range from 100 to 200 nM
under resting conditions [38]. When several stresses induce an increase of intracellular Ca2+

levels, mitochondria act as efficient Ca2+ buffering organelles [39]. A rise in intracellular
Ca2+ increases mitochondrial uptake [40], causing an elevation of intra-mitochondrial Ca2+

and a drop in ΔΨm that enhances ROS production and oxidative stress.
Programmed cell death. A wide range of stimuli may activate mitochondrial-related

apoptosis, as in the case of ischemia/reperfusion (I/R), loss of nutrients, oxidative stress,
increased Ca2+ levels, chemotherapeutics, and targeted cancer therapies [41]. The main
event in the mitochondria-driven apoptotic process is the permeabilization of the OMM,
which allows several apoptogens to move towards the cytosol and activate procaspases.
The whole mechanism is strictly regulated by the BCL-2 (B cell lymphoma-2) proteins [42],
a protein family including three subfamilies, which are grouped according to their function
and to the BCL-2 homology (BH) domains: (i) pro-survival proteins (containing BH1-4),
such as BCLW, MCL-1, BCL-xL, and BCL-2 itself; (ii) pro-cell death proteins (containing
BH1-3, or rarely BH1-4), such as BAX, BAK, and BOK; and (iii) pro-cell-death proteins
(containing only BH3) such as BIM, BID, PUMA, and NOXA [41]. BH3 proteins are able to
physically bind BAX and BAK, inducing their conformational activation, which results in
their homo- or hetero-oligomerization within the OMM [43]. This critical step produces
OMM permeabilization and the leak of apoptogens [44–46] from the mitochondria with the
activation of cytosolic pro-caspases, which in turn trigger apoptosis [47]. In particular, the
released cytochrome c induces the assembly of the apoptosome, a multiprotein complex
that activates caspase-9 by the cleavage of pro-caspase-9, then inducing other apoptotic
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effectors [48–50]. Conversely, BCL-2 is able to both sequester BH-3 proteins and bind
BAX/BAK, inhibiting this death process and promoting cell survival [41,51].

2.1. Mitochondrial Quality Control

Cardiac homeostasis strictly depends on healthy mitochondria, and for this reason they
exploit a selective quality control machinery that, by targeting damaged mitochondria or
mitochondrial proteins, drives them to degradative and/or removal processes [4]. Indeed,
several cardiomyopathies are characterized by the presence of abnormal mitochondria
clusters [4,10,19]. Two main pathways intervene to support the quality control of mitochon-
dria: (i) the ubiquitin-proteasome system (UPS), which degrades damaged mitochondrial
proteins; and (ii) the autophagy-lysosomal pathway (i.e., mitophagy), which degrades the
whole mitochondrion [52,53]. UPS and mitophagy share a common key element, namely
ubiquitin, which covalently binds the substrates which are thus targeted for degradation
and removal [54].

2.1.1. Ubiquitin Proteasome System (UPS)

UPS promotes ubiquitination, a multistep and ATP-dependent mechanism, through
the activity of three enzymes: E1, which activates ubiquitin; E2, which conjugates ubiquitin;
and E3, ubiquitin ligases. A polyubiquitin chain, created by successive ubiquitination reac-
tions, is then able to interact with the proteasome leading the substrate degradation [55].
Deubiquitinating enzymes ensure the reversibility of the entire process [56,57]. UPS dy-
namically regulates the mitochondrial proteome, which depends on both the importation
of newly synthesized proteins from the cytosol and their degradation. Indeed, this quality
control system extracts ubiquitinated proteins from the OMM and/or IMM, and degrades
non-imported mitochondrial proteins [58]. In the specific case of cytosolic UPS, it controls
the delivery of functional proteins to the mitochondria. Accordingly, cardiac diseases that
involve the perturbation of protein homeostasis, i.e., proteostasis, alter mitochondrial func-
tion and activate death processes [59,60]. Moreover, data obtained from animal models and
from human patients demonstrates that a proteasomal inefficiency, together with increased
levels of protein ubiquitination, correlates with cardiomyopathies [61,62]. Accessible pro-
teins of the OMM may be degraded by UPS, after ubiquitination, extraction from the OMM,
and delivery to the proteasome, producing significative effects not only on mitochondrial
morphology but also on apoptosis. For instance, when UPS induces the degradation of
MCL-1, an anti-apoptotic molecule, the apoptotic proteins BAX/BAK are activated [63].
The turnover of mitochondrial proteins is also guaranteed by the translocase of the OMM,
involved in the exportation of proteins localized in the intermembrane space [11,64]. Fur-
thermore, UPS also controls nuclear-encoded mitochondrial proteins before their transport
into the organelle by TOM/TIM complexes [64]. Since nuclear-encoded mitochondrial
proteins are transported in an unfolded state, mitochondria possess an intrinsic quality
control system, composed of chaperones and proteases, able to avoid the accumulation
of misfolded or damaged proteins [65,66]. When these quality control systems fail to
compensate for the excessive generation/accumulation of misfolded proteins, the mito-
chondrial unfolded protein response (URPmt) is activated. URPmt activates a nuclear
transcriptional program that aims to restore mitochondrial homeostasis, inducing both
proteases and chaperones [67].

2.1.2. Mitophagy

When the total protein injury overcomes the restorative ability of the URPmt and
UPS quality control systems, mitochondria are driven to mitophagy. The importance of
mitophagy as a crucial cardiac mitochondrial quality control mechanism has been widely
reported [68]. In general, autophagy represents the main degradation mechanism in cells
and uses autophagosome vesicles to deliver cytoplasmic elements to the lysosomes. In
this context, mitophagy is a fine-tuned process that supports the previously mentioned
mitochondrial quality control systems, selectively removing damaged mitochondria. Com-
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pared to non-selective autophagy, mitophagy shows a complex organization that relies on
two main events: (i) identification and labeling of mitochondria that have to be degraded;
and (ii) generation of vesicular structures that transport mitochondria to lysosomes [69].
The leading processes that drive mitophagy are the PTEN-induced putative kinase 1
(PINK1)/Parkin pathway and the OMM mitophagy receptors. Especially in the heart,
where inefficient mitochondria need to be degraded in order to prevent cardiomyocyte
death and cardiac diseases, the PINK1/Parkin-dependent mitophagy plays a pivotal role.
For instance, in the hearts of mice that were fed a high-fat diet, mitophagy increased and
Parkin deficiency worsened diabetic cardiomyopathy [70]. Additionally, the PINK1/Parkin
pathway is stimulated by cardiac pressure overload [71,72], during I/R [73], and under
myocardial infarction [74]. The Parkin gene encodes an E3 ubiquitin ligase that interacts
with E2 ubiquitin, the enzyme promoting the ubiquitination and the final removal and
degradation of targeted proteins [68,75]. Mitofusin (MFN2), which will be discussed later,
seems to be necessary for this mitochondrial quality control process, and is supposed to
act as a mitochondrial receptor for Parkin [76]. Gong et al. elegantly demonstrated that
when PINK1, located on the mitochondria, phosphorylates MFN2, it recruits cytosolic
Parkin, which, in turn, ubiquitinates outer membrane proteins which are then able to
interact, via protein p62, with the autophagosomal LC-3 [77]. Notably, LC-3, i.e., the
microtubule-associated protein 1 light chain, has been identified by Kabeya et al. as the
first mammalian protein associated with the membranes of autophagosomes [78]. A few
years later, LC-3 was characterized as a crucial protein involved in the binding of PINK1
during mitophagy [79].

PINK1 promotes Parkin translocation into the mitochondria by its phosphorylation,
a fundamental step for its recruitment and for the resulting ubiquitination of additional
proteins, such as mitofusin 2 (MFN2), which will be discussed later [75–77]. Ubiquitination
represents the key signal for the binding of mitophagy proteins such as sequestosome 1
(p62/SQSTM1), a so-called autophagy adaptor, providing a molecular link able to concur-
rently bind ubiquitin and specific proteins located on the autophagosome [80]. Autophagy
adaptor proteins are characterized by a ubiquitin binding domain (UBD) and by the presence
of an LC-3-interacting region (LIR), both needed to address mitochondria to their autophago-
some sequestration and subsequent elimination through the lysosome intervention [53,81].

2.2. Mitochondrial Dynamics

Despite the fact that mitochondria were previously considered independent, static, and
isolated organelles, it is now accepted that they form a dynamic network inside the cell,
maintained by “mitochondrial dynamics”. Mitochondrial dynamics refers to the ability of
mitochondria to undergo continuous cycles of fusion, during which segregated mitochondria
join; and fission, during which the mitochondria divide [82]. Accordingly, mitochondria are
highly dynamic organelles, whose function is dynamically regulated by their fusion and
fission, movement along the cytoskeleton, and mitophagy. These processes are essential
to maintaining normal mitochondrial morphology, distribution, and function—including
mitochondrial respiration, mitochondrial metabolism, and ROS production—as well as
normal cell metabolism [83].

Selective mitochondrial fusion proteins known as membrane-anchored dynamin fam-
ily members, which are abundantly expressed in the adult heart, mediate the fusion of two
adjacent mitochondria to form a more elongated mitochondrion; in particular, fusion is
promoted by mitofusin-1 (MFN1) and MFN2 proteins, whose normal functions rely on
the activity of guanosine triphosphatases (GTPases), by forming stable homo-oligomeric
and hetero-oligomeric complexes through their GTPase domain at the outer mitochondrial
membrane, and optic atrophy 1 (OPA1), which is located in the IMM and in the intermem-
brane space; OPA1 is a dynamin-like GTPase that is anchored to the IMM by an N-terminal
transmembrane domain, and mediates IMM fusion, enhancing the interconnection of the
mitochondrial network [84,85]. Mitochondrial fusion allows the exchange of intramito-
chondrial material (i.e., mitochondrial DNA (mtDNA), proteins, lipids, and metabolites),

245



Biomedicines 2022, 10, 520

necessary for maintaining a balanced pool of mitochondrial protein, as well as a genetic
and biochemical homogeneity within the mitochondrial population [83].

On the other hand, mitochondrial fission proteins participate in mitochondrial fission,
a multistep and complex process that divides a single mitochondrion into two mitochondria;
the key factor mediating mitochondrial fission is dynamin-related protein 1 (Drp1), a
homologous protein of GTPase power protein, which is recruited from the cytosol to the
OMM by various OMM-anchored adapter proteins, including fission protein 1 (Fis1) and
mitochondrial fission factor (MFF), which act as Drp1 receptors [8,86]. Mitochondrial fission
is necessary to replicate the mitochondria during cell division, to facilitate the transport
and distribution of mitochondria, and to permit the isolation of damaged mitochondria for
mitophagy. Alterations of mitochondrial dynamics lead to cardiac mitochondrial integrity
and mtDNA damage, and cell death ultimately occurs [87].

In the case of prolonged exposure of the heart to stressful conditions, such as hypoxia,
ischemia/reperfusion, oxidative and nitrosative stress, and hyperglycemia, the profound
alterations of mitochondrial dynamics and mitophagy lead to irreversible damage of
the mtDNA and excessive ROS released by damaged mitochondria, ultimately leading
to cardiotoxicity [87,88].

3. Cardiac Mitochondrial Dysfunction Secondary to Anti-Cancer Drug Treatments

It is well-established that the cardiotoxic side effects of several anti-cancer therapies
are frequently mediated by mitochondrial damage [89]. This evidence was first demon-
strated through the detrimental effects of chemotherapy on skeletal muscle, a tissue in
which the number of mitochondria is very high, although lower than cardiomyocytes [90].
Accordingly, skeletal muscle weakness, together with persistent fatigue, are common in
cancer patients undergoing chemotherapy, and some of the skeletal-muscle-specific symp-
toms are due to mitochondrial dysfunction [12,91,92]. At the molecular level, different
processes, including but not limited to oxidative stress, inflammation, immunometabolism,
pyroptosis, and autophagy, act together, promoting chemotherapy-induced multifacto-
rial cardiotoxicity [93].

In this context, growing evidence highlights the involvement of diverse mechanisms
that mainly converge on mitochondrial dysfunction. There are a number of potential
reasons why cardiac mitochondria represent a major target of antineoplastic drugs. Firstly,
cardiomyocytes show a high susceptibility to oxidative stress because they are rich in
mitochondria and possess relatively low endogenous antioxidant defense systems [94];
additionally, they use enormous amounts of ATP, whose production occurs in mitochondria
and is maintained, as discussed above, by mitochondrial biogenesis, replication, and
autophagy/mitophagy [95]. Overall, mechanisms that induce mitochondrial toxicity via
anti-tumor agents are many, and mostly related to the alterations occurring in ROS/redox
system regulation, the mitochondrial calcium homeostasis system, mitochondrial dynamics,
and endoplasmic reticulum (ER) stress signaling, all processes linked by a vicious cycle
that disrupts cardiac cell homeostasis and induces cell death [96,97].

In the following paragraphs, we will analyze the main mitochondrial determinants of
cardiotoxicity secondary to three major classes of antineoplastic drugs widely reported as
cardiotoxic, represented by ANTs, RTKIs and PIs.

3.1. Anthracyclines (ANTs)

ANTs, primarily doxorubicin (DOX), are antibiotics that exert their anti-tumor activity
by inducing single- and double-strand breaks in DNA, preventing DNA synthesis, interca-
lating with DNA base pairs and stabilizing the topoisomerase (Top) 2α complex after DNA
cleavage [98,99]. ANTs still represent the cornerstone of treatment in many malignancies,
including lymphomas, leukemias, sarcomas, advanced and early breast cancer, and small
cell lung cancer [100,101]. However, the clinical use of ANTs is seriously hampered by
dose-related cardiomyocyte injury and death, leading to left ventricular dysfunction and
heart failure, representing the most clinically-limiting adverse feature of ANTs [94,100–102].
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The most relevant ANT-related cardiac dysfunction from a cardio-oncological point of
view involves the myocardium, and is manifested by a decreased left-ventricular ejection
fraction, which may progress to congestive heart failure [103]. Mechanically, cardiac dys-
function induced by ANTs relies on alteration in iron metabolism and ROS, and reactive
nitrogen species (RNS) overproduction; however, intriguing evidence emerged in recent
years indicating that ANTs may use alternative damaging mechanisms, such as Top 2β
inhibition, inflammation, immunometabolism, pyroptosis, and autophagy, which explains,
at least in part, the complexity of iatrogenic ANT-induced progressive cardiomyopathy
and heart failure (Figure 1) [104]. On the other hand, ANTs typically associate with an
irreversible form of cardiac dysfunction (known as type I cardiotoxicity) characterized
by evident ultrastructural myocardial abnormalities, as evinced by vacuoles, myofibrillar
disarray and dropout, and myocyte necrosis at higher cumulative doses [103].

Figure 1. Schematic representation of major events leading to mitochondrial dysfunction during
ANT (DOX)-induced cardiotoxicity. ANT: anthracycline; DOX: doxorubicin; ROS: reactive oxygen
species; RNS: reactive nitrogen species; ERS: endoplasmic reticulum stress; Top2β: topoisomerase 2β;
ETC: electron transport chain; mtDNA: mitochondrial DNA.

Although the pathogenetic mechanisms accounting for ANT-dependent cardiotoxicity
remain complex and multifactorial, mitochondrial oxidative stress, in addition to the redox
cycling secondary to ANT-iron complex formation, and targeting of Top 2β (one of the two
types of Top2 present in quiescent non-proliferating cells, including cardiomyocytes), are
the most relevant. The inhibition of Top 2β by ANTs causes double-stranded DNA breaks
and the consequent activation of the tumor suppressor protein p53, strongly contributing to
the development of cardiotoxicity [93,105,106]. Importantly, over the last decades, a large
number of studies reported sub-chronic/chronic mitochondrial cardiac alterations, in terms
of disrupted mitochondrial calcium homeostasis [107,108] and mitochondrial respiration
alteration [109,110] during DOX exposure in both pre-clinical and human models. The
primary effect of DOX on mitochondrial activity is related to its capacity to interfere with
oxidative phosphorylation and inhibit ATP synthesis. In particular, DOX can inhibit mito-
chondrial Complex I by diverting electrons from NADH to molecular oxygen, leading to
DOX recycling and generating a futile cycle, a major ROS production site in DOX-induced
toxicity [111,112]. Other evidence subsequently demonstrated that DOX also interferes with
Complexes III and IV, the phosphate carrier and the adenine nucleotide translocator [112].
Free radicals derived from DOX redox cycling are responsible for many of the secondary
effects of oxidative stress induced by DOX; these include alteration of macromolecules
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as well as depletion of GSH and pyridine nucleotide reducing equivalents [113]. The
generation of excessive ROS and RNS overcomes the endogenous capacity in producing
antioxidant enzymes, including mitochondrial antioxidant systems, leading to the typical
redox modifications of macromolecules, including nitrotyrosine formation, protein carbony-
lation, and lipid peroxidation (Figure 1) [93,102,114]. In addition to the lower antioxidant
surplus in the heart respective to other tissues, the ability of DOX to accumulate primarily
in mitochondria and nuclei [115] can explain the cardio-selective toxicity of the drug. In
this context, it should also be noted that ANTs are able to selectively bind the phospholipid
cardiolipin, localized in the IMM, in close proximity to the mitochondrial electron-transport
chain, leading to mitochondrial accumulation of the drug (Figure 1) [116]. Cardiolipin is an
acidic phospholipid that plays a crucial role in the regulation of mitochondrial function,
structure, and dynamics, and mitochondrial dysfunction in different CVDs correlate with
cardiolipin remodeling; in particular, cardiolipin peroxidation induces mitochondrial im-
pairments and CVD progression [117]. In this regard, several studies on animal models
demonstrated that the ANT-cardiolipin interaction alters cardiolipin function since, in
this condition, cardiolipin is not able to anchor cytochrome c or lipid-protein interfaces
for the other important mitochondrial proteins [118]; the oxidized cardiolipin can disrupt
the electron transport chain, stimulating additional ROS/RNS production and inducing
mitochondrial DNA damage (Figure 1) [112].

As elegantly reviewed by Wallace et al., mechanistic studies showed that the acute
inhibition of mitochondrial oxidative phosphorylation induced by DOX may induce com-
pensatory selective cardiomyocyte adaptations [119]. For instance, as indicated in an acute
in vitro model (i.e., H9c2 rat cardiac myoblasts), a major cellular defense mechanism sec-
ondary to DOX exposure concerns the activation of the Keap1 (kelch-like ECH-associated
protein 1)/Nrf2 (Nfe2l2, nuclear factor erythroid derived 2 like 2)-antioxidant response
element (ARE) signaling pathway [120]. Other in vitro reports suggest that acute DOX
exposure can induce, in cardiomyocytes, the nuclear up-regulation of p66Shc, an adaptor
protein modulating cellular redox status and serving as an oxidative stress sensor, in order
to modulate FoxO (Forkhead box subgroup O) nuclear transcription factors, inducing cell
death in order to eliminate damaged cells [121].

Both experimental and clinical evidence supports the hypothesis that specific an-
tioxidants may be effective in protecting the heart from ANT toxicity, in terms of HF
prevention or cardiac damage mitigation. Clinical trials and meta-analytical studies have
been conducted to determine the protective effect of specific antioxidants, such as carvedilol,
L-carnitine, and dexrazoxane in ANT-induced cardiomyopathy [122–127]. However, it is
still unclear whether these antioxidants exert cardioprotective effects in humans without
impairing the anticancer activity of ANTs; moreover, most of these studies evaluated the
effects of ANTs alone, not in combination with other therapies. Therefore, larger multi-
center trials are required to effectively evaluate the beneficial activity of antioxidant agents
in co-administration with ANTs and other anticancer drugs [128,129].

Notably, mitochondrial alteration secondary to ANTs is profoundly interconnected
with Top 2β targeting and ROS/RNS generation, since indirect effects on mitochondrial
function can also occur through nuclear-mediated effects related to the inhibition of Top
2β in cardiomyocytes. Accordingly, after DNA breaks secondary to DOX-Top 2β binding,
p53 stimulation also induces defective mitochondria biogenesis and metabolic impairment
by decreasing the transcription of crucial genes involved in mitochondrial biogenesis and
function, such as peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-
1α), which is also a key regulator of SOD, and peroxisome proliferator-activated receptor
gamma coactivator 1-β (PGC-1β), and alteration of oxidative phosphorylation [105]. DOX
is also able to downregulate uncoupling protein 2 (UCP-2) and uncoupling protein 3
(UCP-3), members of the superfamily of mitochondrial transport proteins which regulate
mitochondrial ROS production, predisposing the failing heart to oxidative stress [130].
These data are of particular interest since it has been reported that polymorphisms in the
human UCP genes can affect the expression/function of the protein [131]; thus, genetic
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variations in human UCP-2 and/or UCP-3 may affect the susceptibility of patients to
DOX-related cardiotoxicity.

Human studies and pre-clinical models indicate that the redox and metabolic alter-
ations, as well as mitochondrial impairment secondary to a DOX regimen, persist after
therapy completion (one to five weeks following the last of six drug treatments) and that
the toxic effects of DOX can propagate to successive generations of mitochondria, leading
to cumulative dose-dependent and progressive mitochondrial dysfunction [132,133]. This
can correlate with DOX cardiotoxicity memory, according to which myocardial mass reduc-
tion following DOX administration may predispose the heart to further alterations after
subsequent DOX treatments [119,134] (Figure 1).

There is also growing evidence that ANTs can disrupt mitochondrial dynamics, which is
increasingly recognized as a major process driving ANT-dependent heart dysfunction, so that
several therapeutic interventions targeting mitochondrial dynamics have shown promising
effects in attenuating DOX cardiac toxicity in both cell and animal models (Figure 2).

Figure 2. Schematic representation of mitochondrial dynamics alterations induced by ANT (DOX)
leading to cardiotoxicity. ANT: anthracycline; DOX: doxorubicin; ROS: reactive oxygen species;
MFN1: mitofusin-1; MFN2: mitofusin-2; OPA1: optic atrophy 1; DRP1: dynamin-related protein 1;
Midivi-1: mitochondrial division inhibitor-1; mPTP: mitochondrial permeability transition pore; cyt c:
cytochrome c.

In vitro evidence on cultured neonatal rat cardiomyocytes demonstrated that DOX
negatively affects levels of MFN2, thus promoting mitochondrial fission and ROS produc-
tion, while increasing MFN2 levels counteracted these processes [135]. Similarly, other
studies indicate that MFN1 and OPA1 are downregulated in response to apoptotic stimula-
tion following DOX exposure in cardiomyocytes [136]. Conversely, DOX can upregulate the
expression of mitochondrial fission protein 1 in HL-1 cardiac myocytes, while its lessening
reduces DOX-dependent apoptosis, preventing dynamin 1-like accumulation in mitochon-
dria [137]. In vivo, sub-chronic DOX treatment in rats increased mitochondrial permeability
transition pore (mPTP) susceptibility and induced apoptosis, decreasing the expression
of MFN1, MFN2, and OPA1, and increasing Drp1, activating autophagy and mitophagy
signaling [138]. Moreover, Xia et al. (2017) demonstrated in H9c2 cardiomyocytes, as well
as in a mouse model of DOX-induced cardiomyopathy, that DOX exposure augmented
Drp1 and its Ser 616 phosphorylation [139]. These findings were corroborated by the ability
of both LCZ696, a novel angiotensin receptor-neprilysin inhibitor, and of mitochondrial
division inhibitor-1 (Midivi-1), a specific inhibitor of Drp1, to mitigate the DOX-dependent
mitochondrial dynamics alterations and cardiac dysfunction (Figure 2). On the other hand,
the overexpression of Drp1 antagonized the beneficial effect of LCZ696 in vitro [139]. The
crucial involvement of Drp1 in DOX-dependent cardiotoxicity was further demonstrated by
Zhuang et al. (2021) [140], who confirmed that the expression of Drp1 increased following
DOX treatment both in vitro and in vivo, leading to apoptosis of cardiomyocytes. In this
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study, the authors also found that an overexpression of Klotho (an anti-aging protein whose
defects in its gene expression accelerated cardiac hypertrophy and remodeling in mice and
human vascular calcification) [141,142] or Midivi-1 can trigger cardioprotection through
inhibition of cell death and reversal of mitochondrial dynamics perturbation.

Consistently, other in vitro and in vivo reports strongly support a key role for Drp1-
dependent mitochondrial fragmentation in DOX-dependent cardiomyopathy. Catanzaro
et al. (2019) indicated that a short interference-RNA-mediated knockdown of Drp1 prevents
DOX-induced mitochondrial fragmentation, mitophagy flux, and apoptosis in H9c2 cells,
while Drp1-deficient mice were protected from DOX-induced cardiac dysfunction [143].
Various studies reported that Drp1 can be reversibly phosphorylated at its serine residues,
and that this phosphorylation strongly affects both the localization and activation of car-
diac Drp1 [144]. Specifically, when Drp1 is phosphorylated at Ser 637, its translocation to
mitochondria is prevented and mitochondrial fission is inhibited [145]. In this regard, a
very recent study identified the cardiomyocyte mitochondrial dynamic-related lncRNA
1 (CMDL-1) as the most significantly downregulated long non-coding RNA (lncRNA) in
cardiomyocytes after DOX exposure, and demonstrated that CMDL-1 can inhibit Drp1
translocation to mitochondria by promoting Drp1 Ser 637 phosphorylation, thereby pre-
venting mitochondrial fission and apoptosis [146].

Among the different OMM proteins that promote mitochondrial fission by recruiting
Drp1 to the mitochondrial surface, it has also been shown that mitochondrial dynamics
proteins of 49 kDa (MiD49, MIEF2) can participate in the regulation of cardiac mitochon-
drial dynamics during DOX treatment. Accordingly, recent studies identified MIEF2 as
a transcriptional target of the transcription factor FoxO3a, and reported that FoxO3a can
prevent DOX-induced mitochondrial fission, apoptosis, and cardiotoxicity by suppressing
MIEF2 expression [147].

Overall, these data indicate that DOX displays inhibitory effects on mitochondrial
fusion while promoting mitochondrial fission; in particular, the increased Drp1 expression,
whose protein levels were previously found increased in patients with ischemic cardiomy-
opathy and dilated cardiomyopathy [148], represents a key factor also promoting the shift
toward mitochondrial fission during DOX exposure.

Taken together, these observations suggest that preventing mitochondrial fission
and targeting mitochondrial dynamics could represent a promising strategy in saving
cardiomyocyte loss due to DOX-induced cardiotoxicity (Figure 2).

3.2. RTK Inhibitors (RTKIs)

Receptor tyrosine kinases (RTKs) are cell surface transmembrane proteins activated in
response to ligand binding, an event conveying downstream stimulatory signals towards
cell proliferation, migration, invasion, differentiation, and angiogenesis [149]. Aberrant RTK
signaling, which may occur in response to genome amplification, gain of function mutations,
or chromosome rearrangements, has been shown to contribute to tumor development and
progression, as well as to anti-cancer treatment failure [149,150]. Most of the known human
RTKs share a similar protein structure, with an extracellular ligand-binding (N)-terminal
domain, a single spanning transmembrane helix, and an intracellular carboxyl(C)-terminal
domain [151,152]. A number of pharmacological approaches have been proposed to block
aberrant RTK signaling in cancer, including the use of monoclonal antibodies targeting
either specific receptors or their ligands, as well as the use of RTKIs’ small molecules.

RTKIs mainly act by preventing receptor autophosphorylation through interference
with the ATP binding site within the kinase catalytic domain of the protein; nevertheless,
certain RTKIs are non-ATP competitors [153]. One of the clinical advantages of targeting
aberrant RTK signaling is that fewer off-target effects are to be expected when using
targeted therapies compared with chemo- and radiotherapy. Despite the risk of developing
cardiovascular effects appearing to be generally low, long-term use of certain RTKIs can
significantly increase the risk of cardiovascular events. Such effects appear to be highly
variable among the class of RTKIs, although it is generally accepted that pre-existing cardiac
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pathological conditions, such as hypertension, hyperlipidemia, and diabetes, as well as
both the genetic background and immune status of the patient, may influence the risk and
severity of RTKI-associated cardiovascular toxicity [154].

RTKI-triggered cardiovascular side effects range from asymptomatic left ventricular
dysfunction to symptomatic congestive heart failure, arrhythmia/QT prolongation, hy-
pertension, and acute coronary syndrome [155]. Despite the fact that the mechanisms are
various and drug-specific side effects are observed, a general model of toxicity involves
both on-target and off-target effects.

The most important pharmacological strategy aimed at blocking tumor angiogenesis
is the targeting of the vascular endothelial growth factor (VEGF)/VEGFR transduction
pathway. Both anti-VEGF monoclonal antibodies and VEGFR small molecule inhibitors
have been shown to induce left ventricular dysfunction, ischemia, and thromboembolic
events [156]. Commonly, the most strongly observed effect in response to anti-VEGF thera-
pies is hypertension, which is due to unbalanced production in blood pressure regulators
(i.e., increased endothelin-1 and decreased nitric oxide production, respectively), as well
as reduced capillary density [157]. It is worth mentioning that certain detrimental cardio-
vascular effects induced by RTKIs are directly attributable to loss of RTK function and
therefore compromised cardiomyocyte biology. This is the case for anticancer therapies
that target the ERBB family of RTKs [158].

As ERBB family members play a crucial role in the maintenance of cardiomyocytes’
homeostasis and cell response to stress and injury, the disruption of their transduction
network results in myocyte dysfunction. For instance, interfering with ERBB-mediated
signaling may promote the mitochondrial release of cytochrome c [159], together with
the inhibition of antiapoptotic pathways, the induction of caspase activation, and the
subsequent activating of apoptotic cell death [160]. Additional studies have shown that the
monoclonal antibody trastuzumab, which targets ERBB family members, may compromise
the ability of cardiomyocytes to cope with stress, including pressure overload and/or
ANT injury, thus providing a rationale for the increased risk of cardiotoxicity of the drug
combination (trastuzumab plus ANT) compared to single agent treatment [161].

Interestingly, cardiac toxicity has also been detected after inhibition of non-receptor
TKs. For instance, imatinib mesylate, which mainly targets the fusion protein bcr-Abl
and represents the drug of choice in chronic myelogenous leukemia (CML) and Philadel-
phia chromosome-positive B-acute lymphoblastic leukemia (Ph+ B-ALL), induces myocyte
dysfunctions resulting in severe CHF [162]. The analysis of endomyocardial bioptic tis-
sue obtained from patients who developed CHF after treatment with imatinib mesylate
revealed profound ultrastructural mitochondrial changes and abnormalities, including
pleomorphisms, swelling, and erosions of cristae, together with intense cytosolic signs
of cell stress, like formation of vacuoles [162]. Cardiomyocytes cultured with imatinib
mesylate had high ER stress, deep alterations of mitochondrial membrane potential, re-
duction of ATP production, release of cytochrome c into the cytosol, and activation of
cell death programs (Figure 3) [157,162]. Of note, myocytes’ mitochondrial damage and
subsequent energy rundown may also be attributable to the impaired activity of the energy-
restoring AMP-activated protein kinase (AMPK), a frequently observed off-target effect
of RTKIs [163].

Further corroborating these findings, deranged mitochondrial energetics were also ob-
served in response to clinically relevant concentrations of sorafenib, which compromised
oxidative phosphorylation by inhibiting complexes V, II, and III of the electron transport
chain [164,165], thereby halting ATP production necessary for myocyte contractility (Figure 3).

Of note, promising clinical effects of the multi-targeting TKI ponatinib, approved for
the treatment of CML and Ph+ B-ALL [166], have been mitigated by the cardiac-specific
toxicity induced by this drug, including myocardial infarction, severe congestive heart
failure, and cardiac arrhythmias.
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Figure 3. Proposed mechanism of cardiac mitochondrial alterations secondary to PIs and RTKIs
exposure. PIs: Proteasome inhibitors; RTKIs: Receptor tyrosine kinase inhibitors; ETC: electron
transport chain; ROS: reactive oxygen species; mPTP: mitochondrial permeability transition pore; cyt
c: cytochrome c.

A well-designed approach by Talbert et al. demonstrated that the cardiac toxicity
potential of ponatinib is reflected by dramatic changes in ROS generation and lipid for-
mation, consistent with mitochondrial impairment and metabolic imbalances [167]. In
addition, the authors developed a comprehensive in vitro screening tool based on the use
of human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM), which was
able to accurately predict human cardiac toxicity by evaluating several indices, including
signs of mitochondrial stress [167].

Likewise, enhanced ROS generation and oxidative stress are largely implicated in the
initiation of mitochondrial dysfunction, which triggers cell damage in a broad range of cellu-
lar components. It should be mentioned that certain RTKIs promote mitochondrial dysfunc-
tions in an indirect fashion. This is the case for regorafenib, a drug approved for metastatic
colorectal cancer and advanced gastrointestinal stromal tumors, which disrupts calcium
homeostasis, thereby inducing mitochondrial swelling due to calcium overload [168].

On the other hand, abnormalities in mitochondrial structures and function may result
as a consequence of RTKIs’ action on several off-target kinases, including c-Jun N-terminal
kinase, protein kinase A and pyruvate dehydrogenase kinase (PDK); moreover, PDK, a
mitochondrial enzyme acting with pyruvate dehydrogenase phosphatase to regulate pyru-
vate dehydrogenase complex, has been shown a promising therapeutic target in complex
diseases including diabetes, heart failure, and cancer, as well as in the mitochondrial toxicity
induced by RTKIs [169,170]. Accordingly, the inhibition of these signaling pathways may
disrupt oxidative phosphorylation, and facilitate the establishment of both morphological
abnormalities consistent with hypertrophic responses and the shift of energetic metabolism
toward anaerobic dependency [171].

Clearly, the disruption of mitochondrial structure and function represents the main
trigger for cardiomyocytes’ metabolic reprogramming, as nicely shown by Wang et al., who
performed a systems-level analysis of human cardiomyocytes differentiated from hiPSCs
and exposed to different RTKIs [172]. Results showed a parallel inhibition of mitochondrial
ATP production and an increase in glycolysis after treatment with RTKIs [172]. The effect
on mitochondrial functionality appeared to be reversible upon drug withdrawal, and
the metabolic remodeling toward the glycolytic pathway served as an alternate route to
cope with metabolic stress. Likewise, an increased tendency to rely on glycolysis is a
peculiar feature of hypertrophic myocardium and myocardial ischemia, as well as heart
failure [173]. Despite the fact that the mechanisms involved in RTKI cardiotoxicity are
an active topic under investigation, and less-known than other anti-cancer drugs like
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ANTs, a relative lack of adequate pre-clinical platforms to predict, detect and hamper
drug-associated cardiovascular effects still represents a challenge to basic researchers and
clinicians in this field. Therefore, additional effort has to be implemented to minimize the
detrimental cardiac effects of RTK inhibition, taking into account the complexity of the
RTK signaling networks. For instance, the inhibition of EGFR by gefitinib (mainly used
for the treatment of non-small cell lung cancer), has been shown to induce mitochondrial
membrane potential alteration, cellular plasma membrane permeabilization, and activation
of apoptosis in cardiomyocytes [174]. These effects are triggered by the CYP1A1-dependent
formation of toxic reactive metabolites within myocytes’ microsomes. It is worth recalling
that in various contexts, EGFR cooperates with other non-RTK transduction partners
to promote biological responses. This is the case for the G-protein coupled receptor 30,
namely GPER, which serves as an alternate receptor for estrogens [175,176]. Numerous
studies have demonstrated that GPER activation elicits beneficial cardiovascular effects by
regulating myocyte cell response to stressful conditions, including ischemia, inflammation,
and hypertension [177,178]. Additionally, GPER activation has been shown to reduce DOX
cardiotoxicity [179]. Table 1 summarizes the main RTKIs and their cardiovascular toxicity.

Table 1. List of main RTKIs and their cardiovascular toxicity.

Tyrosine Kinase
Inhibitor

Molecular Target Type of Study Type of Cancer Cardiotoxic Effect Ref.

Sunitinib

Multi-tyrosine
kinases

(VEGFR, PDGFR,
c-KIT)

Phase I/II clinical
trial

Multicenter
prospective study

Imatinib-resistant,
metastatic,

gastrointestinal
stromal tumors

metastatic renal cell
carcinoma

Left ventricular
dysfunction

congestive heart
failure

hypertension

[157,180]

Pazopanib

Multi-tyrosine
kinases

(VEGFR, PDGFR,
c-KIT)

Randomized,
double-blind,

placebo-controlled
study

Advanced solid
tumors

Hypertension
reduction in heart

rate
small prolongation of

the QTc interval

[181]

Sorafenib

Multi-tyrosine
kinases

(VEGFR, PDGFR,
FLT3)

Systematic review
and meta-analysis

Renal cell carcinoma
melanoma

Hypertension
myocardial infarction

ischemia
acute coronary

syndrome
rarely heart failure

[182]

Regorafenib

Multi-tyrosine
kinases

(VEGFR1-3,
PDGFR-β, FGFR)

Meta-analysis of 45
RTCs Solid tumors

Hypertension
generally few

cardiovascular side
effects

[183]

Ponatinib

Multi-tyrosine
kinases

FGFR, PDGFR, and
VEGFR

Phase II clinical trial
Review

Chronic myeloid
leukemia;

Philadelphia
chromosome-

positive
leukemias

Arterial thrombotic
events [184,185]

Cabozantinib Flt-3, RET, MET
Multicenter

prospective study
Review

Metastatic renal cell
carcinoma

medullary thyroid
cancer

Modest risk of
developing left

ventricular
systolic dysfunction

hypertension

[186,187]

Nilotinib PDGFR, CSF-1R, Retrospective study Chronic myeloid
leukemia

Accelerated
atherosclerosis

peripheral arterial
occlusive disease

(PAOD)
QTc prolongation.

[188]

Axitinib VEGFR Clinical trial Metastatic renal cell
carcinoma

Hypertension
myocardial infarction [189]
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3.3. Proteasome Inhibitors (PIs)

As mentioned above, UPS, a crucial mechanism for protein degradation, regulates pro-
tein turnover, thus affecting various cellular functions [190]. UPS is a relevant therapeutic
target in cancer, especially in hematological malignancies like multiple myeloma (MM), a
cancer of terminally differentiated plasma cells accumulating in the bone marrow [191,192].
Since plasma cells produce high amounts of immunoglobulins, they are very sensitive to
the deregulation of protein degradation; moreover, malignant plasma cells appear even
more susceptible to proteasomal inhibition than the healthy ones, due to constitutive acti-
vation of the oncogenic NF-κB pathway [193]. In fact, PIs act by blocking IκB degradation
and thus, indirectly, inhibiting NF-κB signaling, although other processes are emerging,
which contribute to the antitumor effects of PIs, and include inhibition of altered cell cycle
control and apoptosis, ER stress, angiogenesis, and DNA repair [194], as well as epigenetic
modulating effects [195,196].

The striking sensitivity of malignant cells to PIs has led to their approval for MM
treatment, with three drugs being routinely used in a clinical setting [197] in association
with other anti-MM therapies such as dexamethasone, and immunomodulatory drugs
(lenalidomide), chemotherapy (DOX, mephalan, or cyclophosphamide), antibodies (elo-
tuzumab or daratumumab), or histone deacetylase inhibitors (panobinostat) [198]. The
first-in-class PI was bortezomib, a boronic acid derivative acting as a slowly reversible
inhibitor of the β5 catalytic proteasomal subunit. Next, the irreversible inhibitor of β5 site
carfilzomib and the first oral PI, ixazomib, were approved [197].

Although the toxicity of PIs is well-controlled in a clinical setting, distinct adverse
profiles (such as peripheral neuropathy and cardiotoxicity) frequently arise and can lead to
early discontinuation of the therapy [199].

The cardiotoxicity of bortezomib is still under debate, and likely depends on whether
the drug is administered in patients with significant cardiovascular disease risk factors or
previously treated with known cardiotoxic chemotherapeutics [200].

Molecular mechanisms involved in bortezomib-induced cardiovascular toxicity re-
main to be fully elucidated. In rat cardiomyoblast H9c2 cells, bortezomib causes the accu-
mulation of polyubiquitinated proteins which, in turn, leads to ER stress and compensatory
autophagy [201]. MG262, another boronic acid-based PI, promotes the translocation of the
nuclear factor of activated T-cells (NFAT) in neonatal rat ventricular myocytes through the
activation of the calcineurin-NFAT pathway, with significant changes in the cell morphol-
ogy [202]; moreover, the inhibition of the proteasome by bortezomib in primary neonatal rat
ventricular myocytes activates caspase-3 and caspase-7, triggering apoptosis [203]. Notably,
mitochondria have been identified as a relevant target of cardiotoxicity because bortezomib
inhibits complex V of the respiratory chain, resulting in a drop in ATP synthesis in the
hearts of treated rats, and in a decreased cell shortening of primary rat left ventricular
myocytes [204]. Functional and reversible changes accompanied the structural alterations
of the mitochondria, which become pleomorphic and enlarged with concentric cristae and
electron-dense inclusions, and showing misalignment of the myofibrillar network [201].
Moreover, bortezomib-mediated mitochondrial dysfunction might also be explained by
the recently described process of extraction of misfolded proteins from mitochondria, and
their subsequent degradation in proteasomes, called mitochondria-associated degradation
(MAD) [205]; inhibition of proteasome leads to accumulation of misfolded and damaged
proteins in mitochondria, resulting in their dysfunction (Figure 3).

The cardiovascular effects of bortezomib have been also addressed in several in vivo
preclinical models that led to contradictory results. In fact, left ventricular systolic and
diastolic function was preserved and no morphological myocardial abnormalities were
detectable in adult male rabbits upon exposure of bortezomib [206]; conversely, male Wistar
rats treated with bortezomib developed a reversible cardiac dysfunction with a significant
decrease in left ventricular ejection fraction [201].

In cancer patients, the cardiovascular AEs associated with bortezomib treatment so
far include heart failure, conduction disorders such as complete atrioventricular block,
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arrhythmias including atrial fibrillation, ischemic heart disease, pericardial effusion, and
orthostatic hypotension [207]. A systematic review and meta-analysis of 25 prospective
phase II/III trials evaluating bortezomib in different malignancies indicated that it does not
significantly increase the risk of cardiac AEs as compared to control medications [208]. The
overall cardiac safety profile of bortezomib was confirmed in a later retrospective analysis
of patients included in the phase II registration study for US and EU regulatory approval,
and in all phase III studies that led to US and EU approval of the drug [209], reporting no
significant differences in the incidence of cardiovascular toxicities between bortezomib-
and non-bortezomib-based arms [207].

Carfilzomib, which binds irreversibly to β5 (chymotryptic-like activity) and β5i im-
munoproteasome, was found to have greater selectivity for β5 subunits, with minimal
affinity to β1 and β2 subunits when compared with bortezomib [210]. Carfilzomib induced
proteasome inhibition in excess of 80% of patients [211], and its efficacy in bortezomib-
resistant cells was likely due to prolonged and sustained inhibition of the proteasome.
Carfilzomib received FDA approval in 2012 for use in relapsed and refractory MM (RRMM)
patients who had previously received at least two therapies. Overall, several studies of
carfilzomib noted an increased risk of cardiovascular AEs. A pooled analysis of phase
II studies with carfilzomib showed 22% of patients developing cardiac side effects, such
as arrhythmias, heart failure, treatment-associated cardiomyopathy, and ischemic heart
disease [212]. In 2015, a carfilzomib combination regimen with lenalidomide and dex-
amethasone (KRd) was approved by the FDA for RRMM with one or more prior lines of
treatment, based on significantly improved PFS and improved quality of life in a phase
III trial [213,214]. However, this trial (ASPIRE) reported that the combination with the
immunomodulatory drug lenalidomide increased cases of CVAEs, such as hypertension
rates, heart failure rate, and ischemic heart disease rates [212,215]. The higher potency
and irreversible inhibition by carfilzomib, along with dose-limiting neuropathy associated
with bortezomib, may be the link between carfilzomib and higher incidences of CVAEs.
In a systemic review and meta-analysis of 24 prospective clinical trials that included 2594
patients, a large range of reported CVAEs, with all grades of CVAE ranging from 0 to 52%
and high-grade CVAEs ranging from 0 to 45% [216] was found. In an effort to better define
risk factors and outcomes in patients who receive PI therapy, a prospective, observational
study (PROTECT), was conducted [217], in which patients underwent baseline assessments
over 6 months of bortezomib or carfilzomib; cardiac biomarkers included troponin I or T,
BNP, NT-proBNP, ECG, and echocardiography. Of the CVAEs, 51% were in patients treated
with carfilzomib, and 17% of those were treated with bortezomib, confirming the superior
cardiotoxicity profile of carfilzomib. The study also demonstrated an association between
BNP and NT-proBNP rise and increased CVAE risk. Overall, this trial reported a much
higher incidence of CVAEs than prior studies, possibly due to its prospective nature as well
as to the fact that CVAEs were captured as primary endpoint, showing that cardiotoxicity
mainly occurred in patients with cardiac comorbidities.

Ixazomib (MLN9708), like bortezomib, acts as a reversible inhibitor on theβ5 (chymotrypsin-
like) and β5i subunits of the immunoproteasome, with additional inhibition of β1 and β2
subunits at higher concentrations [218,219]; it was the first orally bioavailable drug approved
by the FDA in 2015 for RRMM, used in combination with lenalidomide and dexamethasone
for MM patients in which one or more prior lines of treatment failed. It showed a pattern of
cardiovascular AEs similar to bortezomib, although the trial excluded patients with cardiac
comorbidities [220,221].

To overcome the cardiotoxicity of PIs like carfilzomib, mitochondrial functions affected
by PIs are being dissected, and novel PIs devoid of cardiotoxicity are also being developed
and analyzed in preclinical studies [222]. Combination strategies reducing PI doses are
currently being evaluated in clinical trials to counteract dose-dependent CVAEs [223].

Table 2 recapitulates the main PIs used in clinical settings and their relative car-
diotoxic effects, as well as the potential preventive/cardioprotective strategies to re-
duce their CVAEs.
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Table 2. Main PIs, associated CVAEs, and potential preventive/cardioprotective strategies to re-
duce cardiotoxicity.

Proteasome
Inhibitors

Mechanism of
Action

Type of Study Type of Cancer Cardiotoxic Effects
Potential Preven-

tive/Cardioprotective
Strategies

Ref.

Bortezomib
Slowly-reversible

inhibitor of β5 and
β5i subunits

Systematic review
and meta-analysis
of 25 prospective
phase II/III trials

Untreated multiple
myeloma

Heart failure,
conduction
disorders,

arrhythmias,
ischemic heart

disease, pericardial
effusion and
orthostatic

hypotension

Assessment of cardiac
function,

evaluation of serum
biomarkers of heart failure;

Evaluation of atrial
fibrillation history;

Identification of
cardiovascular risk factors;

Use of β-blockers,
ACE inhibitors,

angiotensin II receptor
blockers,

apremilast (PDE4
inhibitor),

metformin,
PKG activator

[201,203–
205,207,221,

224–228]

Carfilzomib
Irreversible

inhibitor of β5 and
β5i subunits

Phase III trial
(ASPIRE trial)
Prospective,

observational study
(PROTECT trial)

Relapsed and
refractory multiple

myeloma

Arrhythmias, heart
failure,

cardiomyopathy,
ischemic heart

disease

[212,217,221,
224–228]

Ixazomib

Reversible inhibitor
of β5 and

β5i subunits,
inhibition of

β1 and β2 subunits
at high

concentration

Randomized phase
III trial

(TOURMALINE-
MM1
trial)

Relapsed and
refractory multiple

myeloma
Heart failure [220,221,224–

229]

4. Conclusions

Cardiotoxicity associated with widely used anticancer drugs, such as ANTs, RTKIs, and
PIs, still represents a significant clinical challenge that compromises the quality of life and
overall survival of cancer patients. Although the mechanisms driving the cardiotoxicity of these
anticancer drugs is multifactorial, and different pathways seem implicated, a growing line of
evidence strongly suggests that the cardiac AEs from these anticancer therapeutics involve
direct or indirect mitochondria-related toxicity. In addition to the ability of the anticancer
drugs to affect mitochondrial bioenergetics, mitochondrial DNA replication, mitochondrial
oxidative/nitrative stress, and cell death, emerging evidence also underscores dysregulated mi-
tochondrial dynamics as determinant of anticancer-drug-dependent cardiotoxicity. A thorough
understanding of the mitochondrial processes underlying cardiovascular toxicity is therefore
fundamental to rationally develop effective strategies preventing cardiomyocyte dysfunction
or loss elicited by several chemotherapeutic regimens.
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Abbreviations

AMPK AMP-activated protein kinase
ANTs anthracyclines
ARE antioxidant response element
BCL-2 B cell lymphoma-2
CHF chronic heart failure
CMDL-1 cardiomyocyte mitochondrial dynamic-related lncRNA 1
CML chronic myelogenous leukemia
CVAEs cardiovascular adverse events
CVDs cardiovascular diseases
DOX doxorubicin
Drp1 dynamin-related protein 1
ER endoplasmic reticulum
Fis1 fission protein 1
FoxO Forkhead box subgroup O
GPER G-protein coupled receptor 30
GSH glutathione
hiPSC-CM human-induced pluripotent stem cell-derived cardiomyocytes
I/R ischemia/reperfusion
IMM inner mitochondrial membrane
Keap1 kelch-like ECH-associated protein 1
LIR LC-3-interacting region
MAD mitochondria-associated degradation
MFF mitochondrial fission factor
MFN1 mitofusin-1
MFN2 mitofusin 2
Midivi-1 mitochondrial division inhibitor-1
MM multiple myeloma
mtDNA mitochondrial DNA
NFAT nuclear factor of activated T-cells
Nfe2l2 nuclear factor erythroid derived 2 like 2
Nrf2 nuclear factor erythroid 2–related factor 2
OMM outer mitochondrial membrane
OPA1 optic atrophy 1
PDK pyruvate dehydrogenase kinase
PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-α
PGC-1β peroxisome proliferator-activated receptor gamma coactivator 1-β
Ph+ B-ALL Philadelphia chromosome-positive B-acute lymphoblastic leukemia
PINK1 PTEN-induced putative kinase 1
PIs proteasome inhibitors
RNS reactive nitrogen species
ROS reactive oxygen species
RTKIs receptor tyrosine kinase inhibitors
RTKs Receptor tyrosine kinases
SOD superoxide dismutase
Top topoisomerase
TXNRD thioredoxin reductase
UBD ubiquitin binding domain
UCP-2 uncoupling protein 2
UCP-3 uncoupling protein 3
UPS ubiquitin–proteasome system
URPmt mitochondrial unfolded protein response
VEGF vascular endothelial growth factor
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Abstract: Dipeptidyl-peptidase-4 (DPP4) inhibitors are novel medicines for diabetes. The SAVOR-
TIMI-53 clinical trial revealed increased heart-failure-associated hospitalization in saxagliptin-treated
patients. Although this side effect could limit therapeutic use, the mechanism of this potential
cardiotoxicity is unclear. We aimed to establish a cellular platform to investigate DPP4 inhibition
and the role of its neuropeptide substrates substance P (SP) and neuropeptide Y (NPY), and to
determine the expression of DDP4 and its neuropeptide substrates in the human heart. Western
blot, radio-, enzyme-linked immuno-, and RNA scope assays were performed to investigate the
expression of DPP4 and its substrates in human hearts. Calcein-based viability measurements and
scratch assays were used to test the potential toxicity of DPP4 inhibitors. Cardiac expression of DPP4
and NPY decreased in heart failure patients. In human hearts, DPP4 mRNA is detectable mainly
in cardiomyocytes and endothelium. Treatment with DPP4 inhibitors alone/in combination with
neuropeptides did not affect viability but in scratch assays neuropeptides decreased, while saxagliptin
co-administration increased fibroblast migration in isolated neonatal rat cardiomyocyte-fibroblast
co-culture. Decreased DPP4 activity takes part in the pathophysiology of end-stage heart failure.
DPP4 compensates against the elevated sympathetic activity and altered neuropeptide tone. Its
inhibition decreases this adaptive mechanism, thereby exacerbating myocardial damage.

Keywords: saxagliptin; neuropeptide Y; substance P; neuropeptides; diabetes; heart failure; car-
diotoxicity; cardiomyopathy

1. Introduction

Heart failure is a complex cardiovascular disease with high mortality rate and increas-
ing prevalence [1]. Decreased cardiac output, when the heart is unable to provide the
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required perfusion to the peripheral tissues, is a critical consequence of heart failure. This
event induces various compensatory mechanisms in order to maintain sufficient perfusion
of vital organs. Important aspects of these compensatory processes are increased activity of
the sympathetic nervous system and the consequently increased release of the sympathetic
transmitters and co-transmitters (e.g., neuropeptide Y (NPY) and substance P (SP)), besides
activation of the renin-angiotensin-aldosterone system, endothelin release, and inflamma-
tory mechanisms [1]. In the short term, these processes will maintain tissue perfusion;
however, in the long term, abnormalities in cellular signaling lead to inflammation, fibrosis,
and cell death, which strongly promote the remodeling process, thus creating a vicious
cycle to trigger the progression of heart failure.

The neuropeptide SP (acting through the neurokinin 1 receptor) is mainly expressed
in the heart by C-fiber sensory nerves, innervating coronary arteries, intrinsic nerve bun-
dles, coronary endothelial cells, and cardiomyocytes [2–7]. SP has been shown to play a
detrimental role in various cardiovascular events, e.g., adverse cardiac remodeling, inflam-
mation, necrosis, and fibrosis [8–12]. NPY is the most abundant neuropeptide in the heart,
which exerts its actions through five known receptors (Y1 to Y5) [13]. NPY is expressed in
the intracardiac ganglia, sympathetic nerves projecting to blood vessels, intrinsic parasym-
pathetic cardiac neurons, and cardiomyocytes [14]. NPY was identified as a prognostic
indicator of mortality in myocardial infarct patients [15].

The management of heart failure is still a challenging task for healthcare professionals,
especially when co-morbidities are present in patients, e.g., type 2 diabetes [16]. Dipeptidyl-
peptidase IV (DPP4) inhibitors are in general well-tolerated and relatively new options
in the pharmacotherapy of type 2 diabetes [17,18]. It was discovered in the 1990s that the
inactivation of the DPP-4 enzyme raised the levels of the incretin hormones, which in turn
lowered the circulating glucose concentration and improved glycemia in animals [19]. In
the following two decades, various small molecule DPP4 inhibitor substances have been de-
veloped and tested in subsequent clinical studies for the therapy of type 2 diabetes [19] and
for other cardiovascular comorbidities [20–22]. The regulatory authorities have approved
five of the DPP-4 inhibitors so far. Currently, these drugs are used as second- or third-line
medications in the treatment of type 2 diabetes after metformin and sulphonylureas. These
substances facilitate insulin secretion through increasing the level of glucagon-like peptide-
1 indirectly by inhibiting DPP4, an enzyme responsible for the degradation of incretins
(glucose-dependent insulinotropic peptide and glucagon-like peptide-1 [17,23]). DPP4 is
a transmembrane exopeptidase, which cleaves dipeptides from the N-terminal site of its
targets [24,25]. The cleavage results in the inactivation of the substrates in most cases, but
sometimes changes in receptor affinity of certain substrates can also happen [25]. DPP4
has various types of substrates, e.g., incretins (glucagon-like peptide-1, glucose-dependent
insulinotropic polypeptide), chemokines (e.g., stromal cell-derived factor 1), and neuropep-
tides (NPY, SP, peptide YY, and pancreatic polypeptide) [24,25]. Interestingly, it was recently
identified that decreased circulating DPP4 activity in patients is associated with severe
COVID-19 disease and is a strong prognostic biomarker of mortality [26]. The large random-
ized placebo-controlled phase 4 clinical trial (SAVOR-TIMI 53) on the cardiovascular safety
of the DPP4-inhibitor saxagliptin surprisingly revealed that the heart-failure-associated
hospitalization rate increased in the saxagliptin-treated group compared to controls [27].
The possible dangerous cardiovascular side effects of DPP4 inhibitors are included in the
latest ESC heart failure guideline, which suggests avoiding the administration of gliptins in
diabetic patients with heart failure [28]. Although this potentially cardiotoxic side effect
of saxagliptin could considerably limit therapeutic use, the detailed mechanism by which
DPP4 inhibitors may damage the heart is still unclear [27]. Therefore, we aimed to set up a
relevant cell culture platform to mechanistically investigate the effect of DPP4 inhibition
and the role of potentially important neuropeptide substrates such as SP and NPY. More-
over, we aimed to determine the expression of DPP4 and its substrates in the human heart
and cell culture samples both at protein and mRNA levels.
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2. Materials and Methods

2.1. Cell Culture

Human cardiac myocyte AC16 cell line was obtained from Merck (SCC109). Cells
were plated on 6-well or 24-well plates (Thermo Fisher Scientific, Waltham, MA, USA) and
maintained in growth medium (Dulbecco’s Modified Eagle’s Medium and Ham’s F-12 Nu-
trient Mixture-DMEM/F12; Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; EuroClone, Pero MI, Italy) and antibiotic (100 U/mL
penicillin and 100 μg/mL streptomycin; Thermo Fisher Scientific, Waltham, MA, USA) at
37 ◦C in a humidified atmosphere of 5% CO2. Cells were cultured until 80–90% confluence,
then used in experiments. Cells were kept in FBS-free DMEM/F12 medium during the
whole experimental protocol.

2.2. Viability Measurements

In order to test the effect of different DDP4 inhibitors (alogliptin, linagliptin, saxagliptin,
or vildagliptin) on cell viability, AC16 cells were treated with 500 nM of each gliptin in
separate series for 24 h. Control group received DMSO vehicle.

In a separate experiment, cells were treated with 500 nM saxagliptin in the presence of
different doses (5, 20, 50, and 100 nM) of NPY or SP. To achieve sufficient inhibition of DPP4
enzyme, saxagliptin was administered 1 h prior to neuropeptide treatment. Cell-culture-
grade water containing DMSO and pure cell-culture-grade water were used as vehicles for
saxagliptin and neuropeptides, respectively.

Cell viability was assessed by calcein viability assay [29]. After rinsing the plates
with Dulbecco’s phosphate-buffered saline (D-PBS), cells were incubated with calcein AM
solution (1 μM) for 30 min at room temperature, protected from light. Fluorescence intensity
was detected by Varioskan Lux multimode microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) at room temperature, by using excitation wavelength: 490 nm and
emission wavelength: 520 nm. Results are shown as RFU [30].

2.3. Co-Culture of Neonatal Rat Cardiac Fibroblasts and Myocytes

Primary neonatal rat hearts were isolated from 1–3-day-old Wistar rats (~3–4 animal/
24-well plate) as previously described [31]. Briefly, rats were disinfected with 70% ethanol
and sacrificed by cervical dislocation. Hearts were rapidly removed from an abdominal
approach and placed in ice-cold PBS then washed with fresh volumes of ice-cold PBS
three times under laminar hood. Ventricles were separated from atria in a sterile Petri dish
containing ice-cold PBS. Afterwards, ventricles were minced properly with fine forceps and
collected in 0.25% trypsin (5 mL/heart) containing Falcon tubes. Tissue fragments were
digested by trypsin for 25 min in 37 ◦C water bath. The cell suspension was resuspended
every 5 min by a 5 mL pipette. After digestion, the cell suspension was centrifuged for
15 min at 250 rcf at 4 ◦C and the supernatant was removed gently. Cell pellets were
resuspended in 10 mL of Gibco Dulbecco’s Modified Eagle Medium (DMEM) growth
medium supplemented with 20% FBS. Cells were counted manually by hemocytometer then
gently resuspended, divided equally into fibronectin-coated wells. Cells were maintained
at 37 ◦C in a humidified atmosphere of 5% CO2 and 95% air in a CO2 incubator until
~100% confluence was reached. The medium was changed to DMEM growth medium
supplemented with 10% FBS the day after preparation. The medium was changed again
6–8 h after the previous one to DMEM growth medium supplemented with 1% FBS. Cells
were scored after the medium change. DMEM medium supplemented with 1% FBS was
refreshed every 2–3 days until reaching the desired confluence and was used in scratch
assay experiments.

2.4. Scratch Assay

Scratch assays were performed as reported previously [31]. Briefly, cells were seeded
on 24-well plates, and were pretreated with 500 nM saxagliptin or its solvent for 1 h. After
pretreatment, the cell monolayer was scratched with a 200 μL pipette tip in a 30◦ angle.
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The medium was discarded to remove cell debris from wells, and cells were washed two
times with Hank’s Balanced Salt Solution (HBSS, Corning Inc., Somerville, MA, USA).
Then, the cells were treated with a combination of saxagliptin and NPY or SP for 24 h in
the same manner as described above. Cells were incubated for 24 h with the treatment
solution at 37 ◦C in a humidified atmosphere of 5% CO2 and 95% air in a CO2 incubator.
Images were taken at the start of the treatment (0 h) and 24 h after the scratch. The
wounding area (unoccupied surface by cells) of the images was measured by ImageJ
software [32] and expressed as percentage of baseline value (0 h). Data were collected from
four independent experiments.

2.5. Human Heart Tissue Collection

The experiments were designed and implemented according to the ethical standards
of the Declaration of Helsinki (1975). Patients gave their written informed consent to be
involved in the study. The protocol was approved by the Polish Local Ethics Committee of
the National Institute of Cardiology in Warsaw with the identification code IK-NPIA-0021-
14/1426/18. Human tissue samples were collected in the Department of Heart Failure and
Transplantology, Cardinal Stefan Wyszyński National Institute of Cardiology, Warszawa,
Poland, as previously described [33]. Human hearts obtained from organ donors that were
excluded from transplantation for various reasons were used as control (CON) samples.
The donors with any relevant cardiovascular history or abnormalities were excluded in
the present study. Failing hearts were obtained from patients suffering from end-stage
heart failure of ischemic cardiomyopathy (ICM) or dilated cardiomyopathy (DCM). Clinical
parameters of the human tissue samples used in Western blot (Supplementary Table S1)
and in radioimmunoassay/ELISA (Supplementary Table S2) experiments are summarized
in the supplementary files. Interventricular septum samples were collected during heart
explantation, avoiding the inclusion of non-cardiac tissues, e.g., scar, adipose tissue, en-
docardium, epicardium, or coronary vessels. The samples were rinsed immediately in
saline solution, blotted dry, frozen in liquid nitrogen, and kept at −80 ◦C until processing
for further molecular assays. Another series of left ventricle samples was fixed in neutral
buffered formalin and embedded in paraffin for histological assays.

2.6. RNA Scope® In Situ Hybridization

In situ hybridization of the DPP4 enzyme mRNA was performed on tissue slides of
interventricular septum harvested from human control hearts using RNA Scope® Mul-
tiplex Fluorescent Kit v2 according to the manufacturer’s instructions (Advanced Cell
Diagnostics, Newark, CA, USA). Briefly, as reported previously [34], 4 μm formalin-fixed
paraffin-embedded tissue sections were pretreated with heat, H2O2, and protease prior
to hybridization with the following target oligo probes: 3plex-Hs-Positive Control Probe
(catalog number: 320861), 3plex-Negative Control Probe (catalog number: 320871), Hs-
DPP4 (catalog number: 477541, accession no.: NM_001935.3), Hs-VIM-C2 (catalog number:
310441-C2, accession no.: NM_003380.3), Hs-CD68-C2 (catalog number: 560591-C2, acces-
sion no.: NM_001040059.1), Hs-PECAM1-O1-C3 (catalog number: 487381-C3, accession no.:
NM_000442.4), and Hs-RYR2-C2 (catalog number: 415831-C2, accession no.: NM_001035.2).
Cell-type-specific markers were used to identify cardiomyocytes with a probe recognizing
the mRNA of ryanodine receptor 2 (RYR2) [35], endothelial cells with a probe recognizing
the mRNA of platelet endothelial cell adhesion molecule 1 (PECAM-1) [36], fibroblast cells
with a probe recognizing the mRNA of vimentin (VIM) [37,38], and macrophages with a
probe recognizing the mRNA of cluster of differentiation 68 (CD68) [39], respectively. Next,
preamplifier, amplifier, and HRP-labeled oligo probes were then hybridized sequentially,
followed by signal development with TSA fluorophores (TSA-Cy3, TSA-FITC, Akoya Bio-
sciences, Marlborough, MA, USA). Each sample was quality-controlled for RNA integrity
with a positive control probe specific to the housekeeping genes and with a negative control
probe. The specific RNA staining signal was identified as red/green dots. Nuclei were
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stained with 4′,6-diamidino-2-phenylindole (DAPI). Imaging was performed with a Leica
DMI8 Confocal microscope (Leica, Wetzlar, Germany).

2.7. DPP4 Protein Expression in the Heart

In order to investigate whether DPP4 expression was altered at the protein level in
the human heart samples, Western blot was performed. Frozen tissue samples from the
interventricular septum were homogenized with a TissueLyser (Hilden, Germany) in 1×
radio immunoprecipitation assay buffer (RIPA; Cell Signaling Technology, Danvers, MA,
USA) supplemented with 1× HALT Protease and Phosphatase Inhibitor cocktail (Thermo
Scientific, Waltham, MA, USA). Protein concentration of the samples was determined by
bicinchoninic acid assay kit (Thermo Scientific, Waltham, MA, USA). Equal amounts of
protein (25 μg) from each sample were mixed with 1/4 volume of Laemmli buffer containing
β-mercaptoethanol (Thermo Scientific, Waltham, MA, USA) and were loaded on 4–20% Tris-
glycine sodium dodecyl sulfate-polyacrylamide gels (Bio-Rad, Hercules, CA, USA). After
separation by electrophoresis, proteins were transferred onto polyvinylidene difluoride
membrane (Bio-Rad, Hercules, CA, USA) with Trans-Blot® TurboTM Transfer System (Bio-
Rad, Hercules, CA, USA). Membranes were blocked in 5% bovine serum albumin (Bio-Rad,
Hercules, CA, USA) in Tris-buffered saline containing 0.05% Tween-20 (0.05% TBS-T; Sigma,
St. Louis, MO, USA) for 2 h at room temperature. Afterwards, membranes were incubated
with anti-DPP-4 primary antibody overnight at 4 ◦C (1:1000 dilution). After three washes in
TBS-T, membranes were incubated with HRP-conjugated anti-rabbit secondary antibodies
(Cell Signaling, Danvers, MA, USA) for 2 h and washed in TBS-T. Signals were visualized
after incubation with enhanced chemiluminescence kit (Bio-Rad, Hercules, CA, USA) by
Chemidoc XRS+ (Bio-Rad, Hercules, CA, USA). Image analysis was performed using
Image Lab™ 6.0 software (Bio-Rad, Hercules, CA, USA). Measurement of GAPDH content
was used as loading control. Briefly, membranes were incubated with Restore Stripping
Buffer for 15 min at room temperature (Thermo Scientific, Waltham, MA, USA), followed
by incubation with anti-GAPDH primary antibody (1:5000 dilution, overnight at 4 ◦C),
HRP-conjugated anti-rabbit secondary antibody (1:2000 dilution, 2 h at room temperature),
and signal detection, as described previously.

2.8. SP-like Immunoreactivity

Human interventricular septum samples were homogenized in 1 mL of 20 mM
phosphate buffer (K2HPO4 and KH2PO4, pH: 7.2) and 10 μL protease inhibitor (Gordox,
10,000 KIE/mL, Gedeon Richter Plc, Budapest, Hungary) with tissue homogenizer device
(IKA T25 Digital ULTRA TURRAX). This was followed by centrifugation at 10,000 rpm at
4 ◦C for 15 min. The supernatant was collected and pooled at −80 ◦C.

Substance-P-like immunoreactivity was measured by the specific and sensitive ra-
dioimmunoassay method as described in detail in earlier publications [40] using the sub-
stance P competitive radioimmunoassay kit (cat.nr. RK-061-05, Phoenix Pharmaceuticals,
Inc., Burlingame, CA, USA). Here, we only summarize the protocol briefly. Reconstituted
positive controls and standards, 100 mL of tissue homogenates in duplicates, and 100 μL
antiserum were incubated overnight at 4 ◦C in test tubes. Then, 100 μL 125I-labelled SP
as tracer was added to the tubes on the consecutive day and additional overnight incuba-
tion was performed at 4 ◦C. Goat anti-rabbit IgG serum and normal rabbit serum were
added to the designated tubes on the following day with a 90 min incubation period. Im-
munocomplexes were collected with centrifugation at 3000 rpm for at least 20 min at 4 ◦C,
supernatant was carefully discarded, and pellet cpm was measured by g-counter (Gamma
NZ-310, Budapest, Hungary). The results were expressed as fmol SP-like immunoreactivity
per mg total protein weight.

2.9. NPY-like Immunoreactivity

Determination of NPY concentration in human interventricular septum samples was
performed with RayBio® Human/Mouse/Rat Neuropeptide Y competitive Enzyme Im-
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munoassay Kit (cat.nr.: EIA-NPY, RayBiotech Life Inc., Peachtree Corners, GA, USA)
according to the manufacturer’s instructions. We describe here the brief summary of the
assay protocol. First, 100 μL of anti-NPY antibody solution was added to each well and
1.5 h of incubation with gentle shaking was performed at room temperature. After the
incubation, the solution was removed and the wells were washed with 200–300 μL of 1×
wash buffer solution, repeated four times. After the last washing step, the wash buffer was
completely removed and the plate was inverted and blotted against clean paper towels.
Next, 100 μL of standard reagents, positive control, and samples were added to the appro-
priate wells of the plate. The wells were covered and incubated at 4 ◦C overnight with
gentle shaking. The solutions were removed, and the wells were washed four times with
1× wash buffer solution. To each well, 100 μL of prepared HRP-streptavidin solution was
added and the plate was incubated for 45 min at room temperature with gentle shaking.
After the next washing step, 100 μL of TMB One-Step Substrate Reagent was added to each
well and incubation was performed for 30 min at room temperature, protecting the assay
from light, with gentle shaking. At the end of the incubation period, 50 μL of stop solution
was added to each well and color intensity measurement was performed at 450 nm with
Labsystems DC plate reader immediately. Results were expressed as ng of NPY/mg of
total protein content of the samples. The total protein concentration was measured with a
bicinchoninic acid assay kit (Thermo Scientific Pierce Protein Research Products, Rockford,
IL, USA) using bovine serum albumin as a standard.

2.10. Statistical Analysis

Statistical analyses were performed and graphs were created using GraphPad Prism
version 8 (GraphPad Software, San Diego, CA, USA). One-way analysis of variance
(ANOVA), two-way ANOVA, unpaired t-test, and Mann–Whitney test were used to find
statistically significant differences. Differences were considered significant at values of
p < 0.05. Unless noted otherwise, all data represent the mean ± SEM.

3. Results

A large-scale, multicenter, randomized, double-blind, and placebo-controlled phase
4 clinical trial called SAVOR-TIMI 53 aimed to assess the cardiovascular safety, efficacy,
and potential cardioprotective benefits of saxagliptin, a DPP4 inhibitor [27]. According
to the conclusions of that study, saxagliptin was found to be neutral in most of the pri-
mary and secondary end-points except that the heart-failure-associated hospitalization
rate increased in the saxagliptin-treated patients compared to the control group. This
result raised the question whether saxagliptin exerts any potentially harmful effect on the
cardiovascular system.

3.1. Protein Expression of DPP4 and NPY Decreased in Human Failing Heart Samples

Substance P and neuropeptide Y are important substrates of DPP4 that can mediate
various detrimental effects in cardiovascular diseases [41–43]. Therefore, here we per-
formed Western blot, ELISA, and radioimmunoassay experiments in order to measure
the expression of DPP4, NPY, and SP at the protein level in interventricular septum sam-
ples from failing human hearts (patients with ischemic cardiomyopathy (ICM) or dilated
cardiomyopathy (DCM)) and also from healthy control (CON) hearts (detailed patients’
characteristics in Supplementary Tables S1 and S2). We have found that the expression of
DPP4 decreased significantly both in the ICM and DCM groups compared to the control
(Figure 1A,B). NPY showed a significantly decreased expression in the DCM group and a
decreasing tendency in the ICM group compared to the control (Figure 1C). The expression
of SP remained around a similar level in each heart sample (Figure 1D).

274



Biomedicines 2022, 10, 1573

Figure 1. Protein expression of DPP4 and neuropeptides in failing human heart samples. Western
blot analysis of DPP4 enzyme (A,B), ELISA (C), and radioimmunoassay (D). Quantification (A−D)
of the DPP4 and neuropeptide substrates (NPY and SP) content in interventricular septum samples of
healthy patients (CON) or patients with ischemic (ICM) or dilated cardiomyopathy (DCM). One-way
ANOVA with Tukey’s post hoc test, unpaired t-test, and Mann–Whitney test * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. CON, group size: n = 8–10. Data are expressed as mean ± SEM.

After the successful measurements of the protein expressions, our following aim was
to assess which cell types express the DPP4 enzyme.

3.2. DPP4 mRNA Is Primarily Localized in Cardiomyocytes of the Human Left Ventricle

In order to clarify the cell-type-specific expression of DPP4, RNA Scope® in situ
hybridization assay was performed on left ventricular tissue slides of healthy humans.
Expression of the mRNA of DPP4 was shown primarily in RYR2 mRNA-positive cardiomy-
ocytes (Figure 2A) and it was also detected to some extent in PECAM-1 mRNA-positive
endothelial cells (Figure 2B), but not in VIM mRNA-positive fibroblasts (Figure 3A) and
CD68 mRNA-positive macrophages (Figure 3B).
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Figure 2. Representative confocal microscopy images of RNA Scope®-DPP4 mRNA expression in
human control left ventricle. Nuclei were stained with DAPI (blue). Fluorescein-labeled tyramide
(green) was used to visualize mRNA of RYR2 (cardiomyocyte marker, (A)) or PECAM-1 (endothelium
marker, (B)) and Cy3-labeled tyramide (red) was used to visualize mRNA of DPP4, respectively.
Scale bar represents 25 or 50 μm. (RYR2: ryanodine receptor 2, PECAM-1: platelet endothelial cell
adhesion molecule-1).
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Figure 3. Representative confocal microscopy images of RNA Scope®-DPP4 mRNA expression in
human control left ventricle. Nuclei were stained with DAPI (blue). Fluorescein-labeled tyramide
(green) was used to visualize mRNA of VIM (fibroblast marker, (A)) or CD68 (macrophage marker,
(B)) and Cy3-labeled tyramide (red) was used to visualize mRNA of DPP4, respectively. Scale bar
represents 25 μm. (VIM: vimentin, CD68: cluster of differentiation 68).

There was no detectable signal on the negative control slides (Supplementary Figure S1).
These observations indicate that DPP4 is primarily expressed in cardiac myocytes and en-
dothelial cells in the heart tissue.

3.3. DPP4 Inhibition and Neuropeptide Substrates Do Not Affect Cell Viability

After successful determination of DPP4 and its substrates’ expression profile, we
tested the potential detrimental effects of DPP4 inhibition and/or its substrates (SP, NPY)
on cardiomyocytes. In order to begin the in vitro cell culture experiments, a proper cell
culture model was required. We chose the AC16 cell line because these cells express the
DPP4 enzyme at the protein level according to the results of the Western blot measurements
(Figure 4A), also confirming our RNA Scope® results. First, we hypothesized that direct
cytotoxic effect of gliptins might be responsible for the slightly increased cardiovascular risk
observed in SAVOR-TIMI, thus we performed the cell viability test on AC16 cells treated
with saxagliptin or other clinically used gliptins. We have found that DPP4 inhibition
by any of the tested gliptins (saxagliptin, vildagliptin, linagliptin, alogliptin) alone, at
a concentration of 500 nM, does not have a toxic effect on cell viability of AC16 cells
(Figure 4B). Next, we shifted our focus to investigating whether reduced DPP4 enzyme
activity by gliptins increases the potential cytotoxic effects of its substrates NPY and SP.
Thus, we treated the cells with NPY or SP or in combination with saxagliptin. We have
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found that neither neuropeptides (NPY or SP) alone nor in combination with saxagliptin
can reduce the viability of AC16 cells (Figure 4C). These results indicate that saxagliptin
and the neuropeptide substrates of DPP4 do not influence the viability of healthy cells;
therefore, a different approach and model are required to test the potential cardiotoxic
effect of saxagliptin.

Figure 4. Effect of DPP4 inhibition and/or neuropeptide substrates on the viability of AC16 cells.
Western blot analysis of DPP4 (A) in healthy human left ventricle samples and AC16 cells. In vitro
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treatment protocol with various gliptins on AC16 cell line and cell viability (calcein assay) results (B).
In vitro treatment protocol with neuropeptides and their combined administration with saxagliptin
and their effect on the viability of AC16 cells (C). One-way ANOVA, Tukey’s post hoc test, and
unpaired t-test. Data are presented as mean ± SEM. Group sizes: (B) n = 3 from 1 independent
experiment, (C) n = 7 from 7 independent experiments. RFU: relative fluorescence unit.

3.4. Both Saxagliptin and the Neuropeptides Alter the Migration Capacity of Cardiac Fibroblasts

Literature data suggest that SP and NPY may exert their harmful cardiovascular
effects by the modulation of fibroblast activities [11,12,44,45]. Accordingly, we continued
our experiments with a co-culture model of primary neonatal rat cardiomyocytes and
cardiac fibroblasts, and performed scratch assay (which is widely used to model in vitro
cell migration and wound healing) experiments (Figure 5A,B) with the same treatment
protocol (neuropeptides and/or saxagliptin) as described above (Figure 5A,C).

Figure 5. The cell migration speed in saxagliptin- and neuropeptide-treated cardiomyocyte/fibroblast
co-culture model. Scratch assay treatment protocol (A) and the results of the treatment with NPY
(C) and SP (E). Representative bright field microscope images of control (B), NPY-treated (D), and
SP-treated groups (F). Two-way ANOVA, * p < 0.05 vs. CON. Group sizes: n = 8–22 from 3–5
independent experiments. Data are presented as mean ± SEM in percentage of the wound area
compared to each corresponding 0 h (baseline) values.

We have found that administration of either NPY (Figure 5C,D) or SP (Figure 5E,F)
reduces the migration speed of the cells significantly compared to the control groups
(CONTROL and SAXAGLIPTIN). At the highest concentration of NPY (100 nM), the
administration of saxagliptin (500 nM) restored the migration capacity of fibroblasts. In
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the case of the SP administration, there was no meaningful difference caused by the
administration of saxagliptin.

4. Discussion

The surprising results of the SAVOR-TIMI 53 [27] clinical trial revealed that the heart-
failure-associated hospitalization rate is increased in the saxagliptin-treated patients. These
results point to the importance of cardiovascular safety testing in preclinical disease models
to reveal the mechanisms of this clinically relevant cardiotoxicity. Therefore, in our present
study, we focused on the investigation of the potential role of saxagliptin and the neuropep-
tide substrates of DPP4 in this phenomenon. Here, we showed that the protein expression
of DPP4 and NPY decreased in the cardiac tissue of heart failure patients. Moreover, we also
demonstrated by in situ hybridization that DPP4 mRNA is expressed mainly by cardiomy-
ocytes. Interestingly, we have found that neither DPP4 inhibition alone nor in combination
with neuropeptides such as NPY and SP affected the viability of AC16 cells, suggesting
that the direct cytotoxic effect might not be primarily responsible for the observed adverse
outcome in the clinical scenario [27]. In contrast, neuropeptides decreased cell migration
speed in the co-culture of primary neonatal rat cardiomyocytes and cardiac fibroblasts.
However, saxagliptin co-administration restored fibroblast migration speed in comparison
to NPY. These results showed that DPP4 inhibition by saxagliptin and the increased level
of neuropeptides in heart failure can modulate fibroblast migration; therefore, this may
interfere with adaptive cardiac remodeling in heart failure, indicating a potential hidden
drug cardiotoxicity mechanism [46].

Dipeptidyl-peptidase-4 is a pivotal enzyme in the degradation of various substances
such as incretins, neuropeptides, and chemokines, among others. DPP4 inhibitors have
become important drugs for the treatment of type 2 diabetes due to the improved regulation
of glycemia through the increased glucagon-like peptide-1 levels. In addition, expression
of DPP4 in the vascular endothelial cells raised its potential role in regulating vascular
functions as well. Experimental results with various DPP4 inhibitors proved that DPP4
may play a role in the modulation of nitric oxide release [47] or reduce the severity of
atherosclerotic lesions [48]. However, its role in regulating cardiac myocyte and fibroblast
functions has not been investigated so far. We provide here the first evidence that the
protein expression of DPP4 and NPY decreased in cardiac tissue samples of heart failure
patients. This decrease in DPP4 expression was not related to the etiology of heart failure
(ischemic or non-ischemic origin). Our findings are in line with previous data showing that
cardiac tissue NPY protein expression is decreased in rats with volume-overload-induced
heart failure, while in parallel, these studies revealed that the circulating level of NPY is
increased due to heart failure [13]. Further supporting our results, Ajijola et al. have found
that NPY immunoreactivity is decreased, but its mRNA expression did not change in the
stellate ganglia of heart failure patients compared to healthy controls, suggesting increased
release of NPY from the stellate ganglia [49].

We identified here that the DPP4 mRNA is localized mainly in cardiomyocytes and
endothelial cells of the healthy human left ventricle. Previous studies revealed that DPP4 is
widely expressed on the surface of various cell types, including leukocytes and epithelial or
endothelial cell populations in several organs [50–54]. In line with these findings, we have
also confirmed the presence of DPP4 mRNA in endothelial cells in the human heart as well.
Our data highlight that cardiomyocytes could be a potential target cell type for saxagliptin,
thus DPP4 inhibition in cardiomyocytes may play a role in mediating harmful effects.

The cardiovascular safety of saxagliptin in heart failure is quite controversial according
to the currently available, conflicting literature data. Most of the clinical investigations
and meta-analyses suggest that saxagliptin is harmful or at least shows controversial
cardiovascular safety [55–58], while others found saxagliptin to be neutral [59–61], and
there are several preclinical results on cardioprotective properties of DPP4 inhibitors [62–64].
Therefore, we investigated whether DPP4 inhibition in the presence of neuropeptide
substrates could affect cardiomyocyte viability in vitro. We found that neither DPP4
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inhibition alone nor in combination with neuropeptides exerts any cytotoxic effect on
the human cardiomyocyte-like AC16 cells. According to the literature data, effects of
saxagliptin treatment were investigated in various models of diabetes and/or acute cardiac
damages. It was found that saxagliptin treatment exerted a direct cytoprotective effect
in vitro against glucose and oxygen depletion and reoxygenation in cultured primary
human brain microvascular endothelial cells [65]. Additionally, other groups demonstrated
that saxagliptin was also able to decrease oxidative stress through regulation of endothelial
nitric oxide synthase in a Goto-Kakizaki rat model of non-obese type 2 diabetes [66].
Saxagliptin also ameliorated cardiac diastolic dysfunction in isoproterenol-treated rats [63]
and reduced cardiac ischemia-reperfusion injury in an ex vivo rat model of I/R injury
with type 2 diabetes [64]. The discrepancy between the clinical and preclinical data is
potentially due to differences in the mechanisms involved in the experimental models,
since the majority of studies focus on diabetic models and acute cardiac damage, but not
on chronic conditions such as heart failure.

Dipeptidyl-peptidase-4 inhibition by sitagliptin has been reported to decrease collagen
deposition, and activation of pro-fibrotic signaling in rat hearts potentially improves
fibrosis in heart failure [67]. These data suggest that the DPP4 enzyme and its substrates
might be important in cardiac fibrosis, cell migration, and remodeling. Therefore, next,
we investigated their potential effect on the migration speed of fibroblast cells and their
potential interfering effect with adverse cardiac remodeling in a cardiomyocyte-fibroblast
co-culture scratch assay model. We have found that administration of either NPY or SP
significantly reduces the migration speed of the cells compared to the vehicle-treated
controls. At the highest concentration of NPY, saxagliptin administration restored the
migration capacity of fibroblasts. Interestingly, in other cell types, NPY has been shown
to stimulate migration of human umbilical endothelial cells [68], to promote ischemic
angiogenesis and vascularization in the rat ischemic hind limb [69], and to increase motility
of neuroblastoma cells [70]. Our finding suggests that NPY might act differently on cardiac
fibroblasts, reducing their migration and likely preventing cardiac fibrosis. Interestingly,
saxagliptin reverses the effect of NPY on fibroblast migration; therefore, saxagliptin in the
presence of NPY may exert harmful profibrotic effects.

In conclusion, we have shown that the expression of DPP4 enzyme and the neuropep-
tide tone is altered in human failing hearts. Although DPP4 inhibition neither alone nor
in combination with neuropeptides has any detectable cytotoxic effect in vitro, neuropep-
tides inhibited cell migration in primary neonatal rat cardiomyocyte/fibroblast co-cultures,
which is reversed by saxagliptin co-administration. Our results highlight that saxagliptin
and NPY may interfere with cardiac tissue remodeling and thus play a role in the patho-
physiological mechanisms of end-stage chronic heart failure. We believe that the DPP4
enzyme could exert a compensatory function against the altered neuropeptide tone caused
by the elevated sympathetic activity in heart failure. Inhibition of DPP4 by saxagliptin
could impair this adaptive mechanism, and thereby exacerbate myocardial damage, al-
though further experiments are required to more deeply understand the potential role of
other DPP4 substrates and the possible direct toxic effects of saxagliptin.
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ANOVA analysis of variance
CD68 cluster of differentiation 68
CON control
Cy3 cyanine 3
DAPI 4′,6-diamidino-2-phenylindole
DCM dilated cardiomyopathy
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D-PBS Dulbecco’s phosphate-buffered saline
DPP4 dipeptidyl-peptidase-4
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ELISA enzyme-linked immunosorbent assay
FBS fetal bovine serum
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HRP horseradish peroxidase
ICM ischemic cardiomyopathy
mRNA messenger RNA
PECAM-1 platelet endothelial cell adhesion molecule 1
RFU relative fluorescent unit
RYR2 ryanodine receptor 2
SEM standard error of the mean
VIM vimentin
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