e
»

| }'l\

Context of leferent
Comorbidities

Edited by
Irina-luliana Costache, Bogdan-Mircea Mihai and

Minerva Codruta Badescu
Printed Edition of the Special Issue Published in Life

7z
www.mdpi.com/journal/life rM\DPI

F




Ischemic Heart Disease in the Context
of Different Comorbidities






Ischemic Heart Disease in the Context
of Different Comorbidities

Editors

Irina-Iuliana Costache
Bogdan-Mircea Mihai
Minerva Codruta Badescu

MDPI o Basel e Beijing ¢« Wuhan e Barcelona e Belgrade e Manchester e Tokyo e Cluj e Tianjin

WVI\DPI

F



Editors

Irina-Tuliana Costache
Department of Internal
Medicine and Cardiology
“Grigore T. Popa” University
of Medicine and Pharmacy

Bogdan-Mircea Mihai

Head of Diabetes, Nutrition
and Metabolic Diseases Unit
“Grigore T. Popa” University
of Medicine and Pharmacy

Minerva Codruta Badescu
Department of Internal
Medicine

“Grigore T. Popa” University
of Medicine and Pharmacy

Tasi Tasi Tasi
Romania Romania Romania
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 Life (ISSN
2075-1729) (available at: www.mdpi.com/journal/life/special_issues/ischemic_heart_disease_life).

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

indicated below:

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

ISBN 978-3-0365-5810-3 (Hbk)
ISBN 978-3-0365-5809-7 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.



www.mdpi.com/journal/life/special_issues/ischemic_heart_disease_life

Contents

Aboutthe Editors . . . . . . . . . . . e e vii
Preface to “Ischemic Heart Disease in the Context of Different Comorbidities” . . . .. .. .. ix

Irina-Iuliana Costache, Bogdan-Mircea Mihai and Minerva Codruta Badescu
Ischemic Heart Disease in the Context of Different Comorbidities
Reprinted from: Life 2022, 12, 1558, d0i:10.3390/1ife12101558 . . . . . ... ... ... .. .. ... 1

Adina Carmen Ilie, Sabinne Marie Taranu, Ramona Stefaniu, Ioana Alexandra Sandu, Anca
Tuliana Pislaru and Calina Anda Sandu et al.

Chronic Coronary Syndrome in Frail Old Population

Reprinted from: Life 2022, 12, 1133, doi:10.3390/1ife12081133 . . . . . .. ... ... .. ... ... 5

Sabina Andreea Leancd, Daniela Crisu, Antoniu Octavian Petris, Irina Afriasanie, Antonia
Genes and Alexandru Dan Costache et al.

Left Ventricular Remodeling after Myocardial Infarction: From Physiopathology to Treatment
Reprinted from: Life 2022, 12,1111, d0i:10.3390/1ife12081111 . . . . .. .. ... ... . ... ... 19

Minerva Codruta Badescu, Oana Viola Badulescu, Dragos Viorel Scripcariu, Licramioara
Ionela Butnariu, Iris Bararu-Bojan and Diana Popescu et al.

Myocardial Ischemia Related to Common Cancer Therapy—Prevention Insights

Reprinted from: Life 2022, 12, 1034, doi:10.3390/1ife12071034 . . . . . ... ... ... . ... ... 43

Victorita Sorodoc, Oana Sirbu, Catalina Lionte, Raluca Ecaterina Haliga, Alexandra Stoica

and Alexandr Ceasovschih et al.

The Value of Troponin as a Biomarker of Chemotherapy-Induced Cardiotoxicity

Reprinted from: Life 2022, 12, 1183, doi:10.3390/1ife12081183 . . . . . .. ... ... ... .. ... 65

Georgiana-Diana Cazac, Cristina-Mihaela Licatusu, Citilina Mihai, Elena-Daniela
Grigorescu, Alina Onofriescu and Bogdan-Mircea Mihai

New Insights into Non-Alcoholic Fatty Liver Disease and Coronary Artery Disease: The
Liver-Heart Axis

Reprinted from: Life 2022, 12, 1189, doi:10.3390/1ife12081189 . . . . .. ... ... ... ... ... 83

Irina Girleanu, Anca Trifan, Laura Huiban, Cristina Muzica, Oana Cristina Petrea and Ana
Maria Singeap et al.

Ischemic Heart Disease and Liver Cirrhosis: Adding Insult to Injury

Reprinted from: Life 2022, 12, 1036, doi:10.3390/1ife12071036 . . . . . .. ... .. ... ... ... 109

Alina Ecaterina Jucan, Otilia Gavrilescu, Mihaela Dranga, Iolanda Valentina Popa, Bogdan
Mircea Mihai and Cristina Cijevschi Prelipcean et al.

Ischemic Heart Disease in Patients with Inflammatory Bowel Disease: Risk Factors,
Mechanisms and Prevention

Reprinted from: Life 2022, 12, 1113, doi:10.3390/1ife12081113 . . . . . ... ... ... . ... ... 123

Amalia-Stefana Timpau, Radu-Stefan Miftode, Daniela Leca, Razvan Timpau, Ionela-Larisa
Miftode and Antoniu Octavian Petris et al.

A Real Pandora’s Box in Pandemic Times: A Narrative Review on the Acute Cardiac Injury Due

to COVID-19

Reprinted from: Life 2022, 12, 1085, d0i:10.3390/1ife12071085 . . . . . . . . ... ... .. .. ... 137



Stefania Teodora Duca, Adriana Chetran, Radu Stefan Miftode, Ovidiu Mitu, Alexandru Dan
Costache and Ana Nicolae et al.

Myocardial Ischemia in Patients with COVID-19 Infection: Between Pathophysiological
Mechanisms and Electrocardiographic Findings

Reprinted from: Life 2022, 12, 1015, doi:10.3390/1ife12071015 . . . . . .. .. ... ... ... ...

Raluca Ecaterina Haliga, Bianca Codrina Morarasu, Victorita Sorodoc, Catdlina Lionte, Oana
Sirbu and Alexandra Stoica et al.
Rare Causes of Acute Coronary Syndrome: Carbon Monoxide Poisoning

Reprinted from: Life 2022, 12, 1158, d0i:10.3390/1ife12081158 . . . . . . .. ... ... .. .. ...

Licramioara Ionela Butnariu, Laura Florea, Minerva Codruta Badescu, Elena Tarcj,
Irina-Iuliana Costache and Eusebiu Vlad Gorduza
Etiologic Puzzle of Coronary Artery Disease: How Important Is Genetic Component?

Reprinted from: Life 2022, 12, 865, d0i:10.3390/1ife12060865 . . . . . . . .. . ... ... ... ...

vi



About the Editors

Irina-Iuliana Costache

Irina-Tuliana Costache is Professor in Cardiology and Internal Medicine at the Faculty of
Medicine, “Grigore T. Popa” University of Medicine and Pharmacy, lasi, Romania and a senior
physician in internal medicine and cardiology at “Sf. Spiridon” County Emergency Clinical Hospital,
Cardiology Clinic, Iasi, Romania. She is a respected and awarded member of the National and
European Society of Cardiology. Professor Costache’s academic activity is extensive and remarkable
through a large number of published books and journal articles with a high scientific impact. Her
main focus is cardiovascular disease, especially ischemic heart disease, arterial hypertension, valvular
diseases, pulmonary embolism and heart failure.

She has a great amount of experience in echocardiography and the management of cardiac
emergencies. Through direct involvement in numerous clinical trials, she made a substantial
contribution to understanding the mechanisms of cardiovascular diseases and the effects of modern

pharmacological therapies.

Bogdan-Mircea Mihai

Bogdan-Mircea Mihai is Professor in Diabetes, Nutrition and Metabolic Diseases, Head
of Diabetes, Nutrition and Metabolic Diseases Unit at the Faculty of Medicine, “Grigore T.
Popa” University of Medicine and Pharmacy, lasi, Romania. He is also a senior physician in internal
medicine and senior physician in diabetes, nutrition and metabolic diseases at “Sf. Spiridon” County
Emergency Clinical Hospital, lasi, Romania. Professor Mihai has a special contribution, awarded at
the national level, to the study of diabetes, made concrete through numerous books and publications
in journals with high impact in the international scientific community. He has extensive experience
in the management of diabetes, including its cardiovascular and renal complications, and metabolic
diseases at the intersection of obesity, dyslipidemias, metabolic syndrome, and nonalcoholic fatty

liver disease.

Minerva Codruta Badescu

Minerva Codruta Badescu is MD, PhD, lecturer at “Grigore T. Popa” University of Medicine
and Pharmacy, lasi, Romania and senior physician in internal medicine at “Sf. Spiridon” County
Emergency Clinical Hospital, IIIrd Internal Medicine Clinic, Iasi, Romania. She is a valuable member
of the academic community, being involved in many universities and postgraduate educational
programs and research projects. She is the author of numerous book chapters and articles in
prestigious international journals, the main field of interest being cardiovascular diseases with arterial
and venous thrombosis as their substrate. She also focuses on the management of antithrombotic
therapy in difficult and complex clinical scenarios, such as thrombophilic states or congenital bleeding

disorders. Dr Badescu was awarded three times for her peer-review activity.

vii






Preface to "Ischemic Heart Disease in the Context of
Different Comorbidities”

Cardiovascular diseases are the most important health problem of modern times and have a
pandemic spread. There are many structural and functional cardiac abnormalities and their clinical
expression is very wide, from the complete absence of symptoms to chest pain and dyspnea, syncope,
hemodynamic instability and death. Among cardiovascular diseases, ischemic heart disease ranks as
the most prevalent and causes almost one-third of deaths worldwide.

The field of cardiology is very dynamic, constantly evolving and improving. Our knowledge
about myocardial ischemia is deepening every day, as major progress is made both in understanding
its pathophysiological substrate and in improving diagnostic algorithms and therapeutic protocols.

Myocardial ischemia is the fundamental substrate of acute and chronic coronary syndromes.
Beyond this significant role, its importance also resides in the coexistence with many pathological
conditions, in which myocardial ischemia appears either as an associated factor or a consequence.

Firstly, the diagnosis of myocardial ischemia in the context of non-cardiac comorbidities can
be a challenge for the clinician, who has the difficult task of choosing from many options the
appropriate paraclinical investigations-ECG, biomarkers, stress tests, invasive and non-invasive
imaging procedures-to establish a correct diagnosis.

Secondly, the high incidence and severe prognosis of myocardial ischemia highlight the need
for continuous research in the field, to optimize the diagnosis and treatment and to improve the
prognosis and survival of the patients.

Thirdly, atherosclerotic disease as a whole and myocardial ischemia, in particular, is frequently
associated with a complex metabolic background. Innovative therapies bring important benefits,
providing protection against atherosclerotic disease and significantly reducing major adverse
cardiovascular events in dedicated clinical trials.

To summarize, these were the main reasons why we chose this broad topic. We aimed to form a
team of specialists whose advanced experience allows us to understand the complex mechanisms
of the bidirectional relationship between myocardial ischemia and various pathologies. Only by
working as a strong team can we identify the best diagnostic and therapeutic solutions for our
patients. We believe that our goal was fully achieved, and we express our deepest gratitude to our

colleagues, who shared their knowledge and experience.

Irina-Tuliana Costache, Bogdan-Mircea Mihai, and Minerva Codruta Badescu
Editors
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Ischemic heart disease (IHD) is a leading cause of morbidity and mortality worldwide.
Since coronary atherosclerosis is its main substrate, IHD generally affects the geriatric
population [1]. As aging is associated with an increased number of comorbidities, IHD
further negatively influences these patients’ quality of life and longevity.

Ilie et al. debated the strong relationship between frailty and chronic coronary syn-
dromes [2]. They discussed the mechanisms of the bidirectional interaction between
frailty—a complex geriatric syndrome with many phenotypes—and increased risk of
ischemic coronary events. They also highlighted the key roles of sarcopenia, systemic
inflammation, endothelial dysfunction, and impaired lipid and glucose metabolisms. The
authors also provided useful guidance for risk assessment, diagnosis, and treatment of old
and frail patients with stable IHD.

Epidemiological studies have shown a decrease in the age at which risk factors for
atherosclerosis begin to accumulate. In this context, the age at which the incidence and
prevalence of IHD begin to increase has shifted to younger ages, causing the impact of the
disease on public health to become even greater [3]. Approximately 1.72% of the world’s
population is currently affected by IHD, and the prevalence is still rising. As the global
distribution map of IHD demonstrates, Eastern European countries contribute by far the
highest prevalence [4].

Although myocardial infarction is only the tip of the iceberg, its consequences have a
significant negative impact on morbidity and mortality in patients with IHD. Leanca et al. [5]
provided an excellent review on adverse cardiac remodeling in survivors of acute myocar-
dial infarction. The authors performed an in-depth analysis of the pathophysiological
mechanisms involved in this process, and systematized the complex methods of evaluation
by biomarkers and both conventional and high-performance imaging. The main goals of
treatment were to avoid the progression of IHD to heart failure and to reduce mortality. The
article provides strong evidence to guide individualized treatment aimed at counteracting
adverse ventricular remodeling and promoting reverse ventricular remodeling.

Cancer is highly prevalent in the elderly, and cardiac toxicity of antineoplastic agents
is currently a topic of major interest. Badescu et al. have shown that some commonly used
oncological treatments have adverse effects on coronary arteries, as they induce endothelial
dysfunction, coronary artery spasm, thrombosis, and fibrosis [6]. These harmful structural
and functional changes lead to cardiovascular events that require reduction or temporary or
permanent stop of antineoplastic therapy, and all of these events have a negative impact on
cancer outcomes. The authors provided a comprehensive, systematized, structured, and up-
to-date analysis of the available literature regarding the optimal measures to mitigate the
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toxic effects of major antineoplastic therapies on coronary arteries. Sorodoc et al. focused on
chemotherapy-induced cardiotoxicity and discussed the value of troponin as a biomarker
of myocardial injury in oncologic patients [7]. The authors highlighted that troponin is a
sensitive indicator of myocardial injury, as well as a marker for increased risk of developing
left ventricular systolic dysfunction and progression to heart failure. The assessment of
troponin levels enables early detection of cardiac injury and identification of patients that
could benefit from the implementation of prevention measures. Moreover, the authors
warn that troponin has no diagnostic value for cardiotoxicity and should not be used to
modulate chemotherapy in cancer patients.

The cross-talk between the heart and the liver is the main focus of the articles of
Cazac et al. and Girleanu et al. Non-alcoholic fatty liver disease reflects a disrupted lipid
and carbohydrate metabolism, and it is perceived today as the hepatic manifestation of
the metabolic syndrome [8]. The authors emphasize that in the presence of a common
pathogenic substrate, this liver disease should be considered a marker of an increased risk
for atherosclerotic cardiovascular disease. It is highlighted that patients with non-alcoholic
fatty liver disease have an increased prevalence of subclinical atherosclerosis, a higher risk
for the development of acute coronary syndromes (ACS), a need for more revascularization
procedures, and an increased risk of fatal and non-fatal cardiovascular outcomes.

Vascular inflammation, endothelial dysfunction, and procoagulant status are present
in both liver cirrhosis and coronary artery disease [9]. Along with the main pathogenic
mechanisms, the authors discuss the specifics of the diagnosis and treatment of IHD in
cirrhotic patients, taking into account the fragile balance between thrombosis and bleeding,
as well as the limited amount of evidence from clinical studies, especially in patients with
advanced liver disease.

The link between inflammatory bowel disease and IHD is systemic inflammation. The
article by Jucan et al. provides robust data regarding the elevated risk of IHD in inflamma-
tory bowel disease patients, based on an in-depth analysis of the relevant literature [10].
The crucial role of chronic inflammation is extensively debated. The authors showed that
the disruption of the intestinal mucosal barrier allows microbial translocation and other
endotoxins to reach the blood. These events are followed by multi-pathway activation
of systemic inflammation that leads to endothelial dysfunction, changes in the vascular
smooth muscle, reduction in vessels elasticity, medial calcification, and atherosclerotic
plaque formation and progression.

Cardiovascular complications of the SARS-CoV-2 infection have troubled the medical
community for more than two years now, and not all questions have yet been answered.
An impressive amount of data was systematized in the article by Timpau et al., covering all
known mechanisms by which the infection with COVID-19 causes cardiac injury, expressed
as ACS, heart failure, myocarditis, and stress cardiomyopathy [11]. The diagnostic role
and prognostic value of inflammation and myocardial damage biomarkers are commented
on from the perspective of an in-depth and comprehensive study of the dedicated litera-
ture, offering a robust conclusion that guides the practitioners. Duca et al. focused their
research on myocardial ischemia in patients with the COVID-19 infection, and highlighted
not only its complex pathophysiology, but also the diversity of its electrocardiographic
expression [12]. The authors showed that myocardial ischemia is the result of endothelial
damage mediated by the virus, cytokine storm caused by hyperactivation of the immune
system, and oxygen supply-demand imbalance due to extensive pulmonary lesions. More-
over, they emphasized that the electrocardiographic aspects of myocardial ischemia were
generally severe, and occurred even in younger and healthier patients.

A very particular aspect regarding IHD is presented by Haliga et al., namely the
ACS precipitated by carbon monoxide (CO) poisoning [13]. This original research article
demonstrated that the development of myocardial injury in these patients is the combined
result of hypoxia, direct CO-mediated cell damage, coronary spasm, and intracoronary
thrombosis. The authors showed that ACSs occur irrespective of the poisoning severity,
some in the absence of significant cardiovascular risk factors and in both normal coronary
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arteries and non-critical atherosclerotic plaques. Among the many interesting results of the
study, we want to draw attention to the young age of STEMI patients, with a mean of 27.7
years, and the absence of comorbidities.

As medicine advances and knowledge deepens, one non-modifiable cardiovascular risk
factor, namely the genetic substrate, is studied with increased interest. It seems that it will
become a major landmark in the implementation of preventive measures in the future. Butnariu
et al. provided a state-of-the-art analysis of the data available in the literature on the role of
genetic factors in the etiology of IHD [14]. The authors discussed the phenotypic variability
and the genetic heterogeneity of the disease, suggesting that genetic and genomic studies may
provide the highly sought-after and awaited answers about what makes us unique in the face
of the disease. The multiple facets of monogenic and polygenic coronary artery disease are
emphasized, with the hope that the identification of individuals at high risk for IHD will be
facilitated. The door toward the medicine of the future is now open, and gene therapy strategies
no longer seem to be an unattainable desideratum.

We may conclude that this Special Issue excels through multidisciplinarity, integrating
into a unified whole the experience of various specialists whose common interest is IHD. We
consider that the goal has been fully achieved, and we have succeeded in drawing attention
to the multiple diagnostic and therapeutic challenges determined by the association of IHD
with a series of comorbidities, as well as providing useful guidance for practice.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The demographic trend of aging is associated with an increased prevalence of comorbidities
among the elderly. Physical, immunological, emotional and cognitive impairment, in the context of
the advanced biological age segment, leads to the maintenance and precipitation of cardiovascular
diseases. Thus, more and more data are focused on understanding the pathophysiological mecha-
nisms underlying each fragility phenotype and how they potentiate each other. The implications
of inflammation, sarcopenia, vitamin D deficiency and albumin, as dimensions inherent in fragility,
in the development and setting of chronic coronary syndromes (CCSs) have proven their patent
significance but are still open to research. At the same time, the literature speculates on the interde-
pendent relationship between frailty and CCSs, revealing the role of the first one in the development
of the second. In this sense, depression, disabilities, polypharmacy and even cognitive disorders
in the elderly with ischemic cardiovascular disease mean a gradual and complex progression of
frailty. The battery of tests necessary for the evaluation of the elderly with CCSs requires a permanent
update, according to the latest guidelines, but also an individualized approach related to the degree of
frailty and the conditions imposed by it. By summation, the knowledge of frailty screening methods,
through the use of sensitive and individualized tools, is the foundation of secondary prevention and
prognosis in the elderly with CCSs. Moreover, a comprehensive geriatric assessment remains the
gold standard of the medical approach of these patients. The management of the frail elderly, with
CCSs, brings new challenges, also from the perspective of the treatment particularities. Sometimes
the risk-benefit balance is difficult to achieve. Therefore, the holistic, individualized and updated
approach of these patients remains a desired objective, by understanding and permanently acquiring
knowledge on the complexity of the frailty syndrome.

Keywords: frailty; chronic coronary syndrome; elderly

1. Introduction
1.1. The Demographic Trend of Aging

The old population continues to increase worldwide, being highly influenced by
important regressions in the main causes of mortality. The demographic changes are
reflected in society, raising the needs and costs of health care yearly. Worldwide, the
proportion of people over the age of 65 is expected to exceed 25% by 2030, and in Europe,
the number of older people will increase to 152.6 million in 2060 from 87.5 million in
2010 [1]. At the same time, the growing trend of demographic aging is associated with a
high prevalence of coronary artery disease (CAD) in both men and women. The mortality
risk and morbidity attributed to chronic coronary syndromes are increased due to aging
(especially after 75 years) and due to a high incidence of comorbidities (e.g., hypertension,
diabetes, chronic kidney disease, etc.).
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With global aging, frailty has become a common condition in the old population.
Frailty is highly related to the incidence and unfavorable prognosis of atherosclerotic
coronary heart disease [2].

The literature reports two-way associations between cardiovascular disease and frailty.
Although peripheral arterial disease and heart failure have been more frequently linked to
frailty, current studies focus on broader directions, considering the impact and relationship
between chronic coronary syndromes and frailty [3].

1.2. Chronic Coronary Syndromes. Definition, Prevalence and Features in Senior Patients

Of all types of cardiovascular diseases, coronary syndrome showed the highest mor-
tality rate, resulting in approximately 659,000 deaths and 805,000 coronary events yearly in
the United States [4].

The pathological foundation of coronary heart disease is based on the permanent
accumulation of atherosclerotic plaque in the epicardial arteries. It can manifest as ob-
structive or non-obstructive. Lifestyle regulations, medication and invasive procedures
having therapeutic and diagnostic roles can influence the evolution of this process, by
stabilizing or regressing the disease. CAD is known by its long periods of stability, but we
have to consider the possibility of an acute atherothrombotic event due to plaque rupture
or erosion. This event will increase the risk of turning into unstable angina, at any time.
Even in apparently silent clinical periods, the disease is usually progressive, and therefore
severe. The fact that this pathology implies a dynamic manifestation, we can integrate it
in two different clinical presentations known as acute coronary syndromes (ACSs) and
chronic coronary syndromes (CCSs) [5,6].

To briefly define chronic coronary syndromes is a challenge, as they are identified by
the different evolutionary stages of coronary heart disease, excluding the states in which
an acute coronary artery thrombosis dominates the clinical presentation (i.e., ACS) [5,7].

Studies show an increased risk in the old population to develop CCSs. Despite this
fact, it seems like this group mostly remains insufficiently diagnosed and treated. The
atypical character of the symptoms in a senior patient is recognized, thus delaying the
timing of the definite diagnosis [5].

1.3. Frailty. Definition, Prevalence and Features in Senior Patients

Frailty is a geriatric syndrome, encompassing different and complex phenotypes, from
the physical to the immunological and cognitive components. Frailty is identified by the
state of gradual and absolute decline, regardless of the aspects in which it occurs. Geriatric
syndromes such as functional dependence, cognitive impairment and malnutrition are in
most cases caused by physical frailty which implies decreased muscle strength, a loss of en-
durance, decreased physiological function and a decreased ability to adapt to stress. Studies
have shown clear interactions between frailty status and the complications of coronary
heart disease [2,8,9]. Therefore, the evaluation of frailty in seniors has become an indirect
way of assessing the true adverse events associated with chronic coronary syndromes.

Fried et al. proposed five dimensions of frailty, which continue to be the diagnostic
criteria for this syndrome: decreased muscle strength, decreased walking speed, fatigue,
decreased physical activity and involuntary weight loss [2]. Despite its wide use, the
Fried phenotype only assesses the physical component of frailty [10]. Other methods of
evaluation assess other components, but the golden standard in diagnosing or assessing
frailty is the geriatric evaluation.

There are also revealing data confirming a relationship of interdependence and mutual
empowerment between CCSs and frailty. Plurivascular disease (40%), tortuosity and
calcifications (80-90%) have been seen in patients 80 years of age with a high prevalence of
obstructive coronary heart disease (60%) in autopsy studies [6].

However, there is a predominant tendency in current studies to speculate on a one-way
relationship between CCSs and frailty, so it seems that cardiovascular damage predisposes
to frailty rather than vice versa [8,11].
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2. Pathogeny, Mechanisms and Associated Factors
2.1. Pathophysiology of CCSs and Frailty in Senior Patients

The mechanisms surrounding frailty and cardiac aging require special attention due to
their role in senior patients’ morbidity, mortality, quality of life and their need for medical
assistance and increased medical costs [12].

Frailty often coexists with heart disease due to coexisting pathophysiological changes,
aging and numerous comorbidities, all leading to rapid functional decline and sarcopenia.
Higher rates of disability, institutionalization and mortality were recorded in senior patients
with both frailty and CCSs [12].

In the pathogenesis of CCSs, varied mechanisms were described in which protein
degradation, denervation, atrophy and altered fatty acid oxidation played an important
role. Moreover, peroxisome proliferation and decreased protein synthesis, commonly in
seniors, activate the gamma coactivator-1 alpha receptor (PGC-1c), whose expression is
mitochondrial dysfunction. Thus, sarcopenia represented by homeostenosis of muscle
metabolism increases predisposition to chronic coronary syndromes. The altered protein,
lipid and glucose metabolism (i.e., insulin resistance) and also endothelial dysfunction, a
substrate of cardiovascular disease, are precipitated by an ongoing inflammatory process
(increased expression of biomarkers), usually encountered in old age [12].

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase increases the pro-
duction of reactive oxygen species (ROS) and stimulates the ubiquitin-proteasome system
in skeletal muscle, leading to the development of sarcopenia and increasing the occurrence
of chronic coronary syndromes [12-15].

Elevated levels of C-reactive protein, Interleukin 6 (IL-6) and tumor necrosis factor
alpha (TNF-«) are also linked to the loss of skeletal muscle mass. At the same time,
TNF-a/nuclear factor-«B (NF-kB) catalyzes the synthesis of ROS in mitochondria, leading
to the degradation of muscle proteins, sarcopenia and increasing the risk for ischemic
events [12,16,17].

The loss of muscle mass and function also contributes to ischemic heart damage.
Therefore, knowledge of the pathogenesis of sarcopenia at the cellular mechanism level
is important. With aging, the pathways leading to sarcopenia, involving myostatin, phos-
phatidylinositol 3-kinase and lysosomal catabolism, are affected. Consequently, autophagy
as a mechanism of cell preservation is inactivated and damaged. Its constituents remain
undegraded, resulting in the alteration of the quality and quantity of muscle mass, leading,
in time, to cardiovascular conditions [12,18-20].

The abnormal activation of inflammasome NLRP3, a multiprotein signaling complex
found in the cytoplasm of the cell, has also been linked to cardiac inflammation, systolic dys-
function and ventricular remodeling that precipitate the onset of ischemic cardiovascular
events [12,21-24].

Vascular aging is defined by mechanisms involving oxidative stress, mitochondrial
dysfunction, genomic instability and epigenetic alterations. Moreover, lipid metabolism,
extracellular matrix, coagulation/hemostasis impairment and inflammation are considered
to have an important role in vascular aging. Lots of the predisposing factors for atheroscle-
rosis, such as the damage to deoxyribonucleic acid from endogenous or exogenous sources,
can lead to improper endothelial function, mediated by reduced nitric oxide synthase
(eNOS) activity. They promote impaired vasodilator phenomena, the frailty of blood ves-
sels and the growth of the intimal wall, ultimately leading to an increased risk for coronary
heart disease. Theories of aging illustrate the mediator role of special proteins known as
sirtuins (e.g., SIRT1) in endothelial function, whose impairment leads to increased reactive
oxygen reactive species (ROS). The ROS determine the development of vascular senescence
and atherosclerosis [6,25].

In addition, research revealed that dehydroepiandrosterone, fibroblast growth factors
(e.g., FGE-23), growth-differentiating factor-15 and plasma-associated lipokaline linked to
neutrophil gelatinase have been involved in the progression of cardiovascular disease in
the senior patient [6].



Life 2022, 12,1133

2.2. Implications of Inflammation in the Pathogenesis of CCSs and Frailty

Inflammation, represented by an impaired immune status and changes in function of
immune cell subpopulations, is revealed to be closely related to frailty [26].

A meta-analysis of 32 cross-sectional studies in a group of 23,910 old people showed
higher levels of inflammation, indicated by elevated serum levels of CRP and IL-6, in
those with frailty and pre-frailty compared to those without frailty. At the same time,
a positive link between high serum levels of IL-6, CRP and a loss of muscle mass was
highlighted, with a reduction in the grip force, and correlations between inflammation and
atherosclerosis were reported simultaneously [2,27].

In CCS patients as well as in frail ones, chronic low-grade inflammation, namely a
lifetime exposure to the antigen, angiotensin activation, high body mass index, glucose
intolerance and redox instability, are predominantly reported. Aside from conventional
inflammatory markers, in CCSs and frailty syndrome, thrombotic markers such as factor
VIII and D-Dimers are also elevated [28].

Inflammation is a key factor in both CCSs and frailty. In the first one, we already
established the role of the inflammatory syndrome in lipoprotein oxidation and plaque
activation. In the second, inflammation is shown to activate a catabolic neurohormonal
process that implies the redistribution of amino acids from skeletal muscle to other organ
systems. This is a cause of sarcopenia, represented by a decrease in muscle mass, with the
inherent modification in muscle metabolism and impairment to adapt to stress factors [28,29].

Intermediate monocytes contribute to the proinflammatory status by releasing cy-
tokines (e.g., TNF-«, IL-1p and IL-6) and reactive oxygen species. Alongside elevated
lipoprotein levels, they constitute a possible marker for atherosclerosis and increased CVD
risk [26].

IL-6 was found to directly activate muscle catabolism by stimulating the ubiquitin-
proteome pathway, annihilating the cytoplasm and nucleoprotein in fibrocytes. In this
context, the increase in IL-6 is considered an important predictor of decreased motor
capacity, especially in older women. Indirectly, the concentrations of growth hormone (GH)
and insulin-like growth factor-1 (IGF-1) have lowered, with decreased protein production
and sarcopenia [2].

2.3. The Role of Albumin and Vitamin D in the Pathogenesis of CCSs and Frailty

A cohort study by Johansen et al. revealed that for each 1 g/dL increment in serum al-
bumin levels, the frailty grades in senior hemodialysis patients, lowered by 0.4 points, thus
suggesting that old patients with increased serum protein concentrations had a decreased
rate of frailty [2,30]. These data are sustained by other studies on old, frail and non-frail pa-
tients with different comorbidities. Moreover, Dai et al. showed that blood serum albumin
concentrations in senior patients with frailty and CCSs were significantly lower than that
in pre-frailty and non-frailty patients. Serum albumin, a marker of nutritional status, may
be an indicator of frailty in senior patients with chronic coronary syndrome [2].

A 25 (OH) D deficit is a negative prognostic factor in old patients with chronic coronary
syndrome. The level of 25 (OH) D can be utilized as a marker to evaluate the gravity of
CAD. Recent data have shown its role in predicting frailty [31]. Although results are not
very specific, they indicate a link between the genetic mechanism of action of the vitamin
D receptor (VDR) and that of cell differentiation and protein production. Thus, when
vitamin D is low, adhesion to its receptor decreases simultaneously with muscle mass and
strength [2].

The pathophysiological components between aging, frailty and CCSs in old patients
are synthetized in Figure 1. There are three major factors contributing to both frailty and
CCSs in old persons: normal aging, accelerated aging and inflammation. Each one can
be an independent factor for frailty and/or CCSs, but they can also be found together
as coexisting factors. Normal aging contributes to both frailty and CCSs and the cited
mechanisms are: insulin resistance, increased production and accumulation of oxygen
reactive species, normal changes in body composition which appear with aging (sarcopenia,
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Accelerated
ageing

central adiposity), homeostatic dysregulation, energy imbalance, neurodegeneration and
hormonal dysregulation and inflammageing. Accelerated aging (which includes prema-
ture or aging at a rapid pace induced by diseases, genetic disorders or external factors)
contributes to frailty and/or CCSs and the involved mechanisms are: increased oxidative
stress, telomere shortening, immunosenescence, reduced autophagy and cellular senes-
cence. Inflammation contributes to frailty and/or CCSs and the involved biomarkers are:
C-reactive protein, Interleukin 6, tumor necrosis factor alpha (TNF-o) and nuclear factor-«xB
(NF-kB). All three factors contribute in varied degrees to both frailty and CCSs. Moreover,
frailty is well-documented as being an important independent risk factor for CCSs in old
patients and CCSs have a negative impact on frailty in old persons. The association of
frailty and CCSs has a negative impact on the evolution of geriatric syndromes (especially
cognitive impairment, immobility, delirium and iatrogenesis) and the development of CCS
complications (acute coronary syndrome, heart failure and arrythmias). All these aspects
imply polypharmacy, increased morbidity and death.

~ Geriatric
syndromes

Polypharmacy
Increased morbidity
Death

Chronic coronary
syndrome

y Complications

Classical
cardiovascular
risk factors

Figure 1. The pathophysiological components between aging, frailty and CCS in old patients. CCS—
chronic coronary syndrome.

3. Clinical Presentation and Evaluation of the Frail Senior Patient with CCSs

Diagnosing chronic coronary syndromes in the old aged can be challenging. Senior
patients generally have atypical symptoms (e.g., fatigue, dyspnea, nausea, vomiting or
postprandial epigastric pain) rather than conventional angina. The presence of hearing or
cognitive disorders complicates the anamnesis, and the associated comorbidities delay the
diagnosis [6].

Regarding chronic coronary syndromes, the clinical scenarios reported by the latest
guidelines are: (i) patients with suspected coronary heart disease and “stable” angina
symptoms and/or dyspnea, (ii) patients with a new decompensation of heart failure or
left ventricular dysfunction and suspected coronary heart disease, (iii) asymptomatic and
symptomatic patients with symptoms stabilized at <1 year after ACS or patients with
recent revascularization, (iv) asymptomatic and symptomatic patients > 1 year after initial
diagnosis or revascularization, (v) patients with angina pectoris and suspected vasospastic
or microvascular angina and (vi) asymptomatic subjects in whom coronary heart disease is
detected on screening [5].

All of these are categorized as chronic coronary syndromes but entail various and time-
modifiable risks for possible cardiovascular complications. For example, the installation
of an ACS can sharply imbalance each of these clinical situations. Risks, in turn, could
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be precipitated by the improper management of cardiovascular risk factors, inadequate
lifestyle adjustments, medical treatment or failure of revascularization. Alternatively,
appropriate secondary prevention methods can counterbalance the adverse events of
chronic coronary syndromes [5].

Frailty, disability or other processes of the disease that exacerbate fatigue (i.e., pul-
monary, skeletal and peripheral artery disease) can veil the perception of the typical
symptoms of chronic coronary syndrome by assuming increased oxygen demand for the
associated pathologies. Although electrocardiographic anomalies could predict possible
negative complications, previous pathologies/abnormalities could limit the usefulness of
ECG screening. Transthoracic echocardiography, however, has proven useful in screening
for global and segmental ventricular function and structural pathology in old patients [5,6].

There are scarce data about diagnostic and prognostic values of imaging modalities in
CCS evaluation in frail old patents compared to the standard population. The few data are
for the old and very old population compared to the adult population.

Age influences the validity and reliability of diagnostic tests in CCS patients. In the
context of advanced age, exercise stress tests are submaximal undertaken by frail seniors,
their diagnostic and prognostic value being less than for young adults. In a study of Newman
and Phillips, the sensitivity and specificity of the ECG exercise test in patients aged >65 years
were 85% and 56%, respectively, and data from a metanalysis, including patients regardless
of age, reported that the sensitivity and specificity of ECG exercise testing for the diagnosis
of stable CAD were 58% and 62%, respectively [32,33]. Independently of age, bicycle echocar-
diography is more useful clinically than other tests in the diagnosis of CCSs [32]. Generally,
stress testing is better at confirming than infirming CCSs [34]. Exercise echocardiography
in old patients reveals resting wall motion abnormalities in 36% of the seniors and new
or worsening wall motion abnormalities in 41% of patients. Moreover, in the multivariate
analysis, exercise echocardiography variables, such as end systolic volume and ejection
fraction, added significantly to clinical factors in predicting mortality [35]. Dobutamine stress
echocardiography in old patients generally is well-tolerated, but there is a higher risk for
side effects. Asymptomatic hypotension occurred more frequently in the elderly (7% in
those <55 vs. 13% in the 55-74 age group vs. 25% in those >75). Moreover, any ventricular
arrhythmia was more common in the elderly patient population (26% vs. 30% vs. 41%) [36].

Although angiography is frequently used in CCS diagnosis in seniors, many times it is
temporized due to frailty and some associated conditions, such as anemic syndromes and
chronic kidney disease, the latter coming with high risk of contrast substance nephropa-
thy [37]. Major vascular complications may occur in 3.6% of older patients undergoing
diagnostic coronary angiography [6]. When considering cardiac catheterization, the proba-
bility of hemorrhagic, embolic and neurological events and acute renal damage induced
by the contrast substance should be considered, all of which are increased in geriatric
patients. In addition, the old aged with rheumatological or orthopaedical comorbidities
may have issues maintaining clinostats and anesthesia. Thus, an individualized approach,
comparing the possible advantages and disadvantages of invasive assessment, is required
before advising cardiac catheterization to seniors [5,6].

Exploring the presence and rate of ischemia in old patients needs a careful analysis
of the usefulness of the diagnosis, as well as the patient’s preferences and objectives of
treatment. It is fundamental to establish if the patient in question is eligible for future treat-
ments. A non-invasive diagnostic stress assessment is very important when the subject’s
likelihood of developing chronic coronary syndrome is intermediate. Pharmacological
stress echocardiography and single-photon emission computed tomography (SPECT), in-
cluding myocardial perfusion imaging (MPI), have been shown to be effective in stratifying
risk in these patients. In those non-eligible for testing, vasoactive agents such as adenosine
or dobutamine are needed to cause differential coronary flow or ischemia. This medication
associates a high level of iatrogeny, favoring adverse effects such as tachyarrhythmias,
hypotension and severe myocardial ischemia. However, depending on the degree of frailty,
these agents can be used safely in the old aged [5,6].
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The role of magnetic resonance imaging in the evaluation of cardiac ischemia in geri-
atric patients is still being studied. Stress cardiac magnetic resonance strongly predicted
cardiovascular events in people older than 70 years in a cohort of 110 patients. In a cohort of
110 patients who undergo stress CMR, 40.9% of the patients tested positive for ischemia. The
median follow-up was 26 months, and in this period, there were 35 cardiovascular events.
Therefore, a positive stress CMR with a moderate or severe hypoperfusion defect predicted
the appearance of cardiovascular events in the follow-up in patients older than 70 years [38].

Coronary CT angiography is a non-invasive imaging method that can objectify the
atherosclerotic rate with no need for pharmacological effort or stress testing. Still, senior
people may fail to go through with the test due to their inability to hold their breath.
Moreover, they are more likely to acquire atrial fibrillation and renal injury compared
to young patients [5,6]. Computed tomography coronary angiography performed in an
old population was able to exclude obstructive atheroma in 59% of patients. The positive
predictive value of CTCA showing obstructive atheroma was between 74 and 89% when
compared with invasive angiography [39].

Regarding the diagnosis of frailty, two main models have been proposed in recent
decades. The first is the phenotype model proposed by Fried et al., describing frailty
in terms of five physical dimensions: (1) unintentional weight loss of at least 4.5 kg in
the last year or >5% of body weight in the previous year; (2) self-reported exhaustion
identified by two questions from the CES-D depression scale; (3) a reduction in the grip
force, adapted according to gender and body mass index (BMI); (4) decreased mobility
adjusted to gender and height; and (5) low energy consumption related to physical ac-
tivity based on the subject’s self-report on the Minnesota Leisure Time Physical Activity
Questionnaire (MTLAQ-short version). The lack of any of these items defines patients as
“robust”. “Pre-frail” subjects have low scores of one or two, and “frail” patients meet three
or more of these criteria [1].

A Canadian study of the frailty index of health and aging (CFI), proposed by Rock-
wood et al., is based on a cumulative deficit model, comprising 70 items that include clinical
signs, symptoms, diseases and comorbidities, in order to construct an individual FI score,
compared to the standard one. Various instruments based on these two main models have
been used in cardiac rehabilitation [40].

The gold standard for assessing frailty in an old patient remains the Comprehensive
Geriatric Assessment (CGA). The CGA consists of a holistic evaluation in different areas of
health in seniors, exploring 10 dimensions (cognition, motivation, disability, communica-
tion, mobility, balance, bowel/bladder function, nutrition, social ability and comorbidity).
The Frailty Index based on a Comprehensive Geriatric Assessment (FI-CGA) is based on
the CGA, evaluates the 10 dimensions and classifies patients into three classes of frailty:
mild (0-7), moderate (7-13) and severe (>13) [1,41,42].

The different methods in evaluating frailty and its components are described in Table 1 [8].

Table 1. Diagnostic methods of frailty and frailty subtype.

Frailty Subtype

Diagnostic Methods of Frailty
Physical Cognitive Clinical Psychological ~ Social

Fried criteria X - X - -
FI-CGA X X X X X
CFS X - X - -
CSHA-FI X X X X -
EFS X X X - X
CGA X X X X X

FI-CGA = Frailty Index based on a Comprehensive Geriatric Assessment; CFS = Clinical Frailty Scale;
CSHA-FI = Canadian Study of Health and Aging Frailty Index; EFS = Edmonton Frailty scale; CGA = Com-
prehensive Geriatric Evaluation.
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4. Risk Assessment in the Frail Senior Patient with CCS

A frailty assessment using the Clinical Frailty Assessment Scale (CFS) was separately
and closely linked to mortality at 6 months of all causes, including after full adjustment for
the initial differences in other risk factors [43].

The advanced age segment, increased comorbidities, recurrence of decompensation
and prolonged hospitalization (>10 days) and emergency readmission within 30 days
of discharge were associated with a higher degree of frailty and, at the same time, with
the mortality of any within 30 days of the date of admission. A higher degree of frailty,
according to the CFS, is associated with a more reserved prognosis in terms of mortality or
the development of complications [43].

Other data suggested a high probability of readmission to hospital and death in frail
patients compared to those who are not frail but who are associated with heart failure or
chronic coronary syndromes. Polypharmacy and the lack of individualization of treatment
are also factors that affect mortality in senior patients with CCSs and explain some of the
differences between mortality from any cause and that linked to cardiovascular disease [4].

In the frail old aged, aging accelerates physical and functional decline, which raise
the risk of poor health outcomes. The occurrence of frailty is directly proportional to aging
and is related to elevated rates of mortality, morbidity, disability and increased health care
costs while also being a predictor of poor surgical and interventional outcomes [4]. One
meta-analysis evaluating gender differences between frail seniors showed women were
considerably more frail, while men had increased mortality. The same data showed that
frail old women with CCSs have a higher death rate than frail men of similar age [4,44,45].

During the 6-year follow-up of the NHATS study, it was revealed that seniors with
pre-frailty and frailty have higher incidences of all-cause mortality, mainly due to death,
stroke and peripheral vascular disease. The means to include frailty evaluation into the
care of seniors at risk for CCSs is limited due to low efficacy in the prevention of frailty,
no fully efficient therapies of the frailty and limited access to comprehensive geriatric
evaluation [46—48].

The battery of secondary prevention interventions in frail old people with CCS in-
cludes: training, management of risk factors (diet management, smoking abstinence),
medical treatment and psychological intervention [1]. Because frailty is a predictor of
adverse outcomes in patients with CCSs, both the American Heart Association and the
European Society of Cardiology recommend frailty screening in seniors with CAD and the
development of intervention plans [5,49].

A holistic evaluation of the high-risk old aged can aid to recognize the factors that de-
termine the development of frailty. It has been shown that aging, limited financial resources,
malnutrition and depression are key to the development of frailty in patients with CCSs.
The results are significant in the identification of frail adults with CCSs and the emerging
need to bring forth preventive interventions [49]. A comprehensive geriatric assessment to
recognize frailty is fundamental prior to clinical treatment, as are interventions to limit or
reverse frailty in old patients with CCSs [49,50].

5. Consequences of the Association of Frailty and CCSs in Senior Patients

The risk for developing CCSs has raised in frail and pre-frail people > 65 years of
age. Both frailty and CCSs in the old aged leads to a higher risk of short-term mortality
(3 months). As per the frailty phenotype model, the prevalence of CCSs has led to a two- or
three-times growth in frail seniors and a tendency to precipitate pre-frailty [1,51].

In hospitalized seniors, malnutrition and hypoalbuminemia may show either a state
of frailty or a complication of CCS. The explanation resides in the resemblance and overlap
of biological and pathophysiological mechanisms, such as inflammation and age-related
subclinical cardiovascular impairment that leads to both conditions [1,52].

In aging patients with CCSs, heart failure (HF) is widespread, and the risk of frailty is
3.4 times bigger, with a high prevalence of pre-frailty (46%) and frailty (40%) The ischemic
cardiovascular state predisposes to HF development [53]. Pathophysiologically, it shares
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common mechanisms with sarcopenia, related especially to inflammation pathways. Thus,
it seems that HF can negatively influence gait speed and precipitate malnourishment,
resulting in anemia and negative outcomes [1].

The aging of the world’s population is leading to an increase in the incidence and
prevalence of geriatric syndromes, such as frailty and disability. The advanced age segment
is associated with a series of worsened results related to the link between frailty and CCSs.
On these grounds, all other comorbidities, such as sarcopenia, malnutrition, functional
dependence, polypharmacy, bleeding risk and thromboembolic events, are precipitated [1,29].

6. Treatment Characteristics in the Fragile Senior Patient with CCS
6.1. Treatment Goals

The treatment goals in frail old patients, who are associated with CCSs, include
increasing life expectancy, minimizing the risk of cardiovascular events, improving or
remitting symptoms and returning to normal activities or a good quality of life [11,54].

In senior patients, improving the quality of life, maintaining independence in daily
life and controlling symptoms are priorities. In most cases, these issues are more important
than prolonging life [55].

6.2. Pharmacological Treatment

According to new standards, treatment interventions should take into consideration
two ways of approaching frailty. The first one must concentrate on preventing or reducing
the progress of frailty while the second will be concerned with the anticipation of side
effects in frail seniors. Periodic physical exercise and an adequate diet bring known benefits
in the prevention of frailty, but the efficacy of pharmacotherapy is still certain [28].

Concerns have persisted over the past few years that the development of pharma-
ceutical strategies, such as new lipid-lowering agents in the form of subtilizin/kexin-9
(protein PCSK-9) inhibitors of proprotein convertase, and the use of oral anticoagulants
(e.g., Rivaroxaban in patients with increased risk) outshine the role of lifestyle changes.
Beta-blockers and calcium channel blockers still are the primary drugs for controlling the
symptoms of angina and should be administered depending on the patient’s heart rate,
blood pressure and left ventricular function. The utilization of other secondary prevention
medications (e.g., angiotensin converting inhibitors and statins) also remains the same [56].

The pharmacological treatment in an old patient must be prescribed considering its
particularities: pharmacological and pharmacokinetic changes due to aging, body com-
position which is different in the old aged compared to adult, pre-existing medication for
other conditions, the coexisting comorbidities, the presence of impairments, life expectancy,
quality of life, polypharmacy and even the financial aspect [57,58].

Compared to young adults, seniors tend not to adhere to medical regimens, including
optimal medical therapy for CCSs. Based on the literature, higher medical treatment
compliance improves the survivability rate, even for frail seniors with CCSs [59]. The
efficiency of antithrombotic therapy in frail senior patients is comparable to that in young
adults, but the first group has a higher risk of bleeding [60].

6.3. Interventional Treatment

In the context of worldwide aging and a life expectancy increase, there appeared to be
more and more cases of seniors necessitating advanced cardiovascular procedures, such
as coronary artery bypass grafting (CABG) and percutaneous coronary intervention (PCI).
Increased comorbidity prevalence associated with CCSs predisposes this group to more
revascularization complications and poor outcomes. Thus, there is need to preoperatively
assess the physiological status of these patients to establish the eligibility for CABG, PCI or
pharmacological treatment. In addition to conventional risk stratification, the assessment
of frailty is increasingly recognized as an available indicator for predicting outcomes after
cardiac surgery [61].
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The treatment of chronic coronary syndromes in the old aged suffers from the impasse
of vulnerabilities related to both conservative and invasive strategies, such as bleeding,
kidney failure and neurological disorders. According to current guidelines, radial access is
recommended to be used, when possible, to lower complications at the entry zone when
considering an invasive approach for seniors management. It is indicated that diagnostic
and revascularization arguments be based on clinical presentation, the rate of ischemia,
frailty, life expectancy and other morbidities [5].

Data report that in old patients with isolated CABG, the Preoperative Clinical Frailty
Scale (CFS) was a separate predictor of hospital mortality at 30 days. A slow gait has been
reported to have an individual predictive role in poor outcomes, even after adjusting for the
Thoracic Surgeons Society (STS) score [61]. Debate yet remains as to whether to consider
PCI or CABG for senior patients with CCSs and frailty. The presence of asymptomatic
myocardial ischemia can be a complication of the frailty status associated with CCSs. Thus,
preoperative screening for the frailty of CCS patients remains crucial [61,62].

The frail senior patient with comorbidities has a higher risk of post-CABG mortality
compared to young adults [63,64]. Moreover, data show that age over 65, female sex and
the presence of comorbidities are associated with higher rates of rehospitalization after
CABG [65,66]. CABG should be used cautiously in the frail senior patient.

A single-center cohort study of 3826 patients undergoing cardiac surgery found
frailty to be associated with an increased risk of mortality in hospital (adjusted odds
ratio, 1.8; 95% CI, 1.1-3.0) and at 2 years (adjusted HR, 1.5; 95% CI, 1.1-2.2) [67]. Another
population-based, retrospective, cohort study included 40083 patients undergoing CABG.
A total of 8803 (22%) were frail, with a prevalence of frailty higher in the older age groups.
Frail patients had higher rates of 30-day mortality than those who were not frail, across
all but the >85 years age group; at 30 days, 626 patients (1.6%) patients died, of whom
174 (27.8%) were frail. Moreover, at 4 years, there were lower probabilities of survival in
patients who were frail at the time of surgery [68]. Frailty has a strong positive relationship
with the risk of major adverse cardiac and cerebrovascular events in patients undergoing
cardiac surgery; in patients undergoing traditional procedures, such as CABG and/or valve
procedures, frailty was associated with an increased OR of mortality, ranging from 1.10 to
2.63 [69].

A PCl is associated with better outcomes in octogenarians compared to young adults,
in a higher or at least equal measure. An increased quality of life is one such outcome,
but the risks and benefits of the PCI must be considered [70]. However, the efficacy of a
PCl is limited by the late addressability of the senior patient, as often they already have
complications [60].

A metanalysis which included 2658 seniors identified that the prevalence of frailty
ranged from 12.5 to 27.8%. Frailty was associated with increased in-hospital mortality
(OR 3.59, 95% CI 2.01-6.42), short-term mortality (OR 6.61, 95% CI 2.89-15.16), as well as
long-term mortality (HR 3.24, 95% CI 2.04-5.14) in patients undergoing a PCI. Moreover,
prefrailty was a predictor of all-cause mortality in senior patients undergoing a PCI [71].
Frailty also has a negative impact not only on mortality in old patients undergoing a PCI
but also in hospital stay and time interval from admission to the PCI. A prospective study
including 745 patients undergoing a PCI observed that the time interval from admission
to the PCI was longer for frail patients (2.9 4+ 5.6 vs. 1.7 & 3.1 days, p < 0.001). After
the PCI, frail patients remained in hospital substantially longer than non-frail patients
(14.1 +26.7 vs. 3.5 £ 8.8 days, p < 0.001), and frail patients were nearly five times more
likely to die within 30 days after the PCI, compared with non-frail patients (HR 4.8, 95% CI
1.4 t016.3,p =0.01) [72].

There are scarce data regarding a comparison of an OMT, PCI and CABG in frail old
patients. The few data are for old patients with coronary chronic total occlusion, regardless
of their frailty status. In these patients, a complete revascularization is more frequently
achieved with CABG rather than a PCI, quality of life could be elevated by CABG and
the 30-day mortality and 1-year survival were similar between CABG and PCI. However,
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the authors stated that when patients have a higher surgical risk such as frailty, serious
comorbidity or dementia, a PCI seems to be more appropriate [73]. The European Society of
Cardiology recommends to adopt a conservative, a noninvasive or a less invasive strategy
in frail old patients [72,74].

6.4. Monitoring and Rehabilitation Programs

A relationship of interdependence and mutual potentiation has been established
between frailty and cardiovascular impairment. Therefore, it is plausible that some reha-
bilitation measures to reduce frailty, including resistance training or nutritional approach,
which involve an increased intake of protein and amino acids, may benefit seniors with
CVD and frailty [61].

Although there is much data regarding cardiac rehabilitation and its role in restoring
functional capacity and the quality of life in the frail old aged, there are few data assessing
the role of cardiac rehabilitation, by improving frailty, in improving the prognosis in
patients with CVD, including CCSs. We also interpret this aspect based on the fact that
resistance training is not advised in most patients with CVD, due to the fact that it raises
the post-cardiac load [61,75].

Most frail old patients eligible for cardiac rehabilitation programs have limitations
in accessing them: there is a need for resources in the use of mobile technologies and in
the correct performance of physical therapy exercises. However, it is certain that these
interventions, and especially those requiring high-intensity training, have not been fully
explored in the senior population.

Telemedicine has also been shown to be an additional tool for frail seniors who are
unable to participate in cardiovascular rehabilitation exercises in hospitals. New data
and reviews have recently showed the advantages of hybrid programs, which use remote
monitoring and telerehabilitation platforms. In old patients with HF, the improvement
in distance after following these rehabilitation programs for 12 weeks was statistically
significant [1,76,77].

Although no significant differences were identified in terms of increased quality of
life, mortality and improved functional capacity between conventional and hybrid cardiac
rehabilitation programs, greater compliance was shown with those who joined the latter.

Frail seniors with ACSs or CCSs are often excluded from multidisciplinary cardiac
rehabilitation measures or programs based on exercise. Future studies will focus on
identifying the best frailty assessment tool for developing individualized care models.
Cardiac rehabilitation programs at home and telerehabilitation models imagined specifically
for frail seniors are enthusiastically advised [1].

Cognitive-behavioral and psychological interventions, exercise-based cardiac rehabili-
tation, annual influenza vaccination and the holistic assessment of senior patients are the
levers of an individualized therapeutic approach, with the chance to reduce disabilities,
increase quality of life and increase life expectancy.
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Abstract: Myocardial infarction (MI) is the leading cause of death and morbidity worldwide, with an
incidence relatively high in developed countries and rapidly growing in developing countries. The
most common cause of Ml is the rupture of an atherosclerotic plaque with subsequent thrombotic
occlusion in the coronary circulation. This causes cardiomyocyte death and myocardial necrosis,
with subsequent inflammation and fibrosis. Current therapies aim to restore coronary flow by
thrombus dissolution with pharmaceutical treatment and/or intravascular stent implantation and
to counteract neurohormonal activation. Despite these therapies, the injury caused by myocardial
ischemia leads to left ventricular remodeling; this process involves changes in cardiac geometry,
dimension and function and eventually progression to heart failure (HF). This review describes the
pathophysiological mechanism that leads to cardiac remodeling and the therapeutic strategies with a

role in slowing the progression of remodeling and improving cardiac structure and function.

Keywords: left ventricular remodeling; myocardial infarction; wall stress; inflammation; neurohor-
monal activation; heart failure

1. Introduction

Postinfarct ventricular remodeling represents a prevailing cause of heart failure (HF),
and it occurs in almost 30% of patients with a previous anterior myocardial infarction (MI)
and in only approximately 17% of patients with non-anterior infarct [1].

Left ventricular (LV) adverse remodeling is a maladaptive process caused by cardiac
injury characterized by morphological changes of LV structure and shape, with subsequent
alteration of the cardiac function [2,3]. The term post-MI remodeling was first used in 1982
by Hockman and Buckey to describe the replacement of infarcted myocardium with scar
tissue [4]. In 1990, Pfeffer and Braunwald published a review on ventricular remodeling
after MI, showing that this process can affect the function of the ventricle and the prognosis
of survival [5]. In the following years, the term cardiac remodeling was used to describe
morphological and geometric changes in the LV after MI [6]. A consensus paper defines car-
diac remodeling as a group of molecular, cellular and interstitial changes, which determine
alterations in size, shape and function of the heart after cardiac injury [6].

In this narrative review, we have focused on the pathophysiological mechanisms
and the assessment of cardiac remodeling post-myocardial infarction, as well as thera-
peutic approaches with proven or possible reverse remodeling effects. A comprehensive
analysis of the current literature was made by searching Google Scholar and PubMed,

using the keywords “cardiac remodeling”, “ myocardial ischemia”,

AT

myocardial infarction”,
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“cardiomyocyte metabolism”, “neurohormonal activation”. The results included original
papers, prospective and retrospective studies, systematic reviews and meta-analysis, which
underlined the pathophysiology of ventricular remodeling after myocardial infarction, as
well as potential therapeutic strategies.

2. Pathophysiology of Adverse Remodeling

MI typically occurs consequently to the obstruction of epicardial coronary arteries.
In an ischemic environment, cardiac myocytes develop an anaerobic metabolism with
destabilization of the cell membrane and cell death through apoptosis, autophagy and
necrosis [7-9]. Compared to other forms of myocardial injury, ischemic necrosis induces
the death of millions of myocytes simultaneously, leading to an immune response and an
influx of inflammatory cells into the infarcted area. Neutrophils and macrophages cause the
destruction of the extracellular collagen matrix (ECM) and the expansion of the infarcted
area, which consequently alter the ventricular shape, with thinning and dilatation of the
infarcted myocardium. After reaching the maximum inflammatory response, fibroblasts
are directed to the infarcted area where they create a new collagen matrix, and scar tissue
is formed [3,10-15]. The inflammation may persist for a variable period of time after the
ischemic event due to the continuous exposure of the myocardial wall to parietal stress.
The compensatory activation of two major neurohormonal systems, the renin-angiotensin-
aldosterone system (RAAS) and the sympathetic nervous system (SNS), in turn induces
fibrosis and substantially intensifies the apoptotic changes. All of these processes lead to
changes in the cardiac architecture and geometry, which are referred as adverse ventricular
remodeling and are associated with a higher likelihood of HF and mortality [9,16].

Whereas ischemia caused by ST-segment elevation myocardial infarction (STEMI)
in the absence of reperfusion therapy is more frequently associated with extensive scar
formation and HF with reduced or mildly reduced ejection fraction (EF), in the case of non-
ST-segment elevation myocardial infarction (NSTEMI), the adverse remodeling is rather
associated with HF with preserved EF than with reduced EF. However, in terms of prognosis
and mortality, there are no substantial differences between the two pathologies [16].

Furthermore, myocardial infarction can occur in the absence of obstructive coronary
artery disease (MINOCA), and it is caused by various conditions, which create an imbalance
between oxygen supply and demand, such as coronary vasospasm, coronary embolism,
plaque disruption, microvascular dysfunction, tachyarrhythmias or arterial hypotension.
Adverse remodeling occurs to a lower extent in this group of patients, as demonstrated
by a study that showed that in more than half of the patients with a diagnosis of type
2 myocardial infarction, there was no imaging evidence of any functional consequences
of myocardial infarction, such as a regional wall motion abnormality or scar formation.
However, it is a known fact that these patients have a prognosis similar to those with an
atherothrombotic MI, with a similar rate of future cardiovascular events [17].

2.1. The Sequence of Adverse Ventricular Remodeling

Ventricular remodeling following MI involves both the ischemic and the remote nonis-
chemic myocardium, and it encompasses two stages. The early stage of remodeling occurs
at the site of the infarct, a few hours from the acute coronary occlusion, continuing for
nearly a week. In this phase, initial myocardial deformation by the persistent stretching of
the myocytes activates stretch-induced signaling pathways mediated by a stretch sensor in-
tegrin, which will cause the pathological transformation of myocardial tissue with myocyte
hypertrophy, followed by apoptosis and extracellular collagen matrix (ECM) changes with
fibrosis. The cardiomyocyte lengthening and hypertrophy appear as an early compensatory
mechanism for maintaining stroke volume (SV) following contractile tissue loss [6,11,13].
The second phase of remodeling, also called the “late phase”, develops one month after the
ischemic event, and it is characterized by potentially reversible structural and biochemical
changes. It develops at a site distant from the infarcted area and it implies myocytes, which
are still viable. Therefore, remote non-infarcted myocardial tissue becomes hypertrophied
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and dilated, as an adaptive response to the increased wall stress. This phase does not
necessarily appear after every MI, and it is not always progressive [18-21].

2.2. Mechanisms of Adverse Remodeling

The main determinants of adverse ventricular remodeling post-myocardial infarction
are represented by mechanical triggers and biochemical mechanisms, as described in
Figure 1.

MECHANICAL MECHANISMS BIOCHEMICAL MECHANISMS
Altered cardiomyocyte metabolism
1 Afterload RAAS activation
" Preload SNS activation
M Wall stress Endothelin
ECM changes
¥ ¥
Hypertrophy Inflammation
Dilatation Fibrosis
Hypertrophy

Dilatation

ADVERSE REMODELING POST-MI

Figure 1. Mechanisms of adverse ventricular remodeling after myocardial infarction. RAAS:
renin-angiotensin-aldosterone system; SNS: sympathetic nervous system; ECM: extracellular collagen
matrix.

2.2.1. Mechanical Pathophysiology

The most important mechanical factors, which determine the ventricular remodeling
after MI, are changes in left ventricular geometry and ventricular wall stress (WS), as
shown in Figure 2 [22]. The progression of cardiac remodeling is simple to understand,
according to Laplace’s Law, which states that the LV WS is equal to the pressure in the
chamber times the radius of the LV cavity, divided by the myocardial wall thickness. During
the early phase of adverse remodeling, the infarcted segment is stretched due to a lack of
counterbalance to the forces generated by the normally contracting myocardium. As a con-
sequence, the increased wall tension from this level leads to a thinning of the infarcted wall
and the expansion of the Ml in the adjacent regions. Additionally, the stretched and dilated
infarcted tissue increases the LV volume with a combined volume and pressure overload
on the non-infarcted zones. During the late phase of remodeling, to maintain a normal
stroke volume with a reduced number of properly functioning myocardial segments, in
conditions of increased workload, the healthy cardiomyocytes will lengthen and progres-
sively hypertrophy [23]. Finally, overstretching will cause the loss of the compensatory
Frank-Starling mechanism and eventually lead to LV dilatation [20,22,24,25]. LV dilatation
further increases WS, which in turn will accentuate chamber dilation and wall thinning,
creating a vicious cycle [19,23,26].

21



Life 2022, 12,1111

Acute Myocardial Early adverse remodeling Late adverse remodeling
infarction Day-weeks Weeks-months
Injury Infarct expansion Hypertrophy and
(radial thinning and dilatation of remote non-
circumferential increase in the infarcted myocardium
extent of a transmural infarct) (global remodeling)
Infarct extension into adjacent
noninfarcted region

From physiologic phase to maladaptive stage of remodeling

Figure 2. Mechanical mechanisms of adverse LV remodeling.

As a consequence of the adverse remodeling process, the left ventricle loses its ellipsoid
shape and becomes more spherical, with increased end-diastolic and end-systolic volumes.
The relaxation, as well as the radial, longitudinal contraction and torsion movement,
is depressed, leading to diastolic and systolic dysfunction. The distorted left ventricle
geometry causes secondary mitral regurgitation through tethering mechanism, which
leads to increased intraventricular pressures and further promotes the adverse remodeling
process [13].

2.2.2. Biochemical Pathophysiology

Adverse ventricular remodeling following myocardial infarction is the result of altered
cardiomyocyte metabolism due to ischemic conditions, as well as the deleterious effects of
several activated neurohormonal systems and molecular mechanisms.

Cardiomyocyte Metabolism

In the normally working myocardium, the energy required for myocyte contraction
and relaxation results from the utilization of substrates, such as free fatty acids and carbohy-
drates by -oxidation and glycolysis. The resulting metabolites will enter the tricarboxylic
acid cycle (Krebbs cycle) in the mitochondria where energy will be produced by oxida-
tive phosphorylation and stored in the form of high energy phosphates, mainly adenosine
triphosphate (ATP). ATP production is significantly more efficient in the presence of oxygen,
with more ATP being produced in the conditions of aerobiosis [27].

During ischemia, less oxygen and substrates are delivered to cardiac myocytes, which
will lead to the less aerobic production of ATP. As a consequence of energy depletion, anaer-
obic glycolysis is triggered, and lactate is produced. Although initially lactate is utilized
for the production of ATP, albeit with less metabolic efficiency, with prolonged ischemia
it accumulates in the cells, decreasing the intracellular pH, which will further inhibit the
glycolytic enzymes and lead to further energy depletion, calcium cellular overload and
finally to altered cellular function and death [27,28].

While acute prolonged ischemia causes irreversible cellular damage, if reperfusion
is established in time, the dysfunctional myocardium called “stunned myocardium” can
potentially recover its function in hours or days after the normal coronary flow has been
established. In the “stunned” myocytes, contractility is downregulated by the decrease in
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the intracellular pH, with significantly less ATP needed, thus making possible myocyte
viability in conditions of reduced oxygen supply. However, myocardial reperfusion can
itself produce further cellular damage and the extension of the infarcted area. The estab-
lishment of normal perfusion leads to rapid intracellular pH normalization, which will
further lead to mitochondrial “re-energization”, which will produce abundant ATP and
reactive oxygen species (ROS). ROS damage the sarcoplasmic reticulum and cause a further
increase in intracellular calcium. The result is cardiac myocyte hypercontracture and death.
Furthermore, ROS act as chemoattractants for neutrophils, which further contribute to the
local inflammation and damage [22,27,28].

During chronic ischemia, cardiac myocytes undergo metabolic and functional changes
as an adaptive mechanism to decreased oxygen disponibility. The ischemic myocardium
becomes hypocontractile, thus with a smaller consumption of ATP, being called “hiber-
nating myocardium”. Although free fatty acids are normally the main source of ATP, the
hibernating tissue manifests a shift towards glucose substrate, as a protective mechanism
to enable anaerobic metabolism during ischemic episodes. Although in “hibernating my-
ocardium” dysfunction is reversible after reperfusion, it can progress to irreversible cellular
damage and myocardium necrosis in the case of prolonged, severe ischemia and in the
absence of reperfusion, finally leading to adverse ventricular remodeling [27,28].

Renin-Angiotensin-Aldosterone System (RAAS)

RAAS activation after MI leads to elevated circulating and tissue levels of angiotensin
II (Ang II). By stimulating angiotensin type 1 (AT1) receptors, Ang II causes potent vaso-
constriction and sodium and water retention, increasing cardiac preload and afterload, and
subsequently increasing the WS. Additionally, Ang II directly affects the myocardium by
causing cardiomyocyte hypertrophy and the hyperplasia of cardiac fibroblasts, promoting
fibrosis. Furthermore, it promotes ECM deposition and the release of other growth factors
and mediators, such as norepinephrine and endothelin, which will contribute to cardiac
remodeling [29,30]. Aldosterone plays a major role in the adverse remodeling after MI, as
it regulates and promotes LV collagen deposition, cardiomyocyte apoptosis, endothelial
dysfunction and fibrosis. It also regulates sodium and potassium plasmatic concentrations,
and it further activates the RAAS through feedback mechanisms [31-34].

Sympathetic Nervous System (SNS)

The SNS is activated immediately following acute ML In the early phase of remodeling,
sympathetic overdrive promotes neutrophil influx in the necrotic area and infarct expansion
by activating apoptotic pathways [35]. Subsequently, the stimulation of 3-1-adrenergic re-
ceptors (31-ARs) activates signaling pathways, which promote cardiomyocyte hypertrophy.
In the juxtaglomerular apparatus, activated $1-ARs induce renin release, which enhances
the Ang II production of (3-2-adrenergic receptors (32-ARs) that may have cardioprotective
effects, such as anti-apoptotic properties [30].

Endothelin

Endothelin is a potent vasoconstrictor peptide that is stimulated by hypoxia, ischemia,
neurohormones (norepinephrine, Ang II) and inflammatory cytokines. Endothelin 1 (ET-1)
contributes to adverse ventricular remodeling as it promotes inflammation, due to its ability
to activate macrophages, release inflammatory cytokines (Tumor necrosis factor-alpha-
TNF-«, Interleukin 6- IL-6, Interleukin 1 beta- IL-13), increase adhesion molecule expression
and stimulate neutrophil aggregation [36,37]. Moreover, ET-1 stimulates cardiomyocyte
hypertrophy [36,38].

Natriuretic Peptides

The natriuretic peptide (NP) system includes three structurally homologous peptides,
A-type NP (ANP), B-type NP (BNP) and C-type NP (CNP), that are secreted by the atrial
and ventricular cardiomyocytes due to the increase in WS and stretching of the peri-MI
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tissue [22]. The NPs promote diuresis, natriuresis, vasodilation, as well as the inhibition
of RAAS, endothelin production and SNS activation [39]. ANP inhibits apoptosis and
cardiomyocyte hypertrophy, as well as collagen synthesis, which is the main driver of
cardiac fibrosis [40]. NP concentrations might be used to stratify patients at risk for
remodeling [22,41-45].

Extracellular Collagen Matrix (ECM) Changes

The cardiac ECM is a highly organized network of structural and functional proteins
that surrounds the cardiomyocytes and produces a cellular scaffold that maintains the
LV shape and geometry [12,46,47]. The ECM proteins are degraded by matrix metallo-
proteinases (MMPs), which in turn are inactivated by tissue metalloproteinase inhibitors
(TIMPs) [48,49]. After MI, ECM undergoes significant changes. Initially, during the local in-
flammatory response from the infarct area, neutrophils degrade cellular debris and release
MMPs, which cause aberrant degradation of the ECM and can lead to infarct expansion. At
around day 3 after the MI, neutrophils are followed by macrophages, which will promote
fibroblast differentiation to myofibroblasts, causing the synthesis of large amounts of ECM
to form the infarct scar [3,47,50-52]. At the same time, TIMPs are activated, leading to col-
lagen accumulation and scar formation. After around 2 weeks, the scar begins to maturate,
as the deposition of collagen increases and leukocytes and fibroblasts are cleared, most
probably through apoptosis [53-58].

3. Biomarkers of Adverse Cardiac Remodeling

The role of biomarkers in the diagnosis, prediction, stratification and prevention of LV
remodeling is not clearly stated. Several new biomarkers have been introduced in recent
years, as summarized in Table 1.

Table 1. Biomarkers of adverse cardiac remodeling.

hFABP
Biomarkers of cardiac injury and necrosis IMA
cMyC
TNF-«, IL-18, IL-6
sST2
GDF-15
MPO

Biomarkers of cardiac fibrosis Galectin-3

Inflammatory biomarkers

Carboxyterminal telopeptide of collagen type I
Amino-terminal propeptide of type III
procollagen

MMPs

TIMPs

BNP, NT-proBNP
Biomarkers of biomechanical myocardial stress ~ Copeptin
MR-proADM

miR-1

miR-133a/b

miR-208b

miR-499

hFABP: heart-type fatty acid binding protein; IMA: ischemia-modified albumin; cMyC: sarcomeric cardiac myosin-
binding protein C; TNF-a: tumor necrosis factor alpha; IL-1p: interleukin 1 beta; IL-6: interleukin 6; sST2: soluble
suppression of tumorigenicity-2; GDF-15: growth differentiation factor-15; MPO: myeloperoxidase; MMPs: matrix
metalloproteinases; TIMPs: tissue metalloproteinase inhibitors; BNP: B-type natriuretic peptide; NT-proBNP:
N-terminal pro-brain natriuretic peptide; MR-proADM: mid-regional proadrenomedullin.

Biomarkers of collagen
turnover

Circulating ribonucleic acids

24



Life 2022, 12,1111

3.1. Biomarkers of Cardiac Injury and Necrosis

The classical biomarkers of myocardial necrosis have recently been supplemented
with several new biomarkers, including the heart-type fatty acid binding protein (hFABP),
the ischemia-modified albumin (IMA) and the sarcomeric cardiac myosin-binding protein
C (cMyCQ).

hFABP is a low-molecular-weight, non-enzymatic protein involved in the intracellular
buffering and transport of long-chain fatty acids. It is released into the circulation within
an hour from the onset of the ischemic event, with levels returning to baseline in 12-24 h.
Because it is relatively tissue-specific for the heart, hRFABP has good specificity for myocar-
dial necrosis [59,60]. Moreover, hFABP is a potential prognostic biomarker for long-term
mortality. Matsumoto et al. showed that during the recovery stage, the hFABP levels in
patients with prior MI could predict long-term mortality and the probability of readmission
due to potential HF, even after discharge [61].

Acute myocardial ischemia causes significant protein changes, including alterations
of the N-terminus of albumin, which lead to the formation of IMA. IMA levels increase
within 3 h following acute MI onset, but with reduced specificity for ischemia, since it also
increases in a wide range of other medical conditions [62].

Sarcomeric cMyC is a myosin-binding protein isoform expressed only in the heart and
it is one of the most promising new myocardial necrosis biomarkers. It is a specific marker
of myocardial injury that is released into the bloodstream more quickly than troponin,
allowing the earlier detection of myocardial injury [63,64].

3.2. Inflammatory Biomarkers

Inflammatory cytokines, such as TNF-«, IL-13 and IL-6 are significantly associated
with LV adverse remodeling. These cytokines are released shortly after the ischemic injury
and can acutely regulate myocyte survival or apoptosis, as well as initiate subsequent
cellular inflammatory response [65,66]. Furthermore, cytokine secretion promotes gradual
myocyte apoptosis or hypertrophy, and has effects on ECM by activating MMPs and
collagen formation, mediating tissue repair and cardiac remodeling [16,67-70].

Soluble Suppression of Tumorigenicity-2 (ST2) is a member of the IL-1 receptor family
that is expressed on endotheliocytes and secreted by cardiomyocytes and fibroblasts when
under mechanical stress. It has a membrane-bound form (ST2 ligand- ST2L), as well
as a soluble form (soluble ST2-sST2). IL-33 is a functional ligand of the ST2L receptor.
The binding of IL-33 and ST2L on the inflammatory cell membrane activates intracellular
signaling pathways and triggers the inflammatory response. On the other hand, the binding
of IL-33 and ST2L on the cardiomyocyte membrane has a protective effect against the Ang
IT adverse remodeling effects, preventing myocardial fibrosis and maladaptive hypertrophy.
However, sST, which increases in M1, acts as a decoy receptor for IL-33, decreasing the levels
of IL-33 available to interact with ST2L. Therefore, the cardioprotective effects of IL-33/ST2L
are attenuated when the levels of sST2 are increased. The sST2 secretion is associated with
increased myocardial fibrosis, LV remodeling and unfavorable cardiovascular outcomes
after MI [71-76].

Growth Differentiation Factor-15 (GDF-15) is a member of the transforming growth
factor-f3 (TGF-f3) superfamily, and it is highly expressed in the myocardium and endothelial
cells in patients with cardiovascular disease. GDF-15 is an inflammatory and oxidative
stress biomarker and recent research suggests a possible role of GDF-15 in myocardial
fibrosis, hypertrophy and endothelial dysfunction [77]. GDF-15 might be an independent
marker of LV remodeling after MI and an integrative biomarker of HF in patients with
acute MI [78,79].

Myeloperoxidase (MPO) is an enzyme contained in neutrophils and monocytes, that
is deployed in the extracellular environment by degranulation when inflammation is
triggered. It is a promising, novel inflammatory biomarker as recent studies have shown
that it is not only an excellent biomarker for diagnosing acute MI but also for identifying
patients with vulnerable plaques, with an increased risk of plaque rupture [80-83].
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3.3. Biomarkers of Cardiac Fibrosis

Galectin-3 is a 3-galactoside-binding lectin that is mainly synthesized by macrophages
from the infarcted tissue [84,85]. Apparently, in the early phase of MI, galectin-3 is involved
in a reparative process in the infarcted area, which is critical for maintaining the LV
geometry and function [86]. However, in the late phase of post-MI remodeling, galectin-
3 stimulates tissue fibrosis and scar formation, therefore, being associated with cardiac
remodeling. According to experimental studies, myocardial galectin-3 expression increases
after MI, while several clinical studies indicate a relationship between elevated circulating
levels of galectin-3 and a phenotype prone to HF after MI [16,87,88].

3.4. Biomarkers of Collagen Turnover

Excessive ECM protein production and accumulation, along with dysregulated turnover,
promote post-MI remodeling and progression to HF. Targeting either protease-mediated
fragmentation products (indicative of protein degradation) or the pro-peptide that is
cleaved off the molecule during its maturation (indicative of protein formation) could
offer information on ECM turnover. Circulating peptides released during collagen synthe-
ses, such as carboxyterminal telopeptide of collagen type I, amino-terminal propeptide of
type 111 procollagen, as well as MMPs, and TIMPs, may be helpful for risk stratification
of the remodeling process [47,89,90]. Using multiple biomarkers, including the traditional
biomarkers and indicators of ECM turnover, may increase the sensitivity and specificity of
clinical outcomes in patients with post-MI remodeling [16].

3.5. Biomarkers of Biomechanical Myocardial Stress

NPs, as previously mentioned, promote vasodilatation AND natriuresis and have an-
tiproliferative and antifibrotic effects, preventing adverse ventricular remodeling [16,91,92].
Therefore, NPs are excellent prognostic biomarkers of remodeling after acute MI. According
to the 2020 European Society of Cardiology (ESC) guidelines for the management of acute
coronary syndromes in patients presenting without persistent ST-segment elevation, BNP
and N-terminal pro-brain natriuretic peptide (NT-proBNP) plasma concentrations should
be considered when assessing patient’s prognosis [93].

Copeptin is a stable glycopeptide derived from the C-terminal fragment of the va-
sopressin prohormone, which is an essential regulator of water homeostasis and plasma
osmolality, with increased secretion in conditions of stress. Copeptin is released in an
equimolar ratio to arginine vasopressin within the first 4 h following an acute MI. Therefore,
copeptin might be an excellent surrogate marker of arginine vasopressin secretion, which
has a relatively short half-life. However, copeptin is not a specific cardiac marker, as the
circulating levels are also influenced by other conditions, including kidney disease or
sepsis [16,94-96].

Midregional Proadrenomedullin (MR-ProADM) is a stable peptide fragment that
serves as a precursor for adrenomedullin (ADM). ADM is a peptide hormone synthe-
sized by the endothelial and vascular smooth muscle cells [16]. By binding to specific
receptors, ADM increases nitric oxide and cyclic guanosine monophosphate synthesis,
promoting vasodilation. It also mediates natriuresis, and it has a positive inotropic ef-
fect. Therefore, ADM exerts cardiac protection through several mechanisms: coronary
vasodilation with subsequent increased myocardial blood flow and impaired maladaptive
cardiac remodeling due to its antioxidant, antiapoptotic and antifibrotic effects [97]. In
a study by Yoshitomi that evaluated plasmatic ADM in MI, the level of plasmatic ADM
increased in the early stages of acute MI proportionately to the clinical severity, and it was
further increased in patients with congestive HF [98]. In the LAMP Study, a significant
increase in plasmatic MR-proADM after MI correlated with poor cardiac outcomes [99-101].
Furthermore, the increased levels of MR-proADM in acute MI patients, particularly in
those developing HF, are associated with high rates of short and long-term mortality and
hospitalization for HF [102,103].
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3.6. Circulating Ribonucleic Acids

Non-coding ribonucleic acids (RNAs) are strong tissue- and cell-specific epigenetic
regulators of cardiac gene expression and cell function. They are promising biomarkers
in a broad spectrum of cardiovascular diseases and are widely investigated. MicroRNAs
(miRNAs) are a class of tissue-specific or cell-specific small non-coding RNAs that regulate
cell growth, proliferation, differentiation and apoptosis. Therefore, miRNA are extensively
involved in cardiac remodeling in HF and after MI. Four miRNAs: miR-1, miR-133a/b,
miR-208b and miR-499 have increased circulating levels in acute MI, the last two being
expressed exclusively in the cardiomyocytes [104,105]. MiRNAs are not only prognostic
biomarkers in HF and ventricular remodeling but also targets for personalized intervention
and translational therapy, with demonstrated effects in preventing maladaptive myocyte
growth and improving ventricular function [22,106].

4. Imaging Techniques of Adverse Remodeling

Ventricular remodeling evaluation relies on assessing ventricular geometry and func-
tion, which can be performed with echocardiography or CMR (cardiac magnetic resonance).

Two-dimensional (D) echocardiography is widely accessible, and it is the first imaging
technique to be used when evaluating ventricular remodeling. Left ventricular volumes,
ventricular contractility and left ventricular ejection fraction calculated by the biplane sum-
mation of disks method are the main parameters that characterize ventricular remodeling.
It can also evaluate valvulopathies and their mechanism, such as tethering in secondary
mitral regurgitation, which is indicative of adverse remodeling. However, 3D echocar-
diography offers more reproducible information when assessing ventricular volumes and
function, especially when using contrast for the best delineation of the endocardial borders.
Furthermore, it provides supplementary information compared to 2D echocardiography
when assessing valvulopathies. Strain echocardiography is a newer echocardiographic
technique and it offers a more comprehensive evaluation of myocardial contractility, being
able to detect the subclinical disease as well. In addition, it is an excellent tool to assess the
prognosis of patients with HF [22,107].

CMR is the gold standard imaging technique for the evaluation of ventricular volumes
and function. However, the most valuable information derives from its ability to character-
ize the myocardial tissue. T2 mapping can identify myocardial edema, and, therefore, guide
the diagnosis towards a cause of acute inflammation, such as acute myocarditis. Fibrosis is
evaluated with T1 mapping, while the ventricular scar is assessed with late gadolinium
enhancement imaging (LGE). Ventricular scar transmural extension determines the viability
and subsequently guides potential coronary revascularization or cardiac resynchroniza-
tion therapy (CRT). Scar localization offers further insight into the etiology of myocardial
dysfunction, since it is mainly subendocardial in ischemic heart disease and mid-wall in
dilated cardiomyopathy [108]. Furthermore, LGE can identify microvascular obstruction
after MI, by visualizing the no-reflow phenomenon [22]. Finally, CMR is extremely useful in
evaluating the etiology of MINOCA, and novel CMR techniques will bring further insight
into ventricular remodeling after MI [17,22,107,108].

5. Therapeutic Implications in Adverse Cardiac Remodeling

The treatment in MI aims to prevent or attenuate left ventricular remodeling by
reducing the size of the infarction and targeting the neurohormonal systems [12,13]. Reverse
remodeling is the result of myocardial recovery in response to therapy, and it has been
defined in previous studies as a decrease in LV end-systolic volume of 12% by CMR,
while echocardiographic parameters include a reduction in end-systolic and end-diastolic
volumes and an increase in LV EF of 12% to 15% [107,109]. It appears that in ischemic
cardiomyopathy, there is no difference in the incidence of adverse remodeling between
sexes. However, women have a lower predisposition to develop spherical distortion of the
left ventricle, but a higher risk than men of developing HF [58]. In contrast, in non-ischemic
cardiomyopathy, the rate of reverse remodeling is similar between sexes, but women

27



Life 2022, 12,1111

have better outcomes [110]. The different response to therapy in adverse remodeling
might be due to the fact that women develop less inflammation and apoptosis, with a
less extended infarct area; sex hormones contribute to these processes [58]. Recent studies
demonstrated that guideline-directed medical therapy, including angiotensin receptor
neprilysin inhibitors promoting reverse remodeling both in ischemic and non-ischemic
cardiomyopathy, improve the mortality and hospitalizations for HF. However, ischemic
heart disease was associated with a lower probability of reverse remodeling and smaller
improvements in ventricular diameters [111,112].

The main therapeutic strategies to prevent or reduce adverse remodeling are summa-
rized in Figure 3.
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Figure 3. Therapies for ventricular remodeling. ACE: angiotensin-converting enzyme; ARBs: Ang
II receptor blockers; MRAs: mineralocorticoid receptor antagonists; ARNI: angiotensin receptor
neprilysin inhibitor; SGLT2: sodium-glucose cotransporter 2; RNAs: ribonucleic acids; PCI: percuta-
neous coronary intervention; CABG: coronary artery bypass graft.

5.1. Myocardial Revascularization

The main goal of treatment in acute Ml is to restore myocardial perfusion and prevent
necrosis through thrombolysis, percutaneous coronary intervention (PCI) or coronary
artery bypass graft (CABG) surgery, with a significant reduction in mortality. The benefit of
revascularization on cardiac remodeling is the reduction in the size of the infarction, with
the consequent improvement of regional and global ventricular function [13,113,114].

The restoration of coronary flow by PCl is the standard of care for patients presenting
in the first 12 h from symptom onset. In a prospective observational study, Marek Grabka
et al. demonstrated a high rate of reverse cardiac remodeling in individuals diagnosed
with the first anterior-wall STEMI and treated with primary PCI [115]. In the absence
of PCI, early thrombolysis should be considered, and various studies have shown that
early onset thrombolysis has reduced the extent of ventricular wall kinetic abnormali-
ties. Current European and American guidelines recommend starting fibrinolysis in up
to 30 min from the first medical contact in all eligible patients with STEMI when PCI
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is not possible [12,116,117]. Despite the evolution and success rate of PCI myocardial
revascularization, cardiac remodeling continues to occur in one-third of patients with
AMI [118].

5.2. Exercise-Based Cardiac Rehabilitation

Exercise-based cardiac rehabilitation is recommended, in addition to drug therapy,
after an Ml in order to prevent the progression of cardiac remodeling. The beneficial cardiac
effects are caused by a decrease in Ang II secretion, sympathetic activity and circulating
catecholamine levels, as well as an improvement in the balance between MMP-1 and
TIMP-1 [12,119]. These results in reverse remodeling, with a reduction in the LV diameters
and an improvement in LV contractility. In addition, Zhang et al. showed that changes in
left ventricular remodeling were more significant when exercise training programs were
initiated in the acute phase after MI. According to the 2020 ESC Guidelines on sports
cardiology and exercise in patients with cardiovascular disease, patients should be referred
to an early exercise training program for 8-12 weeks after an acute coronary syndrome
(ACS) in order to reduce cardiac mortality and rehospitalization [120-122].

5.3. Neurohormonal Inhibition
5.3.1. Sympathetic Nervous System Blockade

SNS blockade plays a major role in the therapeutic strategy after MI. American and
European guidelines support the use of beta-blockers after MI as a Class I recommendation.
Long-term efficacy on morbidity and mortality was demonstrated by the CAPRICORN
trial in which carvedilol was compared with a placebo in post-MI patients and with a LV
EF < 40% [123-125]. The benefit of beta-blockers is given by the inhibition of the effects
of circulating catecholamines and reduction in heart rate and myocardial contractility,
thus decreasing the oxygen demand. This prevents long-term interstitial fibrosis and
significantly improves left ventricular remodeling [22,124,126-128]. In the CAPRICORN
Echo substudy, carvedilol had a beneficial effect on ventricular remodeling: in the group
of patients treated with carvedilol, there was a smaller increase in left ventricular end-
systolic volume and a higher EF at 6 months after MI compared to controls [12,129]. In
another study, Lee et al. compared the effects of propranolol and carvedilol on the volume
and function of LV in patients benefiting from PCI after acute MI. Similar changes in LV
end-diastolic volume in both groups were observed, proving that propranolol may be as
beneficial as carvedilol [130,131].

5.3.2. RAAS Blockade

RAAS blockade has clearly demonstrated, in the landmark trials, beneficial effects on
mortality and cardiovascular events in patients with MI, especially with low EF.

Angiotensin-converting enzyme inhibitors (ACEIs) prevent the formation of AngII,
and, therefore, block all its deleterious effects, improve LV remodeling and ameliorate the
progression to HF. Current guidelines include treatment with ACEIs as Class I recommen-
dations, based on numerous clinical trials that demonstrated ACEIs benefits on mortality
and left ventricular systolic function after acute MI [3,13,132-134]. Trials, such as ISIS-4,
GISSI-3, CCS-1, CONSENSUS-2 and SMILE, focused on the administration of ACEIs in the
first 24 h, while in more recent trials (TRACE, AIRE), treatment was initiated 48 h after the
acute event. In all studies, mortality after MI was significantly reduced. A meta-analysis
of all major studies supports the benefit of ACEIs in the early and later management of
MI [135,136].

Angiotensin II receptor blockers (ARBs) are recommended as an alternative when
patients do not tolerate or have contraindications to ACEIs. By blocking the AT1 receptors,
ARBs improve sodium and water retention, and prevent cardiac hypertrophy and fibrosis,
thereby improving post-infarction ventricular remodeling [3,137-140]. Studies have shown
a similar efficacy of ARBs compared to ACEIs post-MI. The OPTIMAAL clinical trial
compared the efficacy of captopril with losartan, while in the VALIANT study captopril
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was compared with valsartan. Both ARBs showed similar efficacy with captopril on
mortality. Regarding ventricular remodeling, the VALIANT Echo substudy showed that
treatment with captopril or valsartan resulted in similar changes in ventricular size and
function after MI [12,22,141]. The advantage of ARBs compared to ACEIs is given by
fewer adverse effects, thus having a better tolerability profile. Moreover, the absence of
degradation of bradykinin by ARBs appears to have beneficial effects on the cardiovascular
system, as demonstrated by current research [140,142].

Mineralocorticoid receptor antagonists (MRAs) are currently recommended in the
treatment of STEMI in patients with ventricular systolic dysfunction (EF < 40%) and HF
or diabetes, who are already on treatment with ACEIs and beta-blockers. This recommen-
dation of ESC guidelines is based on the results of the EPHESUS study, which compared
the administration of eplerenone vs. placebo in addition to standard therapy in post-MI
patients with LV dysfunction and HF or diabetes. After an average follow-up of 16 months,
a reduction in all-cause mortality, cardiovascular mortality and sudden cardiac death by
15%, 17% and 21%, respectively, was observed [12,137,143-145]. The REMINDER study
evaluated the effect of MRAs initiated in the first 24 h in STEMI patients without a history
of HF, with a composite primary endpoint of cardiovascular mortality, re-hospitalization
or extended initial hospital stay, due to diagnosis of heart failure, sustained ventricular
arrhythmias, EF < 40%, or elevated BNP/NT-proBNP at 1 month or more after random-
ization. After 13 months of follow-up, the results showed good tolerance of eplerenone
and a reduction in the primary endpoint, mainly due to significantly decreased natri-
uretic peptide levels. In contrast, ALBATROSS trial included patients with STEMI and
non-STEMI and assessed the benefit of early MRA initiation in acute MI in addition to
standard therapy (versus standard therapy alone), regardless of the presence of HF or LV
dysfunction. The primary outcome was a composite of death, resuscitated cardiac arrest,
ventricular arrhythmias, indication for implantable defibrillator or new or worsening HF at
6 months follow-up. However, the ALBATROSS trial failed to show benefits from early
MRAs administration in addition to standard therapy in patients with MI. Experts consider
that both trials were underpowered individually to validly evaluate the hard endpoints.
The discrepancies might arise also from the fact that the ALBATROSS trial included both
STEMI and NSTEMI patients. Furthermore, a pooled analysis of the REMINDER group
and the ALBATROSS STEMI subgroup showed that mortality was significantly lower in
patients treated with MRAs versus placebo [137,146,147].

5.3.3. Angiotensin Receptor Neprilysin Inhibitor (ARNI)

ARNI (sacubitril /valsartan) is a novel therapy that simultaneously inhibits the activa-
tion of RAAS by blocking AT1 receptors, and the degradation of bradykinin and natriuretic
peptides by inhibiting neprilysin [148-150]. It is now considered one of the main pillars
in the treatment of HF with reduced EF, since it demonstrated a significant reduction
in mortality and hospitalization, greater than ACEIs, as shown by the PARADIGM-HF
trial [151].

The effects of ARNI in patients with acute MI were studied in the PARADISE-MI study,
which compared sacubitril /valsartan with ramipril in patients with acute MI and with
an LV EF < 40% and/or signs of pulmonary congestion. The results of this study showed
that sacubitril /valsartan did not reduce cardiovascular death or first HF hospitalization,
compared to ramipril, however, it had a clear benefit in all HF events [152,153]. Moreover,
in a recent meta-analysis, Zhang et al. showed that sacubitril /valsartan therapy after MI
prevents adverse ventricular remodeling, thus improving cardiac function and reducing
the rate of adverse cardiovascular events [149].

5.4. Sodium—Glucose Cotransporter 2 Inhibitors (SGLT2-I)

SGLT2-], also called gliflozins (empagliflozin, canagliflozin and dapagliflozin), is an-
other novel therapy that nowadays represents a cornerstone in the management of HF,
given the outstanding results firstly showed by the landmark cardiovascular outcome trials
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EMPA-REG, CANVAS and DECLARE-TIMI, in which SGLT2-I significantly reduced cardio-
vascular mortality, all-cause mortality and HF hospitalization [154-156]. Empagliflozin and
dapagliflozin reduced the incidence of recurrent MI, which may be related to the gliflozins
capacity to reduce the ischemic-reperfusion injury [157,158].

In MI, SGLT2 inhibitors switch the myocardial substrate utilization from glucose to-
wards ketone bodies, free fatty acids and branched-chain amino acids, thereby improving
myocardial energetics. Experimental evidence shows that SGLT2 inhibitors exert cardio-
protective effects in animal models with acute MI by improving cardiac function during
ischemia, reducing infarction size and subsequently attenuating HF development [159].
The early initiation and continuation of SGLT2 inhibition after acute MI could be beneficial
to prevent ventricular remodeling and progression to chronic HF [160-167]. Patients with
acute MI have been relatively understudied in SGLT2 inhibitor outcome trials to date.
Currently, there are three trials ongoing, EMPACT-MI, EMMY and DAPA-MI, which will
evaluate the efficacy and safety of the early initiation of SGLT2 inhibitors within days of an
acute MI [168].

5.5. Statins

The use of statins is recommended by international guidelines for the secondary pre-
vention of cardiovascular and cerebrovascular events. New evidence suggests that statins
also manifest beneficial effects against cardiac remodeling by inhibiting the proliferation
of cardiac fibroblasts and ECM turnover. Experimental studies have shown that statins
improved LV dilation after MI, thus limiting cardiac remodeling [137,169-172].

5.6. Inflammation Modulators

Since inflammation plays a major role in ventricular remodeling post-MI, several
cytokines could be therapeutic targets in modulating myocardial inflammation. Blocking IL-
1B signaling improves heart remodeling and the possible progression to HE. Canakinumab,
a human monoclonal antibody that inhibits IL-13, was evaluated in the CANTOS study.
Canakinumab, compared to a placebo in patients with prior MI, increased C-reactive
protein (CRP), reduced circulating CRP levels and decreased the incidence of recurrent
cardiovascular events [3,173-186]. Several studies have shown that the inhibition in mice
of the NLR family pyrin domain containing 3 (NLPR3), the macromolecule involved in
regulating IL-13 and IL-18 activation, preserves cardiac systolic function following in vivo
ischemic and non-ischemic damage. The administration of colchicine, a non-specific
inhibitor of NLPR3, resulted in a significantly reduced infarct size in mice and improved
cardiac function after acute MI [3,177-180].

5.7. Gene Therapy

Gene therapy is an emerging therapeutic tool with significant implications in adverse
remodeling post-MI. Angiotensin-(1-9) is a novel peptide that regulates the RAAS. A
study by Fattah et al. using in vivo gene transfer in a murine model of MI showed that
Angiotensin-(1-9) gene therapy preserved LV systolic function after MI, restoring cardiac
function [181]. Non-coding RNAs are major regulators of adverse remodeling after MI,
in chronic HF and when the ventricular WS is increased. Silencing microRNAs in vivo
using specific antisense inhibitors prevents maladaptive remodeling and improves cardiac
function [182,183]. In a study by Danielson et al., extracellular plasma RNAs after MI were
associated with phenotypes of left ventricular remodeling [183]. Another study found that
up-regulation of miR-17 in diabetic mice improved left ventricular function after acute MI
and reduced the size of the infarction [22,184-186].

5.8. Cell-Based Therapy in Cardiac Remodeling

Bone marrow-derived cell (BMC) therapy enables the repair of the damaged my-
ocardial tissue after MI by promoting transdifferentiation of progenitor cells into healthy
cardiomyocytes. The REPAIR-AMI trial evaluated the effect of intracoronary transplan-
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tation of BMCs on post-MI remodeling and showed that the intracoronary infusion of
enriched BMCs is certainly linked with the improvement of the LV global function in pa-
tients with acute MI. At 12 months post-transplantation of BMCs, transplanted patients had
a significantly reduced incidence of death, re-infarction and revascularization [22,187,188].
However, other studies showed neutral results of BMC therapy in patients with MI, and
further research is needed [189-191].

5.9. Surgical and Transcatheter Interventions

Surgical procedures aimed to correct the distorted LV geometry with large areas of
akinesia and aneurysms did not prove to be superior when compared with reperfusion
therapy alone. Therefore, surgical procedures that restore the ventricular shape are indi-
cated for selected HF patients who have refractory symptoms or malignant ventricular
arrhythmias [22]. Minimally invasive transcatheter procedures can be performed in patients
with chronic anteroseptal infarction, with the exclusion of the anterior scarred myocardium
from viable tissue by plicating the anterior and LV free wall scar against the right ventricle
septal scar [22]. This technique reduces the LV volume and restores conical LV morphology,
potentially improving the LV systolic function [192].

6. Conclusions

LV adverse remodeling after Ml is a process of major importance as it leads invariably
to HF, increased mortality and a high economic burden. Understanding the pathophysi-
ology and implementing the potential biomarkers that predict adverse remodeling make
possible an integrative therapeutic approach and a better estimation of prognosis. Novel
imaging techniques offer a more detailed evaluation of adverse remodeling, as well as the
response to therapies that target the maladaptive process. Advances have been made in the
therapeutic field, and timely coronary reperfusion in associations with novel therapies, such
as ARNI and SGLT2-], along with MRAs and beta blockers, counteract adverse ventricular
remodeling and promote reverse ventricular remodeling, decreasing progression to HF and
mortality. Future therapeutic perspectives, such as microRNAs, bone marrow derived-cells,
and molecules targeting inflammation are currently under research, with promising results.
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Abstract: Modern antineoplastic therapy improves survival and quality of life in cancer patients, but
its indisputable benefits are accompanied by multiple and major side effects, such as cardiovascular
ones. Endothelial dysfunction, arterial spasm, intravascular thrombosis, and accelerated atheroscle-
rosis affect the coronary arteries, leading to acute and chronic coronary syndromes that negatively
interfere with the oncologic treatment. The cardiac toxicity of antineoplastic agents may be mitigated
by using adequate prophylactic measures. In the absence of dedicated guidelines, our work provides
the most comprehensive, systematized, structured, and up-to-date analyses of the available literature
focusing on measures aiming to protect the coronary arteries from the toxicity of cancer therapy. Our
work facilitates the implementation of these measures in daily practice. The ultimate goal is to offer
clinicians the necessary data for a personalized therapeutic approach for cancer patients receiving
evidence-based oncology treatments with potential cardiovascular toxicity.

Keywords: accelerated atherosclerosis; coronary spasm; coronary thrombosis; endothelial dysfunc-
tion; cancer; prevention; radiotherapy; chemotherapy

1. Introduction

Early diagnosis and modern therapies have significantly improved the survival and
quality of life in cancer patients. The 5-year relative survival rate for all cancer sites
combined has increased by 19% over the past 30 years in the USA [1], and its steady
increase over the past 20 years was found in all European regions as well [2]. Still, cancer
therapy has harmful effects on the cardiovascular system, which can diminish the benefits
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obtained. Cardiovascular disease increases morbidity and mortality not only by itself but
also by limiting the use of anticancer therapies [3], and to date, it is the main cause of
mortality in cancer survivors [4].

Cancer treatment is based on three major pillars, namely surgery, chemotherapy (CT),
and radiation therapy (RT), that can be used in various combinations, reflecting the great
complexity of modern oncologic therapy. Cardiovascular complications of cancer therapy
are multiple and may affect all heart structures as well as blood vessels. The cardiovascular
toxicities of antineoplastic agents manifest as myocardial dysfunction and heart failure,
coronary artery disease (CAD), valvular disease, arrhythmias, arterial hypertension, pe-
ripheral vascular disease and stroke, thromboembolic disease, pulmonary hypertension,
and pericardial complications [5]. RT induces endothelial dysfunction and fibrosis. All com-
ponents of the heart can be affected, which leads to CAD, cardiomyopathy, valvulopathy,
arrhythmias, and pericardial disease [6].

Cancer treatments act unfavorably on coronary arteries. The main mechanisms are
endothelial dysfunction, vasospasm, thrombosis, and fibrosis. The process of atheroma
plaque formation is more intense and takes place at a much faster rate. Toxic effects of
the cancer treatments can destabilize a normal endothelium or a pre-existing atheroma
plaque. Therefore, patients can develop acute coronary syndromes (ACSs) or accelerated
atherosclerosis and early CAD while on oncologic treatment. This risk is enhanced by the
presence of classical cardiovascular risk factors and varies with the type, dose, and duration
of cancer therapy [7]. In patients receiving both CT and RT, the risk of CAD is the highest:
two or even three times higher than in patients receiving only RT [8,9].

The scope of our review is to realize a comprehensive, systematized, structured, and
up-to-date analyze of the available literature focusing on measures aiming to protect the
coronary arteries from the toxicity of cancer therapy. Cardiac toxicity exhibited by anti-
cancer drugs is based on multiple mechanisms; therefore, extensive search on the Web
of Science database was performed in order to collect the necessary data. Starting from
the pathophysiological mechanisms of coronary artery dysfunction induced by cancer
treatment, we provided reliable data regarding modern approaches to prevention. The 2016
European Society of Cardiology position paper on cancer treatments and cardiovascular
toxicity mainly focuses on RT and three categories of anticancer drugs, namely antimetabo-
lites, platinum compounds, and vascular endothelial growth factor pathway inhibitors, as
the most important toxic agents for the coronary arteries [5]. Our work is concordant with
this guideline.

2. Antimetabolites (5-FU, Capecitabine, Gemcitabine)

Fluoropyrimidines (FP), namely 5-fluorouracil (5-FU) and its oral prodrug capecitabine,
are commonly used for the treatment of various solid tumors, e.g., breast, gastric, colorectal,
and head and neck cancers, due to their wide antitumor effect and their synergic activity
with other anticancer drugs [10]. Despite the benefits, cardiac adverse effects are very
common. Only the cardiac toxicity of anthracyclines exceeds that of FP [11]. The reported
incidence of cardiovascular toxicity ranges from 1% to 19% [12] and mainly manifests as
CAD. Myocardial ischemia usually has clinical expression, but the existence of asymp-
tomatic forms leads to an underestimation of the prevalence of 5-FU-induced CAD [13,14].
Gemcitabine is preferred in old or fragile patients due to its lower toxicity profile compared
to other anticancer drugs. Meta-analyzes reported an overall incidence of cardiovascular
adverse effects of 1% and myocardial infarction (MI) of 0.5% [15].

The mechanism of FP-related cardiovascular toxicity is very complex and not fully
elucidated despite the long-term use of these compounds. The coronary artery spasm in
the first place and thrombosis in the second place were identified as major pathogenic
substrates [16,17]. Vasoconstriction is triggered by two mechanisms, and both are the
consequence of vascular endothelial cell injury. The first is endothelium-independent and a
result of the activation of the protein kinase C pathway [18]. The second is endothelium-
dependent and mediated by high levels of endothelin-1 [19]. Transient coronary vasospasm
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may cause an episode of chest pain or unstable angina pectoris, whereas persistent va-
sospasm may produce an acute MI. This mechanism is considered responsible for the
onset of acute MI during intravenous administration of 5-FU. Moreover, coronary artery
vasospasm can be directly visualized during coronary angiography [11]. Interestingly,
the multivessel coronary spasm is uncommon although the distribution of the drug is
systemic. Epicardial vasospasm was typically observed in a single vessel during coronary
angiography, usually the vessel supplying the largest territory of the myocardium. Of note,
the bolus therapy of 5-FU was associated with a much lower risk of cardiac toxicity (5%)
than continuous infusion (10-18%) because the half-life of the drug is 15-20 min, so it is
eliminated quickly when given as a bolus [11].

The coronary spasm usually occurs in the absence of classic cardiovascular risk factors
and significant coronary stenosis on angiography [20]. Moreover, the angiography is
typically normal without evidence of a thrombotic event [21]. However, microthrombotic
occlusions have been identified by scanning electron microscopy in animal studies [22].
5-FU produces endothelial dysfunction, endothelial cells cytolysis, and denudation of the
underlying internal elastic lamina, followed by activation of platelets and coagulation
cascade and thrombus formation [23]. Accelerated thrombosis of small vessels was noted
in many studies [17,24-26].

Cytotoxic endothelial dysfunction was considered a contributing mechanism. 5-FU
reduces the antioxidant capacity, enhancing the generation of free radicals and resulting in
lipid peroxidation and early atherosclerosis [26,27]. Moreover, 5-FU induces changes in
the morphology and metabolism of red blood cells and decreases their ability to transfer
oxygen. All these changes impair the myocardial oxygenation and lead to cardiomyocyte
ischemia [28].

Although initially considered less cardiotoxic than 5-FU, capecitabine was related
to acute coronary events as well. The spasm of the coronary artery was considered the
underlining substrate [29,30]. The incidence of cardiotoxicity of capecitabine varies between
3% and 9%, which is similar to that of continuous 5-FU infusion therapy [31]. Gemcitabine
rarely induces ACSs, but when they do occur, they are the most acute MI. Patients receiving
gemcitabine in combination with another anticancer drug are at the highest risk [20].

The timing from drug administration to acute coronary event onset is highly vari-
able. Coronary artery spasm may manifest during infusion or hours or days after drug
administration [20,32-34]. The explanation for this phenomenon is still elusive.

Coronary spasm is the main expression of the vascular damage caused by FP. There-
fore, FP must be discontinued immediately, and the treatment with low-dose aspirin,
calcium channel blockers (CCBs), and long-acting nitrates should be initiated. The efficacy
of non-dihydropyridine CCB, such as diltiazem and verapamil, and of nitrates was re-
ported in different clinical scenarios. One patient with transient ST-segment elevation ACS
and ventricular tachycardia was temporarily treated with diltiazem 180 mg/day, while
capecitabine was definitively withdrawn. Low-dose aspirin and an inhibitor of the renin-
angiotensin system, telmisartan, were also recommended [35]. Another therapeutic option
is to administer a bolus of diltiazem and an intravenous infusion of nitroglycerin, followed
by isosorbide mononitrate 40 mg/day and diltiazem 90 mg/day [36]. In both cases the
troponin and coronary angiography were normal, reinforcing the idea that coronary spasm
was the underlining substrate. Antianginal therapy with nitrates and non-dihydropyridine
CCB allowed symptoms control in up to 70% of patients [31].

However, the prevention of coronary spasm using CCB and/or nitrates showed mixed
results. While diltiazem and nifedipine have accumulated positive evidence, verapamil
failed to prevent 5-FU-induced vasospasm [37-39].

Cardiac ischemia related to the use of FP is associated with an 82 to 100% risk of
symptom recurrence at the reintroduction of the drug and up to 13% risk of death; therefore,
further treatment with these compounds should be discouraged [40]. If mandatory, i.e., the
best chance for survival or lack of other therapeutic alternatives, CT may be restarted under
protection from CCB and nitrates [35]. Drug re-challenge include short-acting diltiazem
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and sublingual nitroglycerin as needed during FP infusion and pre- and post-treatment
with extended-release nifedipine and isosorbide mononitrate [41].

Endothelial damage leads to microthrombosis, and experimental studies suggested
that the use of anticoagulants may partially mitigate this toxicity. The protective role of
a low-molecular-weight heparin against the prothrombotic effect of 5-FU on the vascular
endothelium was assessed in an animal model [25]. Dalteparin reduced the burden of
thrombosis, but the reversibility of the endothelial damage was impaired. It was concluded
that dalteparin offers protection from the thrombogenic effect of 5-FU, but this anticoagulant
per se had a toxic effect on the endothelium, which was different from that of 5-FU.

The efficacy of probucol—a lipid-lowering drug with strong antioxidant properties—
was assessed in the prevention of 5-FU toxicity on vascular endothelium, and it showed
promising results. The damage to the endothelium was minimal and comparable to that of
the control group [26].

3. Platinum Compounds (Cisplatin)

Cisplatin-based CT is widely used for the treatment of many solid-organ cancers.
Still, its high efficiency is accompanied by multiple toxicities: ototoxicity, renal, digestive,
cardiovascular, pulmonary toxicities, myelosuppression, and allergic reactions [42]. One
of the manifestations of cardiovascular toxicity is arterial and venous thrombotic events.
Although rare, any of the following have been reported: angina pectoris, acute MI, transient
ischemic attack, stroke, and deep vein thrombosis. The overall incidence of thrombotic com-
plications is 10% and less in the arterial system (1.6%) than in the venous system (8.4%) [43].
Acute cardiovascular complications usually occur during treatment, but cisplatin-based CT
increases the risk of acute vascular events in the long term as well.

Cisplatin has direct and acute vascular toxicity. It inhibits the proliferation of en-
dothelial cells, induces their apoptosis, and thereby reduces their survival [44]. Cisplatin
increases the generation of reactive oxygen species and triggers an inflammatory response
with cytokine release. The oxidative stress and inflammation intensify each other and lead
to endothelial dysfunction. As a consequence, the nitric oxide (NO) levels decrease leading
to a prolonged vasoconstrictor response. Moreover, a prothrombotic environment is created,
characterized by increased platelet activation and high levels of von Willebrand factor,
fibrinogen, and tissue-type plasminogen activator. The activity of natural anticoagulants is
impaired, as evidenced by decreased functional protein C levels.

Cisplatin also indirectly contributes to increased cardiovascular risk. Its ability to
generate reactive oxygen species leads to increased lipid peroxidation. It disrupts the
lipid metabolism leading to proatherogenic dyslipidemia [45,46]. Total cholesterol, LDL-
cholesterol, total cholesterol/HDL cholesterol ratio, and triglycerides were significantly
higher in patients receiving CT compared with those treated only with surgery. In one study,
the prevalence of hypercholesterolemia was as high as 80% [47]. Long-term observational
studies showed that cisplatin can induce hypertension and insulin resistance. The overall
prevalence of diabetes was 7.3% and was the highest in patients who received both RT
and CT. It was four times higher than in patients treated with surgery alone. Moreover,
metabolic syndrome was more common in patients who received CT than in those who did
not [48].

The patients treated with cisplatin-based CT have a significantly increased risk of major
coronary events, especially during and shortly after drug administration. Intravascular
thrombosis is considered the main underlining substrate. Cisplatin may induce arterial
thrombosis with subsequent myocardial and cerebrovascular ischemia in 2% of patients [49].
While in the general population, a complicated atherosclerotic plaque is responsible for the
acute MI, in patients treated with cisplatin, arterial thrombosis occurs even in the absence of
underlying atherosclerosis or classical cardiovascular risk factors. In a 71-year-old woman
presenting with ACS, the coronary angiography showed a subtotal thrombotic occlusion of
the proximal segment of anterior descending artery (ADA) and embolic occlusion of the
distal segment of ADA but no significant coronary stenosis [50]. Similarly, in a 31-year-old
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man without cardiovascular risk factors presenting with ST-elevation myocardial infarction
(STEMI) 24 h after CT, the coronary angiography performed the day after intravenous
thrombolysis showed moderate mid-ADA disease with residual thrombosis [51]. In another
young male presenting with STEMI, extensive left coronary thrombosis was identified,
with the thrombotic load of the circumflex being more important than that of the ADA [52].

Vasoconstriction is considered an important contributor to the ACS, especially when
the patients are very young, there are no cardiovascular risk factors, or the coronary angiog-
raphy is normal [45,53]. In a 34-year-old man with no cardiovascular risk factors presenting
with STEMI 5 days after CT, the coronary angiography revealed mild stenosis at the level of
the right coronary artery with overlying thrombus and vasospasm and no other significant
coronary lesions [54]. Two cases of vasospastic angina and one case of acute MI secondary
to vasospasm have also been reported in connection with ongoing cisplatin CT [55,56].
Because 70-80% of patients treated with cisplatin develop hypomagnesaemia, and this can
induce vasospasm, in the latter case, a possible role for this electrolyte imbalance has been
considered as a stimulator of vasospasm.

Spontaneous coronary artery dissection during cisplatin therapy is extremely rare [57].
In a 33-year-old man who presented STEMI at the end of the first cycle of CT, coronary an-
giography revealed a circumscribed stenosis of the circumflex artery with intima dissection
and associated thrombosis and no atherosclerotic plaque [58]. In another young patient, a
chronic dissection of the right coronary artery was identified at the angiography.

In 5.7-6.7% of cisplatin-treated cancer survivors, CAD manifests more than a decade
after CT [59]. The absolute risk of CAD is up to 8% over 20 years [9]. At 30-year follow-up,
the same population had more CAD and was more frequently treated for hypertension
and dyslipidemia than controls [60]. Data from a Norwegian study showed that the
risk of CAD is 2.6 times higher in patients receiving cisplatin-based CT and 4.8 times
higher in those receiving CT and RT than in patients treated only by surgery [9]. In an
older study, the risk of CAD, reported as non-fatal MI and angina pectoris with proven
myocardial ischemia, was 7 times higher in patients receiving cisplatin than in the general
population [47]. Because these data come from studies that have enrolled patients with
germ cell tumors, which most commonly affect men between the ages of 15 and 35, it can
be concluded that cisplatin treatment induces accelerated atherosclerosis and premature
CAD [61]. It was observed that intima-media thickness is higher than the estimated value
for age, confirming that cisplatin triggers a degenerative process of the vessel walls, leading
to occlusive vascular disease in the long term [62]. Moreover, cisplatin has the potential
risk of delayed onset of vasospastic angina [63].

Cisplatin therapy is associated with oxidative stress and increased reactive oxygen
species production. Moreover, an increase in oxygen free radicals also exists during
the reperfusion of ischemic cardiac tissue. Therefore, inhibiting this pathway can be
beneficial. In an animal model, the administration of N-Acetyl-l-cysteine—a free radical
scavenger—ameliorated the coronary flow and alleviated the effects of cisplatin [64]. In
preclinical studies, acetyl-carnitine, x-lipoic acid, and silymarin have also been shown to
have antioxidant potential, limiting the cardiac toxic effects of cisplatin [65].

Coronary vasospasm during treatment may lead to decreased dose or discontinuation
of cisplatin and a more unfavorable oncological prognosis for the patient. The decision to
withdraw cisplatin after acute MI due to coronary spasm was reported [56]. The CCB and
long-acting nitrates effectively prevent coronary spasm and currently constitute the treat-
ment of choice of vasospastic angina in the general population [66]. A CCB was initiated
in a patient with ACS and normal angiography, with cisplatin-induced coronary spasm
as a substrate. Under this protection, the course of CT was without further events [53].
This strategy is in line with current guideline recommendations [66]. However, routine
administration of low-dose aspirin or lipid-lowering treatment in patients with normal
angiographic coronaries is not recommended [67].

Cisplatin-based CT is often followed by the onset of metabolic syndrome [48,68,69],
which will further increase the risk of major coronary events. Therefore, aggressive thera-
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peutic interventions aimed at correcting the components of the metabolic syndrome should
be a priority. In the absence of specific recommendations, the therapeutic intervention
consisting of lifestyle interventions and drug therapy mimics that in the general popula-
tion [70]. One study explored the utility of tailored exercise interventions to ameliorate
cardiovascular dysfunction in patients with a history of cisplatin CT, highlighting the
favorable metabolic impact [71].

4. VEGF/VEGPFR Inhibitors (Bevacizumab, Sorafenib, Sunitinib)

Vascular endothelial growth factor (VEGF) pathway inhibitors are drugs used to treat
a wide variety of cancers due to their inhibitory effect on angiogenesis. The most extensive
experience comes from advanced renal cell carcinoma patients in whom the treatment
increased the overall survival rate [72]. VEGF pathway inhibitors have also been used
successfully in treating non-small cell lung cancers, hepatocellular carcinomas, pancreatic
neuroendocrine tumors, gastrointestinal stromal tumors, colorectal, breast, ovarian and
thyroid cancers, and glioblastoma [73-80].

Bevacizumab is a recombinant humanized monoclonal antibody that binds to VEGF
and blocks the interaction between VEGF and its receptor on the surface of endothelial
cells. As a result, endothelial cell proliferation and the formation of new blood vessels are
inhibited [81]. Sunitinib and sorafenib are tyrosine kinase inhibitors for VEGF receptor
(VEGFR) and act by inhibiting the VEGF pathway:.

While inhibiting angiogenesis is a therapeutic advantage, the decreased endothelial
cell regeneration capacity leads to the formation of areas of endothelial discontinuity,
where exposed subendothelial collagen interacts with tissue factor and initiates coagulation.
VEGEF inhibition diminished NO production as well, thus impairing vasodilation. Since
NO prevents leukocyte and platelet adhesion to endothelial cells and platelet aggregation
and stimulates disaggregation of preformed platelet aggregates, its decreased production
leads to a prothrombotic state [82]. Moreover, bevacizumab increases the expression of
proinflammatory cytokines, enhancing thrombosis.

Up to 4-5% of patients receiving bevacizumab will develop arterial thrombotic events
during treatment, with the highest risk being recorded in patients with metastatic cancer
and in the first 3 months of therapy [40,83]. Adding bevacizumab to CT will double the risk
of stroke, MI, coronary heart disease, and cardiac death. When only coronary events were
assessed, bevacizumab increased the incidence of MI/angina pectoris from 1% to 1.5% [84].
In clinical studies, the incidence of CAD ranged from 0.52% to 1.7%. A meta-analysis of
seven studies evaluating the effect of bevacizumab on the occurrence of CAD in cancer
patients showed that the risk was 2.5 higher compared to the general population. The
risk was not evenly distributed between tumor types, with patients with colorectal cancer
having the highest risk [81]. A larger meta-analysis showed that adding bevacizumab
to standard CT increases the overall risk of cardiac ischemia by 2.47 times. In patients
receiving a high dose of bevacizumab regimen, the risk was 4.4 times higher [85]. Age over
65 years and a positive history of CAD/atherosclerosis were identified as risk factors for
arterial thrombosis [84].

The incidence of arterial thrombotic events is 1.7% for sorafenib and 1.4% for suni-
tinib [86]. In addition, the treatment with sorafenib or sunitinib increases three times the
risk of arterial thrombotic events regardless of the drug used or the cancer type. In patients
with advanced clear-cell renal-cell carcinoma, the treatment with sorafenib increased the
incidence of cardiac ischemia or MI from less than 1% to 3% (p = 0.01) [87]. In one case
acute MI was recurrent at four and five years after initiation of sorafenib [88].

A large meta-analysis of 23 trials showed that anti-VEGF agents significantly increased
the risk of severe arterial thrombotic events [89]. Major arterial thrombotic events—mostly
involving the coronary arteries—affected one in 27 patients receiving bevacizumab [90].
In general, 1-15% of patients treated with an inhibitor of the VEGF pathway will report
chest pain episodes, ranging from stable angina to ACS [91]. Cardiac events are still
underestimated in patients receiving either sorafenib or sunitinib. One study reported
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that 33.8% of patients experienced a cardiac event. Still, after adequate cardiovascular
management, all patients continued the treatment with tyrosine kinase inhibitors [92].

Hypertension is the most frequent complication during bevacizumab treatment, oc-
curring in one of three patients. The risk of hypertension is increased three times with a
low dose and 7.5 times with a high dose of bevacizumab [93]. Sorafenib and sunitinib are
associated with an increased risk of hypertension as well. One in four patients receiving
sorafenib and one in five patients receiving sunitinib will develop abnormal blood pres-
sure values [94,95]. Hypertension leads to endothelial dysfunction and may enhance the
vascular toxicity of VEGF pathway inhibition.

Bevacizumab treatment is associated with an increased risk for bleeding, which is
usually minor and not requiring intervention. Severe bleedings occur in less than 5% of
cases [96]. When added to CT, sorafenib or sunitinib double the risk of bleeding, but the
incidence of severe bleeding was raised only slightly, probably due to the limited sample
size and events [97]. Therefore, in patients with cancer under CT that have an increased
risk of both thrombosis and bleeding, thromboprophylaxis is a challenge.

Baseline cardiovascular risk assessment and optimal control of arterial hypertension
are general measures aiming to reduce the risk for acute coronary events, especially when
evidence-based oncology treatments have potential cardiovascular toxicity. Risk assess-
ment provides the opportunity for early intervention on modifiable cardiovascular risk
factors to properly diagnose and treat cardiovascular disease in order to reduce the risk
of cardiovascular complications during and after cancer treatment. The risk scores for the
general population do not fully reflect the cardiovascular risk of neoplastic, so baseline risk
stratification proformas have been specifically developed for patients scheduled to receive
medication known to be cardiotoxic, including VEGF pathway inhibitors [98].

Although hypertension has a multifactorial substrate, the role of NO depletion should
be emphasized. NO regulates the renal blood flow and tubular sodium excretion. Low
NO levels lead to impaired sodium excretion and consequently fluid retention and salt-
dependent hypertension [99]. Therefore, diuretics and NO donors such as nitrates should
be considered [100]. CCB are potent vasodilators. Only nifedipine and amlodipine are
allowed because they do not have the adverse effect of increasing VEGF levels as do vera-
pamil and diltiazem, which are therefore to be avoided [79]. Of beta-blockers, carvedilol is
the best choice, as it has both vasodilatory and antiangiogenic effects. Although nebivolol
has an appropriate mechanism of action, i.e., it increases endothelial NO production, it
is not preferred, as it may counteract the inhibitory effect of anticancer drugs in tumor
vessels [101]. The renin-angiotensin system is less important in the mechanism of hyper-
tension induced by the treatment with VEGF pathway inhibitors [102]. Still, angiotensin
system inhibitors added benefits to cancer treatment, leading to superior survival outcomes
for patients with metastatic renal cell carcinoma. In light of this evidence, angiotensin
system inhibitors—with or without amlodipine—are the first choice in patients without
comorbidities that require the use of other pharmaceutical classes. Carvedilol is the third
step, followed by diuretics. Long-acting nitrates are reserved for resistant hypertension [79].
Optimal blood pressure goals are not defined at present; therefore, those valid for the
general population apply. Still, due to their high cardiovascular risk, some authors have
proposed lower targets in cancer patients [79,103].

There is evidence for and against the use of statins. Statins have pleiotropic effects
and can ameliorate endothelial dysfunction. However, by improving NO bioavailability
and eNOS activity, they could reduce the efficacy of VEGF pathway inhibitors. Statins
reduce VEGF expression in microvascular endothelial cells and enhance it in macrovascular
endothelial cells. Moreover, statins are proangiogenic at low doses and antiangiogenic at
high doses [104]. Due to this duality, when given to cancer patients, high doses of statins
are recommended.

Because a large number of patients, in some studies up to 20-40%, experience bleeding
during cancer treatment with VEGF pathway inhibitors, the use of antiplatelet and antico-
agulant therapy is of major concern, especially when intended for primary prevention [96].
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Low-dose aspirin use slightly reduced the rate of arterial thrombotic events in patients
treated with bevacizumab. The effect was more important in the subgroup of patients over
the age of 65 and with a history of arterial thromboembolism [84]. Still, no conclusion
could be drawn due to the small number of events per risk factor subgroup. No significant
differences in the risk of major bleeding were found between low-dose aspirin users and
non-users among control and bevacizumab-treated patients. In a non-randomized study,
the rate of arterial thrombotic events in patients treated with bevacizumab was 2.7% in non-
low-dose aspirin users and 8.9% in low-dose aspirin users [90]. Once again, no definitive
conclusions could be reached regarding any preventive effects associated with low-dose
aspirin use. The interpretation of the data was hampered by a higher proportion of patients
with cardiovascular risk factors or a previous arterial thrombotic event among the low-dose
aspirin users.

The benefits of low-dose aspirin in CAD patients in the general population are undis-
puted [105]. Therefore, antiplatelet therapy should be continued during the treatment
with VEGF pathway inhibitors in patients with a diagnosis of CAD because the potential
benefits outweigh the risk of bleeding complications [106,107]. However, patients without
CAD should not receive antiplatelet drugs as part of primary prevention. Moreover, it is
recommended to discontinue bevacizumab for any arterial thrombotic event.

5. Radiotherapy

Chest RT is an essential part of the treatment of hematological malignancies and
thoracic solid tumors, such as lung, esophageal, and breast cancers. Due to close proximity
to the irradiated area, the heart and coronary arteries receive variable amount of radiation.
Any of the heart structures can be affected, leading to constrictive pericarditis, CAD,
myocardial disease, valvular heart disease, and conduction system dysfunction. Radiation-
induced CAD (RICAD) is a late complication of RT. The most vulnerable patients are
those with Hodgkin’s lymphoma and women undergoing treatment for left-sided breast
cancer [108-110]. RICAD is the second most common cause of morbidity and mortality
in patients with RT for thoracic malignancies, especially breast cancer and Hodgkin’s
lymphoma, due to the favorable long-term prognosis and/or relatively young age of
patients. The time between RT and RICAD onset may be short—a year or two—if the
radiation dose was high, i.e., above 30-35 Gy, or traditional atherosclerotic risk factors
were present, but more than a decade could elapse if lower doses were used [111-114].
RICAD occurs more than 10 years from the completion of treatment in patients with
breast cancer [115] and after two or three decades post-therapy in patients with Hodgkin’s
lymphoma [116].

During the irradiation of the left breast and internal mammary chain, the heart receives
a radiation dose of 0.9-14 Gy and 3-17 Gy, respectively. Lower doses of 0.4-6 Gy and
2-10 Gy, respectively, are received by the heart during the irradiation of the right breast
and internal mammary chain [117]. This difference is important because it results in a
higher prevalence of RICAD and MI in women receiving RT for left compared to the right
breast cancer [118]. Moreover, RT increases the cardiac mortality in women with breast
cancer [119]. Although cardiac irradiation is less intense with current modern techniques,
the mean dose to which the heart is exposed varies between 1 and 5 Gy [113,120,121]. It
must be emphasized that the radiation dose received by the ADA is greater than the whole
heart dose; therefore, the risk of developing ischemic heart disease remains. The risk of a
major coronary event, e.g., MI, coronary revascularization, or death from ischemic heart
disease, increases linearly with the mean dose of radiation to the heart over several decades,
with 7.4% per Gy, whether or not there are pre-existing cardiovascular risk factors [113].
There was no threshold below which there was no risk. The risk of major cardiovascular
events doubles in the presence of cardiovascular risk factors and increases more than 6
times in the case of an ischemic heart disease history [113,122,123]. Up to 3- to 4-fold
increase in the risk of MI due to CAD has been observed if mediastinal irradiation was
combined with CT [124].
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RICAD is highly prevalent in Hodgkin’s disease survivors and brings significant mor-
bidity and mortality. The most robust evidence of coronary damage due to RT comes from
studies on pediatric population [125,126]. Medjiastinal RT during childhood is significantly
correlated with the presence of coronary artery abnormalities on computed tomography an-
giography (CTA) and is associated with a 4 to 6 times increase in the risk of CAD compared
to the general population [108]. In asymptomatic patients, the risk of RICAD is 16% in the
first 10 years, and it is dependent on the radiation dose, being 6.8 times higher in those
who received more than 20 Gy compared to those who received lower doses [127]. The
need for coronary artery bypass grafting (CABG) and percutaneous coronary intervention
(PCI) is 3.2 times and 1.6 times higher, respectively, than in the general population [128],
and Ml is the most common cause of cardiac death in these patients. Severe fibrotic and
calcified stenosis of the proximal part of the left main (LM) was identified during autopsy
in a 12-year-old boy with MI six years after chest RT [129].

RT leads to both macrovascular and microvascular disease. The evolution of atheroma
plaques in these patients mimics that of the general population, but the process is accel-
erated, and the amount of fibrosis is higher [115,130]. Radiation injures the endothelial
cells and disrupts their membranes. It also triggers the activation of inflammatory path-
ways, platelets, and coagulation cascade, leading to thrombosis. The endothelium becomes
porous, releases inflammatory mediators, and expresses adhesion molecules that facilitate
the passage of low-density lipoproteins and monocytes in the subintimal space [131]. The
formation of foam cells sustains chronic inflammation that ultimately leads to atheroscle-
rotic plaque instability and rupture, diffuse fibrosis of all layers of the coronary artery wall,
and intimal hyperplasia [116,132-134]. Endovascular thrombosis and capillary luminal
stenosis determine a reduction in capillary density [135]. The endothelial dysfunction is
responsible not only for impaired vascular reactivity, e.g., coronary spasm or persistent
vasoconstriction, but also acts synergistically with sustained inflammation to maintain the
prothrombotic environment [136].

Typical for RICAD are ostial stenoses and severe atherosclerotic lesions on the proximal
segments of the epicardial coronary arteries. The LM trunk and the proximal segments
of the ADA and right coronary artery are mainly affected. Due to their anterior and
central position in the mediastinum, they receive higher doses of radiation compared to
the lateral, posterior, and peripheral coronary vessels. The atherosclerotic plaques are long,
smooth, fibrotic, and cause concentric and tubular narrowing of the vessel lumen. Negative
remodeling is frequently encountered [116]. Long segments of diffuse disease and areas of
stenosis from soft plaque were also found [126]. Microvascular fibrosis and reduction of
capillary density lead to dysfunction in microcirculation, reduction of the coronary flow
reserve, and, finally, to myocardial ischemia [3]. Acute coronary events may occur, as RT
can trigger coronary spasm and atherosclerotic plaque rupture, followed by partially or
totally obstructive thrombosis [137].

The deleterious effects of RT on heart structures are well-known, and over the last
decades, continuous efforts have been made to limit them. Many improvements to RT
protocols have been added, such as enhanced localization and gated techniques. Three- and
four-dimensional planning models and those based on positron emission tomography /X-
ray computed tomography are widely implemented in practice [135,138]. For patients
with left-sided breast cancer, intensity-modulated RT and deep inspiration breath-hold
(DIBH) technique are also used to reduce the harmful effect of radiation [139-142]. A
reduction in the maximum and mean dose received by the ADA or by the whole heart was
obtained in several studies evaluating the DIBH technique, but this did not apply to all
patients, emphasizing the importance of individual anatomical chest features [140,143-146].
Nowadays, proton therapy—the most precise form of radiation treatment available—is
gaining more and more ground in front of photon therapy [147].

Although the most important prophylaxis of IRCAD is to reduce the dose of radiation
to the heart and coronary arteries—current RT protocols strive to achieve this—some
exposure remains inevitable. Therefore, pharmacologic cardio-protective interventions
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have been considered as well, mainly focusing on limiting oxidative stress, inflammation,
fibrosis, and thrombosis [147].

Statins are drugs with multiple effects. They have lipid-lowering properties, reducing
cholesterol and lipoprotein density by inhibiting 3-hydroxy-3-methylglutaryl coenzyme
A reductase. However, the mechanism of action of statins exceeds the metabolism of
lipids. Their pleiotropic effects are numerous and encompass vascular tone improvement
and anti-inflammatory, antithrombotic, antifibrotic, and oxidative stress-reducing proper-
ties [148]. The benefit of statin treatment on the atherosclerotic plaque is unquestionable.
The inflammation within the atherosclerotic plaque is reduced [149], and the composition
and volume are altered, leading to plaque stabilization [150] and even regression [151]. One
of the strengths of statins is that they can prevent endothelial damage. Since this is the main
trigger of the complex pathophysiological processes leading to both atherosclerosis and
fibrosis, statin treatment can hinder the development and progression of atherosclerotic
plaques, acting from the early phases of this process [152].

In animal and cell culture models, statins ameliorated radiation-induced inflamma-
tion and fibrosis in different tissues [153-155]. When their effect on the heart and blood
vessels was specifically assessed, atorvastatin ameliorated radiation-induced cardiac fi-
brosis, prevented vascular damage, reduced endothelial cell apoptosis, and promoted the
healing of the radioactive injuries [124,156,157]. Nevertheless, the association between
atorvastatin and an anti-platelet drug, i.e., clopidogrel, failed to inhibit either age-related
or radiation-induced atherosclerosis [158]. Lovastatin prevented endothelial cells from
radiation-induced cell death [159]. Simvastatin partially mitigated the radiation-induced
fibrosis of the penetrating coronary vessels, the severity of MI, and the increase in low-
density lipoprotein levels [160]. Pravastatin had anti-inflammatory and antithrombotic
effects on endothelial cells [161]. It has the potential to reduce radiation-induced endothelial
dysfunction and limit the leukocyte and platelet’s adhesion to endothelial cells [162].

Although there is abundant evidence of the beneficial effect of statins in reducing
cancer-related and overall morbidity and mortality after RT for thorax, head, and neck can-
cers [135], the direct assessment of the radio-protective role of statins on the cardiovascular
system is still very limited. The main data come from Boulet et al.’s study, which proved
that statin treatment provided protection against vascular events by reducing the composite
endpoint of stroke, MI, or death caused by stroke or MI [4]. It should be noted that the
patients enrolled were over the age of 65, with a history of coronary angiography, ACS,
or coronary revascularization, and therefore, the results may be blunted by the high-risk
population included. Complementary data are provided by the study of Addison et al.
that enrolled younger patients with fewer comorbidities undergoing RT for head and neck
cancers [163]. Patients treated with statins during RT had a 60% reduction in the incidence
of ischemic stroke or TIA, which confirmed the benefit of statin therapy in reducing the risk
of cerebrovascular events. Since no randomized clinical trials offer to date an assessment of
the clinical impact of statins on outcomes in radiation-induced vascular disease, this result
allows us to only assume that statins could have a similar radio-protective effect on the
coronary arteries.

Low-dose aspirin is a widely prescribed drug that can block platelet aggregation,
reduce inflammation, and prevent thromboxane A2-induced vasoconstriction. In the
general population, all the evidence supports the usefulness of low-dose aspirin in the
secondary prevention of cardiovascular disease [105]. In individuals without atherosclerotic
disease, more evidence is needed. Still, there is consensus that low-dose aspirin should not
be given routinely but only in patients with high or very high cardiovascular disease risk,
taking into consideration both ischemic and bleeding risks. In preclinical studies, aspirin
showed a radioprotective effect in different tissues [135] but not on the vascular bed [164].
Both nitric oxide-releasing aspirin and aspirin attenuated age-related atherosclerosis but
failed to reduce radiation-induced atherosclerosis. In clinical studies, low-dose aspirin
registers the overwhelming evidence to reduce cancer mortality [165]. Still, there are no
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clinical trials to specifically evaluate the role of low-dose aspirin in the modulation and
prevention of RICAD.

Angiotensin-converting enzyme inhibitors have multiple effects on endothelial cells.
They reduce the endothelial production of angiotensin II and therefore limit vasoconstric-
tion, reduce levels of adhesion molecules and growth factors, decrease oxidative stress,
and prevent apoptosis. They also decrease the degradation of endothelial bradykinin,
thus leading to vasodilation by stimulating the production of nitric oxide and other re-
laxing factors [166]. Angiotensin II receptor blockers limit vasoconstriction by selectively
inhibiting the AT1 receptor and exert antiplatelet, anti-inflammatory, and antimitogenic
effects independently of action on the AT1 receptor [167]. Angiotensin II levels increase
locally after irradiation and contribute to inflammatory responses, vascular damage, and
fibrosis [168], and as such, limiting these effects could be beneficial. Captopril is the
angiotensin-converting enzyme inhibitor with the most evidence of reducing radiation
damage in various tissues, most likely due to the sulfhydryl group with the activity of free
radical scavenger. Angiotensin Il may initiate cardiac perivascular fibrosis, but captopril
administration was associated with reduced early radiation-induced cardiac fibrosis [169].
Moreover, captopril exerted inhibitory effects on the TGF-f1-mediated pathway leading
from endothelial dysfunction to fibrosis [170]. Preclinical studies showed that AT1-receptor
blockade mediated similar radioprotection as the ACE inhibitor [171-173], but there are no
data from clinical trials.

Colchicine has anti-inflammatory properties with a mechanism of action independent
of the arachidonic acid pathway and reduces thrombin-induced platelet aggregation [174].
It impairs leukocyte mobility and inhibits neutrophil infiltration into the intima. Hence,
there are two major advantages: it decreases the risk of atherosclerotic plaque destabiliza-
tion and mitigates the fibrotic process, as neutrophils are their major contributors [175]. In
clinical trials, colchicine reduced the risk of MI in patients with CAD [176], and based on
these encouraging results, low-dose colchicine may be considered in selected high-risk pa-
tients with the established atherosclerotic disease [105]. The possibility of using colchicine
in the prevention of RICAD has been highlighted based on preclinical data and results from
trials in patients with CAD in the general population [135,177,178]. However, there are no
clinical trials specifically evaluating colchicine in the prevention of RICAD.

Despite the presence of data showing the association between RT and vascular disease,
be it additive or multiplicative to traditional cardiovascular risk factors, no guidelines
currently exist for the treatment or prevention of radiation-induced atherosclerosis. Risk
factor modification appears to have the greatest potential for reducing RICHD risk though
it has not been prospectively studied and should begin prior to RT.

6. Discussion

The burden of cancer incidence and cancer-related deaths is growing rapidly world-
wide. The International Agency for Research on Cancer has announced that 19.3 million
new cancer cases and 10.0 million cancer-related deaths occurred in 2020 [179]. Breast,
lung, colorectal, prostate, and gastric cancers are the malignancies with the highest global
incidence, accounting for 11.7, 11.4, 10, 7.3, and 5.6% of all newly diagnosed cancers, re-
spectively. In men, lung cancer ranks first (14.3%), followed by prostate (14.1%), colorectal
(10.6%), and gastric cancers (7.1%). Breast (24.5%), colorectal (9.4%), and lung cancers
(8.4%) are the most common newly diagnosed malignancies in women. In the last decade,
in many countries, the prevention and treatment of cardiovascular disease have intensified,
leading to a marked decrease in the mortality rate caused by stroke and CAD relative to
cancer, which has now positioned cancer as the leading cause of death in the world. Lung
cancer is responsible for 18% of all cancer-related deaths. In terms of mortality, it ranks first
in men and second in women after breast cancer [179].

In the last 30 years, more than 150 new molecules have been introduced into the
treatment of cancer. Platinum-based anticancer drugs, anti-angiogenesis agents, and an-
thracyclines are among the most prescribed anticancer drugs today [180-182]. Moreover,

53



Life 2022, 12, 1034

platinum-based anticancer drugs are used as components of almost half of all cancer treat-
ments. Among anti-angiogenesis agents, those targeting the VEGF pathway are by far the
most commonly used. FPs are currently the third most commonly used anticancer drug in
the treatment of solid cancers, such as colorectal and breast cancer [183]. RT is frequently
used in combination with surgery or systemic CT, and more than half of patients receive
RT as part of their cancer treatment.

Due to the high frequency of cancers globally and the widespread use of potentially
cardiotoxic antineoplastic drugs, the possibility of cardiovascular adverse events during
evidence-based oncological treatments should be considered. Many cancers are diagnosed
after the age of 50, when cardiovascular risk factors such as high blood pressure, diabetes
mellitus, dyslipidemia, obesity, and smoking may be present, which can exacerbate the
cardiovascular toxicity of some anticancer drugs [184].

Cancer treatments induce endothelial dysfunction, spasm of the coronary arteries,
thrombosis, and fibrosis. The effort to mitigate these harmful pathophysiological pro-
cesses is hampered by the lack of randomized studies to provide robust and reliable data.
Although unitary as a concept, all starting from the pathophysiological triad aforemen-
tioned, the therapeutic lines of prevention that have been outlined so far have a number of
individual features determined by the mechanism of action of the anticancer drug (Table 1).

Vascular injury may have clinical expression during or shortly after treatment, as in
the case of oncological therapy that induces vasospasm or thrombosis, or it may develop
asymptomatically for a long time, as in the case of atheroma plaque formation and growth.
The symptoms may occur months and sometimes years following the completion of CT.
Factors attributable to the drug, such as type of drug, cumulative or total dose, and schedule,
along with individual factors influence the incidence and severity of CT-induced adverse
cardiac effects [20].

For other anticancer drugs, namely anthracyclines, the hypothesis of impaired coro-
nary circulation as a contributor to their cardiac toxicity is gaining increasing interest.
Although they have been in use for more than half a century and are the anticancer drugs
the most associated with CT-induced cardiac toxicity, the exact mechanism by which heart
damage occurs is not yet fully elucidated [182,185]. Anthracyclines’ main adverse cardiac
effect is overt heart failure or a drop in the left ventricular ejection fraction [186]. There is
indirect evidence of the toxic effect of anthracyclines on coronary arteries. In cultured cells,
doxorubicin and daunorubicin caused endothelial cell dysfunction by increasing oxidative
stress in the vessel wall [187,188]. Moreover, anthracyclines induced apoptosis in smooth
muscle cells [189] and increased the thickness of media, adventitia, and total coronary arte-
riolar wall [190]. Recently, in an animal model, it was shown that anthracyclines produced
irreversibly damage to the coronary microcirculation [191], and in patients with lymphoma,
defects were identified in myocardial perfusion by positron emission tomography after
a single doxorubicin dose [192]. Therefore, in-depth research on the effect of oncological
therapy on coronary arteries is expected to provide clear answers in the future for many of
the current unknowns related to the cardiac toxic effects of anticancer drugs.

Several practical aspects must be retained. Firstly, the cardiovascular risk factors must
be identified since they are important contributors to the progression of atherosclerosis and
the onset of acute coronary events. This is of major concern since studies of cancer survivors
beyond 5 years post-diagnosis have demonstrated a 1.7- to 18.5-times increased incidence
of cardiovascular risk factors including hypertension, diabetes mellitus, and dyslipidemia
when compared with age-matched counterparts without a history of cancer [193]. Lifestyle
changes such as smoking cessation and exercise and pharmacological therapies are similar
to those in the general population although some authors have proposed stricter targets [79,103].
Baseline risk stratification proformas are currently available and allow clinicians to stratify
cancer patients into low-, medium-, high-, and very-high-risk categories of cardiovascular
complications prior to starting treatment and whenever needed during treatment. The
ultimate goal is to provide personalized approaches to minimize the risk of cardiovascular
toxicity from cancer therapies [98].
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Table 1. Mechanisms of CAD induced by cancer treatment and proposed interventions.

Drug Mechanism Intervention References
Immediate discontinuation of the drug
Calcium channel blockers
Antimetabolites Coronary artery spasm Long-acting nitrates
(5-FU, Capecitabine, Intravascular thrombosis Short-acting nitrates (on demand) [25,26,31,35-39,41]
Gemcitabine) Endothelial injury Low-dose aspirin
Dalteparin P
Probucol P

Platinum Compounds

Intravascular thrombosis
Coronary artery spasm
Coronary artery dissection
Endothelial injury

Decreased dose or discontinuation of the drug

Calcium channel blockers
Long-acting nitrates
Low-dose aspirin 2

(Cisplatin) Accelerated atherosclerosis Statins @ [53,56,64,65,67]
P Proatherogenic N-Acetyl-l-cysteine °
dyslipidemia Acetyl-carnitine
Hypertension o-lipoic acid P
Insulin resistance Silymarin ®
RAS inhibitors
VEGE/VEGER ' Calcium channel blockers (only DHP)
. Intravascular thrombosis Beta-blockers (only carvedilol)
inhibitors R S [79,84,90,96,100-
- Endothelial injury Diuretics
(Bevacizumab, Hypertension Long-acting nitrates 102,104,106,107]
Sorafenib, Sunitinib) P & Sta tiis

Low-dose aspirin ?

Radiotherapy

Accelerated atherosclerosis

Radiation dose reduction [135,138-147]

S Statins [4,158-163]
Erli‘lia"tﬂzlzl ltrl‘ﬁ‘ery RAS inhibitors P [135,164,165]
Intravaszlular tllrglrombosis Low-dose aspirin ® [169-173]
Colchicine P [135,177,178]

a gelected cases; ? non-human studies; 5-FU, 5-fluorouracil; VEGF, vascular endothelial growth factor; VEGFR,
vascular endothelial growth factor receptor; DHP, dihydropyridines; RAS, renin-angiotensin system.

Secondly, there are no randomized clinical trials specifically dedicated to the study
of prevention measures to support any specific strategy. The available data come from
studies evaluating specific oncological therapies in specific types of cancers, so a general
conclusion is far from drawn. However, there is a benefit the existence of a sufficient
amount of evidence to allow some modulation and customization in cancer patients of the
treatments indicated in the general population, including medical therapy, PCI, and CABG.

Although based on an extensive search, our study has several limitations. Firstly, there
was no universal definition of the cardiovascular toxicities of anticancer drugs until earlier
this year, when an international consensus statement defined the cardiovascular toxicities of
cancer therapies [194]. In the already published literature, the term includes the myocardial,
pericardial, endocardial, and conduction systems and CAD due to cancer treatments, which
made it difficult to select only the information related to coronary arteries. Moreover, many
studies reported acute thromboembolic events as a sum of coronary and cerebral arterial
events. Secondly, there are many therapeutic agents used in the treatment of cancers and a
huge amount of literature published so far, sometimes with conflicting data, which made it
difficult to interpret them. Moreover, some drugs have recently been introduced in practice
and therefore offer little or no data on the effects on the coronary arteries.

7. Conclusions

Antineoplastic therapy saves or at least prolongs life, but this is achieved at the
cost of major side effects, such as cardiovascular ones. CAD and especially acute MI
have the potential to limit the benefits of cancer treatment. Our work provides the most
comprehensive, systematized, structured, and up-to-date analysis of the available literature,
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focusing on measures aiming to protect the coronary arteries from the toxicity of cancer
therapy. This approach facilitates their implementation in daily practice.
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Abstract: In cancer survivors, cardiac dysfunction is the main cause of mortality. Cardiotoxicity
represents a decline in cardiac function associated with cancer therapy, and the risk factors include
smoking, dyslipidemia, an age of over 60 years, obesity, and a history of coronary artery disease,
diabetes, atrial fibrillation, or heart failure. Troponin is a biomarker that is widely used in the detection
of acute coronary syndromes. It has a high specificity, although it is not exclusively associated with
myocardial ischemia. The aim of this paper is to summarize published studies and to establish the
role of troponin assays in the diagnosis of cardiotoxicity associated with various chemotherapeutic
agents. Troponin has been shown to be a significant biomarker in the diagnosis of the cardiac
dysfunction associated with several types of chemotherapeutic drugs: anthracyclines, anti-human
epidermal growth factor receptor 2 treatment, and anti-vascular endothelial growth factor therapy.
Based on the data available at this moment, troponin is useful for baseline risk assessment, the
diagnosis of cardiotoxicity, and as a guide for the initiation of cardioprotective treatment. There are
currently clear regulations regarding the timing of troponin surveillance depending on the patient’s
risk of cardiotoxicity and the type of medication administered, but data on the cut-off values of this
biomarker are still under investigation.

Keywords: cardiotoxicity; troponin; biomarkers; cancer; chemotherapy; cardiac dysfunction; heart failure

1. Introduction

Cancer, together with heart disease, is the leading cause of death in developed coun-
tries. Advances in cancer treatment have led to significant improvements in the survival of
these patients. The cardiotoxic side effects of cancer therapy have contributed to increased
mortality and morbidity during and after the cancer treatment [1]. Cardiovascular mortality
is up to 10-fold higher in cancer survivors than in the general population, pointing to the
importance of conducting a cardiovascular toxicity risk assessment, including the early
identification of the cardiac effects of cancer therapies [2].

Cardiac dysfunction associated with cancer treatment is the main cause of mortality in
cancer survivors. The mortality rate is recorded to be up to 60% in the first 2 years after
therapy [3]. The most commonly associated drugs with cardiotoxicity are anthracycline
(AC) and monoclonal antibodies (such as trastuzumab). Other new agents, such as vascular
endothelial growth factor (VEGF) inhibitors, immunotherapies, and proteasome inhibitors,
can also cause cardiac dysfunction [4].
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Evidence from past studies has confirmed the possibility of preventing cardiac dys-
function by promptly initiating cardio-protection with angiotensin-converting-enzyme
inhibitors (ACEI) or beta blockers. Therefore, the early detection of cardiotoxicity with
precise diagnostic methods and the prediction of patients that would benefit from cardio-
protective treatments is essential [5].

2. Cardiotoxicity

Cancer-treatment-related cardiac dysfunction can be caused by chemotherapy, im-
munotherapy, and molecular targeted therapy. The cardiovascular complications associated
with cancer treatments include heart failure (HF), acute and chronic coronary syndromes,
arrythmias, hypertension, venous thromboembolism, and pericardial disease [3]. Car-
diotoxicity represents a decline in cardiac function, with different criteria for definition over
the years, and the purpose of this paper is to assess the role of troponin in the diagnosis
of cardiotoxicity.

The risk factors associated with an increased risk of cardiotoxicity include an age
of over 60 years old, smoking, dyslipidemia, obesity, and a history of diabetes, coronary
artery disease, atrial fibrillation, or HE. Patients with any of these risk factors, together
with the potential cardiotoxic effects of specific types of chemotherapy, are at a high risk of
experiencing cardiac dysfunction associated with cancer treatment [6].

The diagnosis of cardiotoxicity associated with chemotherapy has evolved over the
years, from endomyocardial biopsies to the imagistic detection of a decline in cardiac func-
tion, and recently, by using the association of cardiac biomarkers (NT-proBNP and troponin)
that have been studied during the last years (8). The ejection fraction was proposed as the
main tool for the diagnosis of cardiotoxicity by the Task Force for Cancer Treatments of the
European Society of Cardiology, published in 2016. The cardiac dysfunction associated
with treatments for cancer was defined as a reduction in the left ventricular ejection fraction
(LVEEF) to less than 50%, or a reduction in the baseline by more than 10% coupled with an
LVEF of less than 55%. Global longitudinal strain, as an early sign of cardiotoxicity, may be
used depending on the availability [7].

A more recent document (2022) from the International Cardio-Oncology Society di-
vided cardiac dysfunction into asymptomatic and symptomatic groups and delivered a
classification system of three grades for cardiac dysfunction in asymptomatic patients,
depending on the severity of the LVEF detected by echocardiography. For all the stages,
biomarkers and measurements of the GLS (global longitudinal strain) could be used in
addition to assess the severity of the disfunction:

- Mild asymptomatic cardiac dysfunction consists of an LVEF > 50% with a rise in tro-
ponin (cTn) or natriuretic peptides and a reduction of >15% in the GLS from baseline;

- Moderate asymptomatic cardiac dysfunction is defined by a reduction in the LVEF
of >10%, which would thus be in the 40-49% range, or a smaller change in the LVEF
associated with a significant fall in the GLS and/or a rise in cardiac biomarkers;

- Severe asymptomatic cardiac dysfunction is defined by a reduction in the LVEF to
<40% and is associated with a poor prognosis [8].

Symptomatic cardiac dysfunction associated with cancer therapy is associated with
symptoms and signs of volume overload and/or inadequate perfusion caused by functional
and structural changes to the heart, with a decrease in LVEF and increased biomarkers [8].

Anthracycline (AC), a class of chemotherapeutic agents, induces irreversible cardiac
dysfunction, leading to severe heart failure and death in a dose-dependent manner. The
changes occur predominantly in the first year following the completion of treatment,
although there are cases of cardiotoxicity that appear years after the exposure. Trastuzumab
toxicity is not associated with structural abnormalities, is independent of the dosage, and
can be partially or completely reversed with early therapeutic interventions, such as the
cessation of the causative drug or cardioprotective treatment with ACEI and beta blockers.
These side effects can lead to suboptimal cancer treatment regimens and increased mortality
and morbidity [9].
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Different mechanisms are involved in the decline of cardiac function due to cancer
therapies. The cardiomyocyte damage can be:

- Direct or endogenous (e.g., AC)—also called primary cardiomyopathy—which is
a consequence of the direct toxic effects of chemotherapy on the myocardium and
is caused by myocardial cell loss, necrosis, and apoptosis mediated by oxidative
stress [10].

- Indirect (e.g., trastuzumab, VEGF inhibitors), which is caused by factors that do not
have a direct toxic effect on cardiomyocytes, but that contribute to a decline in cardiac
function. Indirect cardiomyopathy is determined by alterations in the perfusion,
innervation, or hormonal background (vasoconstriction, vasospasm). Trastuzumab
causes functional abnormalities, though in patients with previous AC treatment, it
may exacerbate injury and myocyte death by inhibiting anti-apoptotic pathways [11].

- Caused by inflammatory cell infiltration in the myocardium, which can lead to my-
ocarditis (immune checkpoint inhibitors—ICS) [11].

Cardiomyopathies caused by cancer therapy are rarely a consequence of a single
mechanism, so this classification can be used to foster the proper selection of the care and
produce the best outcomes [12]. The latest studies on the incidence and reversibility of
cardiotoxicity have led to a withdrawal of the concept of type I and II cardiotoxicity, and
have brought to our attention the Royal Brompton Hospital classification of myocardial
toxicity [13]. This classification is more applicable to clinical practice, and includes early
abnormalities that could predispose a patient to future susceptibility and identify high-risk
patients that could benefit from preventive treatment. This classification includes six stages:

1. Early biochemical cardiotoxicity, which is represented by an increase in cardiac biomark-
ers (troponin or brain natriuretic peptide—BNP) with normal cardiac imaging.

2. Early functional cardiotoxicity, which is characterized by grade III-IV diastolic dys-
function or a reduction in the GLS and normal biomarkers.

3. Early mixed cardiotoxicity, which involves the presence of a normal LVEF with
increased levels of biomarkers and a reduction in the GLS, or diastolic dysfunction.

4.  Symptomatic heart failure with preserved EF.

5. Asymptomatic LV systolic dysfunction, which is indicated by a reduction in the LVEF
to less than 50%, or a reduction of more than 10% resulting in a total LVEF < 55%.

6. Symptomatic LV systolic dysfunction, which is represented by a symptomatic reduc-
tion in the LVEF to <50%, or a reduction of >10% resulting in a total LVEF < 55% [14].

Echocardiographic changes used for the diagnosis of cardiotoxicity have a low diag-
nostic sensitivity and low predictive power for the diagnosis of subclinical myocardial
injury. The lack of standardization in defining cardiac dysfunction across clinical trials
and chemotherapeutic agents has led to multiple other questions regarding the role of
this diagnostic tool in detecting cardiac dysfunction [15]. Echocardiographic measure-
ments of the LVEF have several limitations, which include intra-observer or inter-observer
variability and a lack of sensitivity for detecting early subclinical myocardial changes.
Unfortunately, these changes appear late and are often an irreversible effect of the drugs
used for chemotherapy [16]. The use of new techniques, such as three-dimensional echocar-
diography and contrast echocardiography, have resulted in a significant improvement
to the accuracy assessment of the LVEF. The GLS can be used to detect early subclinical
changes in the systolic function of the left ventricle [16].

Cardiac magnetic resonance imaging (CMR) remains the gold standard for the rigorous
quantification of the LVEF, but its use is limited by the cost and the requirement for expert
interpretation [4].

As a result of the complexity of the cardiovascular complications of cancer treatment
and the extensions of cardiovascular toxicity beyond changes in the LVEEF, there is a growing
expectation for noninvasive diagnostic tools that can be used for the early detection of
patients at a high risk of developing chemotherapy-induced cardiotoxicity. Finding a
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biomarker able to detect heart injury represents a desirable tool for the initial diagnosis of
cardiotoxicity [17].

2.1. Biomarkers for Cardiotoxicity

The limitations of the mentioned imagistic method and the need to identify cardiotoxi-
city in early stages has led to the analysis of sensitive and specific markers of myocardial
damage [18]. The most frequently used biomarkers for the diagnosis of cardiotoxicity are
troponins and NT-pro BNP. A troponin assay offers a complementary diagnostic tool for
patients receiving chemotherapy, and troponin assays represent a good tool for surveillance,
prognosis assessment, and providing a guide for selecting and monitoring the treatment
response in oncology patients [7,19].

The perfect biomarker should provide rapid and low-cost measurements, offer objec-
tivity, be precise (the normal ranges are well-defined), be widely available, be well-studied,
and offer reproductible results. The biomarker should provide better diagnostic confidence
as well as information about disease progression, risk stratification, and treatment re-
sponses [20]. The detection of a specific biomarker is minimally invasive, has a significantly
lower cost than echocardiography or nuclear techniques, and reflects minimal cardiomy-
ocyte damage or small hemodynamic fluctuations. The interpretation of the results is
not dependent on the expertise of the doctor, thus avoiding inter-observer variability [21].
Biomarkers have an important role in the initial evaluation and management of patients
who are known to have or are at risk for cardiovascular disease. These blood tests can be
good tools for identifying patients with a high risk of adverse cardiovascular effects before
the initiation of therapy, and are a good addition to imaging in the detection of subclinical
diseases during active therapy. For the future, an idealistic role for biomarkers would be the
tailoring of oncologic regimens or the initiation of preventative cardiovascular treatments
based on cardiac biomarker profiles [22].

Most of the published studies have identified the biomarkers for cardiovascular
disease in patients receiving cancer treatment. However, the specificity of these biomarkers
in various categories of patients is difficult to assess due to the comorbid conditions
associated with cancer pathology, such as infections, hypotension, renal dysfunction, and
other systemic illnesses. All these known conditions can lead to increased biomarkers in
the absence of cardiac dysfunction [4].

2.2. Troponins

Troponins are biomarkers used for the diagnosis of acute coronary syndromes. Cardiac
troponins (cInl and cITnT) are largely used to detect cardiac toxicity, as they have a high
specificity for cardiac injury and cardiomyocyte necrosis. The highly sensitive assays
allow for the possibility of detecting small amounts of myocyte damage, enabling the
application of therapeutic interventions to minimize cardiotoxicity before the development
of irreversible left ventricular (LV) dysfunction. The persistent elevation of ¢cT'n I has the
role of detecting a higher degree of LV dysfunction and a higher percentage of cardiac
events than the transient elevation of ¢Tn levels [11].

Troponins are a complex of regulatory proteins that are part of the skeletal and cardiac
muscle, but not smooth muscle. Their function consists of regulating muscle contractions.
Sarcomeres represent the fundamental units of a myofibril, and they are formed from seven
actin monomers, a strand of tropomyosin, and a troponin complex [23]. There are three
subunits of troponins: troponin C, cTnT, and cTInl. cTnT and ¢Tnl have two specific isoforms
that are distinct for cardiac and skeletal muscles. The two isoforms of troponin C are not
different in cardiac and skeletal muscles. Each subunit of troponin has a specific function:
cTInl is bound by actin and keeps the troponin—tropomyosin complex steady, cInT anchors
the components of the tropomyosin to the actin thin filament, and troponin C contains the
binding sites for calcium, which help initiate contractions [24]. Diastolic relaxation occurs
when c¢Tnl binds to actin and its access to the myosin binding site is impeded, maintaining
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tropomyosin stability. A systolic contraction starts when a calcium influx causes the release
of cTnl from actin, liberating its myosin binding site and facilitating force development [25].

High-sensitivity cardiac troponin (hs-cTn) is more specific, being able to detect levels
10- to 100-fold lower than the original technique and improving the accuracy of myocardial
injury diagnoses. When hs-cTnT and hs-cTnl are compared, the latter is superior in the
early detection of lesions, and its levels are not affected by the circadian rhythm [9]. There
is no evidence that ¢cInT can be released by noncardiac tissues, but in patients with injured
skeletal muscle, some proteins can be detected by ¢TnT assays, making the cInT a less-
specific marker of cardiac injuries [5].

The troponins cTnl and cTnT are expressed exclusively in the myocardium, and
their release into circulation is an effective indicator for evaluating myocadic integrity.
After cardiomyocyte necrosis, cIn is released, which has a high sensitivity and specificity
for the diagnosis of myocardial infarctions. A high level of cTn can be detected before
echocardiographic changes; therefore, it can become an important assessment tool for
detecting subclinical cardiac dysfunction. The ¢cITn measurement has a high specificity
for the heart, but is not specific for disease [9]. Myocardial injury can be determined by
reversible or irreversible impairment. If there is irreversible damage, the release of proteins
from the myocardium is caused by the apoptosis or necrosis of myocardial cells [26]. If
the disturbance is reversible, the release of cIn is secondary to an increased cell wall
permeability or the formation and release of membrane cysts. The other mechanisms of
troponin release are myocardial cell turnover and the release of cell breakdown products [5].

Changes in hs-cTn concentrations during short periods of time can discern between
acute disease, when there is an acute injury of the cardiomyocyte with rapid increases and
decreases in the cTn, and chronic cardiomyocyte injury, with a persistent slight elevation of
hs-cTn [27].

A small concentration of cTn can be detected even in normal subjects, and the diagnosis
of myocardial damage is considered pronounced if the levels of cTn are higher than the
99th percentile of the upper reference limit. High levels of cTn can be found, not only in
myocardial injuries, but also in well-known inflammatory or mechanical conditions [5].

2.3. Mechanism of Troponin Release

The vast majority of cTn is stationary in the sarcomere, and a small fraction exists as
a soluble pool. In patients with cardiac ischemia, the first peak of cTn release originates
from the bound cTn pool. After that, the degradation of the contractile apparatus is respon-
sible for most of the cTn release [28]. Until recently, it was believed that cardiomyocytes
cannot be repaired or replenished; however, the newest evidence supports the renewal
of cardiomyocytes by mitosis and cellular restoration from stem cells. The renewal of
cardiomyocytes could be associated with the release of cTn into the bloodstream. ¢Tn can
be released from the myocardium in the absence of necrosis, during physiological situations
(athletes after endurance exercise) or after atrial pacing or dobutamine stress test. This
means that there are other mechanisms by which cTn is released from the myocardium [29].
One of the possible mechanisms is programed cellular death, which can appear in the
absence of ischemia and can lead to HF. In response to myocardial injury, cTn could be
released from an enhanced apoptosis rate [30]. The possibilities for the release of cTn into
the bloodstream are represented in Figure 1.

Different cell wounds can lead to cardiomyocyte membrane injury. The cells have
the ability to repair lesions larger than 10 pm? within seconds. During this period of time,
some proteins could be released into the bloodstream, including ¢Tn, which could possibly
explain the high levels of cTn in the absence of myocardial necrosis. The extent of the
cTn elevations explained by cell wounds that we find in clinical settings remain to be
shown [30].

Another theory involves the release of cTn after bleb formation. These are buds of
membrane cells that are formed after transient ischemia and contain ¢Tn, which is released
into circulation or captured into the cell after the reestablishment of the oxygen supply. Ox-
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idative stress, reactive oxygen species, neurohormonal activation, inflammatory cytokines,
acid-base disturbances, or neurohormonal activation can lead to the release of cTn into the
bloodstream [23,31,32]. The understanding of different mechanisms on troponin release
from a damaged myocardium could help make the distinction between high troponin levels
associated with necrosis and other possible reversible causes of troponin release, which are
associated with mechanisms encountered in cardiotoxicity.

Myocardial stress
Ischemia, drugs, inflammation

e N\

Reversible injury Irreversible injury

' ol \.

Cellular dysfunction, cell Apoptosis activation Degradation of troponin
wounds, cytoplasmatic by lysosomal enzymes,
blebbing, inflammation Programed sarcolemmal dysruption

cardiomyocyte death Cardiomyocyte necrosis

’

Systemic troponin incr:< /

Cardiomyocyte recovery ﬂ Progressive cardiovascular disease

Figure 1. Potential mechanisms of troponin release from injured myocardium.

The intra-individual variability of two consecutive measurements of hs-cTn is low, so
a difference in the levels of the same hs-cTn subtype in a single patient at two different
moments should be considered significant if it is higher than 30% (approximately 3-5 ng/L).
An increase of 3-5 ng/L in the cTn concentrations between two measurements is correlated
with the necrosis of about 10-20 mg of myocardial tissue, which is undetectable even with
the most sensitive cardiac imaging techniques [33]. This evidence suggests that, when using
hs-cTn as a biomarker for cardiotoxicity detection, the measurement should be performed
at baseline, prior to the cardiotoxic treatment, and the monitoring of the biomarker changes
during the treatment should be performed using the same subtype of hs-cTn and at the
same laboratory, if possible [5].

We will discuss the classes of drugs that could lead to increased levels of cTn and
present the existing evidence regarding the role of cTn in the detection of cardiotoxicity
and the specific indications for short- and long-term monitoring.

2.4. Anthracycline

Anthracyclines (ACs) are chemical compounds whose action is to kill tumor cells
by interrupting their mitotic activity and their high metabolic demand, inhibiting DNA
or RNA synthesis. Other effects of AC therapy include the inhibition of topoisomerase
Ila, an enzyme involved in DNA transcription and replication, and the induction of ox-
idative stress, which damages DNA, lipids, and proteins by iron mediation and histone
modification [12].

The incidence of cardiac dysfunction associated with AC in a study of 2625 patients
followed for 5.2 years was 9%, and the majority of cases occurred within 1 year of treat-
ment [9]. The incidence was related to the cumulative dose. If the dose of Adriamycin
was 400 mg/m?, the incidence was 5%; at a dose of 550 mg/m?, the proportion of HF was

70



Life 2022, 12,1183

26%; and the incidence increased to 48% when the dosage was 700 mg/m? [34]. The factors
associated with cardiovascular toxicity are female sex, cumulative doses, intravenous bolus
administration, and a history of hypertension, cardiovascular diseases, valvular heart
disease, or diabetes mellitus [1].

There are three types of cardiac dysfunction associated with AC treatment:

- Acute toxicity in less than 1% of patients, which may occur after the first cycle of
treatment or the first dose and is more common in the elderly, probably owing to
underlying cardiac diseases. The forms of manifestation are represented by arrythmias,
pericarditis, myocarditis, and acute LV dysfunction and are usually transient [35].

- Early-onset chronic cardiotoxicity, which is more common (20-30% with asymptomatic
decreases in the LVEF, or symptomatic HF in 1.6-2.1%) and can lead to irreversible
cardiac dysfunction [35].

- Late or chronic cardiomyopathy related to cumulative doses of AC, with an onset after
more than 1 year and which is expressed as an arrythmia or LV dysfunction [10].

It has been shown that patients receiving chemotherapy that had an elevation of
cTnl levels developed LV dysfunction in the following seven months, while in patients
with negative cTnl levels, the reduced LVEF was smaller and transient (less than three
months). The authors concluded that cTnl is a sensitive and reliable marker for the early
detection of minor cardiac dysfunction [36]. Studies that have evaluated the role of cTn in
the cardiotoxicity associated with AC are summarized in Table 1. In order to assess whether
high levels of hs-cTnl are associated with a long-term reduction in the LVEEF, a study was
conducted that evaluated 703 patients treated with high doses of chemotherapy for 3 years.
In patients without increased levels of hs-cTnl, the LVEF remained at the same levels
and a small number of cardiac events occurred (1%). Patients with high levels of hs-cTnl
after the chemotherapy had a higher incidence of cardiac events (0.4%—sudden death;
0.3%—cardiac death; 5%—asymptomatic LV dysfunction; 7%—HF; 0.4%—acute pulmonary
edema; 2%—life-threatening arrythmia; 0.3%—conduction disturbances). In these patients,
careful monitoring is essential and prophylactic strategies to prevent cardiotoxicity should
be implemented. The study showed that hs-cTnl has a high negative predictive value of
99% for patients with no elevation of hs-cTnl, and a positive predictive value of 84% for
future cardiac events in patients with elevated hs-cTnl levels [37]. These studies suggest
that measurements of hs-cTnl prior to and during therapy could identify patients at a high
risk for cardiotoxicity.

A recent study that evaluated 80 patients with breast cancer treated with AC showed
that the value of hs-cTnT increased gradually during AC therapy, and that it reached a
maximum peak after 1 month, with similar patterns observed in patients with and without
cardiotoxicity. In addition, a linear dependence of cInT with age was observed, but it was
not correlated with the level of toxicity [38].

A meta-analysis of 61 studies with 5691 patients treated with AC, AC followed by
human epidermal growth factor receptor 2 (HER2) inhibitors, or HER2 inhibitors has
shown that, in patients with elevated levels of cTn, the likelihood of LVEF dysfunction was
higher than in patients with normal cTn levels (OR: 11.9, 95% CI: 4.4-32.1). This association
was most pronounced under high-dose regimens of chemotherapy, and the specificity and
sensitivity values of ¢Tn for diagnosis were 69% and 87%, respectively. For the prediction
of LV dysfunction, the negative predictive value was 93%, showing a potential benefit of
cTn as a screening tool for LV dysfunction associated with cancer therapy [39].
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Table 1. The role of troponin in cardiotoxicity associated with anthracycline treatment.

Determination

Study Patients Design Type of Cancer Chemotherapy Type of ¢cTn of ¢Tn Outcomes
Before,
Breast cancer lrgmedlztig
Ovarian carcinoma at 1e§’ ;2 36 en
Cardinale et al., 204 PR Small cell lung cancer AC, Tnl :n d %2 h’ aft’e " LVEF decreased in cTnl
2000 [36] Non-Hodgkin’s radiotherapy inel group (cTnl> 0.5 ng/mL)
lymphoma evelr y sflng ¢
Hodgkin’s disease ;yc €9
igh-dosage
chemotherapy
Qlcllll(teenll)gnphoblastlc Elevated cTnT
Auner et al., Acute myeloid Baseline and (>0'03. ng/ mL) was
2003 [40] 78 PR leukemia AC cInT after every a.sso'c1'ated with a
Non-Hodgkin’s cycle significantly greater
lymphoma decrease in LVEF
Breast cancer Baseline, after
Ewing’s sarcoma ;l:elzrzn(;Tegg Py,
Hodgkin’s disease and 72 1 aft’e " Patients with high levels
Cardinale et al., 703 PR Myeloma AC, Tnl every single of cTnl (>0.08 ng/mL) had
2004 [37] Non-Hodgkin’s radiotherapy c dg 8 a higher risk of cardiac
lymphoma ai d a,t events
Ovarian carcinoma
Small-cell lung cancer 1 month after
the last cycle
Lymphoma
Breast cancer
Malignant
mesenchymal tumor Baseline, on
Leukemia the 3rd and
Nasopharyngeal 5th days High levels of ¢cTn were
Kilickap et al carcinoma following the associated with diastolic
2005 [41] M 41 PR Thymic carcinoma AC cInT first dose of dysfunction (decreased
Neuroectodermal anthracycline, E/A ratio, IRT
tumor and after the prolongation)
Hepatocellular last cycle of
carcinoma chemotherapy
Metastasis of
unknown origin
Multiple myeloma
Baseline, pre-
and post-
Nistico et al., 20 PR Breast cancer AC, taxanes <TnT chemotherapy, No cTnT serum elevations

2007 [42] and 12 months were found
after the end

of treatment

Baseline, after

the first cycle,

after the last
23 PR Leukemia AC cTnT ¢Tnl cycle, and at

6 months after

completion of

treatment

cTnl seemed to be
superior to ¢InT for the
early detection of cardiac
injury

Horacek et al.,
2008 [43]

Baseline, at
1 month, at

cTnl elevations were not
1 year, and at

Feola et al.,

2011 [44] 53 PR Breast cancer AC cTnl 2years after i(\)/r]gi—lated with changes in
the end of the
chemotherapy
Baseline, every
2 weeks .
Morris et al., AC, taxanes, during cInllevels d id not
95 PR Breast cancer cTnl correlate with decreased
2011 [45] trastuzumab chemotherapy,
LVEF
and at6,9,
and 18 months
Baseline, after Elevated usTnl
AC treatment, (>30 pg/mL) at the
Sawaya et al, 81 PR Breast cancer AC, taxanes, usTnl and every 3 completion of the AC
2012 [46] trastuzumab . ..
months until treatment was predictive
12 months of cardiotoxicity
Onitilo et al Baseline and A decrease in LVEF was
M 54 PR Breast cancer AC, trastuzumab ~ ¢Tnl every 3 weeks not associated with the
2012 [47] -
until 1 year levels of ¢Tnl
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Table 1. Cont.

Determination

Study Patients Design Type of Cancer Chemotherapy Type of ¢cTn of ¢Tn Outcomes
Baseline and
Blaes et al. Breast cancer oTnT, ¢Tnl at 4 weeks A degline in LVEF was
2015 [48] ’ 18 PR Non-Hodgkin’s AC hs—c"l:nT ’ after associated with baseline
lymphoma completion of high hscTnT levels
treatment
Baseline, after
every cycle, A decrease in the left
Malik et al., and at ventricular diastolic
2016 [49] 33 PR Breast cancer AC ¢InT 6 months after diameter was associated
the end of the with high ¢TnT levels
treatment
B Smaller AC doses per
reast cancer . .
Jones et al. Lvmphoma Baseline and cyclg resulted in lgss acute
’ 84 PR ympho, AC hs-cTnl after every cardiomyocyte injury as
2017 [19] Leukemia R
Leiomyosarcoma cycle indicated by hs-cTnl
Y 1
release
. Baseline, after A reduction in LVEF and
Ferreira de every cycle, LV mass was more
Souza et al., 27 PR Breast cancer AC cInT and at 3 and . .
2018 [50] 6 months after ~ Pronounced in patients
treatment with ¢TnT > 10 pg/mL
Baseline, at
1 month, and Elevated hs-cTnT
Demisei et al., AC £+ after the end (>14 ng/L) was associated
2020 [51] 323 PR Breast cancer trastuzumab hs-cTnT of AC with agdouble risk of
treatment at 2 cardiotoxicity
and 4 months
In patients with elevated
61 research AC, levels of ¢Tn, the
Michel et al., articles and Meta- Various various high <TnL cInT Various likelihood of LVEF
2020 [39] 5691 pa- analysis doses of ! dysfunction was higher
tients chemotherapy than in patients with
normal cTn
Before and
after each hs-cTnT increased
cycleand at 1, gradually, reaching a
Diaz-Anton et al., AC + 3,6, and maximum peak at
2022 [38] 72 PR Breast cancer trastuzumab hs-cTnT 12 months 1 month aftper the
after completion of
completion of anthracycline treatment
treatment

AC—anthracycline, cTn—troponin, hs-cTn—high-sensitivity troponin, LV—left ventricle, LVEF—Ieft ventricular
ejection fraction, PR—prospective, us-cTnl—ultrasensitive troponin L.

A study on 323 patients treated with doxorubicin showed that an increased level of
hs-cTnT over 14 ng/L after AC treatment increased the risk of cardiac dysfunction by
2-fold (hazard ratio: 2.01; 95% CI: 1.00-4.06, p = 0.052). The sensitivity and specificity
of hs-cTnT were 60.3% and 62.5%, respectively, for the prediction of cardiac dysfunction
within 1 year after the finalization of the doxorubicin treatment. In contrast, patients with
levels of hs-cITnT < 5 ng/L at the end of AC treatment had a sensitivity of 100% for cardiac
dysfunction at 1 year [51].

Another study of 41 patients receiving AC therapy suggested an association between
the levels of ¢cTn and the diastolic dysfunction assessed by the E/A ratio and isovolemic
relaxation time (IRT) [41].

A small study on 23 patients treated with AC for leukemia suggested that an assess-
ment of cTnl could be superior to ¢cTInT for the early detection of cardiac dysfunction
because of the molecular weight and the release kinetics of the two forms of troponin [43].

The goal of a study including 81 patients treated with AC, followed by taxanes and
trastuzumab, was to assess the role of blood biomarkers and myocardial strain in car-
diotoxicity prediction. Cardiotoxicity was developed by 32% of the patients, and the study
showed that us-cTnl (ultra-sensitive cTnl) and the peak systolic longitudinal myocardial
strain at the finalization of treatment predicted cardiotoxicity. Concentration levels of
us-cInl > 30 pg/mL after AC treatment were predictive of cardiotoxicity (p = 0.04). A com-
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bination of us-cTnl and longitudinal strain increased the sensitivity of the cardiotoxicity
diagnosis from 74% to 87%, with a negative value of 91% [46].

Not all the studies performed have shown an association between high levels of cTn
and cardiac outcomes [44,45,47]. A study on 53 patients with breast cancer treated with
AC failed to demonstrate that an elevation of cTn measured 1 month post-treatment could
predict cardiac outcomes. The cTn levels were not different between the patients with and
without cardiac events [47].

As presented, there are some studies that have highlighted the beneficial role of mea-
suring cTn levels during AC therapy, and others that could not find an association between
the levels of cTn and cardiovascular toxicity. Potential explanations for the discrepancies
between these studies include a difference in the timing of biomarker measurement, the
cutoff values used, and the type of chemotherapy administered [4].

Regardless of the predictive role of cTn in detecting the clinical manifestation of cardiac
dysfunction, its increase is an index of subclinical cardiac damage. In this context, some
authors have suggested that the administration of ACEI and beta blockers in patients with
elevated cTn levels is effective in preventing the development of LV dysfunction [52,53].
Cardinale et al. established that the response to HF treatment (increased LVEF) is deter-
mined by the time between the end of chemotherapy and the initiation of HF treatment
(beta blockers and ACEI) [54].

The presented studies show that, in patients treated with anthracycline, a positive
value of cTn is acceptable, but possibly the best benefit of monitoring cTn in these patients
is the ability to exclude subjects that will not develop cardiac dysfunction. Although we do
not have specific data about the cut-off values of cTn after chemotherapy, a recent study has
evaluated the increase in ¢Tn after radiation treatment and concluded that the cut-off levels
for cardiac events were 10 ng/L for hs-cTnT before the initiation of radiation, 16 ng/L for
hs-cTnT during treatment, and 12 ng/L for hs-cTnT after radiation [55].

In 2020, the Cardio-Oncology Study Group of the Heart Failure Association and the
Cardio-Oncology Council of the European Society of Cardiology published a position
statement regarding the type and duration of biomarker monitoring, depending on the
cardiotoxicity risk of the patient. Cardiotoxicity risk is evaluated according to the patient’s
cardiovascular profile and risk factors relating to preexisting cardiovascular disease and
the type or dose of cancer treatment [13].

Patients at low risk are adults treated with low dose of AC, liposomal products or
trastuzumab without AC. Patients with moderate risk are more than 50 and less than
64 years old, present 1-2 cardiovascular risk factors (smoking, dyslipidemia, insulin re-
sistance, obesity), are treated with modest dose of AC (doxorubicin 200-400 mg/ m2,
epirubicin 300-600 mg/m?), with AC before trastuzumab, or are treated with one of the
following classes of drugs: vascular endothelial growth factor (VEGF), tyrosine kinase
inhibitors (TKI), Second- and third-generation Bcr-Abl TKI, Proteasome inhibitors, Combi-
nation immune checkpoint inhibitors. Patients with high risk of cardiotoxicity are more
than 65 years old and presents more than 2 cardiovascular risk factors, cardiovascular
disease (severe valvular heart disease, cardiomyopathy, coronary artery disease, heart
failure, peripheral artery disease) presented prior cancer therapy and the LVEF is reduced
before the initiation of treatment (50-54% or less) and the cTn levels are increased after
AC treatment. The patients with high risk are treated with a combination of AC with
trastuzumab or VEGF-TKI after AC therapy, high doses of AC (doxorubicin > 400 mg/m?,
epirubicin > 600 mg/m?) and radiation therapy with a modest dose of AC or with a high
dose (heart in the radiation field with >30 Gr) [13].

The position statement of the ESC suggests that, in patients with a low or medium
cardiotoxicity risk treated with anthracycline, an assessment of ¢cTn should be performed at
the baseline, before the fifth cycle, and at 12 months after the end of treatment. For patients
with a high cardiovascular risk, the measurement should be made before cycles two, four,
and six or before every cycle and at three, six, and twelve months after the final cycle of
treatment [13].
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2.5. Trastuzumab

Almost 20% of breast cancers express human epidermal growth factor receptor 2
(HER?2). An anti-HER?2 agent—trastuzumab—was developed and was demonstrated to
reduce the disease progression by 40%. HER2 isoforms are also expressed in cardiomy-
ocytes; therefore, trastuzumab treatment is associated with LV dysfunction and HF [56].
This review focused on trastuzumab because is the most studied in the class of HER2
direct therapies. Five approved trastuzumab biosimilars demonstrate similar rates of
cardiotoxicity [57].

The studies available on the role of cIn in cardiac dysfunction associated with
trastuzumab are presented in Table 2. The exact mechanism of trastuzumab-induced
cardiotoxicity is still unknown, but some studies have suggested the following possibilities:
the inhibition of cardiomyocyte repair by blocking the HER2 downstream pathway and
neuregulin 1, and/or the inhibition of topoisomerase IIb, leading to the increased formation
of reactive oxygen species and apoptosis [58].

Table 2. The role of troponin in cardiotoxicity associated with trastuzumab treatment.

Study Patients Design Type of Chemotherapy Type of Determination of ¢cTn Outcomes
Cancer cTn
cTnl > 0.08 ng/mL
. . was the strongest
Cardinale et al., 251 PR Breast cancer TRA Tnl Baseline and before and after independent
2010 [59] each trastuzumab cycle £
predictor of
cardiotoxicity
Before AC, before cTnT did not show
Fallah-Rad et al., trastuzumab therapy, and 3, any significant
2011 [60] 42 PR Breast cancer AC, TRA <InT 6,9, and 12 months after the changes over 1 year
initiation of trastuzumab of follow-up
. cTnl was associated
Kyetal, 78 PR Breast cancer AC, taxanes, us-cTnl Basel} ne and every 3 months with the risk of
2014 [61] TRA (maximum 15 months) . e
cardiotoxicity
High-baseline cTnT
. d cTnl was
Baseline; weeks 13, 25, and ana.c .
Zardavas et al., us-cTnl ; 4 s associated with a
2016 [62] 533 PR Breast cancer TRA hs-cTnT gi,d a;x(t)i months 18, 24, 30, 4-fold increased risk
of cardiac
dysfunction
cTnl (>0.06 ng/mL)
Yu et al., 69 Phase 2 Breast can Paclitaxel, TRA, Tnl Baseline and before every was not associated
2016 [63] sub-study cast cancer pertuzumab ¢ cycle with a decline in
LVEF
Seconc.lar); Before AC treatment, before Maleum.
de Vries anaéyms.o d starting trastuzumab ccfmcentcrahon of cTnT
Schultink et al., 206 re;gce%r(r:ze Breast cancer AC, TRA cInT treatment, and 3, 12, 24, 36, i};iraﬁ intlres;gﬁ?t
2017 [64] p 52, 64, 78, and 92 weeks mp
controlled afterwards determinant of
clinical trial reduced LVEF
No correlation
Ponde et al., 280 Phase III trial B " Lapatinib, TRA, TnT Baseline and on weeks 2 and between high ¢cTnT
2018 [65] sub-study reast cancer paclitaxel cin 18 levels and cardiac
events
Levels of us-cTnl at
the completion of AC
Ben Kridis et al., 50 PR Breast cancer AC, taxanes, us-cTnl Baseline and at 3, 6,9, 12, treatment were
2020 [66] TRA and 15 months predictive of the
occurrence of
cardiotoxicity
Kirkman et al :ﬁ;(f;g:ro); Before trastuzumab No significant
2022 [56] 94 randomized Breast cancer TRA cTnl treatment, post-cycle 4, and changes in cTnl were

controlled trial

post-cycle 17

detected

AC—anthracycline, cTn—troponin, hs-cTn—high-sensitivity troponin, LV—left ventricle, LVEF—Ieft ventricular
ejection fraction, PR—prospective, TRA—trastuzumab, us-cTnl—ultrasensitive troponin I.

One of the major side effects of trastuzumab treatment is cardiotoxicity expressed as

an asymptomatic decrease in the LVEF and HF. After treatment with trastuzumab alone, the
incidence of cardiac dysfunction ranged from 3 to 7% and reached 27% when the treatment
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was performed in combination with AC [67]. A meta-analysis including 9117 patients
across five studies showed that the likelihood of cardiotoxicity after trastuzumab use was
2.45-fold higher than the likelihood without trastuzumab use (95% CI: 1.89-3.16) [68].

The clinical outcome of cardiotoxicity associated with trastuzumab treatment is more
favorable than that associated with AC, because it is not dependent on the dosage and can
be reversed by discontinuing the treatment or by using standard cardiac therapy. Other data
have shown that, in patients treated with AC and trastuzumab, the cardiac function does
not recover, so it is difficult to separate the cardiotoxicity induced by AC or trastuzumab in
patients receiving both chemotherapies [21].

The risk increased in patients that received a combination of chemotherapy, especially
including AC; when there was a short duration between the two types of treatment; with
increasing age of the patient (>65 years); with chest wall irradiation; for patients with
other comorbidities (hypertension, obesity, or diabetes); and for patients with previous
cardiac dysfunction [44]. Based on these risk factors, a Canadian study evaluated a score
model that predicts the possibility of cardiotoxicity, and established that a low score was
associated with a negative predictive probability of 94% for permanent toxicity, and a high
score was associated with a positive predictive value of 0.17 [68].

Despite all these data, an elevation of cTn in patients with trastuzumab therapy is
usually seen at the shift between the AC and trastuzumab treatments, leading to cardiac
injury and dysfunction [12].

One of the largest studies evaluating the role of cTnT and ¢Tnl in predicting the cardiac
dysfunction of patients [69] with trastuzumab treatment established that an increased base-
line of ¢cInT and cTnl was associated with a 4-fold increased risk of cardiac dysfunction [62].
A study that included 251 patients with breast cancer receiving trastuzumab treatment,
with or without AC in combination, revealed that cardiotoxicity occurred in 17% of the
patients and affected mostly the patients with elevated cTnl (62% vs. 5%, p < 0.001). The
recovery of the LVEF was present in 60% of these patients, and an improvement in the
LVEF was less likely in patients with positive cTnl levels during treatment (35% vs. 100%;
p <0.001). In a multivariate analysis, the cTnl levels were the only independent predictor
for cardiotoxicity related to trastuzumab treatment (HR: 22.9; 95% CI: 11.6-45.5; p < 0.001)
and of the absence of LV function recovery (HR: 2.88; 95% CI: 1.78-4.65; p < 0.001). The
patients who received a combination of drugs with AC prior to trastuzumab were more
likely to present with positive levels of cTnl, suggesting that the high levels of cTn were
determined by the preexisting myocardial damage secondary to the AC treatment [21].
Similar results, confirming that the levels of us-cTnl at the end of AC treatment were a
predictor of cardiotoxicity in patients treated with trastuzumab, were demonstrated by a
study performed in Tunisia [66].

These studies raise some questions regarding the elevation of cTn levels. The most
important is related to the relationship between the increased levels of cTn after AC
treatment and patients that continue on to receive trastuzumab. If increased levels of cTn
occur mostly in patients treated previously with AC and drop over time, regardless of
trastuzumab treatment, this could be explained by two mechanisms. First, the mechanism
suggests that the increased levels of cTn appear as a consequence of the AC treatment,
and are not related to trastuzumab. This possibility is supported by the high levels of
cTn detected before trastuzumab treatment and the high levels of cTn that can persist for
months after AC treatment. Another possibility is that the increased levels of ¢cTn occur by
the direct trastuzumab damage of the already-vulnerable heart after AC administration.
Considering the fact that myocardial HER2 expression increases early after AC treatment
and disperses in time, this mechanism is also plausible [70]. The studies to come should
shed light on this dilemma.

Despite the results presented above, a study on 54 patients receiving adjuvant therapy
with trastuzumab did not find an association between the levels of cTn and the risk of
cardiac dysfunction [44]. Another study evaluated 95 patients with breast cancer receiving
trastuzumab after chemotherapy with AC, and showed that an increase in ¢Tnl at 14 weeks
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after the beginning of chemotherapy preceded the maximum deterioration of the LVEF, but
did not predict or relate to the maximum decline in the LVEF [45]. However, a study aimed
at finding a pharmacokinetic-pharmacodynamic (biomarker) model for the prediction of
LVEF decreases showed that the maximum concentration of cTnT after AC treatment was an
important determinant for reduced LVEF levels resulting from trastuzumab treatment [63].

The studies performed until now have shown conflicting results for the association
between cTn and cardiac dysfunction. The most likely explanation for these results is the
timing of ¢Tn detection and the previous AC treatment [58]. In this context, major studies
to detect a association between the levels of troponin and cardiotoxicity from trastuzumab
(with or without AC association) are needed in order to specify the exact timing of cTn
detection and its relationship with the presentation of cardiac dysfunction.

An interesting study showed that cTnl could predict the reversibility of cardiotoxicity
induced by trastuzumab. All patients with cardiac dysfunction with cTnl levels < 0.08 ng/mL
recovered their normal cardiac function, while only 35% patients with cTnl levels over this
threshold recovered [53].

The available recommendations for cIn measurements in patients receiving trastuzumab
treatment depend on the cardiotoxicity risk of the patients. For all patients, cTn should
be measured before the beginning of the treatment and at 12 months after the completion
of therapy. In patients with a low risk, cTn should be measured every four cycles; in
medium-risk patients, it should be measured before alternate cycles for 3-6 months and
every three cycles for the remaining treatment until 1 year. At 3-6 months after the final
cycle, a cTn assay should be performed. Patients with a high risk should have an assessment
of cTn before and after every cycle for the first 3-6 months, then every three cycles until
1 year. After the end of the treatment, another measurement should be performed at every
3 months [13].

2.6. Immunotherapy

Immune checkpoint inhibitors (ICSs) belong to a class of anticancer treatment that
magnifies T cell-mediated immune feedback against cancer cells. The cardiotoxic effects of
ICS include myocarditis, cardiomyopathy, arrhythmias, and vasculitis, but myocarditis is
the side effect associated with major morbidity and high mortality [71].

The incidence of myocarditis associated with ICS treatment was 0.27% in patients
receiving a combination of therapies and 0.09% in patients receiving a single ICS. A multi-
center registry noted a prevalence of 1.14% for a single treatment, which increased to 2.4%
for a combination of therapies [71]. Although myocarditis can appear at any time during
ICS treatment, it usually appears early, in most cases occurring in the first 3 months of
therapy, and it is associated with a very high mortality rate (38—46%) and a high number
of nonfatal major cardiovascular events, such as HF, complete heart block, ventricular
arrhythmias, cardiac arrest, or cardiogenic shock [72].

According to the recommendations for the diagnosis of myocarditis associated with
chemotherapy, the gold standard is a myocardial biopsy. Cardiac magnetic resonance
(CMR) is the preferred imagistic modality for diagnosis because of its tissue characterization
techniques. Positron emission tomography can be used in certain conditions, especially
when CMR is not suitable or when the results are equivocal. Biomarkers of cardiac necrosis,
especially cTn (the most specific marker for myocardial injury), are used as a minor criterion
for the diagnosis of myocarditis associated with chemotherapy [73].

Patients treated with ICS and diagnosed with myocarditis (associated with chemother-
apy) by endomyocardial biopsy on autopsy had elevated levels of cTn (94%), and 46% of
these patients developed major cardiac events: cardiovascular death, cardiogenic shock, car-
diac arrest, or complete heart block with hemodynamic instability. A ¢cTn level > 1.5 ng/mL
was associated with a 4-fold increased risk of major cardiac events (HR: 4.0; 95% CI: 1.5-10.9;
p = 0.003) [58]. Although elevated levels of cTn are not a specific indicator of cardiotoxicity
induced by ICS, they predict a poor prognosis and should be interpreted as an indication
of adverse cardiac events [74].
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A study on 252 patients with lung cancer treated with ICS showed that the incidence
of major cardiovascular events was similar in patients treated with ICS and patients treated
with other therapies. Nevertheless, ICS-associated cardiotoxicity occurred early during
therapy, was dose-independent, and was associated with elevated levels of cTnl [75].

The prompt recognition and risk stratification of myocarditis in patients receiving
ICS treatment, especially for those with diabetes, autoimmune diseases, or cardiovascular
conditions, can be helpful for reducing mortality and cardiovascular complications. The
highest sensitivity for the early diagnosis of myocarditis is obtained by using ECG and
hs-cTn; therefore, cIn measurements according to the latest recommendations could be
important [71].

The available guidelines of the ESC suggest measurements of cITn before the initiation
of treatment and at any moment of the treatment if new cardiovascular symptoms appear
during the treatment (e.g., dyspnea, chest pain, palpitations, syncope, or presyncope).
In high-risk patients, assessments of cIn should be performed before the second, third,
and fourth doses. If the measurements are normal, the measurements can be reduced to
alternating doses until the 12th dose, and then every three doses until the completion of
treatment [13].

2.7. Anti-Vascular Endothelial Growth Factor-Targeted Therapy

Anti-vascular endothelial growth factor (VEGF) therapy includes agents that block the
binding of VEGEF to receptors, antibodies that arrest the communication through receptors,
and tyrosine kinase inhibitors (TKI) that impede the kinase activity on VEGF receptors.
These drugs have been associated with hypertension and LV dysfunction, and the possible
mechanisms for the development of the latter could be increased ventricular overload,
direct toxicity to cardiomyocytes, or microvascular dysfunction [27].

Tyrosine kinase inhibitors (TKI) belong to a class of drugs that target the VEGF
receptor, which suppresses the angiogenic response in cancerous tissue. The incidence of
asymptomatic LV dysfunction is 30%, and symptomatic heart failure appears in 3-15% of
patients receiving TKI treatment [15].

Data on the role of cTn in these patients are scarce, and the largest study in this
area, which evaluated 90 patients treated with TKI inhibitors, could not find a connection
between the elevation of ¢Tn levels and cardiac dysfunction as evaluated by magnetic
resonance imaging, echocardiography, and coronary angiograms [76]. At this moment, we
do not have an official recommendation for assessing the levels of cTn during treatment
with VEGF [27].

3. Conclusions

During risk assessment for the cardiotoxicity of different chemotherapy drugs, cIn is
an important tool for the early detection of cardiac injury and could predict subsequent
changes in the LVEF and the development of HF. The assessment of cTn can be a very useful
tool for identifying patients that would benefit from cardiotoxicity prevention treatments,
and for monitoring the responses of the patient to treatment. Although much progress has
been made so far, and cTn is an important assay in the evaluation of cancer patients, we
have little data about the cut-off values of cTn over which patients are certain to develop
cardiotoxicity and the levels that suggest a discontinuation of treatment. In this context, an
estimation of other confounding factors that could be associated with cTn increases should
be assessed and the confirmation of cardiotoxicity should be made by imagistic methods.

An increase in the cTn isolated from other identifiable changes in the cardiac structure
and function should not be used as a justifiable reason for chemotherapy cessation. An
elevated cTn level should be assessed by the medical team of the patient (oncologist and
cardiologist), the risks and benefits should be discussed, and the best decision regarding
patient’s treatment and well-being should be taken according to the available informa-
tion. Elevated cTn levels could lead to increased monitoring frequency, provoke further
cardiovascular investigation, or initiate cardioprotective treatment [13]. According to the
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recommendations of the ESC, patients should be monitored depending on their cardiotox-
icity risk, not by their ¢Tn level. If their baseline value of ¢Tn is high, the monitoring
frequency should increase and other imagistic methods should be used in order to establish
the diagnosis of cardiotoxicity, considering the fact that ¢cTn is not a tool for diagnosis, but
a marker of increased risk [8].
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Abstract: Non-alcoholic fatty liver disease (NAFLD) represents the hepatic expression of the metabolic
syndrome and is the most prevalent liver disease. NAFLD is associated with liver-related and ex-
trahepatic morbi-mortality. Among extrahepatic complications, cardiovascular disease (CVD) is
the primary cause of mortality in patients with NAFLD. The most frequent clinical expression of
CVD is the coronary artery disease (CAD). Epidemiological data support a link between CAD and
NAFLD, underlain by pathogenic factors, such as the exacerbation of insulin resistance, genetic
phenotype, oxidative stress, atherogenic dyslipidemia, pro-inflammatory mediators, and gut micro-
biota. A thorough assessment of cardiovascular risk and identification of all forms of CVD, especially
CAD, are needed in all patients with NAFLD regardless of their metabolic status. Therefore, this
narrative review aims to examine the available data on CAD seen in patients with NAFLD, to outline
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the main directions undertaken by the CVD risk assessment and the multiple putative underlying
mechanisms implicated in the relationship between CAD and NAFLD, and to raise awareness about
this underestimated association between two major, frequent and severe diseases.

Keywords: non-alcoholic fatty liver disease; coronary artery disease; cardiovascular risk; liver-heart axis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease constantly on the

rise among patients with metabolic syndrome (MS), leading to an emerging worldwide
epidemic. Therefore, a growing volume of research tries to describe its pathogenesis, to
determine the most appropriate therapy, and to identify the most accurate predictors for its
evolution and prognosis [1].

Already recognized as the most widespread cause of chronic liver disease around the
world, NAFLD is a growing public health problem extending to a prevalence of about
25% in the general population. Well-developed countries display the highest prevalences,
due to the current unhealthy, sedentary lifestyle [2,3]. Reports of NAFLD involve more
than 50% of persons with type 2 diabetes mellitus (T2DM) and 90% of people with se-
vere obesity [3]. Advanced fibrosis is present in approximately 10-15% of patients with
NAFLD in the United States and Europe [3]. Moreover, patients with histologically proven
non-alcoholic steatohepatitis (NASH) have an increased risk of liver-related death [34].
The global prevalence of NAFLD is expected to increase in line with the rates of obesity
and T2DM.
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NAFLD is characterized by excessive hepatic accumulation of lipids caused by ab-
dominal obesity and insulin resistance [5]. NAFLD is classically defined by the presence
of steatosis affecting more than 5% of all hepatocytes (documented histologically by liver
biopsy), in the absence of excessive alcohol consumption and after excluding other causes
of steatosis such as drugs, or viral hepatitis, autoimmune diseases, hereditary liver disease
or hypothyroidism [5,6]. In a recent move to redefine NAFLD as metabolic dysfunction
associated fatty liver disease (MAFLD), criteria in a recent consensus include detection of
hepatic steatosis in addition to one of three criteria represented by overweight/obesity,
T2DM, or at least two metabolic risk factors [7]. NAFLD encompasses a spectrum of
progressive pathological conditions ranging from simple steatosis to NASH, advanced
fibrosis, liver cirrhosis, or even hepatocellular carcinoma (HCC) [5,6]. As mentioned above,
advanced liver disease due to NAFLD is associated with a worsened prognosis. Therefore,
the progression of NAFLD to these late stages of liver histology needs to be prevented.

Since the most important trigger of hepatic insulin resistance is the accumulation
of lipids within the liver, NAFLD is perceived today as the hepatic manifestation of the
MS [8]. Besides focusing on insulin resistance as the main target of the therapeutic strategy,
ongoing studies provide new evidence on additional mechanisms that need to be dealt
with in order to intervene on all MS components and to ameliorate all risk factors not only
for advanced liver disease, but also for cardiovascular disease (CVD). This constellation
of metabolic conditions also includes abdominal obesity, hyperlipidemia, hyperuricemia,
chronic kidney disease, and T2DM [9].

Recent epidemiological research has identified a close relationship between these
two global health problems, NAFLD and CVD. The progression of NAFLD displays the
closest correlation with CVD, followed by extra-hepatic cancers and other liver-associated
complications [10]. CVD represents a leading cause of death in the general population,
with a prevalence of at least 40% among patients with NAFLD [2,11]. NAFLD is a predictor
and a risk factor for the development of CVD, as it increases the risk of morbidity and
mortality and impacts the progress to other extrahepatic manifestations [9]. Therefore, the
highest mortality in NAFLD seems to be due to the aggravation of the CVD risk driven
by metabolic comorbidities, and not to the evolution towards HCC or end-stage liver
disease [12,13].

However, a minority of studies have not succeeded to demonstrate this significant
association of NAFLD with the risk of CVD. Olubamwo et al. showed that incident
CVD can be predicted in patients with NAFLD using a non-invasive test (NIT), but the
results were not significant after adjustments based on metabolic factors [14]. Shah and
colleagues reported no correlation between hepatic fat and atherosclerotic CVD (ASCVD),
demonstrating instead a correlation between the rising incidence of ASCVD and a higher
pericardial fat content [15].

In contrast with the few studies that failed to prove that hepatic steatosis significantly
contributes to an increased cardiovascular risk, a greater number of researchers demon-
strated a link existing between fatty liver and subclinical CVD, independently of traditional
cardiovascular risk factors or other MS elements [16-18]. Differences in the inclusion
criteria and the high variability of tools used for NAFLD and CVD diagnosis may be the
explanation of this discrepancy between results [19].

Therefore, there is a high probability that NAFLD is an independent risk factor for
CVD, regardless of other associated metabolic risk factors. The multiple conventional
risk factors like dyslipidemia, hypertension, obesity, tobacco smoking, and T2DM are also
strongly correlated with the incidence and severity of atherosclerosis. A well represented
body of evidence supports the hypothesis that atherosclerosis and NAFLD share a handful
of common cardiometabolic risk factors [20,21]. NAFLD not only promotes atherosclerosis,
but also predisposes to the evolution towards coronary artery disease (CAD), valvular
heart disease, left ventricular dysfunction, heart failure, arrhythmia, and stroke [22,23]. A
longer duration and the progression to advanced stages of NAFLD are associated with an
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increased cardiovascular risk, including coronary lesions [24,25], high arterial stiffness [26],
impaired endothelial function, or a greater risk for carotid intima-media thickening [27].

Further pathogenesis-related research is needed to identify all mechanisms and then
develop targeted therapies able to decrease the additional CVD risk related to NAFLD. The
evolution towards cardiovascular events and mortality could be prevented by a sustained
screening for cardiovascular risk and an early intervention to reduce it. Since CAD is one of the
most frequent forms of ASCVD, such an approach would surely serve to lower, in particular,
the prevalence of coronary events and to reduce CAD-related morbidity and death.

In this review, we summarize the current knowledge on the pathogenesis linking
together NAFLD and CAD and revise the available evidence validating the hypothesis that
these two conditions share key pathological features. We also highlight the results of CAD
risk assessment in patients with NAFLD, independently of their metabolic status, and the
need for approaches to improve their outcome.

2. Epidemiology of the Relationship between NAFLD and CAD

Compared to non-NAFLD individuals, it appears that patients with NAFLD are
associated with an important risk of fatal and non-fatal cardiovascular events such as
angina, myocardial infarction, coronary revascularization, or stroke [28]. An extensive
meta-analysis of six studies carried out on 25,837 adults, including nearly 6000 cases of
NAFLD showed that patients with NAFLD had an increased risk of clinical cardiovascular
events compared to those without NAFLD (14.9% vs. 6.3%) [29].

Narrowing the hypothesis that NAFLD is a risk factor for CVD, the fatty liver also
appears to be a risk factor for CAD, independently of common risk factors, such as age, sex,
family history of CVD, dyslipidemia, obesity, arterial hypertension, and diabetes [23].

Multiple publications indicate that patients at high risk for both diseases, such as those
with diabetes, dyslipidemia, high level of low-density lipoprotein cholesterol, smoking, or
family history of CAD, also have a high risk for non-calcified plaques (NCPs) [30-32].

A cohort study of 3756 North American individuals evaluated for NAFLD using
computed tomography (CT) and for CAD using coronary computed angiography (CCTA)
demonstrated that hepatic steatosis is associated with major adverse cardiovascular events
(MACE) irrespective of other cardiovascular risk factors or of CAD extent, assessed by
measurements of coronary stenosis or plaques [33]. According to Choi et al., the intensity of
NAFLD was closely related to the severity of angiography-proven coronary artery stenosis
in an Asian population. NAFLD kept its value of CAD predictor independently of common
risk factors like age, gender, body mass index (BMI), or glycemic control [34].

In a recent meta-analysis, the prevalence of subclinical CAD in 67,070 patients with
NAFLD reached 38.7% (95% confidence interval [CI]: 29.8%—48.5%) of asymptomatic pa-
tients (odds ratio [OR]: 1.22; CI: 1.13-1.31, p < 0.001), and clinical CAD was present in 55.4%
(CI: 39.6%-70.1%) of symptomatic patients (OR: 2.18, CI: 1.69-2.81, p < 0.0001); both forms
significantly correlated with NAFLD. Non-obstructive CAD had a 43.5% prevalence (CI:
30.3%-57.8%), higher than obstructive CAD, with a 33.5% prevalence (CI: 19.6%-51.1%) [35].

The research conducted by Lee et al. pointed out that only NCPs are independently
associated with NAFLD, while the incidence of calcified or mixed plaques did not vary
between people with or without NAFLD [36]. NCPs are suggestive of instability and
predisposition to acute coronary events, whilst calcified plaques (CPs) add a less vulnerable
feature [37]. Considering these findings, the mechanism leading to sudden, unexpected
cardiac events in asymptomatic patients with NAFLD may be related to the NCPs instability
and the elevated risk of plaque rupture [36].

During NAFLD progression, some data suggests that advanced fibrosis worsens the
CAD state. Moreover, NASH has a lower risk for the liver fibrosis stage than for CAD
lesions and cardiovascular events [38,39].

Furthermore, research adjusting for cardiometabolic risk factors found NAFLD sever-
ity to be independently associated with coronary atherosclerosis, especially with mixed
type plaques. Moreover, even the population without associated metabolic risk factors had
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a higher risk for CAD and mixed atherosclerotic plaques when hepatic steatosis was more
severe [40]. A study comparing NASH patients to controls with hepatic steatosis found the
former to have a higher risk of coronary lesions (stenosis, NCPs and calcium score) [38].

Another example proving the existence of advanced, high-risk coronary plaques in
patients with NAFLD is represented by a cohort study derived from The ROMICAT II trial
(Rule Out Myocardial Infarction using Computer Assisted Tomography). Assessment by
CCTA and hepatic CT demonstrated an increased prevalence of high-risk plaques compared
to patients without NAFLD, irrespective of cardiovascular risk factors and CAD severity.
Moreover, NAFLD added an approximately 6-fold higher risk for the development of acute
coronary syndromes [41]. The risk of progression from subclinical coronary and carotid
atherosclerosis also correlates with NAFLD [42].

Asymptomatic patients with NAFLD submitted to coronary angiography have a
higher risk for needing percutaneous coronary interventions or bypass grafting surgery,
with an increased risk for fatal and non-fatal outcomes. Among patients with NAFLD
meeting the criteria for coronary artery bypass grafting surgery, levels of inflammatory
markers were elevated in comparison to patients without NAFLD [43,44].

The prospective and retrospective studies focused on the relationship between NAFLD
and clinical and subclinical forms of CAD, are listed in Tables 1 and 2 (all references are
detailed within the tables).
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3. Screening and Diagnosis
3.1. CAD in Patients Assessed for NAFLD

The “gold standard” tool for NAFLD diagnosis and quantification is the liver biopsy,
which identifies macrovesicular steatosis. Since it is an invasive method, with many
potential complications, biopsy indications are limited to patients with NAFLD at high risk
of NASH and/or advanced fibrosis and patients with suspected NAFLD in whom other
etiologies of steatosis cannot be ruled out without a liver biopsy [6,89].

The early findings correlating NAFLD and CVD focused on the elevation of liver
enzymes. Increased values of serum alanine aminotransferase (ALT) [90], gamma-glutamyl
transferase [91], or alkaline phosphatase [92] were associated with other forms of CVD like
arterial hypertension and peripheral vascular disease [93].

Non-invasive tests such as clinical scores, serum biomarkers and liver elastographic
evaluation provide a good alternative to the diagnosis and staging of NAFLD [89]. Accord-
ing to European guidelines, clinical scores should be used in all patients with NAFLD [5].
A retrospective cross-sectional study involving 34,890 asymptomatic subjects evaluated
by ultrasonography (US) analyzed 665 subjects undergoing CCTA imaging. Multiple non-
invasive scores, including fatty liver index (FLI), hepatic steatosis index (HSI), Fibrosis-4
score (FIB-4), NAFLD fibrosis score (NFS), Forn’s index, and AST to platelet ratio index
(APRI), were applied. Values of NFS, FIB-4, and Forn’s index were higher when coronary
artery calcium scoring (CACS) increased. The authors concluded that fibrosis markers
incorporating risk factors for CAD demonstrated a good discriminatory power in the
prediction of CACS levels over 100 [94].

Another non-invasive test of NAFLD is represented by the liver fat score (LFS), used
in a study, including 17,244 participants of the United States National Health and Nutrition
Survey (US NHANES) database. LFS showed associations with CAD (adjusted OR: 1.09
per standard deviation [SD], 95% CI: 1.03-1.15, p = 0.003), angina (1.08, 1.02-1.13, p = 0.005)
and congestive heart failure (1.11, 1.04-1.18, p = 0.003), but not with myocardial infarction
or stroke [95].

Currently available imaging methods for hepatic steatosis and fibrosis are represented
by US, liver stiffness measurement (LSM) and controlled attenuation parameter (CAP) by
transient elastography (VCTE or FibroScan®), CT, magnetic resonance imaging, magnetic
resonance spectroscopy (MRS), and magnetic resonance elastography (MRE) [89,96].

Transient elastography is a non-invasive imagistic method that remarked as a clinical
tool for staging both liver fibrosis indicated by LSM and hepatic steatosis assessed by
CAP, allowing an early detection of NAFLD even in asymptomatic individuals without
overt liver disease [97,98]. Use of VCTE measurements in patients from the Framingham
Heart Study showed that hepatic fibrosis is significantly correlated with cardiometabolic
risk factors represented by high values of BMI and waist circumference, elevated serum
transaminases, poor glycemic control, higher systolic and diastolic blood pressure, modified
lipid profile [99]. Some studies using FibroScan for the assessment of NAFLD showed an
independent link between liver stiffness and CACS [71,100]. A retrospective cohort study
highlighted the association between NAFLD and CVD using CAP by transient elastography
and found an independent correlation between the degree of steatosis and the incidence of
CVD. The results suggest an optimal cut-off CAP value set at 295 dB/m for stratifying the
associated CVD risk [101].

The Multi-Ethnic Study of Atherosclerosis (MESA) [102] assessed NAFLD by CT and the
cardiovascular risk by CACS in selected patients [15]. Interestingly, these findings identified
only pericardial fat, but not fatty liver, to be associated with cardiovascular outcomes, including
CAD, calling into question the role of inflammation and insulin resistance.

3.2. NAFLD in Patients Assessed for CAD

Current guidelines recommend the assessment of CVD risk in asymptomatic adults
using the Framingham Risk Score (FRS), the European SCORE-2 and SCORE-2 OP, and the
ASCVD algorithm, each based on the identification of several risk factors [103]. All these
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models fail to correctly identify NAFLD-related CVD, because features like insulin resis-
tance are not included in the evaluation [95]. The Framingham Risk Score underestimate
CVD risk in patients with MS; hence, this category could be subject to a late mitigation of
cardiovascular risk. It is therefore reasonable to hypothesize that NAFLD evaluation could
help in accurately assessing cardiovascular risk in the general population [95,104].

The CACSis an accurate assessment tool for the presence and development of coronary
atherosclerosis, and can be used for monitoring the disease progression, detecting cardiac
outcomes, and oversee therapeutic effectiveness [76]. The association between NAFLD
and coronary artery calcification has been most frequently demonstrated by calculating the
Agatston CACS by CT [26]. Ichikawa et al. propose in their prospective study on patients
with T2DM the stratification of NAFLD-associated risk for cardiovascular events using
CACS and FRS [64]. Another study including an Austrian screening cohort and using
the FRS to assess the CVD risk showed an independent association of NAFLD with CV
risk [105].

CCTA is another non-invasive assessment method of coronary arteries that allows
their measurement and identification of plaque composition [71]. The lipid-rich coronary
plaques are more vulnerable to sudden rupture and predict an increased risk of CV morbi-
mortality [53,106]. Increased CACS measured by cardiac multiple detector CT is followed
by a negative impact on patients’ outcome, reflecting the total burden of atherosclerosis.
NAFLD is related to CACS progression and high-risk plaques, irrespective of traditional
CV risk factors [51]. As mentioned in the previous pages, Meyersohn and colleagues
showed, using CCTA scan, that the addition of NAFLD to every grade of CAD (no signifi-
cant CAD, non-obstructive CAD, obstructive CAD) was associated with a higher risk for
cardiovascular events than in patients without fatty liver [33].

4. Potential Pathogenic Links between NAFLD and CAD

The pathogenic mechanisms associating NAFLD and CAD are still poorly understood.
Several mechanisms have been proposed as promoters of both conditions (Figure 1), among
which systemic inflammation, gut microbiota, endothelial dysfunction (ED), oxidative
stress, or cardiometabolic comorbidities like glucose dysregulation, insulin resistance,
dyslipidemia, obesity, and hypertension; all of these usually display a genetic predispo-
sition; a growing line of evidence suggests that the NAFLD-CAD association is tightly
linked to dysfunctional secretion of fatty acids, enzymes, cytokine-related anomalies, and
pro-atherogenic microRNAs [22,107,108].

Following recent research, MAFLD may be a more appropriate acronym that high-
lights better the relevant risk factors and NAFLD pathogenesis [109]. The heterogene-
ity of MAFLD emphasizes the need for individualization, an absolute requisite for the
development of new effective treatments for each patient, depending on the dominant
subphenotype [110].

Pathogenic features such as insulin resistance, lipid disturbances, oxidative stress, and
inflammation can induce NASH and aggravate CVD progression. It is therefore reasonable
to suppose that NASH modifications significantly associated with worse coronary artery
lesions than hepatic steatosis [40].
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Figure 1. Summary of suggested pathophysiological mechanisms underlying the NAFLD-CAD
interconnection. Abbreviations: PNPLA3, patatin-like phospholipase domain-containing protein-
3; TM6SF2, transmembrane 6 superfamily member 2; SREBP, sterol regulatory element-binding
proteins; ADIPOQ), adiponectin-encoding gene, APOC3, apolipoprotein C3; LEPR, leptin receptor;
MTTP, microsomal triglyceride transfer protein; MnSOD, manganese superoxide dismutase; AGT,
angiotensin; LPS, lipopolysaccharides; FGF-21, fibroblast growth factor-21; FGF-19, fibroblast growth
factor-19; A-FABP, adipocyte fatty acid-binding protein; hsCRP, high-sensitive C-protein reaction;
PAI-1, plasminogen activator inhibitor-1; IL-1, interleukin-1; IL-6, interleukin-6; IL-8, interleukin-8;
TNEF- &, tumor necrosis factor-alpha; HMGB-1, high mobility group box 1; PTX-3. petraxin-3; RAS,
renin-angiotensin system.

4.1. Common Risk Factors

The well-established risk factors for CAD are represented by age, gender, family
history of premature CVD, hypertension, hyperlipidemia, overweight, T2DM, chronic
smoking, or other comorbidities increasing CVD risk [103]. It seems that some residual
risk factors remain even after the classical risk factors are mitigated. For example, a
study including individuals without classical cardiovascular risk factors showed that even
normal levels of low-density lipoprotein (LDL)-cholesterol are associated with subclinical
atherosclerosis [111].

The decisive factors leading to NAFLD progression are related to unhealthy lifestyle
and eating behavior (excessive intake of saturated fatty acids or fructose, de novo lipo-
genesis caused by excessive carbohydrate intake), microbiome-related metabolites, and
metabolic comorbidities (insulin resistance, dyslipidemia, obesity, T2DM, MS, hypothy-
roidism) [5,112].

It is therefore obvious that NAFLD and CVD share several common risk factors, e.g.,
obesity, T2DM, dyslipidemia, and physical inactivity, supporting the idea of a shared
pathogenesis [113]. At its turn, insulin resistance is associated both with NAFLD and with
endothelial dysfunction and ASCVD [41].

4.2. Genetics, Epigenetics Modifications

Also correlating with NAFLD stages, three genetic forms represented by patatin-like
phospholipase domain-containing protein-3 (PNPLA3), transmembrane 6 superfamily
member 2 (TM6SF2), and sterol regulatory element-binding proteins (SREBP) were found
to have a protective effect against CAD [5,95]. The possible negative correlation between
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PNPLAS3 and CAD seems to be influenced by the triglyceride metabolism and NAFLD
severity related to PNPLA3 rs738409 mutation [114,115].

CARDIoGRAMplusC4D (Coronary Artery Disease Genomewide Replication and
Meta-analysis (CARDIoGRAM) plus the Coronary Artery Disease (C4D)) included a cohort
of cases with and without CAD [116]. In this study, TM6SF2 had a protective role for
CAD, while the new NAFLD susceptibility gene of the membrane-bound O-acyltransferase
domain-containing protein 7 (MBOAT?) had a neutral effect on CAD risk [117].

Other newly identified gene polymorphisms apparently involved in the NAFLD-CAD
relationship are represented by: adiponectin rs266729 [118], adiponectin-encoding gene
(ADIPOQ), apolipoprotein C3 (APOC3), leptin receptor (LEPR), peroxisome proliferator
activated receptors (PPAR), tumor necrosis factor-alpha (TNF-«), microsomal triglyceride
transfer protein (MTTP), and manganese superoxide dismutase (MnSOD) [105,119]. The
angiotensin (AGT) rs2493132 genotype displayed a significantly increased risk of develop-
ing CAD in a Chinese Han population with NAFLD [120]. Rab18 gene expression seems to
be linked to increased adiposity and lipotoxicity [121].

Circulating microRNAs are secreted and released in biological fluids and maintain
intracellular balance. Metha et al. investigated the expression of microRNAs related to
NAFLD and CAD. The researchers found that miR132 circulatory level was reduced in
patients with both diseases (0.24 & 0.16 vs. 0.30 £ 0.11, p = 0.03) and miR-143 circulatory
level was increased compared to controls with NAFLD, but without CAD (0.96 £ 0.90 vs.
0.64 = 0.77, p = 0.02). Hence, miRNAs could be utilized as biomarkers to identify and
monitor the disease progression [122].

4.3. Lipid and Cholesterol Metabolism

Lipid profiles with a pro-atherogenic feature appear to be influenced by the hepatic
lipid concentration and the peripheral, adipose insulin resistance; such profiles include
an increased proportion of small dense LDL and very low-density lipoproteins (VLDL),
high apolipoprotein B to apolipoprotein A-1 ratio, and low high-density lipoprotein (HDL)-
cholesterol concentration [6]. Some authors argue that patients with NASH have reduced
levels of VLDL due to the decrease of microsomal triglyceride transfer protein and reduced
VLDL synthesis. This precursor of the small dense LDL particles that transports an abun-
dance of triglyceride thus becomes a pivotal atherosclerosis risk factor [38]. Prolonged
hypertriglyceridemia can determine postprandial hyperlipidemia in patients with NAFLD,
which further progresses to an accelerated postprandial atherogenesis and a higher CVD
risk [22].

High levels of triglyceride-rich lipoprotein-related elements are related to either calci-
fied or non-calcified coronary lesions in patients with NAFLD [123,124]. Studies such as
GREACE (The Greek Atorvastatin and Coronary-heart-disease Evaluation) support the
need to prevent major coronary events in patients with elevated plasma liver enzymes
caused by NAFLD [125].

Another suggested driver of metabolic and cardiovascular complications seems to be
the exhaustion of adipose tissue expansion and ectopic lipid accumulation in non-adipose
cells, which in turn causes lipotoxicity [126].

The NAFLD-CVD link is also influenced by lipid profile modifications determined
by adipokines like adiponectin, fibroblast growth factor 21 (FGF-21), and adipocyte fatty
acid-binding protein (A-FABP) [127,128]. FGF-21 concentrations are elevated in obesity
and T2DM, which involves it in NAFLD development. Therefore, the administration of
FGF-21 analog can reduce lipogenesis and fatty acid oxidation and can also protect against
atherosclerosis progression [129,130]. The association of A-FABP with NAFLD-related CVD
is amplified by insulin resistance and arterial inflammation [95]. Fibroblast growth factor
19 (FGF-19) hormone levels were negatively correlated with CAD (defined by coronary
angiography), independently of BMI, hypertension, dyslipidemia, and diabetes [131].
Levels of FGF-19 are decreased in patients with obesity, regardless of the degree of insulin
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resistance. FGF-19 analogs currently under research can suppress de novo bile acid synthesis
and de novo lipogenesis [129,132].

4.4. Systemic Inflammation and Cytokines

NAFLD-associated pro-inflammatory status changes the structure of the coronary
wall, leading to CAD and increased CVD mortality [133].

The inflammatory syndrome and the increased oxidative stress play a crucial role in
CAD associated with NAFLD. Plaque vulnerability is influenced by the inflammatory status
of NAFLD. Underlying mechanisms include increased levels of high-sensitive C-reactive
protein (hsCRP) and lipoprotein A reported in these patients [40]. Other markers associated
both with NAFLD and a high risk for CAD include homeostatic and fibrinolytic function
markers, such as fibrinogen, tissue plasminogen activator, and plasminogen activator
inhibitor 1 (PAI-1), fetuin-A [55], or homocysteine [50].

The heart-liver axis is related to the MS and acts as a direct connection between the
white adipose tissue, the liver and the heart by a systemic signaling led by organic cytokines
such as adipokines, hepatokines, and cardiomyokines, predicting the NAFLD-related CVD
risk [134]. The adipose tissue produces cytokines with complex outcomes, including a
pro-inflammatory effect, such as interleukin 6 (IL-6), interleukin 8 (IL-8), and tumor necrosis
factor o (TNF-x). The cumulative pathogenic effects of the disturbed cytokine secretion,
the oxidative stress, and the lipotoxicity lead both to NAFLD development and to coronary
atherosclerosis, irrespective of conventional cardiovascular risk factors [41,135,136].

Contrary to other studies, Choi et al. did not find insulin, hsCRP, IL-6, and TNF-« lev-
els to be related to CAD; however, the authors found reduced levels serum of adiponectin
once the CAD progressed, which indicates a possible dual role that also extends to NAFLD
pathogenesis [34]. Adiponectin inhibits hepatic gluconeogenesis and lipogenesis. Therefore,
hypoadiponectinemia can determine impaired glucose tolerance, but also CAD in patients
without diabetes [137]. In patients with NAFLD, hypoadiponectinemia associates with
increased inflammation and oxidative stress. It seems that the early onset of atheroscle-
rosis and CAD is also related to lower serum adiponectin levels, which suggests that
hypoadiponectinemia may predict atherosclerosis [138]. The CANTOS (Canakinumab Anti-
inflammatory Thrombosis Outcome Study) trial highlighted the key role of interleukin 1
(IL-1), a cytokine related to the evolution of NAFLD, as a therapeutic strategy for atheroscle-
rosis. The results showed a positive outcome on CVD events and morbi-mortality [139].

4.5. Endothelial Dysfunction and Oxidative Stress

Endothelial dysfunction developed during NAFLD progression is considered an
independent risk factor for CAD occurrence [140]. An impaired coronary flow reserve was
described in patients with NAFLD compared to controls without fatty liver after adjustment
for cardiometabolic risk factors [141]. An impaired flow-mediated vasodilatation (FMD)
can also influence the emergence of vulnerable coronary plaques and the high risk for
ischemic heart syndromes in patients with NAFLD [133]. Moreover, NAFLD was associated
with a higher short-term mortality and a worsened long-term prognosis in patients with
ST-segment elevation myocardial infarction [142].

It was shown that patients with NAFLD may have an impaired endothelial nitric
oxide synthase (eNOS) function due to insulin resistance, leading to a reduction in the nitric
oxide (NO) substrate production and an imbalance in the induction of platelet-mediated
vasorelaxation. Hence, eNOS dysfunction plays a key role in modifying the endothelial
function in patients with NAFLD and may determine an increased cardiovascular risk [143].

The role of adipocyte-derived hormone leptin and angiotensin are also investigated
for their role in endothelial function as vasoactive factors [144]. Hyperleptinemia in obe-
sity and NAFLD is significantly correlated with the development of atherosclerosis and
cardiovascular diseases [145,146]. Stimulation of the renin-angiotensin system and leptin
resistance appears to be correlated with arterial hypertension associated with obesity. More-
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over, angiotensin II can also participate to the NAFLD pathophysiology by stimulation of
lipogenesis, insulin resistance or pro-inflammatory cytokine production [145,147].

Several endothelial biomarkers were studied as possible determinants of the patho-
physiological relationship between NAFLD and CAD. Increased endocan levels and de-
creased levels of high mobility group box 1 (HMGB-1) were correlated with the severity
of CAD in NAFLD, while anti-endothelial cell antibodies (AECA) has not yet proven any
significance [148,149]. The levels of circulating petraxin-3 (PTX-3), an acute-phase protein,
were found to be elevated and strongly correlated with endothelial dysfunction in patients
with NAFLD [150].

4.6. Gut Microbiota

Compared to healthy individuals, patients with NAFLD, obesity and diabetes display
an increased intestinal permeability and increased bacterial growth in the small intestine
(endotoxemia) [108]. Metabolic endotoxemia can occur in the form of lipopolysaccharides
(LPS) entering portal circulation and impairing the immune response by binding to toll-like
receptor 4 (TLR) and activating the inflammatory cascade [108,151]. This process acts on
the insulin signaling, favors hepatic steatosis and progression to NASH; on the other hand,
it promotes endothelial dysfunction, LDL oxidation, and thrombogenesis, destabilizing the
atherosclerotic plaques [152].

Gut dysbiosis was discovered in patients with both CAD and NAFLD. The intesti-
nal microbiota might be different in patients with NAFLD and CAD than in those with
just CAD. Studies focused on gut microbiota composition in patients with NAFLD and
CAD [152] showed increased levels of Coprococcus and Veillonella, and decreased levels of
Bacteroides fragilis, Parabacterioides, Bifidobacterium longum subsp. infantis, Ruminococcus
gnavus, Bacteroides dorei, which could underlie the intestinal alterations that cause a higher
risk for adverse CVD outcomes less witnessed in NAFLD-free CAD. The abundance of
Coprococcus could favor MS in patients with CAD and NAFLD due to its positive correlation
with BMI [153]. Another potential cause of the progression of NAFLD and CAD could be
the abundance of Collinsella and Proteobacteria [154].

Circulating bile acids (BA) are also implicated in metabolic liver diseases associated
with CVD. Glycochenodeoxycholic acid (GCDCA), a marker for reduced serum concentra-
tions of BA, predicts CAD. Interestingly, this defect is reversible under statin therapy [155].

Gut microbiome-related metabolites, such as phosphatidylcholine (PC) and trimethy-
lamine N-oxide (TMAO), are also studied for their association with an increased cardio-
vascular risk [152]. TMAO is a metabolite linked with the PC metabolism and modulates
glucose and lipid homeostasis, thus influencing the liver, precipitating intra-adipose in-
flammation and impairing platelet function. High levels of TMAO seem to be involved in
the progression of NAFLD-related CAD, probably due to intestinal dysbiosis influenced by
dietary factors [105]. TMAO was found able to predict cardiovascular events in a cohort
of patients submitted to coronary angiography, independently of other risk factors [156].
Among current attempts for therapeutic strategies aiming at gut microbiota in CAD, an
inhibitor targeting a pair of microbial TMA-generating enzymes was developed, which was
able to reduce the risk of atherothrombotic events and prevent coronary complications [157].

5. The Challenge of Lean NAFLD and Cardiovascular Risk

Patients with NAFLD usually are overweight or obese and associate insulin resistance,
T2DM, dyslipidemia, hypertriglyceridemia, or hypertension, all of these being MS compo-
nents and CVD risk factors [105]. However, it appears that CVD risk is increased even in
individuals with NAFLD but normal BMI, who became categorized as lean patients with
NAFLD (BMI <25 kg/ m? in Caucasians and <23 kg/ m? in Asians) [158]. The prevalence of
lean NAFLD ranges from 10% to 20%, and despite the absence of obesity these individuals
have a similar cardiovascular risk to patients with obese NAFLD [159].

Inlean NAFLD, the risk of cardiometabolic conditions is elevated compared to NAFLD-
free subjects of all BMI categories [160]. When lean NAFLD was compared with a healthy
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control group, an increased prevalence of metabolic impairment and cardiovascular risk
was noticed [161]. An analysis on 5375 lean participants selected from the NHANES III
survey showed that NAFLD presence was associated with a major increase in all-cause and
cardiovascular mortality compared to controls [162].

While most opinions support an important role for obesity in patients with both
NAFLD and CVD, some recent studies suggest a new theory of a particular lean NAFLD
phenotype displaying a higher CVD risk than overweight people [163]. This hypothesis
suggests that visceral adiposity has a higher contribution to the waist circumference value
in lean NAFLD persons; this ectopic adipose accumulation leads to endothelial dysfunction
and a pro-inflammatory effect [164]. Visceral fat accumulation in lean Asian people was
correlated with the severity of NAFLD [95].

Despite the seemingly favorable metabolic risk profile, lean NAFLD is associated with
a higher rate of cardiovascular events compared to the obese NAFLD group, as shown in
a recent subgroup analysis study [165]. Likewise, another retrospective post hoc analysis
showed the risk for incident CVD of various types (CAD, ischemic stroke, and cerebral
hemorrhage) in lean patients with NAFLD to be higher than in overweight patients with
NAFLD (8.8% vs. 3.3%) [166]. Therefore, NAFLD also needs an increased attention in lean
individuals to prevent cardiovascular events.

The differences between lean and obese NAFLD include genetic predisposition, body
composition, environmental risk factors, and gut microbiota, all related to the incidence
of cardiovascular disease [167,168]. The metabolic dysfunction in NAFLD is weight-
dependent. A recent meta-analysis showed lean people with NAFLD have significantly
lower values of systolic and diastolic blood pressure and fasting glycemia than patients
with NAFLD and obesity [169]. According to a study by Kim and colleagues, lean patients
with NAFLD had a significantly higher ASCVD score (defined as an ASCVD risk of >10%)
compared to patients with NAFLD and obesity (51.6% vs. 39.8%) and NAFLD-free con-
trols (25.5%) [170]. NAFLD influences the incidence of CVD more than the presence of
any degree excess weight, indicating that NAFLD-triggered mechanisms favor ASCVD
independently of overweight or obesity [166].

The impact of lean NAFLD on the long-term prognosis of such patients is not com-
pletely understood, but it could be labeled as not being a benign condition [171]. The fact
that NAFLD is also found in normal weight patients is usually overlooked, delaying the
diagnosis and risking the progression of hepatic steatosis to NASH or fibrosis, with an
increased associated CVD risk [172]. The conundrum of lean NAFLD being linked to CVD
risk needs clarification in future studies.

At this moment, no data are available on the incidence and progression of coronary
artery disease in lean NAFLD.

6. Conclusions

The available findings strongly support the fact that NAFLD and CAD are two condi-
tions closely related to the MS. Similar to NAFLD being named the hepatic MS manifes-
tation, we could say that CAD is its cardiac manifestation, closely related to the former.
Consistent data showed that CAD has a high prevalence among patients with NAFLD,
leading to an increased mortality. NAFLD is significantly associated with clinical and
subclinical CAD, independently of the conventional cardiometabolic risk factors.

Many putative mechanisms are considered relevant in NALFD-related CAD, includ-
ing genetics, inflammation, oxidative stress, lipotoxicity, atherogenic dyslipidemia, or gut
microbiota. Key questions for future research refer to the complex mechanisms linking
NAFLD to CAD, to the nature of optimal personalized lifestyle modification and appro-
priate pharmacologic approaches for both conditions, and to whether NAFLD-directed
therapeutic strategies can also reduce CVD risk.
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Abstract: The link between heart and liver cirrhosis was recognized decades ago, although much
data regarding atherosclerosis and ischemic heart disease are still missing. Ischemic heart disease or
coronary artery disease (CAD) and liver cirrhosis could be associated with characteristic epidemi-
ological and pathophysiological features. This connection determines increased rates of morbidity
and all-cause mortality in patients with liver cirrhosis. In the era of a metabolic syndrome and
non-alcoholic fatty liver disease pandemic, primary prevention and early diagnosis of coronary artery
disease could improve the prognosis of liver cirrhosis patients. This review outlines a summary of the
literature regarding prevalence, risk assessment and medical and interventional treatment options in
this particular population. A collaborative heart-liver team-based approach is imperative for critical
management decisions for patients with CAD and liver cirrhosis.

Keywords: coronary artery disease; liver cirrhosis; prevalence; liver transplantation; treatment

1. Introduction

The association between liver cirrhosis (LC) and coronary artery disease (CAD) is still
a matter of debate. Common pathogenic mechanisms (vascular inflammation, endothelial
dysfunction, a procoagulant status) were recognized to be associated with developing
atherosclerotic lesions in patients with LC [1,2].

Cardiovascular abnormalities in LC are associated with a hyperdynamic hemodynamic
status, increased resting cardiac output and a blunt ventricular response to stress, systolic
and diastolic dysfunction, along with electrophysiological abnormalities such as QT interval
prolongation [3].

LC is characterized by increased oxidative stress and low nitric oxide (NO) bioavail-
ability, resulting in vascular inflammation, endothelial dysfunction, increased production of
tissue factor, hypercoagulability and vascular smooth-muscle proliferation [4,5]. To all these
factors, hepatic inflammation is superimposed by overexpression of TNF-«, angiotensin
II, toll-like receptor 4 and nuclear factor-kB [1]. Portal hypertension is associated with
increased gut permeability and pathogen-associated molecular patterns (PAMPs) that acti-
vate an immune response and increase systemic inflammation [6]. Alcohol consumption,
infections or drug-induced liver injury cause hepatocyte apoptosis with secondary release
of damage-associated molecular patterns (DAMPs) with an important role in increasing
the inflammatory response [7] (Figure 1).
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Figure 1. Pathogenic mechanism of coronary artery disease in patients with liver cirrhosis. Abbre-
viations: ATIII: antithrombin III; CRP: C-reactive protein; DAMPs: damaged-associated molecular
patterns; Fb: fibrinogen; IL-6: Interleukin 6; IL-13: Interleukin 1f3; NAFLD: non-alcoholic fatty liver
disease; NLRP3: pyrin domain-containing protein 3; NO: nitric oxide; PAI-1: plasminogen activator
inhibitor-1; PAMPs: pathogen-associated molecular patterns; TNF-«: tumoral necrosis factor; vW:
von Willebrand factor.

Moreover, in cirrhotic patients, increased peripheral NO induces splanchnic vasodi-
latation. Pulse wave velocity measurement is a non-invasive tool for early atherosclerosis
diagnosis in direct relation with intima—media thickness in patients with LC despite splanch-
nic vasodilatation, confirming the fact that these patients are not protected from developing
atherosclerotic lesions [8].

Moreover, the effects of diabetes mellitus (DM), smoking, hypertension and metabolic
syndrome, in different combinations, accelerate the process of atherosclerosis and can lead
to acute coronary syndrome [3-5]. Additionally, current evidence suggests that when the
traditional risk factors for CAD are controlled, cirrhotic patients remain at high risk of
developing CAD [8].

Data published until now have demonstrated that the development of CAD in patients
with LC is associated with poor prognosis and high mortality rates, including patients on
the liver transplant waiting list [9]. Even if important progress has been made regarding
early diagnosis and treatment of CAD in recent years, for the cirrhotic population there are
still many unresolved issues. Therefore, we aimed to present an updated comprehensive
narrative review on the currently available literature related to CAD and LC.
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2. Epidemiology, Clinical Presentation and Risk Factors
2.1. Epidemiology of CAD in LC

A few decades ago, patients with liver cirrhosis were considered protected from
developing ischemic cardiac disease due to low blood pressure and low cholesterol levels [9].
However, recent data confirmed that CAD are more prevalent in the cirrhotic population
compared with the general population [9,10]. The prevalence of CAD in patients with
liver cirrhosis ranges between 1.7 and 27%, and it is associated with high mortality during
and after liver transplantation surgery [11-15]. This wide prevalence variation could be
explained by the heterogeneity of the cirrhotic population and the different diagnostic
methods and CAD definitions. Autopsy studies have demonstrated that patients with LC
have less advanced atherosclerotic plaques and a low prevalence of calcified atherosclerotic
lesions versus non-cirrhotic patients. However, these data were not confirmed by imagistic
studies, which confirmed that atherosclerotic lesions are at least as frequent in patients
with LC as in general population, especially in the decompensated stage of the disease.
The majority of studies evaluating the CAD epidemiology in LC differed in their control
groups, and they involved different patients in terms of cardiac symptoms and history, all
these representing an important statistical bias. The knowledge of the prevalence of CAD,
particularly of anatomically confirmed CAD, in patients with LC is very limited.

Some studies demonstrated a low prevalence (1.7%) of CAD in patients with LC,
despite the presence of atherosclerotic risk factors [16,17]. It has to be mentioned that these
were retrospective studies, the prevalence of CAD was a secondary endpoint, and most of
the patients were diagnosed with viral decompensated LC. When the diagnosis was based
on computed tomography (CT) angiography, the prevalence of asymptomatic obstructive
CAD was 7.9% in a cohort including the majority of the patients with decompensated viral
B liver cirrhosis [10], as was demonstrated in more than 1000 Korean patients.

A recent meta-analysis including almost 13,000 patients concluded that the preva-
lence of obstructive CAD among patient with LC reached 12.6%, similar to the general
population [11], and the highest prevalence was reported in cirrhotic patients aged over
50 years old. Moreover, non-obstructive CAD has a higher rate in patients with LC [10]
compared with the general population (30.6% vs. 23.4%, p = 0.001). Additionally, acute
coronary syndrome had a prevalence of 2.81 per 1000 person-years and was higher in
patients with ascites.

2.2. Clinical Presentation of CAD in LC

Liver cirrhosis, especially in the decompensated stage, modifies the clinical presen-
tation and the main symptoms of CAD. Asymptomatic presentation is very common in
a cirrhotic population; only a minority of patients with LC who presented with acute
myocardial infarction declared chest pain, compared with 72% of patients from the general
population [10], although these patients were more likely to report dyspnea, a frequent
symptom in patients with LC and grade 2 or 3 ascites or pleural effusion. Thus, recognition
of ischemia in patients with LC requires a high index of suspicion, considering that CAD
presents atypically in this special population. Chronic coronary syndrome is more difficult
to diagnose in patients with LC as most of them have no angina symptoms. They can
present with dyspnea on exertion or effort thoracic anterior pain. Differential diagno-
sis should be made with porto-pulmonary hypertension, pulmonary embolism, pleural
effusion, or pneumonia. Special attention should be paid in cirrhotic patients admitted
with hemorrhagic complications, as anemia could precipitate an acute coronary syndrome
and routine administration of vasoactive treatment—terlipressin—could aggravate the
cardiac ischemia.

2.3. Risk Factors for CAD in LC

Risk assessments are based on population studies and are scant for cirrhotic popula-
tions. The major cardiovascular risk factors for CAD development are: arterial hypertension,
diabetes mellitus, hyperlipidemia, obesity and smoking. DM, obesity and smoking were
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recognized as risk factors for CAD in patients with LC, along with age greater than 50 years
old [9,13,18]. Diabetes mellitus is one of the main cardiovascular risk factors identified in
patients with LC, the majority of the patients having asymptomatic CAD, although it is not
clearly established if DM is more atherogenic in patients with LC [19]. It was demonstrated
that LC is associated with low LDL levels, elevated HDL-2 cholesterol concentration and
decreased adipokine levels, all of these leading to improvement in the lipid profile [14].

Controversies still remain regarding the role of heavy alcohol consumption on CAD
prevalence. Patel et al. [12] demonstrated that patients diagnosed with alcoholic LC have a
lower incidence of severe CAD. In contrast to these findings, Gologorsky et al. [18] found
no evidence for low prevalence of CAD in patients with alcoholic LC in a large cohort
including almost 6000 patients.

Patients with LC exemplify the shortcomings of risk assessments from population
data, as they have low values of arterial pressure and low cholesterol levels. However, these
risk prediction scores can be improved by adding liver-specific variables, such as model
for end-stage liver disease (MELD) score, albumin level or liver fibrosis scores. Additional
risk markers may help to refine atherosclerotic cardiovascular risk (Table 1). Coronary
artery calcification can be used to identify CAD in patients with LC, especially in those
evaluated for LT. Similarly, the prognostic significance of various circulating biomarkers,
such as C-reactive protein, cardiac troponine and natriuretic peptides, may be lower than
that of the general population.

Table 1. Risk factors for cardiovascular events.

General Population Risk Factors

Age > 50 years
Smoking
Dyslipidemia
Arterial hypertension
Diabetes mellitus
Family history of CAD
Personal history of CAD
Male sex

Liver-Cirrhosis-Specific Risk Factors
NAFLD etiology
Decompensated liver cirrhosis and hypercoagulable state

Such novel serum biomarkers as matrix metalloprotease 9 (MMP-9), pentraxin 3,
growth differentiation factor 15 (GDF-15), myeloperoxidase (MPO) and monocyte chemoat-
tractant protein 1 (MCP-1) were proved to increase CAD risk prediction in a general
population. MMP-9, GDF-15 and pentraxin 3 are involved in liver angiogenesis and fi-
brogenesis processes [20-23]. MCP-1 is an inflammatory chemokine associated with LC
complications and mortality [24]. None of these novel biomarkers were evaluated for
cardiovascular risk prediction in patients with LC. It has to be mentioned that finding such
a biomarker in cirrhotic patients will be very difficult as most of them reflect fibrosis or
inflammation, processes highly active in liver cirrhosis. However, it remains to be deter-
mined whether incorporation of these biomarkers into clinical care will affect the outcomes
of cirrhotic patients. Entirely new cardiovascular risk models may be needed in LC, as the
Framingham risk equation underestimates risk in liver transplant recipients, and modified
equations have not been validated in this population.

Recently, new data were published regarding the role of non-invasive liver fibrosis
scores and the risk of CAD. These studies suggest that advanced liver fibrosis is associated
with a high risk of CAD [25], and moreover with complexity of CAD [26].
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3. Etiology of Liver Cirrhosis and CAD

There is a well-known association between non-alcoholic fatty liver disease (NAFLD)
and an increased risk of ischemic heart disease up to 21.6% compared with 5.0% in patients
with LC from other etiologies [27]. It was demonstrated that patients with NAFLD have
more complex CAD with more than three vessels involved [13], due to poor coronary
collateral development [28,29] and vulnerable plaque formation [30,31]. Even if NAFLD
has common risk factors with metabolic syndrome and the prevalence of CAD is higher in
patients with NAFLD, data regarding the frequency of CAD in patients with NAFLD and
advanced fibrosis, including LC, are scant. In a large cohort including patients diagnosed
with CAD by coronary angiography and evaluated for NAFLD and fibrosis using transient
elastography and controlled attenuation parameters, obstructive CAD was less frequent
in patients with advanced liver fibrosis compared with mild fibrosis [32]. Recent studies
demonstrated that advanced fibrosis secondary to NAFLD diagnosed by noninvasive
serum markers is associated with CAD [2]. On the contrary, in an Asian population,
NAFLD liver cirrhosis was associated with a reduced prevalence of CAD [33], confirming
that there are still some puzzle pieces missing in the larger picture of NAFLD and CAD.
It has not yet been demonstrated that NAFLD is an independent risk factor for CAD in
patients with LC; therefore, there are no clear recommendations for screening for CAD in
all patients with NAFLD liver cirrhosis.

Data regarding the influence of chronic alcohol consumption on the risk of CAD are
contradictory. Patel et al. demonstrated in 420 cirrhotic patients that those with alcoholic
cirrhosis had a lower incidence of CAD compared with other etiologies of LC [12]. It has to
be mentioned that the patients diagnosed with NAFLD liver cirrhosis were not excluded
from the control group. Considering that NAFLD is an independent risk factor for CAD in
patients with or without metabolic syndrome, the results of this study should be carefully
interpreted [34].

The association between viral hepatitis and cardiovascular risk is also controversial.
Previous studies reported no relationship between viral hepatitis and carotid arteries’
atherosclerotic lesions; moreover, viral C etiology was negatively correlated with CAD [35].
On the contrary, recent data have confirmed that virus C infection is associated with in-
creased systemic inflammation, insulin resistance, dyslipidemia, carotidian atherosclerotic
plaques and hepatic steatosis [36-38]. Additionally, chronic hepatitis C was associated
with an increased epicardial fat thickness and carotid intima-media thickness, and these
were in direct positive correlation with LC severity assessed by Child-Pugh class and
CAD [39]. Moreover, the antiviral treatment with virological response was associated with
a significant decrease in atherosclerotic plaques [40,41].

Primary biliary cholangitis (PBC) is characterized by an increased level of cholesterol
and chronic systemic inflammation, although the influence of this dyslipidemia in the
development of CAD was not clearly demonstrated. In a retrospective cohort study, Wang
et al. demonstrated that only arterial hypertension is an independent risk factor for CAD in
patients with PBC [42]. Three large cohorts, including more than 500 cirrhotic patients, also
found no relationship between PBC and the CAD development [43-45]. On the contrary, a
meta-analysis of only four observational studies demonstrated that PBC is associated with
a 57% excess risk of CAD, and patients with PBC should receive appropriate treatment for
traditional cardiovascular risk factors [46].

4. CAD Diagnosis in Liver Cirrhosis

Considering the difficulties in the diagnosis of CAD in patients with LC, testing is
recommended in symptomatic patients and in those asymptomatic needing moderate to
high-risk surgery, including LT. Identifying the best method for CAD screening in patients
with LC is still a matter of debate.

For the diagnosis of acute coronary syndrome, the current guidelines should be
followed [47], and myocardial infarction should be diagnosed according to the fourth Uni-
versal definition of Myocardial Infarction [48]. In patients with chest pain, high-sensitivity
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troponin level is a reliable marker for myocardial ischemia [49]. In patients with LC, tro-
ponin levels may be elevated secondary to myocardial damage unrelated to obstructive
CAD [50] as a marker of cirrhotic cardiomyopathy [51] in direct relation to liver disease
severity [52].

Coronary angiography is the gold standard for CAD diagnosis, although, in patients
with LC, it is an invasive procedure with a high risk of complications: bleeding, acute
kidney injury, etc. Considering these particularities, non-invasive tests are preferred
for CAD diagnosis in symptomatic cirrhotic patients or those who are asymptomatic
undergoing moderate or high-risk surgery. In the setting of acute coronary syndrome,
coronary angiography is the main method of diagnosis including in patients with LC.

Cirrhotic patients with acute coronary syndrome, symptomatic angina refractory to
treatment, and those asymptomatic with a non-invasive positive test have indication for
invasive coronary angiography [53]. Transradial access for cardiac catheterization in patients
with LC is safer compared with femoral access [54].

The European Association for the Study of the Liver recommends electrocardiogram
and echocardiography in all LT candidates, and in those older than 50 years, with multiple
cardiovascular risk factors an exercise stress test is indicated [55], although, the American
Association for the Study of Liver Disease indicates that all LT candidates should benefit
from a stress echocardiography regardless of the cardiovascular risk factors [56].

The non-invasive methods for CAD diagnosis are represented by stress echocardio-
graphy, computer tomography angiography (CTA) with coronary artery calcium (CAC)
scoring, cardiac magnetic resonance imaging (MRI), and single-photon emission computed
tomography myocardial perfusion imaging [19].

Exercise testing is difficult to perform in patients with LC as it is frequently limited
by the inability of these patients to reach diagnostic workloads. Second, exercise testing
in LC is often limited by baseline electrocardiographic abnormalities and non-selective
beta-blocker treatment. Third, most existing data were derived from studies of transplant
candidates—the extent to which these data can be generalize to all cirrhotic patients is
uncertain. It has to be mentioned that in patients with LC, ST segment depression can be
identified in exercise tests in the absence of significant CAD, as a consequence of a disorder
in the myocardial microcirculation secondary to vasodilatation mediated by the coronary
artery endothelium [57]. Even if exercise stress testing is possible in a patient with LC, its
sensitivity is poor.

Other stress tests with other drugs (such as terlipressin and metariminol) or vol-
ume challenge still remain in the research field. Dobutamine stress echocardiography (DSE)
has low specificity as it is less likely for the patients to achieve target heart rate during
pharmacological-induced stress [58]. In a study including more than 600 cirrhotic patients,
DSE had a sensitivity of only 19% and a specificity of 90% (negative predictive value
84%, positive predictive value 29%) [59]. This low sensitivity is explained by chronotropic
incompetence in patients with LC.

Coronary artery calcium score and computed tomography angiography (CTA) may offer
significant advantages over functional imaging modalities in the setting of liver cirrhosis.
In a cohort of 147 cirrhotic patients on the liver transplant waiting list, more than half of the
patients were classified in the moderate/high-risk group [17]. Compared with other meth-
ods of CAD evaluation in asymptomatic patients with LC, CAC is the most useful predictor
and can be used in order to triage the patients for angiography [60]. This method has a 47%
positive predictive value and 99% negative predictive value for diagnosis of significant
coronary stenosis [19]. CAC measures the total amount of coronary calcium, expressed as
Agatston units. Values greater than 400 are associated with severe CAD [61], and could
identify the high-risk cirrhotic patients that could benefit from coronary angiography.

In patients with suspected CAD, stress cardiac MRI could be used for assessing the
myocardial scars and to identify the viable myocardial tissue for revascularization proce-
dures (62). Stress cardiac MRI has a sensitivity of 77% and a specificity of 88% for detecting
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significant coronary stenosis (>50%) [62], although data for patients with LC are scant, and
due to its high cost the utility in routine evaluation of patients with LC is limited.

The diagnosis of CAD in patients with LC could be challenging due to overlapping
symptoms, especially in decompensated LC. Chest pain could be secondary to pleuritis,
pneumonia or musculoskeletal disorders. Dyspnea has many causes in cirrhotic patients:
pleural effusion, porto-pulmonary hypertension, hepato-pulmonary syndrome, pneumonia,
pulmonary embolism, large ascites, or anemia. Moreover, in decompensated LC patients,
low-voltage ECG is frequent, and transthoracic echocardiographic examination is limited
by pleural and pericardial effusion and ascending diaphragms. All these elements concur
to a delayed diagnosis of CAD in patients with LC. A diagnostic algorithm is presented in
Figure 2.
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Figure 2. Diagnostic algorithm for patients with LC and CAD.

5. Management of CAD in Liver Cirrhosis
5.1. Medical Therapy

The management of CAD in patients with LC is an unsolved issue. Although medical
therapy is the cornerstone of CAD treatment, challenges exist in cirrhotic patients, consid-
ering the fact that patients with LC are under-represented in clinical trials and, as such, the
evidence to support recommendations is limited.

Such nonselective beta-blockers as propranolol and carvedilol are frequently used in
patients with LC for variceal bleeding prophylaxis due to their ability to decrease the
portal vein pressure. In patients with CAD, the benefit of beta-blocker treatment is well
established. It reduces myocardial ischemia and is effective in improving symptoms. Peuter
et al. demonstrated that nonselective beta-blockers are associated with a higher decrease
in mortality and vascular events than cardioselective receptor blockade in patients with
CAD [63], although data evaluating the role of beta-blockers on CAD treatment in patients
with LC are lacking.

Antiplatelet therapy could be indicated in patients with LC. Even if this therapy is
associated with an increased risk of non-portal hypertension-related bleeding, there is
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no influence on mortality [64]. Moreover, most of the cirrhotic patients have thrombocy-
topenia, although platelet aggregation is normal, as was demonstrated by aggregometry
methods [65]. Caution should be taken in patients with platelets less than 50 x 10° /L, as
those are prone to develop bleeding complications [66].

P2Y7, inhibitors block adenosine-diphosphate-induced platelet aggregation. Clopido-
grel is an irreversible inhibitor of P2Yj; and the liver is the site of metabolic activation.
In patients with compensated LC, Child-Pugh class A, clopidogrel pharmacokinetics is
not influenced [67]. No dose adjustments should be made in these patients. However,
in patients with decompensated LC, Child-Pugh class C, clopidogrel treatment inhibited
platelet function with no increase in the side effect rate [65]. Prasugrel, another P2Y1; in-
hibitor, could represent a safe treatment in patients with LC, as it has no hepatic metabolism.
Ticagrelor, a reversible P2Y1, inhibitor, has hepatic metabolism, being activated by the liver
cytochrome 3A4 enzyme, and it is not recommended in patients with Child-Pugh class C
liver cirrhosis [68]. Even if Ticagrelor is a reversible P2Y1, inhibitor, the effect on platelet
inhibition is prolonged with increasing LC severity [69]. Considering all these data, in
cirrhotic patients presenting with acute coronary syndrome undergoing PCI, prasugrel is
the preferred drug, as it has benefits over ticagrelor in lowering mortality and stroke rate
without increasing the bleeding risk [70]. There are only case reports regarding the use of
glycoprotein IIb/IIla inhibitors in patients with LC. Eptifibatide was associated with severe
thrombocytopenia in patients with LC and an increased hemorrhagic risk [71].

Dual antiplatelet therapy is recommended for at least 12 months after drug-eluting stent
insertion and for at least 1 month after a bare metal stent placement [53]. There are few
studies evaluating the safety of this drug association in patients with LC. In a retrospective
cohort comparing cirrhotic patients with or without aspirin and clopidogrel treatment, it
was demonstrated that the rate of fatal variceal bleedings was very high (12.5% vs. 6.3%),
concluding that this treatment should be restricted to cirrhotic patients without esophageal
varices [72]. In studies performed on national databases, it was demonstrated that patients
with LC have a higher risk of bleeding complications on dual antiplatelet therapy and an
individualized approach is needed [73,74].

Controversy surrounds the use of statins in patients with LC. There are no studies
confirming the benefits of statins in reducing major vascular events in patients with LC,
although statins can be safely used in patients with LC. Recent studies confirmed that
simvastatin decreases portal pressure [75]. Statins decrease hepatic fibrogenesis, protect
from severe LC complications and even reduce the risk of hepatocellular carcinoma by
improving inflammation and endothelial dysfunction [76]. It has to be mentioned that data
on the use of statins in patients with decompensated LC are very limited.

Considering all these data, Patel et al. [77] demonstrated that aspirin and statins are
safe in patients with decompensated LC, and they can be indicated in patients that associate
CAD when the benefits of cardiovascular events prevention outweigh the risk of bleeding.

Angiotensin-converting-enzyme inhibitors, angiotensin receptor blockers and direct renin
inhibitors are not indicated in patients with LC, especially in those in the decompensated
stage of the disease due to the effect of vasodilation, which could increase the risk of acute
kidney injury, including hepato-renal syndrome, and predispose the patients to electrolyte
disturbances. The risk of hyperkaliemia in cirrhotic patients treated with angiotensin-
converting-enzyme inhibitors is 5.2-fold greater compared with that in patients without
LC [78]. Patients with LC have an activation of the renin angiotensin aldosterone system
and of the sympathetic nervous system, causing renal vasoconstriction, impaired renal
perfusion and increased sodium retention. ACE inhibitors or sartans can further impair
glomerular filtration due to reduced filtration pressure, and they should be used very
cautiously in cirrhotic patients [79,80].

There is little information regarding the safety of other specific anti-angina drugs in
patients with LC. Ranolazine inhibits the late inward sodium current and has as a side effect
QTc prolongation. Ivabradine combined with carvedilol could improve diastolic dysfunction
and survival rate in patients with liver cirrhosis [81], also decreasing the complication rate.
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5.2. Revascularization in Patients with CAD and Liver Cirrhosis

The choice of medical therapy alone or revascularization with percutaneous coronary
intervention (PCI) or coronary artery bypass (CABG) in symptomatic patients with LC
is controversial. In the absence of dedicated clinical trials, cirrhotic patients presenting
with acute coronary syndrome undergo the same invasive approach as those with normal
liver function.

5.2.1. Percutaneous Coronary Intervention (PCI)

Mortality in patients with CAD and LC is higher than in the general population,
although the mortality rates in this population increased during the last decade [82]. PCLin
patients with LC is associated with a higher procedural risk, more frequent cardiogenic
shock, cardiac arrest and gastrointestinal bleeding, along with a fivefold increase in acute
kidney injury compared with general population [83].

An observational study evaluating the trends in PCI evolution between 2003 and
2016 in the United States demonstrated that PCI procedures increased among patients
with LC and decreased in the general population [84]. These data could be explained by a
better recognition of cardiovascular risk factors associated with early primary prevention
methods in the general population and the lack of a precise cardiovascular score in a
cirrhotic population. In this large study, the rates of vascular complications were similar in
patients undergoing PCI with or without LC.

A large retrospective cohort including cirrhotic patients with LC undergoing PCI
demonstrated that this procedure is associated with high bleeding complications and
mortality, especially when bare-metal stents were used [83] compared with the general
population. It has to be mentioned that 77% of the procedures were performed on an
emergent basis and 15% for ST-elevation myocardial infarction presentation, although no
data on the severity of LC were reported. Bare-metal stents were preferred in patients with
LC due to short-term use of dual antiplatelet drugs, even if the data published did not
demonstrate that bare-metal stents are associated with a lower bleeding risk compared
with drug-eluting stents in patients with LC [83]. The long-term safety of PCI in patients
with LC was evaluated in a cohort of 64 patients, with the majority in the decompensated
stage of the disease. This study demonstrated that cirrhotic patients with CAD diagnosed
before liver transplantation have an increased mortality after liver transplantation, as
these patients have multivessel CAD. One of the largest retrospective studies including
patients with LC and CAD demonstrated that the mortality rate was not influenced by
PClI, suggesting that the revascularization in this special population is not associated with
a major benefit in terms of survival, given the high rate of liver-related mortality [85].
Long-term data confirmed that the rate of adverse events is higher in cirrhotic patients
undergoing PCI for CAD, with a severe bleeding rate of 23% and a rate of acute kidney
rate of 26%, of whom patients needed renal replacement, compared with the group that
received medical treatment. After 1 year of follow-up, the bleeding rate was doubled in
patients receiving PCI [86]. The highest rate of complication was demonstrated in patients
with decompensated LC, especially ascites and hepatic encephalopathy, before PCI [86].
Considering all these data, the benefit of this procedure, in asymptomatic decompensated
cirrhotic patients is still under debate.

There had been a preferential approach of opting for bare-metal stents in patients with
LC because of earlier endothelialization and shorter dual antiplatelet therapy duration
times. However, several clinical trials have demonstrated the superior outcomes of second-
generation drug-eluting stents compared with bare-metal stents [84-88]. Coronary artery
stenting and dual antiplatelet therapy are associated with an independent risk of variceal
bleeding [72]. A history of variceal bleeding or presence of varies confers an increased
risk, and primary or secondary prophylaxis of variceal bleeding is recommended prior to
cardiac catheterization.
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5.2.2. Coronary Artery Bypass Grafting (CABG)

Cardiac surgery is associated with a high risk of mortality in patients with LC, with an
overall mortality rate of 26% [89]. Two large patients cohorts, the first one including patients
evaluated between 1998 and 2004, and the second including those admitted between 2002
and 2014, demonstrated that coronary artery bypass grafting procedures in patients with
LC increased, although they were associated with high morbidity and mortality risk [90,91],
even if there is a tendency of decreasing in recent years. Bleeding complications were
the most frequent cause of morbidity after CABG, and the patients in a decompensated
stage of LC were more prone to developing complications and had increased in-hospital
mortality. The highest mortality risk was identified in patients with a MELD score > 13 and
Child-Pugh class more than 7 points [92], and these patients could benefit more from other
methods for revascularization.

The waiting period from CABG and liver transplantation is still a matter of debate.
This period varies between 12 h and 18 days. The data published until now conclude that
we have to wait more than 10 days until liver transplantation after CABG [92].

Considering all these data, LC should be included in the cardiac risk assessment, and
the decisions regarding the best option should include a combination between liver disease
severity models and cardiovascular risk scores.

6. Conclusions

Patients with LC and CAD constitute a high-risk population with unique epidemio-
logical and pathophysiological characteristics. Considering the increasing prevalence of
alcoholism, diabetes mellitus, obesity and non-alcoholic liver disease, the prevalence of
CAD in LC is on the rise. The prognostic factors for CAD in LC have to be clarified, along
with the role of screening programs and the most appropriate interventional preventive
regimes. Data on the safety and efficacy of antiplatelet drugs in LC patients are derived
from observational studies in patients with mild to moderate LC, and we have limited
data on patients with severe decompensated LC. Additionally, the optimal duration of
dual antiplatelet therapy in LC patients still remains to be defined, along with the limits of
interventional revascularization procedures.

The data we have until now confirm the utility of non-invasive methods of diagnosis,
and the safety and efficacy of beta-blockers and statins in patients with LC and CAD.
Treatment decisions should balance between bleeding and thrombotic risks, especially in
Child-Pugh C cirrhotic patients.

A heart-liver team-based approach is imperative for critical management decisions
for this patient population, and clinicians need to become more aware of the association
between CAD and LC.
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Abstract: According to new research, a possible association between inflammatory bowel disease
(IBD) and an increased risk of ischemic heart disease (IHD) has been demonstrated, but this concern
is still debatable. The purpose of this review is to investigate the link between IHD and IBD, as
well as identify further research pathways that could help develop clinical recommendations for the
management of IHD risk in IBD patients. There is growing evidence suggesting that disruption of the
intestinal mucosal barrier in IBD is associated with the translocation of microbial lipopolysaccharides
(LPS) and other endotoxins into the bloodstream, which might induce a pro-inflammatory cytokines
response that can lead to endothelial dysfunction, atherosclerosis and acute cardiovascular events.
Therefore, it is considered that the long-term inflammation process in IBD patients, similar to other
chronic inflammatory diseases, may lead to IHD risk. The main cardiovascular risk factors, including
high blood pressure, dyslipidemia, diabetes, smoking, and obesity, should be checked in all patients
with IBD, and followed by strategies to reduce and manage early aggression. IBD activity is an
important risk factor for acute cardiovascular events, and optimizing therapy for IBD patients should
be followed as recommended in current guidelines, especially during active flares. Large long-term
prospective studies, new biomarkers and scores are warranted to an optimal management of IHD
risk in IBD patients.

Keywords: ischemic heart disease; inflammatory bowel disease; ulcerative colitis; Crohn’s disease;
myocardial infarction; coronary artery disease; cardiovascular risk

1. Introduction

Inflammatory bowel disease (IBD) is a recurrent chronic idiopathic inflammatory
condition of the gastrointestinal tract. Various factors are involved in its pathogenesis,
such as genetic susceptibility of the host, and it is precipitated by environmental and
microbial factors [1]. Crohn’s disease (CD) and ulcerative colitis (UC) are the two major
subtypes of IBD, characterized by chronic intestinal inflammation, while the most common
symptoms are frequent diarrhea, often with blood and pus in stools, abdominal pain
and cramping, fever, and weight loss [2]. The incidence and prevalence of IBD are still
increasing worldwide. Besides of the primary gastrointestinal complications of IBD, a
broad-spectrum of extra-intestinal manifestations and IBD complications have also been
outlined due to persistent long-standing systemic inflammation [3,4].

Ischemic heart disease (IHD) is still the leading global cause of death worldwide;
there is a general concern to identify patients with cardiovascular risk factors and to apply
preventive measures.

The state of chronic inflammation in IBD can lead to endothelial dysfunction and
platelet aggregation, confers a higher risk of developing atherosclerosis and coronary
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artery disease, and thereby a higher risk of acute coronary events [5]. IBD patients have
been highlighted to have increased carotid intimal thickness, endothelial dysfunction,
and wall stiffness, mainly due to increased circulating inflammatory cytokines [6]. Thus,
several inflammatory mediators such as high C-reactive protein (CRP) and circulating
pro-inflammatory markers such as tumor necrosis factor-o« (TNF-x) and interleukins are
involved in the pathogenesis of IBD, as well as in atherosclerosis [7]. Increased levels of
the aforementioned inflammatory mediators, together with increased burden of traditional
cardiovascular disease risk factors in the general population, drive a higher risk of IHD in
IBD patients [8].

Multiple large population studies have shown a positive association between IBD and
IHD, especially in women and young patients, but the data remain controversial [9,10]. The
pathophysiological mechanisms behind this phenomenon have not been fully understood.
We speculate that the difference between IBD and non-IBD men regarding IHD risk becomes
estompated due to higher prevalence of traditional cardiovascular risk factors in men
compared to women. Furthermore, higher risk of acute arterial events observed in younger
IBD patients may reflect the different impact of inflammation across age groups. The use of
contraceptive pills and higher CRP levels among women could also be a contributory factor.

2. Epidemiological Links between IBD and IHD
We searched PubMed utilizing the keywords: “inflammatory bowel disease”, “IBD”,

“guidelines”, “treatment plan”, “ischemic heart disease”, and “diagnosis” in all possible
combinations. We extracted information regarding diagnosis, management, and treatment
linking the two diseases, IBD and IHD. This review aims to summarize the current knowl-
edge related to IBD and IHD with respect to its pathophysiology and risk factors in order
to promote further research that can improve understanding and help develop clinical

practice guidelines for prevention and management of IHD in patients with IBD.

Epidemiology

Large cohort studies evaluated the link between IBD and risk of IHD (Table 1) and
found conflicting results.

Although some retrospective cohort studies did not find significant associa-
tions [11,15,18,23], the meta-analysis [13,14,19] found a positive correlation between IBD
and IHD. In a meta-analysis conducted in 2017 by Feng et al. [19] were included 10 cohort
studies investigating the risk of developing IHD in IBD. Researchers noticed an elevated risk
of developing IHD in IBD patients compared to matched controls without IBD (RR = 1.244).
Data found women, young age (<50 years), short-term follow-up (<5 years) may be at high
IHD risk [19]. A large population trial conducted by Panhwar et al. in the United States of
America in 2019 [22], involved a large database over 29 million patients from 26 different
healthcare systems nationwide. A higher prevalence of acute MI was observed in both
patients with UC and CD, as compared to non-IBD patients (the frequency of MI- UC
6.7% vs. CD 8.8% vs. non-IBD 3.3%, odds ratio [OR] for UC 2.09 [2.04-2.13] and CD 2.79
[2.74-2.85]), but the risk of having an acute cardiovascular event was highest in younger
IBD patients (30-34 years old) and decreased with age (OR 12.05 [11.16-13.01]). The reasons
for this issue have not been fully established — the higher CRP concentrations and the use
of contraceptive pills among women could be decisive [22].

On the other hand, various studies have shown that the risk of myocardial injury
mortality is lower among patients diagnosed with IBD when compared with non-IBD
patients [21,23]. This can be attributed to the protective role of currently therapy of IBD
based on 5-ASA, thiopurines and biologic therapy used in this patient group as part of their
treatment. Salicylic acid shows anti-inflammatory and anti-oxidant properties, which may
suggest a cardio-protective effect of 5-ASA when used prolonged, and a decreased risk of
IHD compared to patients who have never received 5-ASA [12]. TNF-a blockers present
reliable anti-inflammatory properties, and a number of studies are now available to report
their protective effect on the risk of IHD in patients treated with anti-TNF drugs [24].
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The retrospective study conducted by Barnes et al. showed that patients with IBD
were less likely to be admitted to hospital for acute myocardial injury compared to general
population (1.3% vs. 3.2%; p < 0.001); in the adjusted analysis of risk factors for IHD, the
OR was 0.54 for patients with IBD hospitalized for MI [18]. In 2021, another interesting
study published by Sinh et al. aimed to investigate the MI outcomes in 2,629,161 patients,
of which 3784 with CD and 3607 with UC. It showed that IBD did not impact in-hospital
mortality due to MI-UC (odds ratio [OR], 1.12; 95% CI 0.98-1.29) and CD (OR 0.99; 95% CI
0.86-1.15). However, patients diagnosed with UC had higher total hospitalization costs
compared to patients with MI without IBD [23].

Despite the fact that more recent attention has been paid to the possible links between
IHD and IBD, some issues remain uncertain and the results are still unclear. Nevertheless,
clinicians need to consider screening for IHD in all patients with IBD with a particular
focus on women with IBD and younger adults (under the 50 years of age), who appear to
be at the highest risk of developing an acute myocardial injury.

3. Risk Factors for IHD in IBD Patients
3.1. Traditional Cardiovascular Risk Factors

Traditional cardiovascular risk factors associated with IHD are obesity, type 2 diabetes
mellitus (DM), hypertension, hyperlipidemia, smoking, and stress [25]. Some of them
(Western lifestyles, chronic stress, tobacco in CD) are present in both diseases.

Classically, patients with IBD are considered underweight due to malnutrition. How-
ever, with the increasing prevalence of obesity in the general population and the emergence
of innovative therapies that control and maintain remission in IBD, the prevalence of obesity
can reach 40% of patients with IBD [26]. Obesity increases thromboembolic risk, the risk of
surgery in UC, the perianal damage, and the need for hospitalization in CD [27]. However,
Hu'’s [28] meta-analysis demonstrates that obese patients with IBD have a better evolution
compared to non-obese patients, with a lower probability of hospitalization, surgery, and
corticosteroid therapy.

Large population studies show an increased risk of type 2 DM in patients with IBD,
independent of corticosteroid use [29]. There are few studies that prospectively follow
the evolution of IBD in patients with DM. Published data suggest increased inflammatory
activity, increased resource requirements, decreased QoL, increased risk of complications,
infections, and higher mortality in diabetic patients with IBD [30].

Both metabolic syndrome and IBD have an increasing incidence and prevalence, as
a consequence of lifestyle changes, with the widespread adoption of the “Western” type.
The association of IBD with metabolic syndrome is not accidental, as there are common
etiopathogenic links between the two diseases: inflammation, abnormal immune response,
disorders in the endocrine function of adipose tissue, intestinal dysbiosis [31].

In a recent study, Golovics et al. identified older age, female gender, hyperlipidemia,
and hypertension (p < 0.001 for each) as risk factors for developing MI in both CD and
UC in the logistic-regression-based prevalence models. DM has also been labelled as
an additional risk factor for MI in both CD and UC [32]. In a large database, Panhwar
et al. examined the risk of MI in patients with or without IBD, and noted that traditional
cardiovascular risk factors were more common among patients with both UC and CDIBD
and MI [22]. On the other hand, the association between IBD and the high risk of MI
persisted despite adjustments for traditional cardiovascular risk factors, thus suggesting
that IBD may represent an independent risk factor for developing MI [22].

The study conducted by Correia et al. [33] revealed that a high percentage of women
that used oral contraceptive pills (OCPs) had an elevated risk of MI. The use of hormonal
contraception is associated with the risk of developing acute cardiovascular events, corre-
lated to the pro-inflammatory state of IBD. This could possibly explain the increased risk of
acute coronary syndrome in young women with IBD.
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3.2. Risk Factors Related to IBD
3.2.1. Increased IHD with Disease Activity

Disease activity may have an independent impact on the risk of acute arterial events
in patients with IBD. Le Gall, et al. [20] demonstrated that clinically active IBD was sig-
nificantly associated with an increased risk of acute ischemic events in patients with IBD
(Odds ratio (OR): 12.3, 95%ClI: 2.8 £ 53.6). The disease activity was evaluated trough
indirect markers, including hospitalizations, surgical treatments, and exposure therapies.
Additionally, as reported in the Danish study, the risk of cardiovascular events is highest
during active flares; this risk decreases during times of remission [9]. Periods of active
flares (defined as 3-month periods before and after IBD-related hospitalization or surgery)
were independently associated with an elevated risk of cardiovascular events in patients
with CD (HR 1.74, 95% CI 1.44-2.09) and patients with UC (HR 1.87, 95% CI 1.58-2.22) [10].
Card et al. conducted a cohort analysis of the association between IBD, disease activity and
the risk of MI, stroke and cardiovascular mortality. Although they did not find a significant
increase in vascular events in patients with IBD in general, the study demonstrated that the
incidence of the events correlated with a higher disease activity [34]. Furthermore, Agca
et al. revealed in their study that cardiovascular events occur especially during disease
flares in undertreated patients [35].

The activation of the coagulation cascade and proinflammatory cytokines as a conse-
quence of active intestinal inflammation may be a factor that contributes to the occurrence
of acute arterial events [36]. Disease activity should be regarded as a modifiable risk factor
for cardiovascular events, and aggressive control of inflammation might reduce the risk of
thrombosis in patients with IBD.

3.2.2. IBD Treatment

Corticosteroids are used in the management of acute flares of IBD, and as mentioned
above, several studies have demonstrated an increased risk of IHD in acute flares and the
fulminant and active stages of IBD. There are inconsistent data on whether corticosteroids
have an increased cardiovascular risk in IBD patients, and thus it is difficult to decipher
whether the increase in cardiovascular events during this time period is due to the direct
effect of steroids or the uncontrolled disease activity. The adverse effects of long-term
steroid use in IBD patients were studied by Lewis et al. in their cohort study [37]. CD
patients had increased mortality with prolonged steroid use as compared with anti-TNF
use; that was mainly related to major cardiovascular events (nonfatal MI, nonfatal stroke,
and need for vascularization) [37]. Furthermore, in their article, Close et al. revealed that
patients with UC had a higher incidence of IHD and MI with steroid use [16].

In the study conducted by Jaaouani et al. [38] the use of aminosalicylates, immune
modifiers, and biologic therapies did not affect acute coronary syndrome events. However,
exposure to anti-TNFs is associated with a decreased risk of acute arterial events in patients
with IBD, particularly in men with CD [39]. A study conducted by Paschou et al. [40] re-
vealed a decrease in insulin levels and homeostatic model assessment for insulin resistance
index in patients with IBD after receiving treatment with biological therapy for a period of
six months. Data suggest that clinical treatment can promote not only controlling intestinal
inflammation, but also controlling risk factors for cardiovascular disease, resulting in the
reduction of the overall risk of cardiovascular events in the long term [41]. However,
prospective studies are needed to prove these effects in the general IBD population. With
the advent of new drugs that enable better control of inflammatory activity and the estab-
lishment of treatment strategies with defined therapeutic targets, a reduction and a better
control of the cardiovascular risk in IBD population is expected.

4. Inflammation—The Main Pathogenic Links between IBD and IHD

It is known that inflammation has been involved in the pathogenesis of atheroscle-
rosis and coronary artery disease. Elevated markers of inflammation are associated with
increased cardiovascular risk in all patients, with or without an inflammatory disorder [42].
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IBD is associated with deregulation and increase in various cytokines [43]. Pro-
inflammatory markers like homocysteine and CRP, which are known to be increased in
patients with cardiovascular disease, are also found in chronic systemic inflammation in
conditions like IBD [35]. CRP is a predictor of cardiovascular events and may contribute
to atherogenesis [44]. The serum CRP level greater than 5mg/L during one year or in the
previous 3 years were all associated with an higher risk of acute ischemic event (OR: 3.2,
95%CI: 1.2 £ 8.5) [20]. It has been established that its concentration increases in an active
phase of IBD, thus proving that the cardiovascular risk is higher when CRP concentrations
are increased.

As mentioned in Figure 1, other representatives pro-inflammatory mediators involved
in IBD are tumor necrosis factor alpha (TNF-«), immunoglobulins (IgG, IgM), interleukin-6
(IL-6), interleukin-1 (IL-1), and vascular endothelial growth factor (VEGF). Notably, TNF-o
is a proatherogenic cytokine [45] because blockade of TNF-o with biological therapy (inflix-
imab, adalimumab) diminished severity of UC or CD [46] and enhanced the endothelial
dysfunction in IBD patients [47]. VEGEF, which is known to promote vessel formation, may
contribute to IBD by increasing angiogenesis and inflammation [48]. Activation of these
cytokines can increase oxidative stress, endothelial dysfunction, and macrophage accumula-
tion, which can also stimulate atherosclerotic plaque formation [49]. Chronic inflammation
promotes structural and functional changes of the endothelium. It has been acknowledged
that the disrupted intestinal mucosal barrier in IBD facilitates the translocation of microbial
lipopolysaccharides (LPS) and other endotoxins into circulation, inducing expression of pro-
inflammatory cytokines [50], which may contribute to endothelial damage, atherosclerosis,
and cardiovascular events. The mechanism that highlights this link has not been well estab-
lished, but the state of chronic inflammation is considered to have a significant contribution
for both IBD and IHD progression [51]. Other probable mechanisms involved could be
arterial stiffening and coronary microcirculatory dysfunction [52]. In recent research, which
included 17 studies with 558 UC patients, and 693 CD patients, the correlation between
arterial stiffness and IBD was explored, and showed that the strength of the association of
arterial stiffness between UC and CD was similar [53]. The association between IBD and
arterial stiffness enhanced the hypothesis of systemic inflammation, possibly playing a role
in the pathogenesis of arterial stiffness, which is widely recognized as a crucial intermediate
process of CVD [53]. Furthermore, the dysfunctional endothelial system in patients with
UC and CD has been observed as the markers of endothelial function.

At the molecular level, it has been showed that the increased expression of Toll-like
receptors 2 and 4 (TLR2 and 4) in inflammatory cells likely mediate the damaging signaling
events triggered by LPS and other microbial toxins, and in fact, elevated levels of TLR2 and
4 have been observed in atherosclerotic plaques [49].

In addition, under conditions of chronic inflammation, phenotypical changes in vascu-
lar smooth muscle occur, as well as medial calcification and reduced elasticity of vessels [49].

More than that, changes in nutrition and absorption, next to inflammation, can lead to
lipid alterations.

Chronic systemic inflammation has been shown to be implicated in all phases of
IHD, from vascular endothelial dysfunction to the onset and rupture of atherosclerotic
plaque [54]. Increased permeability is clearly present in IBD, and could be a hypothesis
leading to abnormal absorption of bacteria and toxic substances from the intestinal micro-
biota, which drives, as a consequence, both enteric and systemic inflammatory reactions
and the diffusion in the bloodstream of bacterial endotoxins [55]. Inflammatory cytokines
and modified lipoproteins are also largely responsible for the increased production of
reactive oxygen species, which increases the expression of cell adhesion molecules by
stimulating leukocyte migration to the subendothelial space, a key component in initiating
and maintaining the atherosclerotic process [56,57].

Nevertheless, chronic inflammation, characteristic for IBD and associated with in-
creased concentrations of pro-inflammatory cytokine represent the essential factor associ-
ated with the severity of IBD.
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Figure 1. Link between IBD and IHD. Elevated pro-inflammatory mediators promote atheroscle-

/

rotic plaque formation and cardiovascular events through endothelial dysfunction, gut microbiome
abnormalities, pro-inflammatory state, and lipid dysfunction. Abbreviations: NO = nitric oxide;
LPS = lipopolysaccharide; VEGF = vascular endothelial growth factor; LDL = low-density lipopro-
tein; HDL = high-density lipoprotein; CRP = C-reactive protein; TNF-« = tumor necrosis factor alpha;
IL-1 = interleukin-1; IL-6 = interleukin-6; CVD = cardiovascular disease; IHD = ischemic heart disease.

5. Proposed Strategies for IHD Prevention among IBD Patients
5.1. Traditional Cardiovascular Risk Factors Modification in IBD Patients

Cardiovascular prevention should be started soon after the diagnosis of IBD as the
highest risk is in the first years of evolution [58,59]. Optimal management involves the mul-
tidisciplinary team, together with the patient, according to evidence-based interventions, in
order to reduce the risk of IHD [60]. All patients with IBD should be screened for cardiovas-
cular risk factors identification; their presence requires aggressive management. Screening
includes lifestyle habits, smoking status, body mass index, blood pressure, glucose, and
lipid profile [61]. Stratification of cardiovascular risk in IBD patients is a challenge, as the
scores used in the general population are difficult to translate into a young population.
Complete tobacco cessation is key.

The statins’ role in cardiovascular prevention in IBD patients is not fully understood.
Patients with IBD typically have normal lipid levels, although some studies have reported
alterations in lipid profile, especially HDL-cholesterol [5]. In addition to the lipid-lowering
and stabilizing effect of atheroma plaque, statins also have anti-inflammatory proper-
ties [62]. The study conducted by Lochhead et al. revealed that statin treatment may have a
protective role in the onset of CD, regardless of age, sex, comorbidities, or type of statin [63].
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However, until further high-quality prospective research focusing on the role of statins in
IBD progression should be performed, the role of statins in preventing IBD is still limited,
conflicting, and has important limitations [63]. Until then, statins will be used according to
the same rules as in the general population, with the mention that the presence of IBD is an
enhancer for initiating therapy.

5.2. Disease Activity Control

Inflammation is the main trigger in IHD development in IBD patients. Cardiovascular
disease especially occurs during disease flares in undertreated patients. Therefore, it
is necessary to optimize the management of IBD, especially during active flares. IBD
therapy not only controls intestinal inflammation, but also has the potential to prevent
cardiovascular events in these patients [64]. Aminosalicylates and anti-TNF agents may
decrease cardiovascular risk, while corticosteroids increase it [10]. Deep remission is an
ultimate treatment goal in the management of patients. New treatment drug options may
provide expectations for long-term remission with lower relapse rates.

The main guidelines recommendations regarding the management of IHD risk in IBD
patients are resumed in Table 2.

Table 2. Guidelines statements regarding IHD risk in IBD patients.

Guideline

Recommendation

ECCO, 2015 [65] The First European . The risks of IHD, cerebrovascular accident, and mesenteric ischaemia are

Evidence-based Consensus on
Extra-intestinal Manifestations in
Inflammatory Bowel Disease.

modestly increased in IBD, particularly in women
Systemic inflammation predisposes to premature atherosclerosis
e  Cardiovascular mortality has not been shown to be increased in IBD

International consensus on the
prevention of venous and arterial
thrombotic events in patients with
inflammatory bowel disease, 2021 [66].

e  Epidemiology
- Itis an increased risk of arterial thrombosis in young patients

- IBD female patients have an increased risk of stroke and IHD compared
to males

. Traditional cardiovascular risk factors should be screened and controlled in
all IBD patients

o  Therisk of both arterial and venous thrombotic events is increased during
IBD flares. Disease activity control is one of the main factors of
cardiovascular protection

e  IBD Therapy

- 5-ASA (long term administration) and Anti-TNF agents decrease the
risk of arterial thrombosis and IHD

- Steroids increase both arterial and venous thrombotic events in IBD
patients

e  Lifestyle changes, smoking cessation, maintaining an optimal body weight, a
healthy diet, and regular exercise are the most important measures in

2019 ESC Guidelines for the diagnosis and preventing cardiovascular risk.

management of chronic coronary

syndromes [67].

. Patients with IBD, along with those with other inflammatory conditions
(systemic lupus erythematosus, rheumatoid arthritis) and neoplasms have an
additional cardiovascular risk; they require aggressive screening, prevention
and management measures

. For initiating or intensifying statin therapy in adults with borderline and

2019 ACC/AHA guidelines [68]. intermediate-risk for atherosclerotic cardiovascular disease, inflammatory

diseases are “risk-enhancing” clinical factors

Abbreviations: ECCO—European Crohn’s and Colitis Organisation; IHD—Ischemic heart disease;
IBD—Inflammatory bowel disease; 5-ASA—b5-aminosalicylic acid; ESC—European Society of Cardiology; Anti-
TNF—Anti-Tumor Necrosis Factor; ACC/AHA—American College of Cardiology/American Heart Association.

131



Life 2022, 12,1113

6. Conclusions

Systemic inflammation in IBD patients leads to oxidative stress and elevated levels
of inflammatory cytokines such as TNF-«, leading to phenotypic changes in smooth
muscle cells that culminate in atherosclerosis and CVD. The significance of IBD in
causing atherosclerosis, ischemic heart disease and myocardial infarction is currently
being recognized.

Patients with IBD are at increased risk of IHD—particularly women and young pa-
tients with IBD flare. The management of IBD patients should focus on a multidisciplinary,
team-based approach to preventive care, remission of IBD disease activity, and aggressive re-
duction of cardiovascular risk factors, and thus gastroenterologists and cardiologists should
work together to screen for cardiovascular risk factors and optimize anti-inflammatory
treatment in IBD patients. Future prospective studies are needed to understand common
etiopathogenic mechanisms, to find biomarkers and scores for patient stratification, and to
establish optimal management.
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Abstract: The intricate relationship between severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and the cardiovascular system is an extensively studied pandemic topic, as there is an
ever-increasing amount of evidence that reports a high prevalence of acute cardiac injury in the
context of viral infection. In patients with Coronavirus disease 2019, COVID-19, a significant increase
in serum levels of cardiac troponin or other various biomarkers was observed, suggesting acute
cardiac injury, thus predicting both a severe course of the disease and a poor outcome. Pathogenesis
of acute cardiac injury is not yet completely elucidated, though several mechanisms are allegedly
involved, such as a direct cardiomyocyte injury, oxygen supply-demand inequity caused by hypoxia,
several active myocardial depressant factors during sepsis, and endothelial dysfunction due to the
hyperinflammatory status. Moreover, the increased levels of plasma cytokines and catecholamines
and a significantly enhanced prothrombotic environment may lead to the destabilization and rupture
of atheroma plaques, subsequently triggering an acute coronary syndrome. In the present review,
we focus on describing the epidemiology, pathogenesis, and role of biomarkers in the diagnosis
and prognosis of patients with acute cardiac injury in the setting of the COVID-19 pandemic. We
also explore some novel therapeutic strategies involving immunomodulatory therapy, as well as
their role in preventing a severe form of the disease, with both the short-term outcome and the
long-term cardiovascular sequelae being equally important in patients with SARS-CoV-2 induced
acute cardiac injury.

Keywords: myocardial injury; COVID-19; cytokines; biomarkers; heart failure

1. Introduction

The deadliest pandemic in the modern era is currently ongoing and is caused by
severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) which is the most recent
member of the coronavirus family to emerge this century, after the severe acute respiratory
syndrome coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus
(MERS-CoV) in the early 2000s [1]. Most respiratory infections usually evolve with mild
to moderate symptoms, but coronaviruses drew attention that viral pneumonia may also
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progress to severe forms further complicated with multiple organ failure [2,3]. Several stud-
ies analyzed the short- and mid-term impact of cardiovascular complications, highlighting
that acute cardiac injury in patients with a confirmed diagnosis of Coronavirus disease
2019 (COVID-19) represents significant associated morbidity [4-7]. Moreover, additional
research investigating the long-term sequelae of COVID-19 indicates a substantial risk of
cardiovascular complications, particularly heart failure (HF) and atrial fibrillation, even in
patients not requiring hospitalization during the acute phase of the viral infection [8].

Diagnosis of acute cardiac injury is outlined using the cardiac troponin (cTn) assay
above the 99th percentile as the upper reference limit. Myocardial injury is considered
acute if the dynamic ¢Tn concentration exceeds the biological variation limits [9]. However,
one should consider that a personal history of cardiovascular disease and elevated levels
of cTn are factors of poor prognosis, being significantly associated with an increased
risk of mortality in patients hospitalized with COVID-19. Specifically, two meta-analyses
reported an 8 to 21-fold higher risk of fatal events in patients with SARS-CoV-2-related acute
cardiac injury [10,11]. A plethora of studies show that approximately one in every three
patients with COVID-19 will develop a certain phenotype of myocardial injury [7,12,13],
the risk being significantly higher in patients with previously diagnosed chronic coronary
heart disease [14]. Additional supporting evidence concerning acute cardiac injury due
to coronavirus infection was provided by a large meta-analysis performed by Abate et al.
which reported an alarming 22.3% prevalence of myocardial injury in patients who tested
positive for SARS-CoV-2 [10].

Despite the increased risk of myocardial infarction associated with COVID-19, start-
ing with the onset of the pandemic, various literature data paradoxically reported an
up to 50% reduction in hospitalization rates due to this cardiovascular pathology. This
might be either a consequence of patients unwilling to risk exposure to a SARS-CoV-2
infection or due to the significant reduction in available hospital beds for “non-COVID-19”
patients [15,16]. Furthermore, a restraint for percutaneous coronary intervention (PCI)
procedures was observed particularly in patients with a confirmed or just even suspected
COVID-19 diagnosis. Non-infected patients received primary PCI as a conventional ap-
proach, while in patients positive for SARS-CoV-2, the strategy focused on fibrinolysis in a
higher number of cases, as the latter represents a therapeutic option that involves a lower
interaction and, subsequently, lower exposure to viral particles [17,18].

The possible occurrence of cardiovascular complications in SARS-CoV-2 infection, the
risk factors and specific symptoms of myocardial injury, and the implementation of ade-
quate investigations and treatment have a profound impact on the patients” prognosis [19].
There is still no management consensus for patients with acute cardiac injury; the con-
stant pandemic-related challenge for clinicians is to continuously balance the benefits of a
comprehensive cardiac evaluation and the risk of spreading the infection. Supportive care
and an integrative approach to the underlying infectious disease may represent a feasible
standard of care in patients with COVID-19-associated acute cardiac injury [20].

In this regard, the present review is conceived to provide an overview on SARS-CoV-2
induced acute cardiac injury, describing the allegedly involved mechanisms, highlighting
the contribution of cardiac biomarkers in both the initial diagnostic approach and subse-
quent follow-up of COVID-19-related acute cardiac injury, as well as pointing out some
state-of-the-art data for therapeutic strategies to address it.

2. Cardiovascular Pathophysiology Related to COVID-19 and the Most Common
Clinical Phenotypes

2.1. The Pathophysiological Continuum between Infection and Cardiac Injury

Coronaviruses have a specific crown-like surface appearance and a structure made
from four structural proteins, known as the spike (S), envelope (E), membrane (M), and
nucleocapsid (N) proteins. SARS-CoV-2 enters the cell after the proteolytic cleavage of
the S protein followed by its binding to the cell-surface receptor angiotensin 2 conversion
enzyme (ACE 2) [21]. The latter is a membrane protein that plays a vital role in the car-
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diovascular and immune systems and is well expressed in the lung and heart endothelial
cells, macrophages, and cardiomyocytes [22]. ACE 2 levels are higher in patients receiving
treatment with medications that inhibit the renin-angiotensin-aldosterone system, such
as ACE inhibitors or angiotensin receptor blockers [23]. The use of these neurohormonal
modulating drugs was controversial in the early stages of the pandemic. Nevertheless,
multiple studies conducted during the last two years have demonstrated that is not advis-
able to interrupt their chronic administration, nor to change the therapeutic class. Basically,
the current consensus emphasizes that maintaining the previously prescribed treatment
does not adversely affect the course of viral infection and continues to provide cardiac
protection at the same time [24-26]. Moreover, ACE 2 has been shown to provide additional
protective effects against pulmonary injury in patients with ARDS due to severe forms of
COVID-19 [27].

A SARS-CoV-2 infection may both exacerbate pre-existing cardiovascular comorbidi-
ties and trigger new ones. HF is among the most frequently reported cardiovascular
complications related to COVID-19 infection, being diagnosed in up to 24% of patients,
while venous thromboembolism was identified in 21% of cases, followed by dysrhythmias
and myocarditis in 17% and 7% of patients, respectively [5,6,27,28]. The main risk factors for
SARS-CoV-2-induced acute cardiac injury include smoking, male gender, and comorbidi-
ties, including diabetes mellitus, arterial hypertension, and coronary artery disease [10,11].
The imbalance between pro-inflammatory and anti-inflammatory mediators may be respon-
sible for the development of major cardiovascular events [29]. The response to infection is
governed by the adequate activity of both the innate and acquired immune systems.

Two major immunity defects are required for the onset of the critical illness in
COVID-19 which is frequently associated with myocardial injury. The first is represented by
a lack of initial control over the viral clearance, mainly through the innate immune system,
while the second resides in the inability to regulate a balanced production of pro- and
anti-inflammatory cytokines [2,30]. The innate immune response to viral infection is based
on interferon types I and III. On one hand, in SARS-CoV-2 infection, interferon levels were
observed to increase only in critical patients, whereas in all other positive cases the immune
response was reduced and/or delayed. On the other hand, the response was quicker and
more vigorous in patients hospitalized for influenza pneumonia. This particular ability of
SARS-CoV-2 to elude the early innate immune response may lead to an insufficient viral
clearance, followed by the development of a hyperinflammatory condition, and, in certain
categories of patients, the onset of acute respiratory distress syndrome (ARDS) [31,32].

Moreover, the innate immunity may also trigger the adaptive immunity consisting of
CD4+ and CD8+ T cell lymphocytes and B lymphocytes that produce neutralizing antibod-
ies. The combined T and B cell responses contribute to SARS-CoV-2 infection resolution and
a robust immunity [32]. Cytokines, predominantly produced by macrophages, mast cells,
and dendritic cells, but also by B and T lymphocytes, play a central role in coordinating the
immune response. A balanced synthesis of cytokines is required for an effective antiviral
effect, but their excessive serum levels may cause a cytokine storm with massive collateral
damage to vascular structures and alveolar barriers [33].

Cardiac troponin levels have been shown to be linearly correlated with C-reactive
protein levels, indicating that acute cardiac injury may be closely related to systemic in-
flammation [34]. The distinctive pathogenesis of vascular damage is promoted by the
presence of the cellular receptor of SARS-CoV-2 on the vascular cell’s surface, contributing
to endothelial dysfunction [35]. Furthermore, direct infection of the endothelial lining
may lead to vasculitis and apoptosis. As a result, the exposed subendothelial surface
facilitates platelet aggregation in an attempt to repair the vascular damage. However,
even in the absence of direct endothelial invasion, high levels of inflammatory cytokines
have the ability to impair the endothelial function by increasing the number of adhesion
molecules, thus promoting thrombogenic processes [36-38]. Coagulopathic events include
thrombin generation, platelet consumption, and increased levels of fibrinogen and the Von
Willebrand factor [39]. Viral coagulopathy is manifested by venous thrombosis, usually
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further complicated with venous thromboembolism but also by arterial thrombosis, most
commonly found in myocardial or cerebral territories. Parenteral anticoagulants, such
as unfractionated heparin and low molecular weight heparins, are routinely used in the
treatment of patients admitted with moderate-to-severe COVID-19, while direct oral anti-
coagulants are predominantly used in the ambulatory management of patients presenting
a mild form of the disease [40].

2.2. Acute Coronary Syndromes in the COVID-19 Pandemic: The “Perfect”
Cardio-Inflammatory Symbiosis

The interplay between atherosclerotic disease and inflammation has been well-described,
starting with the formation of atheroma plaque up to its erosion and rupture, with the
subsequent occurrence of an acute coronary syndrome [41]. Total occlusion of a coronary
artery induced by an eroded, vulnerable atherosclerotic plaque and the overlying throm-
bus formation might be a consequence of a hyperinflammatory environment along with
the prothrombotic state induced by SARS-CoV-2 infection. This mechanism represents
the basic pathophysiological substrate of ST-elevation myocardial infarction (STEMI) but
also accounts for approximately 25% of cases admitted with non-ST-elevation myocardial
infarction (NSTEMI) [42,43]. The real epidemiological impact of COVID-19 in patients with
cardiac ischemia is mirrored by the worrisome incidence rates of myocardial infarction
among SARS-CoV-2 positive cases, ranging from 1.1% to 8.9% [44,45]. The risk of develop-
ing myocardial infarction is significantly higher in the early stages of the infection, with a
5-fold increase in risk during the first 14 days of COVID-19, compared to the pre-illness
period [46].

Those high figures can be explained, at least partially, by certain similarities concerning
the inflammatory pathways operating both in COVID-19 and atherosclerosis. Even before
the COVID-19 pandemic, the American Heart Association (AHA) suggested that viral in-
fections could destabilize the atherosclerotic plaques, and various collagenolytic enzymes,
such as matrix metalloproteinases (MMP), were becoming associated with increased plaque
vulnerability [47,48]. Those MMPs can be activated by a plethora of cytokines (e.g., TNF-
alpha, INF-y, IL-1, and IL-6), thus diminishing the cohesion of the atherosclerotic plaque
and consecutively increasing the risk of acute coronary syndromes [48,49]. Based on these
observations, the COVID-19 pandemic again turned the spotlight on statins’ pleiotropic
effects, primarily based on their anti-inflammatory response, doubled by the amelioration
of the endothelial function. The plaque stabilization occurs via the enhanced calcification
and thickening of the fibrous cap, with inflammation playing a central role. The large
JUPITER study even highlighted that patients treated with rosuvastatin presented de-
creased serum levels of C-reactive protein and a reduced apparition of major cardiovascular
events, compared to the placebo group [50,51], while a large Swedish study claimed that
previous chronic treatment with statins exhibited a modest preventive therapeutic effect
on COVID-19 mortality [52]. The continuation and/or initiation of statins in COVID-19
patients may also be beneficial from the perspective of the lipid profile, as hypercholes-
terolemia is associated with an increased susceptibility to SARS-CoV-2 infection. It was
demonstrated that high cholesterol levels are associated not only with increased density of
ACE2 receptors on host cell membranes but also with a more effective interaction between
the viral spike protein and the ACE2 receptors [53].

In addition, significant platelet activation occurs during the systemic inflammation
associated with SARS-CoV-2 infection. This phenomenon is induced by the binding of pro-
inflammatory interleukins to the platelet surface receptors, and by reducing the availability
of endothelial nitric oxide. At the same time, neutrophils express adhesion molecules
favoring platelet aggregation. These mechanisms, together with endothelial injury, facili-
tate the interaction between the platelets and the endothelial cells, thus aggravating the
thromboinflammatory pathways, representing a hallmark for COVID-19 [54].

Even if mortality caused by acute myocardial infarction has reached its lowest level in
the era of PCI, it still remains associated with considerable morbidity. Restoring adequate
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myocardial reperfusion in a timely manner limits the area of the infarction and significantly
improves the outcome, regardless of the associated pathologies [55]. However, contradicto-
rily, the resumption of blood flow to the ischemic area may lead to additional myocardial
damage, a phenomenon known as reperfusion myocardial injury. This paradoxical mech-
anism may be responsible for the loss of up to 50% of viable myocardium and elevated
cytokine levels, in addition, biochemical and metabolic changes caused by hypoxia play a
core role in its occurrence [56]. A cohort study including patients over the age of 65 showed
that more than three-quarters (76%) of patients who survived a first acute myocardial
infarction developed HF in the next 5 years [57]. Despite modern reperfusion strategies
and neurohormonal blocking therapies, the incidence of HF remains unacceptably high
and there is an urgent need for better management in order to improve both survival
and quality of life after myocardial infarction. However, abnormally activated immune
responses during infection with SARS-CoV-2 lead to a suboptimal myocardial repair with a
higher incidence of HF [58].

Type 2 myocardial infarction is caused by the imbalance between a deficient my-
ocardial oxygen supply and an increased metabolic demand, due to specific cardiac and
non-cardiac pathological conditions.

A variable association of some commonly met mechanisms in COVID-19 patients
seems relevant in this context:

(1) Previously stable coronary artery disease that limits myocardial perfusion;

(2) Endothelial dysfunction in the coronary microcirculation;

(3) Significantly increased arterial hypertension resulting from elevated circulating levels
of Angiotensin II and catecholamines;

(4) Hypoxemia due to acute respiratory distress syndrome (ARDS) or in situ pulmonary
vascular thrombosis. In the case of sepsis, pulmonary injury, and respiratory fail-
ure, significant increases in biomarkers of overload and myocardial injury can be
noticed [12,59].

Moreover, infections in general, and COVID-19-associated pneumonia in particular,
can unbalance the thin equilibrium between myocardial O, supply and consumption.
The increase in the physiological demand for O, caused by systemic infection can be
so significant that this imbalance occurs even in the absence of angiography-relevant
atherosclerotic plaques. Several studies emphasized this pathway as the main mecha-
nism of COVID-related acute cardiac injury. Essentially, vasodilation represents the main
pathophysiological mechanism of the response of the cardiovascular system to sepsis. In
addition, hypotension is the natural consequence of vasodilation, which can even progress
to hemodynamic collapse, thus inducing or aggravating coronary hypoperfusion with
subsequent acute myocardial injury through a reduced O, supply [60]. At the same time,
in the context of sepsis, reflex tachycardia increases the myocardial oxygen demand. Of
course, the presence of atheroma plaques is a risk factor for the unfavorable evolution in
patients with sepsis, increasing the risk of acute myocardial injury [61,62], but COVID-19
is also highly associated with non-atherosclerotic coronary perfusion impairment, such
as spasm of the coronary arteries, dissection of the coronary wall, microthrombosis in the
context of the hypercoagulant state, or vasculitis-like injury of the coronary vessels [63,64].
Regardless of the intimate mechanism of COVID-19-related myocardial infarction with
non-obstructive coronary arteries, the patients” prognosis is poor, with high mortality rates
mainly due to the increased prevalence of severe comorbidities, such as ARDS, obesity, or
congenital thrombophilia [64,65].

Under these circumstances, it is difficult to clearly differentiate between patients with
acute coronary syndromes, such as unstable angina or NSTEMI, and those with acute
myocarditis or myocardial injury caused exclusively by metabolic imbalances in the context
of fever, tachycardia, or hypoxemia due to ARDS [59]. Those patients require an integrative
diagnostic and therapeutic approach, focusing not only on SARS-CoV-2 infection and the
major associated cardiovascular pathology but also on the frequently coexisting factors of
poor prognosis.
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2.3. Heart Failure in COVID-19 Patients: Different Pathways, Same Target

Patients admitted for COVID-19 may develop either an acute decompensation of a
chronic, previously stable HF or a de-novo acute HF as an immediate consequence of acute
cardiac injury [66]. Pathogenesis of COVID-19 cardiomyopathy is intimately related to
inflammatory cytokines, referring here to diastolic dysfunction and increased myocardial
stiffness mediated by interleukin-6 (IL-6), negative inotropic effects exerted by interleukin-
1B (IL-1B), or myocardial fibrosis induced by IL-1f3 and tumor necrosis factor alfa (TNF-).
Even higher levels of those biomarkers are detected during cytokine storms in the severe
forms of SARS-CoV-2 infection [67-69]. A significantly increased incidence of acute HF
was reported in patients deceased due to severe COVID-19, as compared to their survivor
counterparts [70]. Moreover, the in-hospital mortality rate in patients presenting both
acute HF and COVID-19 was extremely high, reaching up to 44.1% at the peak of the
pandemic. Beyond the acute phase, COVID-19 may be responsible for HF as a long-term
cardiovascular complication, but further clinical studies are required [66].

2.4. Myocarditis in COVID-19: Between Certainties and Controversies

The correlation between human coronaviruses and myocarditis is well-established [71].
Concerning SARS-CoV-2 infection, three pathophysiological mechanisms may contribute to
myocarditis occurrence in patients with COVID-19. Firstly, it is worth mentioning the direct
viral cardiomyocytes’ invasion with subsequent injury accompanied by various immune
mechanisms such as T cell-mediated cytotoxicity and cytokines’ negative inotropic effects.
Additionally, the autoimmune mechanisms triggered as a response to the release of cryptic
antigens from cardiomyocytes following SARS-CoV-2-induced lesions could also enhance
the development of myocarditis [72-74]. A very recent extensive study, including more than
100,000 subjects diagnosed with COVID-19, showed a 2 to 3-fold higher risk of myocarditis
among infected patients [75], while the net prevalence of myocarditis among cases that
required hospitalization was 2.4 per 1000 admissions [76]. Importantly, myocarditis was
far more prevalent among non-vaccinated young males, compared to their non-vaccinated
counterparts [77].

There is also evidence to support the hypothesis of molecular mimicry [78]. Necropsy
studies that included endomyocardial biopsy suggest that direct viral toxicity is not the
main mechanism of myocardial injury, as current evidence indicates that viral presence in
the heart tissue is not necessarily associated with myocarditis [79]. Local myocardial inflam-
mation, as well as severe systemic inflammation, can be a direct cause of myocardial injury
in COVID-19 cases. Itis already known that patients with sepsis-associated cardiomyopathy
have an exacerbated inflammatory status that is characterized by elevated circulating levels
of several cytokines, including the previously-mentioned IL-6 and TNF-« [59]. In vitro
exposure to IL-6 has reduced the cardiomyocyte contractility, while recombinant TNF-o
administration decreased the ejection fraction of the left ventricle in experimental models.
Mechanisms of these myocytotoxic effects include the modulation of calcium channels’
flows and nitric oxide synthesis which are thought to play a major role in depressing
myocardial function in sepsis [59,80,81]. The reversible acute cardiac dysfunction occurring
in the context of a septic environment is known as sepsis-induced cardiomyopathy (SICM).
Immune response to infection leads to mitochondrial dysfunction, disruption of contractile
apparatus by altering calcium balance, and myocyte apoptosis [82,83]. Increased levels of
cTn detected in SICM may also appear as a consequence of myocardial edema [84].

However, it remains unclear to what extent myocarditis is caused by direct viral
myocardial damage or is just a consequence of systemic inflammation.

2.5. Stress Cardiomyopathy: An Additional Trigger

The incidence of stress cardiomyopathy (also known as tako-tsubo cardiomyopathy)
during the COVID-19 pandemic appears to follow an increasing trend, with psychological
distress and anxiety having a core role in its onset. Incriminated mechanisms include the
sympathetic activation causing catecholamine-induced myocardial stunning and microvas-
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cular dysfunction that is transient and more frequently observed in elderly women [85]. It
is worth mentioning that a study showed that this hypercatholaminergic condition due to
cytokine storm in critical patients (from ICU departments) induces a significantly increased
blood pressure, compared to non-critical patients (145 mmHg vs. 122 mmHg; p < 0.001);
interestingly, this hypertensive pattern in patients with severe forms of COVID-19 is ac-
tually associated with an improved prognosis, a lower need for inotropic support, and a
decreased risk of developing cardiogenic shock or multiple organ dysfunction [86].

2.6. Right Ventricular Failure: A Key Element in the Hemodynamics of COVID-19 Patients

The right ventricle (RV) represents an essential component in the hemodynamic
homeostasis of patients with COVID-19, an acute RV dysfunction being considered a factor
of poor prognosis. Several mechanisms have a complementary role in RV injury [87,88]:

Pulmonary hypertension induced by vasoactive mediators;

Pulmonary vasoconstriction due to hypoxemia;

Vascular remodeling;

Microthrombi in pulmonary vessels due to inflammatory cytokines;

Mechanical compression due to atelectasis, interstitial edema, or associated pleural effusion.

Moreover, in ICU-admitted patients due to a severe course of COVID-19, persistent
ventilation with elevated positive expiratory pressures leads to a significantly increased RV
afterload, thus inducing additional mechanical strain in a cavity with rather thin walls and
further reducing an already impaired cardiac output [88]. This pathophysiological chain of
events is clearly expressed by the rise of serum concentrations for several biomarkers, such
as NT-proBNP, ST2, or GDF-15 molecules, that express various mechanisms suggestive not
only of myocardial dysfunction but also of inflammation or oxidative stress, conditions
that are commonly found in infected patients [89-91].

3. Biomarkers in the Diagnosis and Prognosis of Acute Myocardial Injury Due to
COVID-19: Classic Approach, Novel Challenge

3.1. Cardiac Troponins

Despite the fact that diagnostic utility and performance of cITn in coronary heart dis-
ease are well known [92], the constantly reported high levels of cTn in COVID-19 patients
triggered confusion among clinicians since the beginning of the pandemic [73,93-96]. A
sudden cTn elevation may be suggestive of STEMI/N-STEM], type 2 myocardial infarction,
myocarditis, stress cardiomyopathy, sepsis-induced cardiomyopathy, or non-ischemic my-
ocardial injury, each of these pathologies having different therapeutic approaches (Figure 1).
A modest rise in cTn levels is seen in patients with mild and moderate forms of COVID-19,
without influencing the clinical outcome [97]. The rise of cTn serum levels in patients who
succumb to SARS-CoV-2 infection shows a particular pattern as compared to the concentra-
tion dynamics that characterize acute coronary syndromes (ACS). In COVID-19, there is a
steady upward trend of cTn serum levels while ACS is generally observed as a very typical
abrupt rise [98]. Nevertheless, a cTn elevation can also be detected in certain non-cardiac
conditions, such as systemic inflammatory response syndrome, sepsis, pulmonary em-
bolism, critical illness, or end-stage renal disease [99]. In fact, no overt ischemia is found in
as many as 60% of cases where an acute cardiac injury is identified [12]. Therefore, a prompt
differential diagnosis and a timely intervention in patients with SARS-CoV-2-related acute
cardiac injury are mandatory [10].

In terms of prognosis, several meta-analyses reported that high serum levels of this
biomarker are significantly correlated with increased mortality risk [10,98]. The ability of
cTn concentration at admission to predict in-hospital mortality was outlined by an area
under a curve greater than 0.90 (ROC analysis) [3,98,100]. In addition to being directly
associated with major cardiovascular events, elevated cTn levels are also related to an
increased risk of respiratory, hepatic, and renal impairment [101]. Serial measurements of
cInlevels in patients with high initial values detected at admission are recommended either
to confirm or to exclude myocardial infarction [102]. Taking into account the frequently
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elevated cTn serum levels, the question of whether it should be routinely assessed in
COVID-19 pneumonia was raised. However, the American College of Cardiology stated in
a recent review that clinicians are advised to measure cTn only in selected cases, either in
patients with preexisting cardiovascular comorbidities or in clinical circumstances highly
suggestive of ischemic etiology [103].

Acute coronary syndrome:

Atherosclerotic plaque instability
Thrombus formation

SARS-CoV-2 &
Infection
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Stress induced
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Figure 1. Potential pathophysiological mechanisms of SARS-CoV-2 induced acute cardiac injury;
acute coronary syndromes occur by destabilization and rupture of atheroma plaques with the
consequent formation of a thrombus that causes occlusion of the artery responsible for heart at-
tack [41]. Myocarditis can occur through direct myocardial injury and immune or autoimmune
mechanisms [72-74]. Type 2 myocardial infarction occurs due to an imbalance between the need
and supply of oxygen [12]. Sepsis-induced cardiomyopathy occurs due to myocytic apoptosis and
cardiodepressant factors [82,83]. Stress-induced cardiomyopathy occurs through the cardiotoxic effect
of catecholamines and is secondary to microvascular dysfunction [85]. Legend: STEMI: ST-elevation
myocardial infarction; and N-STEMI: non-ST-elevation myocardial infarction.

3.2. The Interleukins

The interleukin-1 family comprises 11 cytokines with core roles in innate and adaptive
immunity [104]. IL-1f represents the “apical” cytokine of the innate immune system, as it
regulates cytokine and chemokine synthesis, and self-catalyzes its own production. In the
acute inflammatory response phase to viral infection, an early increase in serum IL-13 and
TNF-« levels are observed within the first 30 min, followed by a rise in IL-6 levels [105].
While IL-13 and TNF-« levels may drop within 2448 h, elevated IL-6 levels persist for a
longer period over the course of the infection [48]. Despite its short half-life, as an upstream
cytokine, IL-13 may contribute to CRS development, inducing IL-6 production, leading to
macrophage activation and pyroptosis, and caspase-1-dependent host cell death mediated
by inflammatory cytokines [104,106-108]. The pathological consequence of pyroptosis is
represented by endothelial cell inflammation with subsequent endothelial dysfunction and
is potentially the initial step in the continuum of myocardial injury [39].

In acute myocardial infarction, IL-1 plays multiple roles in the injury, repair, and
remodeling processes, as depicted in Figure 2 [109]. Infarcted cardiomyocytes cause the
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release of IL-1«, epithelial injury stimulates the release of IL-1f3, while monocytes are a
source of IL-1p in acute coronary syndromes [110,111]. The inflammatory reaction that is
normally involved in the clearance of dead cells and matrix detritus, could also extend
the area of myocardial damage. Consequently, an auto-inflammatory loop is induced, as
IL-1 recruits and activates more innate immune cells [43,111]. Stopping this inflammatory
reaction is not a passive process, requiring anti-inflammatory mediators such as IL-10 and
Transforming Growth Factor (TGF)-f which inactivate mononuclear cells and inhibit the
transcription of IL-1, as well as other pro-resolving lipid mediators [43,109,112]. In ACS,
elevated IL-13 levels are associated with diastolic dysfunction and remodeling [110,113].
Patients with more severe forms of COVID-19 might be at high risk, as it was demonstrated
that elevated levels of IL-6 and high IL-1§3 levels are correlated with a poor prognosis in
the setting of ACS [110,114].

SARS-CoV-2

&

Macrophages

5 Monocytes
B lymphocytes
IL-1p :

L2 Q\

Macrophages Endothelial cell Smooth muscle cell

IL-6
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Figure 2. The inflammatory cascade during SARS-CoV-2 infection. IL-1p is synthesized by
macrophages, monocytes, and B lymphocytes, and has the ability to self-induce its production and
stimulate the synthesis of IL-6 in macrophages, endothelial cells, and smooth muscle cells [12,96,97].
Further, IL-6 determines the liver synthesis of acute phase reactants and exerts a pro-coagulant effect
by inducing tissue factor synthesis, also causing endothelial dysfunction by increasing vascular per-
meability [108-110]. Legend: IL-1p3: Interleukin 1§3; IL-6: Interleukin-6; and CRP: C reactive protein.

Interleukin-6 family members, such as IL-6, IL-11, IL-30, IL-31, OSM, LIF, CNTF, CT-1,
CT-2, and CLC, have an important role in heart disease pathogenesis as they exhibit pro-
inflammatory, anti-inflammatory, and proatherogenic effects using different trans-signaling
pathways [115]. IL-6 is synthesized by T lymphocytes, macrophages, and adipocytes, as
well as by cardiovascular system structures such as endothelial cells, vascular smooth
muscle cells, or ischemic cardiomyocytes [116]. It promotes inflammation through two
signaling pathways, the cis-signaling pathway that uses the membrane IL-6 receptor and the
trans-signaling pathway utilizing the soluble IL-6 receptor. The latter mechanism is utilized
for activating and promoting inflammation in cells without the membrane receptor for
IL-6 (e.g., endothelial cells) [117,118]. Increased IL-6 levels are essential for regulating the

145



Life 2022, 12,1085

immune response, inducing the hepatic synthesis of acute phase biomarkers, and activating
immune system cells and intercellular signaling. Through these mechanisms, IL-6 actively
contributes to host defense, initiating the healing process of tissue injury [119]. By inducing
the tissue factor expression on endothelial cells, this pro-inflammatory cytokine may also
contribute to the occurrence of thrombotic complications [120].

IL-6 also plays a role in hematopoiesis, neurogenesis, and liver regeneration [121-123].
On one hand, it exhibits a short-term, prompt pro-inflammatory response for combating
SARS-CoV-2 infection, thus having a protective effect [124]. On the other hand, the contin-
uous synthesis of IL-6 has deleterious consequences, contributing to the development of
inflammatory and autoimmune diseases [125]. The polymorphism of IL-6 is also observed
at the cardiac level when its dual role is initially protective by limiting myocyte injury
during acute myocardial infarction. In contrast, persistently elevated IL-6 levels in patients
with acute myocardial infarction are associated with low left ventricular ejection fraction
and HF [124,126].

IL-6 is involved in the development of ischemia-reperfusion injury, its deficiency
having beneficial effects on infarct size, independently of IL-13, TNF« levels, or neutrophil
influx [127]. A meta-analysis conducted by Yang et al. has shown that the severity of acute
coronary syndromes significantly correlates with IL-6 levels [128]. High IL-6 levels are
associated with a decreased ejection fraction and a larger infarct size at the 4-month follow-
up visit after STEMI [129]. Furthermore, in the ACS setting, IL-6 outperformed the accuracy
of CRP in predicting long-term cardiovascular death [130]. The molecular mechanisms by
which IL-6 causes cardiomyocytes’ apoptosis and remodeling-related ischemia-reperfusion
deserve a deeper insight. Nguyen et al. report high levels of IL-6 being a predictor of
cardiovascular complications in COVID-19 patients [67] (Table 1). Persistently high levels of
IL-6 during the recovery phase of the infection may contribute to impaired left ventricular
function. Moreover, high levels of cTn suggesting ongoing myocardial injury were detected
in these patients [131].

Table 1. Biomarkers suggesting acute cardiac injury in COVID-19.

IL-1p High levels are associated with a hypercoagulable state and thrombotic events, worsening the prognosis [68]
IL-6 Elevated levels correlate with the occurrence of major adverse cardiac events and/or mortality risk [67]
IL-10 Increases ACE 2 expression and may promote endothelial cell infection and vasculitis [132]
TNF-o Positively correlated with acute cardiac injury, disease severity, and high mortality rates in ICU patients [69]
IFN-y Elevated levels detected in cytokine storm cause multiple organ dysfunction [133]
CRP Independent predictor of very high cardiac troponin levels, associated with high rates of all-cause mortality [134]
Troponin High levels indicate a risk of death 8 to 21 times higher [10,11]
D-dimers COV.ID—19—associated. coggulopathy, biologically .expressed through increased D-dimer and prolonged PT is a
predictor of myocardial injury and poor prognosis [135]
NT-proBNP Prognostic value similar to troponin in survival rates [136]
ST2 Superior prognostic value compared to NT-proBNP [88,137]

Interleukin 10 (IL-10) is an anti-inflammatory cytokine synthesized by various immune
cells, including macrophages and lymphocytes. It exerts its anti-inflammatory effects by
activating T lymphocytes and by directly inhibiting the innate immune-related functions
of dendritic cells and macrophages [138]. In patients with SARS-CoV-2 infection, an early,
substantial rise of IL-10 was observed, along with IL-6 as a disease severity predictor.
Increased levels of IL-10 may be a consequence of the attempt to reduce the inflammatory
response, thus preventing the cytokine storm [139].

Nevertheless, simultaneously high levels of IL-10 and pro-inflammatory cytokines, as
well as the correlation with disease severity, may be explained either by the inability of the
cytokine to reduce inflammation or by a dysregulated function [140-142]. Controversial
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evidence supporting the potential pro-inflammatory role of IL-10 outside of COVID-19
indicates that hyperactivation of CD8+ T cells and their functional exhaustion of this
biomarker may contribute to the interplay of the cytokine storm [143]. The protective effect
of IL-10 has been demonstrated in animal studies, with low levels being correlated with
extensive atherosclerotic lesions, doubled by a higher risk of plaque rupture [144]. IL-10
wields an anti-atherogenic role from the initiation of plaque formation by modulating lipid
metabolism in macrophages [119]. However, in human subjects, IL-10 levels are highly
variable, being elevated, decreased, or stationary in patients with stable coronary artery
disease or unstable angina, as compared to controls [145-147].

Furthermore, controversies persist also concerning IL-10"s prognosis value; in patients
with ACS, high IL-10 serum levels may be related to either an improved or worsened
outcome [132,148,149]. Administration of recombinant IL-10 has been proposed by some
authors for the therapeutic management of ARDS in COVID-19, but clinical evidence has
shown that it might be detrimental as it promotes T cell exhaustion [34,141]. Further clinical
studies are required in order to elucidate all of its functions and outline the complete profile
of IL-10.

3.3. Tumor Necrosis Factor Alfa (TNF-«)

TNF-« is a pro-inflammatory cytokine promoting the SARS-CoV-2 interaction with
ACE 2 and taking part in cytokine releasing syndrome (CRS) together with IL-1, IL-6, and
IL-10. It is an important cytokine of the innate immune system, inhibiting viral replication
and carcinogenesis [101]. Song et al. reported that plasma levels of TNF-«, IL-6, and CRP
are positively correlated with acute cardiac injury [69].

3.4. D-Dimers

Assessing the inflammatory status in the evaluation of coagulant status is important
since ubiquitous coagulation abnormalities are found in critically-ill patients. D-dimer
levels have shown the same pattern as cTn in patients with severe forms of the disease,
increasing progressively as patients’ clinical status worsened [150]. The high affinity
of SARS-CoV-2 for endothelial cells might induce apoptosis of vascular cells with the
enhanced release of prothrombotic molecules, thereby triggering not only a local but
also a systemic coagulopathy that may affect the pulmonary vessels as well as coronary
arteries, with the subsequent microthrombi formation and extensive cardiopulmonary
injury [38,151]. Accordingly, D-dimer serum levels represent an accurate predictor for
mortality in COVID-19 pneumonia as it was demonstrated that these molecules may also
reflect certain phenomena that are associated with illness severity, such as extravascular
fibrinolysis, interstitial pulmonary edema, and lung injury in COVID-19 patients without
venous thromboembolism [152]. Concerning optimal cut-off values indicative of a poor
prognosis, literature data reported figures ranging from 1.5 to 2.1 mg/L [153,154].

3.5. C-Reactive Protein (CRP)

A surge in serum levels of CRP is a consistent finding in infectious pathology, with
COVID-19 as no exception. CRP is a non-specific, liver-synthesized, acute-phase protein
that is related to essential inflammatory and immune processes, such as apoptosis, phago-
cytosis, NO release, the complement pathway, and regulates cytokine production, such
as IL-6 or TNF-« [155]. Moreover, extensive literature data highlighted that elevated CRP
serum levels are independent predictors of mortality not only in COVID-19 [71] but also
in patients with cardiovascular pathology, particularly related to atherothrombosis, thus
outlining CRP as a dual, cardio-inflammatory biomarker, and a useful prognosis tool in the
pandemic, given its routine, widespread measurement in clinical practice [156,157].

The use of high-sensitivity assays (hs-CRP) enhances its ability to identify severe forms
of the disease in the early stages, as several data reported that especially high CRP levels
occur in severe cases compared to non-severe ones, and higher concentrations being re-
ported in COVID-19 patients who developed shock, ARDS, or acute cardiac injury [158,159]
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Interestingly, a very recent study by Lionte et al. highlighted that elevated hs-CRP was
associated with a poor prognosis in non-critically ill patients with COVID-19, thus fur-
ther supporting the hypothesis of a sustained, both pulmonary and systemic impact, of
SARS-CoV-2 related inflammation [160].

Another potentially useful prognosis tool is represented by the dynamic assessment
of hs-CRP. The CRP velocity refers to the variation of this biomarker’s serum levels af-
ter seriated measurements; recent results already demonstrate the correlation between
increasing hs-CRP and a poorer LVEF following an acute myocardial infarction [161], the
same pattern observed in the case of COVID-19’s outcome, as reported in an extensive
meta-analysis [162].

CRP has also been used as a therapeutic target in a small number of patients with
respiratory failure and severe pulmonary infiltrates. After selective apheresis of CRP, an
improvement in the radiological appearance was observed, suggesting that performing this
technique immediately after admission could significantly reduce pulmonary injuries [163].
Two studies have established that patients with CRP values above 41.8 mg/L and 41.4 mg/L,
respectively, have a higher risk of progressing to a severe form of the disease [164,165]. In
patients already diagnosed with a severe form of COVID-19, our research team recently
identified a high-risk CRP concentration cut-off; a value above 23 mg/L is associated with
a negative vital prognosis [70].

3.6. N-Terminal Pro-Brain Natriuretic Peptide (NT-proBNP)

NT-proBNP is a “classical” biomarker in HE, being correlated with both elevated left
ventricular filling pressures and systolic dysfunction [166]. In SARS-CoV-2 infection, the
dynamic changes of NT-proBNP, CRP, and c¢Tn concentrations are basically related to the
extent of the inflammatory response, tissue injury, and functional impairment. Guo et al.
reported higher levels of natriuretic peptides in severe forms of COVID-19 pneumonia,
especially in deceased patients [26], while De Falco et al. showed that the prognosis value
of NT-proBNP is similar to cTn, specifically for mortality risk stratification [136].

However, it is difficult to strictly correlate the presence of COVID-19 with the car-
diovascular lesions evolving with increased biomarkers. Multiple studies have shown
that elevated serum levels of ¢cTn or NT-proBNP are similarly associated with a poor
prognosis in a plethora of potentially COVID-19-related pathologies, such as pneumonia,
septic shock, or acute respiratory distress syndrome [88,167,168]. For example, patients
with pneumonia who had elevated concentrations of NT-proBNP were more prone to be
admitted to ICU wards, regardless of the presence of cardiac dysfunction. There is growing
evidence supporting the hypothesis of hypoxia-induced vasoconstriction that ultimately
leads to pulmonary hypertension, which in turn may increase parietal RV stress in pa-
tients with extensive pulmonary lesions, thereby causing an increased NT-proBNP release
from cardiomyocytes, a very plausible mechanism in the context of COVID-19 [168-170].
An additional inducer of myocardial parietal stress may be the widespread use of vaso-
pressors in patients with septic shock, while acute kidney injury in severely ill patients
may alter the clearance of NT-proBNP, leading to a false, non-cardiac increase in these
biomarkers [88,170]. Other COVID-19-related causes for an increased NT-proBNP include
oxidative stress, arrhythmias due to disease, per se, or due to its specific medications, and
microvascular ischemia due to a demand-supply mismatch [82]. The importance of this
mosaic characterized by high sensitivity and low specificity resides in the persistently
strong correlation between NT-proBNP and mortality rates in severe COVID-19 patients,
even after the exclusion of cases presenting HF [171].

Under these pandemic circumstances, it is essential to investigate a biomarker capable
of detecting subclinical myocardial injury at an early stage in COVID-19 patients. For
example, the soluble isoform of ST2 (sST2) is a very promising cardiac biomarker, not only
for initial assessment but also for the long-term prognosis of patients with HF and COVID-19.
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3.7. 8T2

ST2 is a member of the extensive interleukin 1 (IL-1)/Toll-like receptor (TLR) family,
more commonly known as interleukin 1 receptor-like 1 (IL1RL-1). Different cardiovascular
effects of the ST2 molecule have been observed, depending on the isoform under which it is
expressed: a transmembrane receptor form (ST2L) and a circulating, soluble, receptor form
(sST2) that can be assessed in serum using various ELISA-based kits [88,137,168]. The ST2L
also represents the receptor for IL-33, exercising cardioprotective actions through binding,
such as inhibiting myocardial fibrosis, limiting ventricular hypertrophy, and preventing
early apoptosis. On the other hand, the sequestration of IL-33 in the bloodstream by the
decoy sST2 isoform prevents the occurrence of these positive effects, also representing the
substrate of its high serum levels in patients with HF or with other myocardial injuries.

The diagnostic and prognostic role of ST2 in cardiovascular pathology has been
validated by numerous studies, especially in patients with acute HF, as it is considered
a reliable marker of fibrosis, ventricular wall strain, and increased filling pressures, also
accurately predicting re-hospitalizations and fatal events [168,172-174].

The potential role of ST2 as a dual cardio-inflammatory biomarker was highlighted
by some authors that observed abnormally elevated levels of sST2 in patients who tested
positive for SARS-CoV-2 infection without presenting cardiovascular comorbidities [175].
Very interestingly, there is additional evidence reporting even a superior concentration of
ST2 among COVID-19 patients compared to chronic, clinically stable HF [176,177].

The IL-33/5T2 axis also represents an essential pathway for pulmonary lesion and
lung disease progression. IL-33 is an alarmin-type cytokine whose gene is overexpressed
under stressful local conditions, such as an infection leading to alveolar injury or necrosis.
As opposed to the positive effect at the myocardial level, the interaction between IL-33 and
ST2L promotes inflammation by inducing the TGF p-mediated differentiation of T-cells
and the increased secretion and release of pro-inflammatory cytokines or chemokines
(e.g., IL-6, IL-13, TNF«, IL-8, IL-4, IL-5, and IL-13), with a subsequent persistence and
even amplification of inflammation’s deleterious consequences. Therefore, the detection
of high serum levels of sST2, the “decoy” receptor isoform, may suggest a regulatory
mechanism for limiting inflammation and for preventing further inflammatory cell inflow
and consecutive tissue damage [178]. Moreover, the IL-33/ST2 axis plays an important role
in pulmonary fibrosis, as shown in two experimental models in which mice treated with a
profibrotic substance exhibited a linear increase in IL-33 expression, an aspect explained by
the alleged activation of fibroblasts by inflammatory cytokines triggered by the interaction
between IL-33 and ST2L [179,180].

Based on these findings, it is reasonable to assume that COVID-19 may drastically
activate the IL-33/ST2 system in a way similar to that observed for other inflammatory
markers, directly affecting patients’ outcomes via sST2's negative cardiovascular impact,
such as pro-hypertrophic and pro-apoptotic effects [178,181].

Cytokine releasing syndrome (CRS) refers to a severely unregulated immune response
to infection. The hallmark of CRS is represented by the proliferation and activation of lym-
phocytes and macrophages, followed by a significantly increased release of cytokines [182].
As previously mentioned, the cytokine superfamily comprises interleukins, chemokines,
tumor necrosis factors, interferons, transforming growth factors, and colony-stimulating
factors [96]. The upstream cytokine IL-1f induces IL-6 synthesis which increases vascu-
lar permeability, causing myocardial interstitial edema [183] and decreased myocardial
contractility [184]. Cardiotoxicity, in the setting of CRS, is clinically expressed by left ven-
tricular dysfunction, hypotension, and even cardiogenic shock [185]. Elevated levels of
IL-6 in hospitalized patients with COVID-19 are directly correlated with high levels of cTn.
These findings support the potential role of IL-6 in SARS-CoV-2-related acute cardiac injury
during cytokine storms [34].

The COVID-19 pandemic turned the spotlight on the routine determination of cardiac
biomarkers in SARS-CoV-2 infected patients. Multiple studies already confirmed that
cTn, NT-proBNP, ST2, IL-6, IL-10, IL-1, and TNF-« represent relevant biomarkers that
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are useful for risk stratification in patients with acute cardiac injury due to COVID-19
pneumonia [88]. Moreover, given the well-established relationship between inflammation
and atherosclerosis, a reasonable approach would consist of an assessment of subclinical
markers of atherosclerosis, such as carotid intima-media thickness, pulse wave velocity,
and ankle-brachial index, which are readily determined and well correlated with multiple
cardiovascular risk scores, such as SCORE or Framingham [186]. Keeping in mind the
socioeconomic challenges associated with the pandemic and the increased prevalence of
cardiovascular comorbidities among admitted patients, we consider that judicious use of
all these available diagnostic and prognostic biomarkers may facilitate the identification
of individuals with a high-risk profile, thus allowing a prompt and adequate therapeutic
intervention, as the limitation of myocardial injury during SARS-CoV-2 infection is of
paramount importance for both short and long-term prognosis [134,187].

4. Novel Therapeutic Strategies: The Frontline against Inflammation

Studies investigating the efficacy of IL-1 and IL-6 inhibition in lowering mortality
rates in patients with SARS-CoV-2 infection have controversial results at the moment, but
several trials are currently underway [188]. Biologic response modifiers, also known as
immunomodulators, are being used as targeted drug therapy in autoimmune diseases and
cancers [189]. The protective myocardial role of immunomodulatory therapies is reported
for Tocilizumab and Sarilumab monoclonal antibodies, being agents that block both the
soluble and the membrane IL-6 receptors. Additionally, these molecules have been shown to
play a significant role in reducing systemic inflammation. Despite its negative effect on the
lipid profile, Tocilizumab administration in patients with high cardiovascular risk has led to
outstanding improvement in endothelial function [190]. Elevated levels of proinflammatory
biomarkers during COVID-19 increase the risk of acute myocardial infarction, but also have
an impact on its size [191]. The effectiveness of Tocilizumab in limiting the infarction area
and improving the prognosis was demonstrated in a randomized, double-blind, placebo-
controlled trial evaluating the myocardial rescue index. Broch et al. have found that
the myocardial rescue index measured by magnetic resonance imaging was significantly
higher after Tocilizumab administration. Less extensive microvascular obstruction and
a significant reduction in CRP levels have also been observed in patients receiving the
IL-6 receptor blocker [56]. Tocilizumab was not effective for significantly reducing levels
of troponin and NT-proBNP in patients hospitalized with COVID-19. Moreover, an IL-6
blockade was not notably associated with reduced mortality rates in patients admitted for
SARS-CoV-2 infection, complications with ARDS, and exacerbated inflammation [188,192].

Different regimens of Anakinra, a recombinant IL-1 receptor antagonist, administered
early in patients with moderate immune hyperactivation during COVID-19 pneumonia
were associated with reduced mortality risk and a good safety profile [192-194]. Conversely,
in a randomized double-blinded controlled-placebo trial, Canakinumab, a fully human
monoclonal antibody neutralizing IL-1§3, did not significantly increase survivability [195].
The Three C Study, an ongoing randomized controlled trial (NCT04365153) is investigating
the role of Canakinumab in improving outcomes in patients with SARS-CoV2-associated
myocardial injury and hyperinflammatory status. The dynamics of cardiac enzymes and
cardiac function should be further investigated in patients with acute cardiac injury or
even ACS and COVID-19 receiving monoclonal antibodies. Promising evidence regarding
the effect of immunomodulatory strategies in the setting of ACS is currently emerging, as
Canakinumab demonstrated a reduction in mortality and hospitalization for HF in patients
with a personal history of myocardial infarction and elevated CRP [104]. Moreover, the
use of Anakinra in patients with STEMI decreased all-cause mortality and incidence of
newly diagnosed HF without affecting the left ventricular ejection fraction compared to
placebo [10]. These data suggest that drugs targeting cytokines may be effective in limiting
myocardial damage in SARS-CoV-2 infection as well.

Taken together, IL-6 inhibition yields no benefit in COVID-19 pneumonia progression,
while an IL-1 blockade has shown only moderate benefit. A more robust clinical positive
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impact exerted by IL-1 might be its upstream position in the inflammatory cascade; com-
pared to IL-6, a successful IL-1 inhibition potentially leads to the downstream suppression
of IL-6 and other inflammatory biomarkers [104,192]. A current matter of debate and future
investigations is if an IL-6 and IL-1 blockade truly offers advantages over the standard
management in COVID-19, particularly if associated with acute cardiac injury. Additional
studies regarding the benefit, safety, and regimens of immunotherapy in preventing and
treating the cardiovascular complications of COVID-19 are needed [97,180,185,196].

5. Conclusions

Currently, it is generally accepted that the SARS-CoV-2 infection is associated with
an increased prevalence of acute cardiac injury, regardless of potential underlying cardiac
causes. The abnormal immune response, endothelial dysfunction, and O, supply-demand
imbalance are the essential pathophysiological mechanisms contributing to the disease
severity in COVID-19, while also being common features in acute cardiac injury. Direct
myocardial injury, along with a plethora of indirect mechanisms, represents the substrate
of myocardial damage in SARS-CoV-2-related acute cardiac injury pathogenesis. The occur-
rence of myocardial injury portends a severe course of the disease and is an independent
predictor of mortality, therefore an early diagnosis combined with prompt therapeutic man-
agement represents the cornerstones for the short-term prognosis of infected patients. In
this context, it is essential to make use of the full array of diagnostic tools, highlighting the
growing role of cardio-inflammatory biomarkers. An effective assessment of inflammatory
status may act as a bridge toward the identification of new, effective, therapeutic strategies
that address both COVID-19 and the eventual cardiovascular complications.
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Abstract: Given the possible pathophysiological links between myocardial ischemia and SARS-
CoV-2 infection, several studies have focused attention on acute coronary syndromes in order
to improve patients” morbidity and mortality. Understanding the pathophysiological aspects of
myocardial ischemia in patients infected with SARS-CoV-2 can open a broad perspective on the
proper management for each patient. The electrocardiogram (ECG) remains the easiest assessment of
cardiac involvement in COVID-19 patients, due to its non-invasive profile, accessibility, low cost, and
lack of radiation. The ECG changes provide insight into the patient’s prognosis, indicating either the
worsening of an underlying cardiac illnesses or the acute direct injury by the virus. This indicates
that the ECG is an important prognostic tool that can affect the outcome of COVID-19 patients, which
important to correlate its aspects with the clinical characteristics and patient’s medical history. The
ECG changes in myocardial ischemia include a broad spectrum in patients with COVID-19 with
different cases reported of ST-segment elevation, ST-segment depression, and T wave inversion,
which are associated with severe COVID-19 disease.

Keywords: COVID-19; myocardial ischemia; electrocardiography

1. Introduction

In the last month of 2019, an outbreak of atypical respiratory disease occurred in China,
in the city of Wuhan. Shortly after the first cases, it was discovered that a novel coronavirus
was responsible for the next pandemic, as the World Health Organization declared. Since
it was structurally related to the virus that caused acute respiratory distress syndrome
during 2002-2003, the novel coronavirus was named as the severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) and the outbreak was called Coronavirus disease 19
(COVID-19) [1,2].

The most common presentation of COVID-19 is pneumonia, but different reports
describe different complications, from thromboembolism, myocarditis, and acute coronary
syndrome to multiple organ failure [3-5]. Because of the possible pathophysiological
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links between myocardial ischemia and the SARS-CoV-2 infection, several studies have
focused on them in order to improve patients” morbidity and mortality [3,6]. As acute
coronary syndromes have been reported to be up to 30%, they may have a significant role
in worsening clinical outcomes in patients with COVID-19 [6,7]. Moreover, long COVID-19
syndrome is characterized by persistent tissue damage and inflammation following an acute
bout of SARS-CoV-2 infection, mainly manifested through chronic fatigue and dyspnea,
but also, among others, with cardiac symptoms. The inflammation of the heart tissues,
especially myocardial inflammation which is as prevalent as 78% in post-COVID-19 patients,
leads to tachycardia, palpitations, and chest pain in the months post-discharge [8,9].

A series of case reports published have shown that patients following acute COVID-19
infections have developed postural tachycardia syndrome (POTS). This involves an increase
in over 30 beats per minute in the heart rate in adults or over 40 beats per minute in patients
between the ages of 12-19 in the first 10 min since standing in an orthostatic position,
associated with orthostatic intolerance, in the absence of orthostatic hypotension, for a
minimum of 3 months [10].

Since the epidemic of COVID-19, multiple studies of hypercoagulability have attracted
attention; the pathophysiology aspects of myocardial ischemia have been studied in detail
and we focused on electrocardiographic changes in infected individuals [11].

The electrocardiogram (ECG) remains the most facile assessment method for cardiac
involvement in COVID-19 patients, due to its non-invasiveness, accessibility, low cost, and
radiation-free investigative profile [12-14]. Although the management during a patient’s
admission is safer when laboratory values and imaging become available, ECG can be
quickly performed without exposing a large number of people to SARS-CoV-2 [12,15].

Therefore, we propose a review of different publications regarding the ECG findings
in patients with COVID-19 and myocardial ischemia and the pathophysiological pathways
behind them. The ECG pattern can predict the severity of the COVID-19 infection and
clinical outcomes such as mortality, as several studies have shown [11,16-18]. In the
COVID-19 era, patients with chest pain require more attention and high clinical suspicion.
ECG interpretation is more challenging, as it can also show chronic abnormalities of an
underlying cardiac disease [19,20].

The ECG changes in myocardial ischemia include a broad spectrum in patients with
COVID-19, different cases of ST-segment elevation, ST-segment depression, and T-wave
inversion being reported, which were associated with a severe form of COVID-19 dis-
ease [21,22]. Several authors have described P-wave changes, in the context of atrial
infarction, which is supplied in 60% of cases by the right coronary artery and in 40% by the
circumflex artery through the superior ramus ostium cava [23].

We searched PubMed and Google Scholar for articles published from December 2019
to March 2022 and compiled a database using the keywords “COVID-19”, “SARS-CoV-2”,

v Y77i

“coronavirus”, “ECG”, “electrocardiography”, “myocardial ischemia”, “myocardial in-
farction”, “acute coronary syndrome”, “hypercoagulability”, “pathophysiology” and all
their combinations.

The results included original papers, retrospective studies, prospective studies, reports,
systematic reviews, meta-analyses, and case reports, focusing on COVID-19 and ECG
changes in myocardial ischemia. We reviewed relevant articles for data to comprehensively
discuss and describe the pathophysiological mechanisms and ECG changes in patients

with COVID-19 and acute coronary syndrome.

2. Pathophysiology of Myocardial Ischemia in COVID-19 Patients

In the recent COVID-19 pandemic, there were challenges on several levels, from the
difficulties of controlling the spread of the disease, to the complexity of diagnosing and
treating the multisystemic complications of this infection. Even though it is primarily an
infectious disease, the impact of COVID-19 on the cardiovascular system is significant,
with complications such as pericarditis, myocarditis, pulmonary embolism, myocardial
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infarction, and exacerbation of chronic heart failure being described more often as the
pandemic progressed [24,25].

Acute and chronic coronary diseases, already some of the most prevalent diseases in
the general population, have played a major role in the years of COVID-19 infection as
factors of severity and mortality [25]. The problems related to coronary heart disease in
the context of COVID-19 infection were multiple: late patient presentation to the hospital,
misleading symptoms by the interference of the two diseases, reduced intensive care unit
(ICU) capacity, delayed treatment by COVID-19 testing and protocols, hs-troponin values
altered by lung infection, and severe prognosis due to coronary heart disease and associated
COVID-19 infection. All these issues challenge the diagnostic and therapeutic approach of
coronary artery diseases, which reaches beyond guidelines and requires new studies on the
particular mechanisms of myocardial ischemia in the context of COVID-19 infection [26-28].

Typical symptoms of coronary disease (chest pain, fatigue, and dyspnea) have lost
their specificity and sensitivity as COVID-19 infection often has similar manifestations
which delays the diagnosis [29]. Cardiac troponin, a cornerstone biomarker in the diagnosis
of myocardial infarction, had elevated values above the 99th percentile in 8-62% of patients
with COVID-19 infection, with the highest incidence and mortality recorded in patients
with severe infection [30]. In addition to cardiac causes for high troponin values (acute
coronary syndrome, myocarditis, and Takotsubo syndrome), several noncardiac conditions,
such as sepsis, critical illness, and pulmonary embolism, can lead to increased troponin [30].
Therefore, ECG changes are critical in establishing the diagnosis of coronary diseases.
Particular aspects of ECG tracing in patients with COVID-19 have also been described and
should be recognized for the proper management of these cases [29,30].

Among coronavirus patients, a substantial number developed myocardial injury or
acute coronary syndrome, complications more prevalent if the patient had a previous
cardiovascular disease, worsening his prognosis and mortality [31-33].

For a better understanding of the diverse mechanisms involved in the ECG ischemia
changes in patients with COVID-19, it is important to make the distinction between two
main entities: acute cardiac injury (ACI) and acute coronary syndrome (ACS). ACl is de-
fined as the elevation of high-sensitivity cardiac troponin (hs-cTn) above the 99th percentile
of its upper limit of normal, usually with stable and unchanging values, or evidence of new
electrocardiographic (ECG) or echocardiographic abnormalities, and may have ischemic or
non-ischemic etiology [34].

The causes for ACI may involve an ACS (type I myocardial infarction-due to plaque
rupture or thrombosis, type Il myocardial infarction-due to oxygen supply /demand mis-
match, or myocardial injury due to disseminated intravascular coagulation) or a non-
ischemic etiology as: myocarditis, Takotsubo cardiomyopathy (stress-induced cardiomy-
opathy), acute pulmonary embolism, cytokine release syndrome, and direct viral myocar-
dial invasion. The differential diagnosis between an ischemic and a non-ischemic cause
for the ACI may need additional imaging tests (CT Coronary Angiography (CTCA), lung
CT scan, or cardiac magnetic resonance (CMR)), guided also by serial hs-cTn testing. It
was noted that patients with ACI caused by an ACS have dynamically changing values of
hs-cTn, with a rise and fall, as opposed to other types of ACI where troponin had steadily
increasing values [34,35].

According to European Society of Cardiology (ESC) guidelines, ACS defines the clini-
cal situations of acute myocardial ischemia or infarction, which can be further classified
in three types: unstable angina, Non-ST-elevation myocardial infarction (NSTEMI), and
ST-elevation MI (STEMI) [36]. Acute myocardial infarction (AMI) is defined by consistent
myocardial ischemia that leads to cardiomyocyte necrosis. The diagnosis involves the
detection of dynamic changes in hs-cTn associated with at least one of the following: symp-
toms of myocardial ischemia, new ischemic ECG changes, development of pathological Q
waves on ECG, imaging evidence of viable myocardium loss or new regional wall motion
abnormality in a pattern consistent with an ischemic etiology, or intracoronary thrombus
detected on angiography or autopsy [36].
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The presence of ACS has been reported in a significant number of patients with COVID-
19 infection, which has had a negative impact on the prognosis [31,32]. For these patients,
some particularities for ACS were noticed such as higher incidence of stent thrombosis,
multiple thrombotic culprit lesions, high thrombus burden, and angiographic evidence of
non-obstructed coronary arteries, which raised concerns about the diverse mechanisms
involved [37,38]. In addition to the usual cardiovascular risk factors, to date, the main
mechanisms involved in the development of ACS in COVID-19 patients are: prothrombotic
activation of the coagulation cascade, endothelial dysfunction, cytokine-mediated systemic
inflammatory response, and hypoxic injury due to oxygen supply/demand imbalance [39].

The effects of COVID-19 infection on the coagulation cascade are not yet fully un-
derstood, involving either direct viral aggression or an exacerbated cytokine-mediated
inflammatory response [40]. The presence of hemostatic abnormalities was suggested in
these patients by higher D-dimer values, decreased platelets count, prolonged prothrombin
time, and increased levels of fibrinogen degradation products [41,42]. These abnormalities
have been reported in severe cases of COVID-19 pneumonia and are associated with a
negative prognosis [41-44]. The prothrombotic state is maintained by the overexpression
of ultra-large von Willebrand factor multimers and tissue factor, induced by the cytokines
produced during the systemic inflammatory response, which triggers the activation of the
coagulation cascade [45]. Another possible mechanism for SARS-CoV-2-related coagulopa-
thy is the presence of lupus anticoagulant antibodies, that may be induced in any infectious
or inflammatory disease. The exposed phospholipids of the endothelium to the immune
system leads to thrombus formation [46].

Endothelial cells have the ability to respond to many humoral and hemodynamic stim-
uli by producing regulatory molecules that are part of the defense mechanism of vascular
homeostasis. The endothelium plays a significant role in controlling the immune response
by promoting leukocyte migration into extravascular spaces, which helps fight infections
and promotes tissue repair [47]. In response to inflammatory cytokines such as interleukin
IL-1, IL-6, and tumor necrosis factor-o (TNF-«), endothelial cells exhibit adhesion molecules
on their surface (e.g., E-selectin, P-selectin, intercellular adhesion molecule-1, vascular cell
adhesion molecule-1 (VCAM-1), and integrins), which increases leukocyte binding [48].
Accumulation of inflammatory cells causes endothelial dysfunction through reduced NO
bioavailability and increased oxidative stress via activation of NADPH oxidase [49]. The
studies confirm the role of adhesion molecules in COVID-19 complications, indicating that
high circulating levels of VCAM-1 and E-selectin are associated with increased COVID-19
severity, as a meta-analysis from 2021 showed [50]. Furthermore, in critically ill patients
with COVID-19 a high expression of inflammatory cytokines, supporting the role of the
cytokine release storm in severe cases has been identified [51].

Endothelial dysfunction is the main cause for coronary artery disease in patients
with traditional cardiovascular risk factors (diabetes, smoking, hypertension, and older
age) [52]. As the thrombotic complications in patients with COVID-19 increase, endothe-
lial injury is incriminated, either by a direct viral effect or by the action of inflammatory
cytokines [53,54]. A direct effect of SARS-CoV-2 on the vascular endothelial glycocalyx
(VEGLX) is suspected [55]. Glycocalyx damage usually is associated with pathological
situations as inflammatory response, hyperglycemia, hypoxia, and ischemia/reperfusion
injury, which may also be present in COVID-19 pneumonia [55-58]. The theory is sup-
ported by the measurements of circulating levels of VEGLX components in COVID-19
patients, where higher concentrations were detected for VEGLX injury biomarkers such as
syndecan-1, hyaluronic acid, and sTie-2 [27,59]. In the presence of an inflammatory state,
the endothelium loses its antithrombotic, anticoagulant, and profibrinolytic capacity as a
result of tissue factor expression, von Willebrand factor release, thromboxane production,
and plasminogen activator inhibitor-1 (PAI-1) production [60]. Moreover, the inflammatory
cytokines act on the endothelial cells to generate superoxide anions, with enhanced local
oxidative stress [61]. Overproduction of endothelin-1 contributes, as well, to the endothelial
imbalance, acting as a prothrombotic agent and vasoconstrictor [62].
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Atherosclerotic disease progression is enhanced by the presence of inflammatory re-
sponse, which maintains a prothrombotic state and promotes vasoconstriction through
sympathetic activity [63,64]. The disturbed balance between prothrombotic and antithrom-
botic factors promotes erosion or rupture of the atherosclerotic plaque, resulting in coronary
thrombosis and ACS [65]. In COVID-19 infection, an exaggerated immune response and
a cytokine chain reaction, known as cytokine storm (CS), has been observed [40]. The CS
starts with the production of interleukin-1 (IL-1), which has some particularities: it may
induce its own gene expression, but also promotes the production of other inflammatory
factors such as tumor necrosis factor-alpha (TNF«), interleukin-6 (IL-6), and chemoattrac-
tant molecules [66]. All these factors create a prothrombotic and antifibrinolytic imbalance,
generating thrombosis and local tissue injury [67]. In SARS-CoV-2 patients, increased
levels of inflammatory mediators, part of the CS, such as IL-1, IL-6, IL-10, IFN, granulocyte
colony stimulating factor (G-CSF), monocyte chemoattractant protein (MCP1), macrophage
inflammatory protein 1 alpha (MIP1A), platelet-derived growth factor (PDGF), TNF«x, and
vascular endothelial growth factor (VEGF) were detected, which supports the contribution
of CS to the development of ACS (Figure 1) [44,68,69].

Prothrombotic activation of the coagulation cascade, endothelial dysfunction, and
cytokine-mediated systemic inflammatory response are mechanisms that involve the pres-
ence and progression of atherosclerotic lesions, that become unstable and clinically manifest
as a type I myocardial infarction (MI). However, a significant number of COVID-19 patients
showed ECG signs of ischemia in the absence of atherothrombotic lesions [70-72]. In these
patients a type II Ml is suspected, due to a mismatch between oxygen supply and demand.
The severe hypoxic state, tachyarrhythmias, anemia, sepsis, hypotension, and shock may
induce myocardial damage and have often been described in critically ill patients with
COVID-19 [73]. Due to the severe situations that induce type II MI, the prognosis is worse,
with a higher rate of in-hospital mortality compared with type I MI [74].

Cases of myocardial infarction with nonobstructive coronary arteries (MINOCA)
were reported in some case series of STEMI and COVID-19 patients [75,76]. The possible
mechanisms involved include coronary vasospasm, microthrombi, and plaque erosion,
triggered by the exaggerated inflammatory response, oxidative stress and endothelial dys-
function [76-78]. The limited access to more advanced techniques as intravascular imaging,
pharmacological provocation test, and cardiac magnetic resonance, in COVID-19 patients,
constitutes an obstacle to a complete understanding of the underlying mechanisms [78,79].

Troponin is the gold standard biomarker used for detection of myocardial ischemia,
as reflects the presence of cardiomyocyte damage. In ACS, either STEMI or NSTEMI,
the dynamic of circulating troponin levels is similar, regardless of the ECG pattern (ST-
elevation, ST-depression, or inverted T wave), the main factor influencing its value is the
moment of detection after symptom onset [80]. Typically, troponin cannot be detected
in the first 1-2 h of myocardial necrosis, but only approximately 2—4 h after the onset of
myocardial injury. Thereby, in cases where patients seek early medical advice, the troponin
levels may be normal or slightly increased, which is an indication for repeating the troponin
measurements. Serum levels can persist being elevated for up to 4-7 days for troponin I,
and 10-14 days for troponin T [81]. We did not find studies indicating correlations between
troponin levels and particular ECG aspects of myocardial ischemia or infarction. However,
a certain type of ACS that should be mentioned is Wellens syndrome which, despite its great
severity and high risk, manifests frequently with troponin within normal limits, which can
be falsely reassuring [82]. In COVID-19 patients, troponin levels have often been elevated as
a result of cardiac injury, with or without AMI, which highlights the important role of ECG
in establishing the diagnosis [83]. However, troponin proved to be valuable in anticipating
the prognosis of COVID-19 patients, as Santoso et al. presented in a meta-analysis, which
concluded that troponin levels were associated with higher mortality, need for care in
the intensive care unit (ICU) and a more severe form of COVID-19 infection [84]. The
hypothesis is also confirmed by a study that investigated the risk of mortality in patients
with COVID-19, new T-wave inversions (TWI) and troponin levels. Jorge Romero et al.

165



Life 2022, 12, 1015

showed in their study that patients with elevated troponin and TWI had an 80% mortality
risk, compared with a 35% mortality risk when isolated TWI with normal values of troponin
were present [85].
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Figure 1. Pathophysiology of myocardial ischemia in COVID-19 patients. COVID-19 infection acts
by biding to the ACE2 receptors present on the surface of the host cell, which may be pneumocytes,
macrophages, or endothelial cells. Pulmonary infection may range from mild disease to pneumonia
and ARDS in severe forms, which in cases of severe respiratory impairment causes hypoxia and
due to an oxygen supply/demand mismatch, a type 2 MI. An aberrant inflammatory response is
typically described in COVID-19 infection, with the release of cytokines and molecules involved in
inflammation, such as IL-1, IL-6, IL-7, TNFe, and IFNYy. The negative effects of cytokines manifest by
increasing the production of oxidative stress agents and prothrombotic factors, which damage the
endothelial function. Furthermore, SARS-CoV-2 may interact directly with the molecules expressed
on the surface of the endothelial cells. The inflammatory environment promotes platelets activation
and aggregation, upregulates the sympathetic nervous system, increasing the risk of instability of
preexisting atheromatous plaques and coronary spasm. All these mechanisms predispose to plaque
rupture and thrombosis, leading to type 1 MI. ACS: acute coronary syndrome; ACE2: angiotensin-
converting enzyme 2; COVID-19: coronavirus disease 2019; IFNYy: interferon y; IL-1: interleukin
1; IL-6: interleukin 6; IL-7: interleukin 7; MI: myocardial infarction; SARS-CoV-2: severe acute
respiratory syndrome coronavirus 2; TNF«: tumor necrosis factor «.

3. Electrocardiographic Changes in Myocardial Ischemia in COVID-19 Patients
3.1. ST-T Abnormalities

ST-T abnormalities are well-known and described in patients with myocardial ischemia
and they include ST-elevation or depression, T-wave inversion, and nonspecific ST-T-
wave changes. While acute subendocardial ischemia causes ST-segment depression, acute
transmural ischemia causes ST-segment elevation, due to the electrical repolarization
currents responsible for the ST-segment, which are deviated towards the inner layer of the
heart in the first case and towards the outer layer of the heart in the latter. Even though the
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ECG signs of an acute ST-elevation are more accurate than an acute non-ST-elevation, the
repolarization abnormalities of a myocardial infarction can persist indefinitely [86,87].

Patients infected with SARS-CoV-2 who associate myocardial injury may show ST-
segment elevation, ST-segment depression, or T-wave inversion on ECG [18,19]. How-
beit, the ST-segment elevation in COVID-19 patients requires differential diagnosis with
pericarditis and myocarditis, while myocardial ischemia may be due to both obstructive
coronary artery diseases and a mismatch between oxygen supply and demand [88]; these
findings have been observed more frequently in severe patients [13,22]. Among the criti-
cally ill patients, an abnormal ECG with ST-T changes reaches a frequency of 48.5%, while
in patients with a severe type of COVID-19, 25.7% have this abnormality according to Wang
et al. [89]. Most studies found that ST-T abnormalities were the most common changes,
occurring in up to 40% of patients from different hospitals, including Wuhan Asia General
Hospital [15,19,88,90]. T-wave inversion was the most common repolarization change in
several studies, including the one of Galidevara et al., who reported that 27.7% of ECG
changes were due to this abnormality [7,22]. However, while Rosen et al. reported in his
study that 21% patients had an ECG with ST-T modification, Poterucha et al. reported that
10% of the presentations had this abnormality, T-wave inversion was observed in up to
29% of this group, which is similar to other studies. This may be due to the number of
patients included in the studies, the second one having a number of patients seven times
higher [14,91].

Regarding the localization of the repolarization abnormality, lateral and antero-lateral
changes on the ECG were the most frequently described, being also associated with worse
clinical outcomes [92-94].

The ST-T modifications on the ECG can be used as an indicator for poor prognosis,
including more frequent need for mechanical ventilatory support, increased need for ICU
admission, and finally increased mortality [13,19,89]. Patients with ST-T changes on the
admission ECG are more likely to show progression towards a severe form, being associated
with the severity of the COVID-19 infection and a worse prognosis [13,22,95]. Therefore,
the COVID-19 patients detected with myocardial ischemia on the ECG should be monitored
for sudden cardiac death [13].

Patients with ST-T abnormalities had elevated cardiac biomarkers, such as troponin,
and more frequent requirement for vasoactive treatment [14,96,97]. Although mild troponin
elevation was a frequent finding in the study of Chorin et al., which is often associated with
non-vascular etiologies, biomarkers of cardiac damage should alert clinicians of a poor
prognosis [97].

3.1.1. STEMI Pattern

The ST-segment elevation is sometimes associated with a fatal evolution or a worse
prognosis in patients, especially in those with COVID-19 infection. Several studies at-
test the presence of an ST-segment elevation, characteristic for myocardial infarction, in
patients with SARS-CoV-2 infection. Therefore, it is important, especially in patients
with COVID-19, to differentiate the ischemic ST-elevation from the one in a possible
myopericarditis [11,76,98].

The ST-segment elevation myocardial infarction (STEMI) is defined as new ST-elevation
at the J point in two or more contiguous leads, >0.25 mV in men below the age of 40 years,
>0.2 mV in men over the age of 40 years, or >0.15 mV in women in leads V2-V3, and/or
>0.1 mV in other leads [86,99,100].

A multicenter case series study from six hospitals in New York, which included pa-
tients with ST-segment elevation and COVID-19, showed that in 44% of patients a diagnosis
of myocardial infarction was established, whereas 56% had a non-coronary myocardial
injury. Half of the patients underwent invasive intervention with angiography, but only
two-thirds of them had obstructive disease. This finding suggests that a more prevalent
COVID-19 was associated with a non-obstructive type of MI, probably determined by type
2 myocardial infarction [11,76,98]. However, univariate analyses showed that ST-segment
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elevation had a strong correlation with patients’ mortality, being an independent prognos-
tic factor. Sonzor et al. demonstrated in their article in American Journal of The Medical
Science that ST-segment elevation can be associated with clinical outcomes in hospitalized
patients with COVID-19 [101]. Moreover, the occurrence of ST-segment elevation during
hospitalization is also an alarm sign for a poor prognosis, this manifestation being due to
the side effects of therapeutic agents, the direct attack of the virus on myocardial tissue, or
an indicator of myocardial ischemia [102].

Mccullough et al. reported that only 0.7% of the presentations had localized ST-
segment elevation on the ECG, their data suggesting that this was not a common finding in
the New York Presbyterian Hospital in the first months of the pandemic [15]. These data
were sustained by another study which showed that localized ST-segment elevation was
observed in only 0.5% of the presentations during the same months [97].

There was no specific localization of the myocardial infarction in COVID-19 patients
as several studies have shown, some concluding that inferior myocardial infarction was the
most frequent, while others showing that anterior myocardial injury was the most common
type [75,94,100]. An important aspect to mention is that STEMI represented the first clinical
manifestation of COVID-19 for most patients with myocardial infarction and only a few
developed ST-segment elevation during hospitalization for COVID-19 [75]. Even though
we need to be aware of the atypical clinical presentation of COVID-19 with cardiovascular
manifestations, physicians should not misdiagnose STEMI even after admission, especially
if the patient has chest pain [3,103]. We researched almost all published cases of STEMI
and we found an approximately equal localization of the myocardial infarction, with
no statistical significance between the affected walls: inferior myocardial infarction-5
cases, inferolateral myocardial infarction-4 cases, anterior myocardial infarction-5 cases,
or anterolateral myocardial infarction-3 cases. Interestingly, patients who had a subacute
myocardial infarction, with ST-segment elevation and Q waves, had an anterior STEMI
with late presentation [3,11,103-111]. Patients with COVID-19 and STEMI who were
admitted to the hospital had several cardiovascular risk factors with a past medical history
of type 2 diabetes mellitus, hypertension, hyperlipidemia, or overweight body mass index
(BMI) [98,104]. This suggests that cardiovascular risk factors in patients with COVID-19
infection play an important role, as this association leads to a more prevalent occurrence of a
myocardial infarction. The mean age of the total cases of STEMI associated with COVID-19
infection found in literature was 54.4 years of age, and the majority of patients were male,
only four being female with acute STEMI [3,11,103-111]. However, it was observed that the
youngest patients with ST-segment elevation myocardial infarction and COVID-19 were
female [109,110]. Different authors published articles which included patients with STEMI,
but without COVID-19 and concluded that the prognostic for those patients was better, not
only because they did not have SARS-CoV-2 infection, but also because the angiography
was performed faster [104].

We also found studies with cases of transient ST-segment elevation on the ECG,
the possible explanations being a type 2 myocardial infarction due to inflammatory ac-
tivation, respiratory failure, and severe hypoxia [97,112]. MINOCA due to type 2 acute
myocardial infarction causes the appearance of deep Q waves on the subsequent electrocar-
diograms [113]. Stefanini et al. showed in their study that in approximately 40% of patients
with COVID-19 and STEMI, a culprit lesion was not identifiable in the angiography [75].
Therefore, it is not necessary to perform an angiography in all patients with STEMI and
COVID-19, but we need to place in balance the risks and benefits and to understand the
pathophysiological mechanisms behind de ECG aspects [104,108].

3.1.2. ST-Depression Pattern

ST-segment depression is defined as a new horizontal or down-sloping ST-depression
of at least 0.05 mV in two contiguous leads [87,99]. The non-ST-elevation myocardial infarc-
tion (NSTEMI) is seen on ECG as ST-segment depression, T-wave inversion or nonspecific
ST-segment, and T-wave changes [86]. The variety of ECG findings requires a detailed
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analysis and raises differential diagnosis problems, as ST-T abnormalities were the most
reported ECG findings in patients with COVID-19 infection [88-90].

Although various studies have not shown any cases of ST-segment elevation, they have
found ST-segment depression, reported in approximately 5.3% of cases, this manifestation
also being associated with a high mortality [6,20,114]. As we described above, MINOCA
can be challenging due to the atypical clinical presentation, especially in patients with
NSTEMI [6]. Moreover, ST-segment depression related to MINOCA was associated with
high levels of cardiac biomarkers [101]. Antwi-Amoabeng et al. showed an incidence of
8.6% of ST-segment depression, with a significant association between this ECG finding and
troponin levels [115]. Due to the more frequent cases of ST-segment depression compared
with ST-segment elevation, we did not find in literature specific cases of NSTEMI, but only
studies on large cohorts [6,114,116].

3.1.3. T-Wave Inversion and Other Patterns of ST-Abnormalities

T waves are normally inverted in leads III, aVR, and V1. T-wave inversions (TWI)
produced by myocardial ischemia are classically narrow, symmetric, and have variable
depth. Moreover, they have mirror patterns, start in the second part of the repolarization,
and may be accompanied by a positive or negative U wave [99,115].

Heberto et al. showed that ischemic T-wave inversion was the most frequent electro-
cardiographic finding in COVID-19 patients and observed a relationship with mortality in
these patients [117]. Other studies demonstrated that T-wave abnormalities were present
in up to 49% of the COVID-19 patients [118,119]. Almost all studies showed that T-wave
inversion appeared more frequently in the cardiac injury group and in patients over
74 years of age [111,120]. However, Capaccione et al. reported a case of a 36-year-old pa-
tient with myocardial ischemia and inferior T-wave inversion, confirming the hypothesis
of various studies showing that patients with COVID-19 infection have an increased risk
of developing severe cardiovascular disease at a younger age [121]. The number of leads
with T-wave inversion pattern was significantly correlated with the elevation of cardiac
injury biomarkers, such as troponin [119]. Both of these findings were associated with
increased mortality and the need for intubation. Romero et al. conducted a study on
3225 patients with COVID-19 infection, where T-wave inversion was observed in 6% of
patients, with the most frequent localization (71%) in the lateral leads (DI, aVL, V5-V6) [18].
Therefore, T-wave inversion remains the most frequent repolarization abnormality and
is associated with poor outcomes and death, especially in those with elevated troponin
levels [14,121]. The issue for patients with T-wave inversions due to NSTEMI is that during
the COVID-19 era, even if the patients were classified as high-risk NSTEMI, angiography
was not performed, and conservative treatment during isolation was preferred due to the
high risk of infection. However, this strategy may contribute to increasing mortality, as
Suryawan et al. reported in their case presentation [122,123].

3.2. Q Waves

Pathological Q waves are defined as the occurrence of Q waves in at least two con-
tiguous leads as follows: any Q wave in leads V2-V3 of at least 0.02 s or QS complex in
leads V2 and V3; Q wave of at least 0.03 s and at least 0.1 mV deep or QS complex in leads
I,1I, aVL, aVF, or V4-V6; R wave of at least 0.04 s in V1-V2 and R/S of at least one with a
concordant positive [86,99].

We found in literature some cases of subacute myocardial infarction in COVID-19
patients, with Q wave being observed on ECG in approximately 4% of cases. The location
was in both the anterior and inferior territories, and the patients maintained the ST-segment
elevation on ECG [20,92]. Because the Q wave remains the only sign of myocardial in-
farction on ECG, a remote myocardial infarction is more difficult to recognize. Moroni
et al. presented three cases of myocardial infarction with late presentation, due to the
patients’ fear of being infected with COVID-19 in the hospital, who treated themselves at
home and were hospitalized long after a good therapeutical procedure could have been
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performed (Table 1) [105]. This is an alarm signal for patient educational programs, as
the SARS-CoV-2 infection alone does not have a poor prognosis, but it can exacerbate
preexisting conditions [92,105].

Table 1. Patients with subacute myocardial infarction (adapted after Moroni et al., 2020).

Time to in-Hospital Treatment at
Age Sex Symptoms Presentation Home ECG Aspect
64 M1 Chest pressure 10 days Homemade ST-se ?n‘g’r?‘z, slse?/r;(éon on
Shortness of breath y natural remedies & .
the anterior leads
Epigastric tightness Q waves and
65 F! Dyspnea 5 days Antiacids ST-segment elevation on
Orthopnea the anterior leads
Hypotension Q waves and
60 M! Diaphoresis 4 days None ST-segment elevation on
Respiratory distress the anterior leads

1 M: male; F: female.

3.3. Specific Electrocardiographic Patterns

Cases of COVID-19 patients who had specific electrocardiographic patterns were
described in literature.

3.3.1. Takotsubo Pattern

Takotsubo syndrome (TTS) was first described in the 1990s, as an acute myocardial in-
farction, but with normal angiography and patients recovering within days or weeks. Even
though it was initially considered a benign disease, subsequent studies have demonstrated
a higher mortality rate than in the normal population. The most common finding on ECG is
the ST-segment elevation in the precordial leads, with less common ST-segment depression
or abnormal Q waves than for myocardial infarction and with transient changes [124-127].

TTS occurs in 90% of cases in women, often being preceded by emotional stress,
therefore the COVID-19 pandemic can be considered a triggering factor [128]. The patho-
physiology is associated with high plasma levels of catecholamines, the impact of adren-
ergic activity on cardiac myocytes causing ascending ST-segment elevation and ] point
depression. Moreover, high catecholamine levels might increase oxygen demand, inducing
vasospasm and myocardial injury, patients with SARS-CoV-2 infection being exposed to a
high endogenous secretion as a compensatory intravenous infusion, which are used as a
therapeutic method [23,129]. Another determinant mechanism involves the hypothalamic-
pituitary-adrenal (HPA) axis, which is activated in COVID-19; several studies have shown
that cortisol and adrenocorticotrophic hormones were dysregulated. As the levels of corti-
sol are significantly higher in COVID-19 patients and the HPA axis induces catecholamine
secretion, a relationship between TTS and hypercortisolemia was described. An important
aspect to mention is the BNP/troponin ratio used to differentiate TTS from acute myocar-
dial infarction, as TTS is associated with higher brain natriuretic peptide (BNP) and lower
troponin levels [129].

Literature presents many cases of TTS in patients with COVID-19, the most specific
ECG abnormalities being ST-segment elevation in the anterior leads [11]. Approximately
2-4% of patients with COVID-19 had TTS, with a higher prevalence in critically ill patients,
as some studies have reported. Although TTS predominates in women, about 30% of the
patients with COVID-19 and TTS are males [129]. The first typical case of TTS with apical
ballooning observed on echocardiography in a patient with COVID-19 was reported by
Meyer et al. Both emotional and physical stress by the pandemic were considered trigger
factors [130].

ST-segment elevation in leads I and aVL and diffuse ST-T-wave changes were found in
two female patients with COVID-19, who were subsequently diagnosed with TTS because

170



Life 2022, 12, 1015

the cardiac catheterization revealed normal coronary arteries. One of them even admitted
to feeling anxious by the reports and images of the COVID-19 pandemic, TTS being an
indirect outcome of quarantine-induced stress [128-130].

Although it was considered a benign disease, TTS patients with COVID-19 have a
higher mortality rate than patients who have only TTS [131,132]. Furthermore, Barbieri
et al. showed that in a hospital from Lombardy, during the COVID-19 pandemic, more
patients with TTS have been diagnosed with TTS than in the same months of the previous
years. This is an additional argument for the impact of COVID-19 on stress-induced
cardiomyopathy [133].

3.3.2. Wellens Pattern

Wellens syndrome is a specific disease for critical stenosis of the proximal left anterior
descending coronary artery. The ECG shows deeply inverted or biphasic T waves in leads
V2-V3, often in leads V1 and V4 and occasionally in leads V5-V6 (Figure 2). Patients with
Wellens syndrome are at risk of a large anterior wall myocardial infarction, even though
they are pain-free and the cardiac enzymes are normal [82,134,135].

| Vi W“q
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Figure 2. Wellens pattern: deeply biphasic T waves in leads V3-V6 (The collection of the “St. Spiridon”
Hospital’s Cardiology Clinic, Iasi, Romania).

We found in literature four cases of Wellens syndrome in patients with SARS-CoV-2
infection, three of them were male and one female (Table 2). The mean age was 73 years old,
significatively higher than the group with ST-segment elevation. On the ECG, all patients
had biphasic T waves in V2-V3, three of them with additionally negative T waves in
leads V4-V6. Only one patient had typical chest pain, three patients had only dyspnea.
The female patient did not have an angiography performed, in one patient an emergency
angiography was performed and the other two patients had a coronary angiography after
a few days of medical treatment. All patients were treated with drugs for NSTEMI, with a
high-intensity statin, dual antiplatelet aspirin, P2Y12 inhibitors, and anticoagulant [135,136].
Regarding the therapeutic approach, we observed a difference during the pandemic. If
the first published case of Wellens syndrome did not receive an angiography because of
the COVID-19 status and the risk of infection, Caiati et al., the authors who published the
latest case of Wellens syndrome during the COVID-19 pandemic, chose another therapeutic
approach and the patient underwent an angiography [136-139]. This may be due to the fact
that at the beginning of the pandemic, information about COVID-19 was scarce, a conser-
vatory treatment was preferred in order to keep as little physical contact as possible. Even
though for the diagnosis of Wellens syndrome physicians need to perform an angiography,
during the pandemic, the European Society of Cardiology and the American College of
Cardiology recommended medical management during the acute phase [136].
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Table 2. Patients with Wellens syndrome and COVID-19 infection.

Article Age Sex Symptoms ECG Findings Treatment Angiography
Fatigue Diffuse T-wave inversions in Assta’i[iriln
Prousi et al. 75 F! & precordial leads P, Not performed
Dyspnea Bi . . P2Y12 inhibitors
iphasic T waves in V1-V2 .
Heparin
Chronic total occlusion of the
Statin right coronary artery.
Biphasic T wave in V2-V3 Aspirin Severe disease of the first
1 phasic T wave p
Elkholy et al. 86 M Dyspnea T-wave inversion in V4-V6 P2Y12 inhibitors diagonal.
Enoxaparin Severe stenosis of the distal
obtuse marginal 1
Di Spigno et al. 62 M Atypical chest pain Biphasic T waves in V2 B Subocclgsmn of the Proxunal
Dyspnea left anterior descending artery
Statin
Caiati et al 69 M ! Typical chest pain T-waves inversion in V2-V3 Aspirin Subocclusive stenosis of the
’ Dyspnea T-wave flattening in V4-V6 P2Y12 inhibitors proximal LAD
Heparin

1 M: male; F: female.

In addition to the ECG aspect, patients should be investigated for cardiovascular
risk factors, as well as a structural evaluation with echocardiography, coronary angiog-
raphy being the investigation that assists the ECG findings [136]. However, because the
high risk of infection during the COVID-19 pandemic required new diagnostic methods,
Caiati et al. proposed a non-invasive way that can assess the obstructive atherosclerosis
through transthoracic enhanced Doppler echocardiography (E-Doppler TTE). This allows
the identification of the coronary blood flow velocity, even though this investigation has
never been tested in a Wellens syndrome. The authors used it for the first time the E-
Doppler TTE in an acute syndrome and this can open new perspectives on the management
of an acute coronary syndrome [139].

3.3.3. De Winter Pattern

The De Winter ECG pattern shows an upsloping ST-segment depression at the J-point
in leads V1-V6, followed by peaked symmetrical T waves, being associated with left
anterior descending artery occlusion, with a positive predictive value of 95% [140-142].

Almendro-Delia et al. published the only case of De Winter syndrome associated
with COVID-19 infection, which occurred in a 33-year-old male patient. Due to his in-
fectious disease, atypical chest pain suggestive for pericarditis, and the ECG aspect with
ST-segment depression in V1-V6 followed by tall T waves, the first diagnosis was acute
pericarditis (Figure 3). The laboratory result which revealed high troponin levels and
the echocardiographic aspect with apical and antero-lateral hypokinesis with an apical
thrombus at this region, led to the reinterpretation of the ECG as a De Winter aspect. The
angiography confirmed the thrombotic occlusion of the proximal left anterior descending
artery, the outcome being favorable. Therefore, in the COVID-19 era, it is necessary to
make a detailed differential diagnosis, even in apparently young healthy patients. The
ECG aspects can be misinterpreted as early repolarization or pericarditis, delaying proper
reperfusion treatment. Thus, the De Winter pattern is the equivalent of an early STEMI, an
aspect which should not be ignored [143].
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Figure 3. De Winter pattern: upsloping ST-segment depression at the J-point, followed by peaked
symmetrical T waves in lead V3, lead V4, lead V5 and lead V6 (The collection of the “St. Spiridon”
Hospital’s Cardiology Clinic, Iasi, Romania).

3.3.4. Triangular Electrocardiographic Pattern

Another unique ECG presentation of STEMI is represented by the triangular QRS-
ST-T waveform, also known as the “shark fin pattern”, which is defined as a giant wave
resulting from the fusion of the QRS complex, the ST-segment and the T wave [76,144].
This uncommon ECG pattern reflects the left main coronary artery involvement, with a
large area of transmural myocardial ischemia and poor in-hospital prognosis [76].

A 32-year-old female patient with COVID-19 infection and shortness of breath, showed
a “shark fin pattern” in leads I, II, III, and aVL post-cardiac arrest (Figure 4). Although
an angiography was necessary, given her critically ill clinical status and the echocardio-
graphic aspect with mid-wall hypokinesis suggestive for Takotsubo, the intervention was
postponed. The “shark fin pattern” is a rare ECG finding, typical for left main coronary
artery, but because of the patient’s past history of intravenous drug abuse and hepatitis
C, over which the COVID-19 infection overlapped, this ECG aspect can be determined by
several other factors, such as abnormal laboratory tests [145].
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Figure 4. Triangular ECG pattern in leads V2 and V3: fusion of the QRS complex, the ST-segment
and the T wave (The collection of the “St. Spiridon” Hospital’s Cardiology Clinic, Iasi, Romania).
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3.4. Other Electrocardiographic Aspects Associated with Myocardial Ischemia in
COVID-19 Patients

Even though new left bundle branch block, right bundle branch block, or poor R-wave
progression were described as different changes suggestive for myocardial ischemia, in
COVID-19 patients we did not find specific publications or studies regarding only the
incidence of these aspects in infected patients [14,93].

4. Why Is It Important to Analyze Myocardial Ischemic-like Electrocardiographic
Changes in COVID-19 Patients?

The ECG findings described above are important for differential diagnosis, especially
with myopericarditis. In patients with COVID-19 myocarditis, approximately 50% had
ST-segment elevation on the ECG, the distinction from myocardial infarction being difficult,
although ST-segment elevation in myocarditis is diffuse, not focal as in acute coronary
syndrome [18,90]. Moreover, in myopericarditis, ST-segment is characterized by an eleva-
tion of the ] point with a concave shape, while in STEMI the elevation of the ] point has a
convex shape. Additional tests are required, troponin being mildly elevated in myoperi-
carditis and the cardiac ultrasound showing increased wall thickness, decreased ejection
fraction, or global hypokinesis [18,124]. Finally, late gadolinium enhancement on MRI can
reveal the final diagnosis of myocarditis [18]. We found in literature some cases of patients
with COVID-19 infection and ST-T abnormalities seen on ECG being interpreted as an
acute coronary syndrome with an MRI performed after the angiography showing normal
coronary arteries, and thus establishing the diagnosis myopericarditis [11].

Another differential diagnosis to consider is a fever-induced Brugada pattern, as
COVID-19 is frequently associated with fever [75].

The management of patients with myocardial infarction suspicion has also suffered
changes in the COVID-19 era. Given the difficult differential diagnosis with myocarditis, it
is important for the reperfusion therapy not to be postponed in the emergency department.
Moreover, in COVID-19 patients with a strong suspicion for NSTEMI, initial medical
therapy is the optimal option. Finally, SARS-CoV-2 rapid testing remains mandatory even
in the emergency setting and protocols are continuously being adapted [146].

5. Conclusions

Understanding the pathophysiological aspects of myocardial ischemia in patients
infected with SARS-CoV-2 can open a broad perspective on the proper management of
each patient. The ECG changes provide insight into the patient’s prognosis. Although
we found the same ECG aspects for myocardial ischemia as before the pandemic, these
are much more severe, occur in younger and healthier patients, and the stress-induced
cardiomyopathy is much more common in COVID-19 patients. Further studies are needed
to elucidate the particular mechanisms of myocardial ischemia in patients infected with
COVID-19 in order to promote more specific treatments and to prevent these complications.
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Abstract: Acute coronary syndrome (ACS) is a spectrum of clinical and paraclinical disorders arising
from an imbalance of oxygen demand and supply to the myocardium. The most common cause
is atherosclerosis; however, other rare causes such as carbon monoxide (CO) poisoning should be
considered. Through tissue hypoxia and direct cell injury, CO poisoning can lead to a broad spectrum
of cardiac disorders, especially ACS. Materials and Methods. We have conducted a retrospective
study in the Toxicology Department of Saint Spiridon Emergency University Hospital, including all
patients admitted through the emergency department with CO poisoning. We divided the cohort
into event group (myocardial injury) and non-event group (patients without myocardial injury) and
performed a subset analysis of the former. Results. A total of 65 patients were included, 22 in the
event and 43 in the non-event group. The severity of poisoning did not correlate with myocardial
injury; however, 50% of the event group had severe poisoning with carboxyhaemoglobin > 20%.
Cardiac enzyme markers (troponin and creatin-kinase MB) had a statistically significant increase
in the event group compared to the non-event group (p < 0.05). Most of the patients in the STEMI
(50%) and NSTEMI (66.7%) groups had severe CO intoxication. The STEMI group had a mean age of
27.7 years old and no comorbidities. Conclusions. Myocardial injury can develop in CO poisoning
irrespective of the severity of poisoning, and it can be transient, reversible, or permanent. Our study
introduces new information on adverse cardiac events in patients with CO poisoning, focusing on the
ACS. We found that the severity of CO poisoning plays an important role in developing myocardial
injury, as 50% of patients in the event group were severely intoxicated. While in-hospital mortality
in our study was low, further prospective studies should investigate the long-term mortality in
these patients.

Keywords: acute coronary syndrome; carbon monoxide poisoning; myocardial injury; severity
of poisoning

1. Introduction

Acute coronary syndrome (ACS) is a consequence of a sudden imbalance between
oxygen demand and supply to the myocardium. It is represented by a spectrum of clinical
and paraclinical presentations, ranging from ST-segment elevation myocardial infarc-
tion (STEMI) to non-ST-segment elevation myocardial infarction (NSTEMI) or unstable
angina [1]. The most common cause of ACS is atherosclerosis (90%), which is frequently
complicated, leading to partial or complete thrombosis of infarct-related coronary artery [2].
There are other rare causes of ACS, such as endocrine or haematological. Spasm, obstruc-
tion, inflammation, or trauma of the coronary arteries can cause myocardial injury. Carbon
monoxide (CO) poisoning, through different mechanisms, can be the cause of ACS.
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CO poisoning is a major public health problem, being one of the leading causes of
death and injury worldwide [3]. Cumulative worldwide incidence and mortality of CO
poisoning are currently estimated at 137 cases and 4.6 deaths per million, respectively [4].
In Europe, national data provided by 28 European member states on CO poisoning reported
an annual rate of 2.2/100,000 CO-related deaths [5].

CO has a specific effect on highly sensitive tissues to hypoxia, such as brain or heart [6].
Its toxicity is the result of hypoxia, increased carboxyhaemoglobin (CoHgb) formation
and direct CO-mediated cell damage. Furthermore, CO can induce coronary spasm and
intracoronary thrombosis and increase vascular permeability and platelet aggregation [7],
which can lead to ACS both on healthy and non-critical atherosclerotic plaque [8].

In this retrospective study, we aim to analyse and describe our experience regarding
cardiovascular events in the context of acute CO poisoning, focusing on ACS in relation to
the severity of CO intoxication, comorbidities, clinical and biological characteristics, and
outcome of patients.

2. Materials and Methods
2.1. Study Design and Selection of Patients

We carried out a retrospective study in “Saint Spiridon” Regional Emergency Hospi-
tal, Toxicology Department, a tertiary regional centre for clinical toxicology in northeast
Romania. We included all patients aged over 18 with a diagnosis of CO poisoning between
1 January 2013 and 31 December 2021.

Inclusion criteria consisted of patients admitted through the emergency department
(ED) with at least one of the following: history of CO exposure, increased COHgpb levels,
and symptoms consistent with CO poisoning.

The electronic hospital records were searched based on the patient’s diagnosis at
discharge. We extracted the following data: patient’s demographics (gender, age, residen-
tial area, smoking status), body mass index (BMI—using the following cut-off: normal—
18.5-24.9 kg/m?, overweight—25-29.9 kg/m?, obesity > 30 kg/m?) [9], comorbidities
(arterial hypertension, ischaemic heart disease, previous myocardial infarction (MI), heart
failure, diabetes mellitus type 2, presence of angina type pain, level of COHgb on ad-
mission, cardiac enzymes (troponin and creatin-kinase MB (CK-MB)), electrocardiogram
(ECG) upon presentation and during admission, if performed by attending physician, need
for orotracheal intubation upon presentation, clinical outcome and length of admission.
ECGs were retrospectively reviewed by 2 Internal Medicine Trainees (1st and 5th year of
training). Subsequently, an Internal Medicine Consultant randomly reviewed the ECGs to
ensure accuracy.

We used the following definitions for the severity of poisoning: mild poisoning—
COHgb > 10% without clinical signs and symptoms or COHgb < 10% with associated signs
and symptoms, moderate poisoning—COHgb 10-19% with clinical signs and symptoms,
severe poisoning—COHgb > 20% with clinical signs and symptoms [3,10]; for clinical
outcome: favourable—the patient was discharged when considered clinically improved by
treating physician; against medical advice—the patient discharged himself against medical
advice from treating physician; death—patient died due to CO poisoning or associated
acute illness in this context. Length of admission was divided into 3 main categories:
1-3 days; 4-7 days and >7 days. Whenever the information was missing, it was mentioned
as not available (NA).

Patients younger than 18, with acute concomitant illness requiring a specific approach
in a different department, except for the Toxicology Intensive Care Unit (ICU) (e.g., burns,
trauma, acute stroke etc.), were excluded from our study.

2.2. Outcomes

The primary outcome was to analyse the incidence and types of cardiac ischemic
events by dividing the patients into 2 cohorts: event group (myocardial injury) and non-
event group (patients without myocardial injury). We further performed a subset analysis
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of patients in the event group in relation to the severity of acute CO poisoning. Myocardial
injury was identified as evidence of STEMI (new ST-segment elevation > 1 mm in 2 consec-
utive leads), NSTEMI (new ST-segment depression > 0.5 mm in 2 consecutive leads), other
features of ischaemia (new T-wave inversion > 2 mm in 2 consecutive leads). Secondary
outcomes were the presence of rhythm and conduction disorders, positive cardiac enzymes,
need for intubation, length of admission and clinical outcome.

2.3. Blood Analysis

COHgb concentration in venous blood was measured using the ABL90 Series method
(Radiometer, Copenhagen, Denmark) in ED. Cardiac enzymes (troponin and CK-MB) were
measured using an ARHITECT clinical chemistry analyser (Abbott Laboratories, Abbott
Park, IL, USA). This high-sensitivity troponin assay was introduced in 2018. Throughout
the years, we have used several assays with different sensitivities and specificities.

2.4. Treatment

All patients underwent initial assessment and treatment in the ED to ensure the stabil-
ity of vital signs, carboxyhaemoglobin measurement and 100% oxygen therapy, as well as
full blood tests (full blood count, biochemistry, coagulation tests) in symptomatic patients
(e.g., malaise, nausea, headache, chest pain, reduced consciousness, coma [3]). Cardiac
enzymes were taken as indicated by the emergency medicine/internal medicine/toxicology
consultant. In the case of severe poisoning associated with the need for intubation (GCS 8§,
acute respiratory failure not corrected by non-invasive treatment), severe acidosis (pH < 7.2
despite adequate treatment), fluid-resistant hypotension (MAP < 65 mmHg), or other appro-
priate criteria, as indicated by the ICU Consultant, patients were managed in the Toxicology
ICU department. Those clinically stable (e.g., systolic blood pressure > 90 mmHg, GCS > 9,
oxygen saturation > 80 correcting with oxygen therapy, absence of new organ failure)
but requiring further observation and/or management of CO poisoning and associated
comorbidities were admitted to our Toxicology Department.

2.5. Data Analysis

Statistical analyses were performed with SPSS software for Windows (v.22.0; SPSS,
Chicago, IL, USA). Nominal variables are presented as frequencies and percentages, and
continuous variables are presented as the mean + standard deviation (SD). To identify
significant parameters associated with a CO poisoning diagnosis, a two-tailed Student’s
t-test was used to compare normally distributed continuous variables, whereas the chi-
squared test and Cochrane’s statistic were used for categorical variables. A p-value < 0.05
was considered statistically significant.

3. Results
3.1. Patients” Characteristics

Sixty-five patients with acute CO poisoning were admitted to our Toxicology depart-
ment between 2013 and 2021, out of a total of 1780 patients with drug/non-pharmaceutical-
induced acute poisonings. In all cases, the poisoning was accidental because of either a
house fire, incorrectly installed, or faulty gas-powered generators, heating systems or wood
stoves. The demographic characteristics of the cohort are presented in Table 1.

A high percentage (40%) of patients were young, aged between 18 and 39 years
old. In total, 55.4% of patients were female, 61.5% lived in urban areas, and 35.4% were
current smokers.

3.2. Severity of CO Poisoning

Of the 65 acute CO poisoning patients included in the study, 44.6% had mild, while
35.4% had severe poisoning.
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Table 1. Characteristics of patients with acute CO poisoning.

Demographic Data Total (n = 65) %

Age interval

18-39 years 26 40.0

40-59 years 12 18.5

60-79 years 19 29.2

over 80 years 8 12.3
Gender

Male 29 44.6

Female 36 55.4
Residence

Urban 40 61.5

Rural 25 38.5
Smoking

Current smoker 23 354

Non-smoker 42 64.6
Body mass index

Normal 21 32.3

Overweight 7 10.8

Obesity 4 6.2

Not available 33 50.8

Patients’ comorbidities
Diabetes mellitus type 2 7 10.8
Arterial hypertension 12 18.5
Ischemic heart disease 9 13.8
Previous MI 1 15
Heart failure 9 13.8
Severity of poisoning
Mild poisoning 29 44.6

Moderate poisoning 13 20.0
Severe poisoning 23 35.4

3.3. Cardiac Ischemic Events

Out of 65 patients, 22 are in the event group and 43 in the non-event group, with a
mean age of 57 years old and 48 years old, respectively (Table 2).

Regarding smoking status and comorbidities, there is no statistically significant dif-
ference between the two groups. Approximately one-third of the patients were current
smokers in both groups. Comorbidities were present in both groups to a certain degree;
arterial hypertension was slightly more present in the event group (27.3%) compared to the
non-event group (14.0%).

The severity of poisoning does not correlate with cardiac ischaemic events. For each
degree of CO toxicity, there is a similar proportion of affected individuals, both in the
event and non-event groups. However, 50% of the event group had severe poisoning with
COHgb > 20%, while the non-event group had mild poisoning in most cases (48.8%).

Cardiac enzyme markers (troponin and CK-MB) had a statistically significant increase
in the event group compared to the non-event group (p < 0.05). On the other hand, troponin
was not available in 58.1% of the non-event group. There was no difference between groups
regarding orotracheal intubation.

Patients with cardiac events had a longer admission, 4-7 days (45.5%), compared to
the non-event group, admitted for 1-3 days (55.8%). Most of our patients had a favourable
outcome, 77.3% in the first and 55.8% in the second group, with 9.1% and 7% mortality
rates in the two groups.
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Table 2. Characteristics of event and non-event groups.

Groups
P t - 2 Test T Test p Value
arameter Event (1 = 22) Non-Event X

(n=43)
Mean Age 57.45 + 24.27 48.65 + 21.06 2.292 0.135
Smoking status 0.440 0.507
Current smoker 9 (40.9%) 14 (32.6%)
Non-smoker 13 (59.1%) 29 (67.4%)
Angina 3 (13.6%) 1 (2.3%) 3.029 0.082
Comorbidities
Diabetes mellitus 2 (9.1%) 5 (11.6%) 0.100 0.752
type 2
Arterial o o
hypertension 6 (27.3%) 6 (14.0%) 1.646 0.200
Ischemic heart 4 (18.2%) 5 (11.6%) 0.507 0477
disease
Previous
myocardial 0 (0.0%) 1 (2.3%) 0.834 0.361
infarction
Heart failure 4 (18.2%) 5 (11.6%) 0.507 0.477
Severity of poisoning 3.153 0.207
Mild poisoning 8 (36.4%) 21 (48.8%)
Moderate 3 (13.6%) 10 (23.3%)
poisoning
Severe poisoning 11 (50.0%) 12 (27.9%)
Troponin 10.396 0.006
Increased 2 (9.1%) 1(2.3%)
Normal 16 (72.7%) 17 (39.5%)
NA 4 (18.2%) 25 (58.1%)
CK-MB 9.009 0.011
Increased 5(22.7%) 13 (30.2%)
Normal 16 (72.7%) 17 (39.5%)
NA 1 (4.5%) 13 (30.2%)
Orotracheal o o
intubation 3 (13.6%) 5 (11.6%) 0.054 0.817
Length of 4.067 0.131
admission
1-3 days 7 (31.8%) 24 (55.8%)
4-7 days 10 (45.5%) 15 (34.9%)
Over 7 days 5 (22.7%) 4(9.3%)
Outcome 4.260 0.119
Favourable 17 (77.3%) 24 (55.8%)
Death 2 (9.1%) 3 (7.0%)
Discharged against 3 (13.6%) 16 (37.2%)

medical advice

We further characterised the event group depending on the type of ECG changes
(other features of ischaemia, STEMI and NSTEMI). There are nine patients with other
features of ischaemia, four patients with STEMI and nine with NSTEMI. The STEMI group
is relatively younger, with a mean age of 27.7 years old and no comorbidities. Arterial
hypertension and ischaemic heart disease are present in 44.4% and 33.3% of the other
features of the ischaemia group, compared to 22.2% and 11.1% in the NSTEMI group. Most
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patients in other features of the ischaemia group (44.4%) had mild poisoning, while 66.7%
of the NSTEMI (66.7%) group had severe CO poisoning (Table 3).

Table 3. Characteristics of the event group depending on the type of ECG changes.

Other Features of

. STEMI NSTEMI p Value for  p Value for Cfi
Parameter Ischaemia
n=4) n=9) T Test Square Test
(n=9)
Mean Age 58.56 4 24.42 27.75 £9.74 69.56 + 17.53 0.009
Smoking status 0.308
Current smoker 3 (33.3%) 2 (50.0%) 3 (33.3%)
Non-smoker 6 (66.7%) 2 (50.0%) 6 (66.7%)
Comorbidities
Diabetes mellitus type 2 1(11.1%) 0 (0.0%) 1(11.1%) 0.655
Arterial o 5 o
hypertension 4 (44.4%) 0 (0.0%) 2 (22.2%) 0.144
Ischemic heart o o o
disease 3(33.3%) 0 (0.0%) 1(11.1%) 0.210
Previous myocardial o N o )
infarction 0 (0.0%) 0 (0.0%) 0 (0.0%)
Heart failure 2 (22.2%) 0 (0.0%) 2 (22.2%) 0.408
Severity of poisoning 0.482
Mild poisoning 4 (44.4%) 2 (50.0%) 2 (22.2%)
Moderate poisoning 2 (22.2%) 0 (0%) 1(11.1%)
Severe poisoning 3 (33.3%) 2 (50.0%) 6 (66.7%)
Troponin 0.855
Increased 1(11.1%) 0 (0.0%) 1(11.1%)
Normal 7 (77.8%) 2 (50.0%) 6 (66.7%)
NA 1(11.1%) 2 (50.0%) 2 (22.2%)
CK-MB 0.095
Increased 0 (0.0%) 2 (50.0%) 3 (33.3%)
Normal 8 (88.9%) 2 (50.0%) 6 (66.7%)
NA 1(11.1%) 0 (0.0%) 0 (0.0%)
Orotracheal o o o
intubation 1 (11.1%) 2 (50.0%) 1(11.1%) 0.791
Length of admission 0.495
1-3 days 2 (22.2%) 3 (75.0%) 3 (33.3%)
4-7 days 5 (55.6%) 1 (25.0%) 3 (33.3%)
Over 7 days 2 (22.2%) 0 (0.0%) 3 (33.3%)
Outcome 0.604
Favourable 6 (66.7%) 3 (75.0%) 7 (77.8%)
Death 1(11.1%) 1 (25.0%) 1(11.1%)
Discharged against 2 (22.2%) 0 (0.0%) 1(11.1%)

medical advice

Troponin was increased in the other features of ischaemia and NSTEMI groups, but
the majority of patients had normal levels. In total, 50% of STEMI and 33% of the NSTEMI
population had an increase in CK-MB levels. Half of the patients with STEMI were intu-
bated. The length of admission was equally distributed in the NSTEMI group; 4-7 days for
most (55.6%) of the other features of the ischaemia group, and 1-3 days for STEMI. The
highest mortality was 25% (n = 1) in patients with STEMI and lower (11%) in the other two
groups (Table 3).
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3.4. Arrhythmias

They were described as more frequent (17.2%) in mild CO poisoning, being represented
by the new appearance of either sinus tachycardia, atrial or ventricular extrasystoles, or
atrial fibrillation (Table 4).

Table 4. ECG arrhythmias and conduction disorders in patients with acute CO poisoning.

Severity of Poisoning p-Value
Mild Poisoning Moderate Severe Poisoning
(n=29) Poisoning (n = 13) (n =23)
Arrhythmias 5 (17.2%) 1(7.7%) 2 (8.7%) 0.552
ECG  Conduction o o o
disorders 5(17.2%) 2 (15.4%) 4 (17.4%) 0.986

Furthermore, ECG atrioventricular (AV) conduction disorders (newly diagnosed bun-
dle branch blocks) were more frequently described (17.2%) in mild CO poisoning. Both
arrhythmias and conduction disorders did not show statistical significance depending on
CO poisoning severity (Table 4).

4. Discussion

Our study comprises a relatively young cohort with no significant comorbidities
and mild poisoning. The severity of poisoning does not have a statistically significant
correlation with myocardial injury. On the other hand, one-third of the studied population
had either STEMI, NSTEMI or other features of ischaemia on the ECG, and half of them had
severe poisoning. Most patients had normal troponin levels. Those with mild poisoning
developed arrhythmias (17.2%). This highlights the heterogeneity of CO poisoning patients.
They may develop myocardial injury in the absence of significant risk factors. Hence,
an individualised approach is necessary when treating CO poisoning. Moreover, future
research should address the long-term complications and establish the need for follow-up
in this special category of patients.

4.1. Cardiovascular Effects of CO Poisoning

There is a high variability of myocardial involvement based on the cardiovascular
status of the affected individual. In most cases, a severe degree of CO poisoning can cause
acute coronary syndrome, even in individuals with minimal or no coronary atherosclerosis.
However, there are cases in the literature reporting that mild CO poisoning can also lead to
severe myocardial injury, especially in older patients with cardiovascular risk factors [11].
Patients may develop angina, which can trigger the physician to further investigate as this
symptom seems to correlate with the degree of CO poisoning [12]. On the other hand,
cardiac chest pain can develop later in the course of the disease [13], or it can be completely
absent [14]. Overall, 13% of our event group developed angina compared to 2.3% in the
non-event group. Another study showed that of 104 patients referred to the coronary
care unit with unstable angina, three patients had chronic CO poisoning, and five had
exposure. This suggests that even environmental CO exposure can result in high COHgb
concentrations, causing acute coronary syndrome. In most cases, patients are investigated
in the context of acute intoxication; otherwise, this may be overlooked by the physician [15].

There were no major differences in comorbidity profiles between the event and non-
event groups. Out of arterial hypertension, diabetes mellitus, ischaemic heart disease,
previous MI and heart failure, only the former was slightly more frequent in the event
group. These patients do not have the common risk factors of patients with cardiovascular
disease, as demonstrated by another retrospective study with a 230 CO poisoning cohort
where cardiovascular comorbidities were uncommon, with only 7% of patients having
previous ML Interestingly, arterial hypertension was identified as a predictor of myocardial
injury [16].
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Smoking is a well-known cardiovascular risk factor determining around 30% of coro-
nary artery disease mortality. [17]. Around 40% of our cohort were active smokers, with no
significant difference between the event and non-event group. We can argue that different
types of smoking expose individuals to CO, and their baseline COHgb may increase to
10%. This chronic exposure can cause symptoms of fatigue or headache that may worsen
in the context of acute exposure and accelerate ischaemic events [18].

It is difficult to determine whether a patient will develop myocardial injury and most
studies do not report a statistically significant correlation between levels of COHgb and
adverse cardiovascular events. Our study is consistent with these previous findings as
the severity of poisoning did not correlate with cardiac ischaemic events. On the other
hand, ECG changes and insufficient diagnostic performance of cardiac enzymes may be
misleading in appreciating the degree of cardiac impairment. Ischaemic changes have been
described in several case reports until larger cohorts were studied. Anderson [19] reports ST
segment abnormalities (elevation and depression) in a case series with seven patients but
apical thrombus and coronary artery thrombosis in one patient. From a total of 250 patients,
Cha YS et al. [20] described ischaemic changes in 3.6% of patients (ST elevation in 0.8%, ST
depression 1.6% and T wave inversion in 1.2%), a relatively low incidence, but included
patients with less severe CO poisoning (mean initial COHgb was 13.55%). We determined
that out of all patients in the event group, 50% had severe poisoning with a COHgb > 20%.
In the subset analysis of our event group, nine patients had other features of ischaemia, nine
had NSTEMI and four of them STEMI. The ECG changes were more frequent in those with
NSTEMI and severe poisoning (66.7%). Most patients in the other features of the ischaemia
group (44.4%) and STEMI group (50%) had mild poisoning. Another study showed that
85 out of 230 patients developed ST and T wave changes consistent with myocardial
injury, and 35% had increased cardiac enzymes [16]. Our STEMI group had no increase in
troponin levels. Although troponin, especially high sensitivity troponin, is a key marker
of myocardial injury, it cannot be used to predict cardiovascular events in the context of
moderate to severe CO poisoning [21]. These changes may be transient and determined by
direct CO toxicity, as opposed to atherosclerotic mechanisms. This hypothesis is confirmed
by a prospective study that evaluated the cardiac function and structure of patients with CO
poisoning. Those with elevated cardiac enzymes were explored with coronary angiography,
which was normal in all cases. Coronary spasm was excluded by provocation tests. We
can, therefore, argue that increased levels of CK-MB and troponin can arise in anatomically
intact coronary arteries [22]. On the other side, STEMI due to left anterior descending
coronary artery thrombosis [23], total occlusion of a branch of the right coronary artery [24]
or myocardial rupture and tamponade secondary to ACS have also been described in CO
poisoning [25].

In the subset analysis groups, most of the patients had normal troponin and CK-MB
levels. Troponin was slightly increased in the other features of ischaemia and NSTEMI
subgroups of the event cohort, and 50% of STEMI and 33% of the NSTEMI population
had an increase in CK-MB levels. Cho et al. [26] found increased troponin in 54% of the
359 patients included in the study. A total of 104 patients underwent cardiac MRI, out of
which 72 had late gadolinium enhancement with mid-wall myocardial injury. This cohort
included patients with no cardiovascular comorbidities, similar to our STEMI group as
our patients were relatively young, with a mean age of 27.7 years old, active smokers
(50%), and no comorbidities. In addition to cardiac MRI, SPECT scintigraphy has been
proved to provide a significant correlation between the imagistic changes and severity of
CO poisoning [27].

Regarding the length of admission, patients in the event group had longer admission
compared to the non-event group. Most of our patients had a favourable outcome on
discharge. On the other hand, when followed up for a longer period of time, patients with
myocardial injury due to CO poisoning may have a three times higher mortality compared
to those without myocardial injury and CO poisoning [28]. Henry et al. [29] report that out
of the patients with increased cardiac markers and ECG changes consistent with myocardial
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injury, 38% died after a 7.6-year follow-up. Half of our patients with STEMI were intubated.
Length of admission was equally distributed in the NSTEMI group, with 4-7 days and for
55.6% of the ECG ischaemic changes group and 1-3 days for STEMI. The highest mortality
was 25% (n = 1) in patients with STEMI and lower (11%) in the other two groups. Further
studies need to investigate the long-term outcome of patients with cardiac events and
CO poisoning.

4.2. Arrhythmias, Conduction Disorders

In our study, arrhythmias were represented by newly diagnosed sinus tachycardia,
atrial and ventricular extrasystoles, and atrial fibrillation on ECG. These were more frequent
in mild forms of acute CO poisoning. ECG intra-ventricular conduction disorders (newly
diagnosed bundle branch blocks) were present in 25% of cases in mild forms, and 17.4%
were present in severe forms of acute CO intoxication. Sinus tachycardia was reported in
9 out of 40 patients in one investigation by Aslan et al. [30], while in another study by the
same author, it was noted in 26.5% of patients (n = 83) [31].

Lee et al. [32] showed in a cohort with 8381 CO poisoning patients that the risk of
arrhythmia was twice as high in CO poisoning patients compared with those without CO
poisoning. The risk remained significantly higher in patients with associated comorbidi-
ties and severe CO poisoning after the adjustment of confounders such as sex, age, or
comorbidity. Systemic hypoxia in CO poisoning induces compensatory tachyarrhythmia,
increases the oxygen demand, and accelerates CO diffusion, which further exacerbates
hypoxic injury of the myocardium. A few cases of intra-ventricular conduction disorders
associated with CO poisoning were reported. Most of them were reversible and explained
by cardiac ischaemia and toxic effects of CO, such as the case of a young female presenting
with a transient left bundle branch block and normal coronary angiography in the context
of moderate CO poisoning [33].

4.3. Study Limitations

Our study has several limitations. It is a retrospective study with a review of medical
records with some information being unavailable or missing. We conducted the study in a
single centre, and the cohort had a relatively small number of patients. Cardiac markers
were not available in all patients. Moreover, the troponin assay has changed throughout
time, currently providing more accurate and earlier detection of cardiac injury. Since 2018,
we have introduced high-sensitivity troponin. This might have affected the number of
patients diagnosed with cardiac events prior to 2018, hence the number of patients included
in our study.

5. Conclusions

Our study introduces new information on cardiac adverse events in patients with
CO poisoning, focusing on the ACS. We found that the severity of CO poisoning plays an
important role in developing cardiac ischaemic events, as 50% of patients in the event group
were severely intoxicated. On the other side, none of the studied parameters correlated the
degree of CO poisoning with the risk of developing myocardial injury.

Taking into account the variability found in our study, we can acknowledge that
cardiovascular events in CO poisoning are difficult to predict. This is due to myocardial
injury, which can be transient, reversible, or permanent and can arise in both intact or
atherosclerotic coronary arteries. Routine investigations, such as ECG, cardiac enzymes
or echocardiography, may not be sufficient. On the other hand, invasive and expensive
investigations (coronary angiography, cardiac MRI) should be carefully sought as patients
may exhibit transient changes. Our in-hospital mortality was low, but future prospective
studies are needed to investigate the long-term effects of cardiac involvement at the time
of poisoning.

189



Life 2022, 12,1158

Author Contributions: Conceptualisation, R.E.H., B.C.M. and V.S,; data curation, O.S., A.S., A.C,,
and M.C,; formal analysis, O.S. and A.S.; funding acquisition, V.S., O.S., A.S., A.C.,, M.C. and L.S.;
investigation, R.E.H., B.CM., VS, C.L,O.S., AS., A.C, M.C. and L.S.; methodology, R.E.H.; project
administration, R.E.H., B.C.M., V.S,, C.L. and L.S.; resources, R.E.H. and B.C.M.; software, B.C.M.;
supervision, L.S.; validation, R.E.H. and C.L.; visualisation, C.L.; writing—original draft, R.E.H. and
B.C.M.; writing—review and editing, R.E.H. and B.C.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Helsinki Declaration and approved by the University of Medicine and Pharmacy and Hospital’s
Ethics Committee.

Informed Consent Statement: Patient consent was waived by our Institutions” Ethics Committee as
the research did not pose any risks to the patients, and data were anonymised.

Data Availability Statement: Please contact the corresponding author for any supplement data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Collet, ].-P; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T.; Folliguet,
T.; et al. 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting without persistent
ST-segment elevation. Eur. Heart J. 2021, 42, 1289-1367. [CrossRef] [PubMed]

Thygesen, K.; Alpert, ].S.; Jaffe, A.S.; Simoons, M.L.; Chaitman, B.R.; White, H.D.; Katus, H.A.; Lindahl, B.; Morrow, D.A.; Joint
ESC/ACCF/AHA/WHEF Task Force for the Universal Definition of Myocardial Infarction; et al. Third universal definition of
myocardial infarction. Circulation 2012, 126, 2020-2035. [CrossRef] [PubMed]

Smollin, C.; Olson, K. Carbon monoxide poisoning (acute). BM] Clin. Evid. 2010, 2010, 2103. [PubMed]

Mattiuzzi, C.; Lippi, G. Worldwide epidemiology of carbon monoxide poisoning. Hum. Exp. Toxicol. 2020, 39, 387-392. [CrossRef]
Braubach, M.; Algoet, A.; Beaton, M.; Lauriou, S.; Héroux, M.E.; Krzyzanowski, M. Mortality associated with exposure to carbon
monoxide in WHO European Member States. Indoor Air 2013, 23, 115-125. [CrossRef]

Kaya, H.; Coskun, A.; Beton, O.; Zorlu, A.; Kurt, R.; Yucel, H.; Gunes, H.; Yilmaz, M.B. COHgb levels predict the long-term
development of acute myocardial infarction in CO poisoning. Am. J. Emerg. Med. 2016, 34, 840-844. [CrossRef] [PubMed]

Rose, J.J.; Wang, L.; Xu, Q.; McTiernan, C.E; Shiva, S.; Tejero, J.; Gladwin, M.T. Carbon Monoxide Poisoning: Pathogenesis,
Management, and Future Directions of Therapy. Am. J. Respir. Crit. Care Med. 2017, 195, 596—606. [CrossRef]

Lichtarska, D.; Feldman, R. Troponin positive acute coronary syndromes in the course of acute carbon monoxide poisoning as the
factor exposing primary coronary heart disease previously undiagnosed. Prz. Lek. 2011, 68, 510-514.

Zierle-Ghosh, A ; Jan, A. Physiology, Body Mass Index; StatPearls Publishing: Treasure Island, FL, USA, 2021.

Palmeri, R.; Gupta, V. Carboxyhemoglobin Toxicity; StatPearls Publishing: Treasure Island, FL, USA, 2022.

Gao, Y;; Yang, J.; Ma, L.; Zhang, Y.; Li, Z.; Wu, L,; Yang, L.; Wang, H. Non-ST elevation myocardial infarction induced by carbon
monoxide poisoning: A case report. Medicine 2019, 98, e15151. [CrossRef]

Koskela, R.S.; Mutanen, P,; Sorsa, J.A.; Klockars, M. Factors predictive of ischemic heart disease mortality in foundry workers
exposed to carbon monoxide. Am. J. Epidemiol. 2000, 152, 628-632. [CrossRef] [PubMed]

Henz, S.; Maeder, M. Prospective study of accidental carbon monoxide poisoning in 38 Swiss soldiers. Swiss Med. Wkly. 2005, 135,
398-408. [PubMed]

Thiels, H.; Van Durme, ]J.P.; Vermeire, P; Pannier, R. Modifications Electrocardiographiques Immédiates et Tardives au Cours de
L'intoxication Oxycarbonée Aigué. Lille Med. 1972, 17, 191-195. [PubMed]

Balzan, M.V,; Cacciottolo, ].M.; Mifsud, S. Unstable angina and exposure to carbon monoxide. Postgrad. Med. . 1994, 70, 699-702.
[CrossRef] [PubMed]

Satran, D.; Henry, C.R.; Adkinson, C.; Nicholson, C.I; Bracha, Y.; Henry, T.D. Cardiovascular manifestations of moderate to severe
carbon monoxide poisoning. J. Am. Coll. Cardiol. 2005, 45, 1513-1516. [CrossRef] [PubMed]

Gallucci, G.; Tartarone, A.; Lerose, R.; Lalinga, A.V.; Capobianco, A.M. Cardiovascular risk of smoking and benefits of smoking
cessation. J. Thorac. Dis. 2020, 12, 3866-3876. [CrossRef] [PubMed]

Dorey, A.; Scheerlinck, P.; Nguyen, H.; Albertson, T. Acute and Chronic Carbon Monoxide Toxicity from Tobacco Smoking. Mil.
Med. 2020, 185, e61-e67. [CrossRef] [PubMed]

Anderson, R.E; Allensworth, D.C.; DeGroot, W.J. Myocardial toxicity from carbon monoxide poisoning. Ann. Intern. Med. 1967,
67,1172-1182. [CrossRef]

Cha, Y.S.; Cha, K.C,; Kim, O.H.; Lee, K.H.; Hwang, S.O.; Kim, H. Features and predictors of myocardial injury in carbon monoxide
poisoned patients. Emerg. Med. J. 2014, 31, 210-215. [CrossRef]

190



Life 2022, 12,1158

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Liu, Q.; Gao, X.; Xiao, Q.; Zhu, B.; Liu, Y.; Han, Y.; Wang, W. A combination of NLR and sST2 is associated with adverse
cardiovascular events in patients with myocardial injury induced by moderate to severe acute carbon monoxide poisoning. Clin.
Cardiol. 2021, 44, 401-406. [CrossRef]

Kalay, N.; Ozdogru, I; Cetinkaya, Y.; Eryol, N.K.; Dogan, A.; Gul, I; Inanc, T.; Ikizceli, I.; Oguzhan, A.; Abaci, A. Cardiovascular
effects of carbon monoxide poisoning. Am. J. Cardiol. 2007, 99, 322-324. [CrossRef]

Dziewierz, A.; Ciszowski, K.; Gawlikowski, T.; Rakowski, T.; Kleczyniski, P.; Surdacki, A.; Dudek, D. Primary angioplasty in
patient with ST-segment elevation myocardial infarction in the setting of intentional carbon monoxide poisoning. J. Emerg. Med.
2013, 45, 831-834. [CrossRef]

Kim, S.; Lim, J.H.; Kim, Y.; Oh, S.; Choi, W.G. A Case of Acute Carbon Monoxide Poisoning Resulting in an ST Elevation
Myocardial Infarction. Korean Circ. J. 2012, 42, 133-135. [CrossRef]

Dragelyté, G.; Plenta, J.; Chmieliauskas, S.; Jasulaitis, A.; Raudys, R.; Jovai$a, T.; Badaras, R. Myocardial Rupture following
Carbon Monoxide Poisoning. Case Rep. Crit. Care 2014, 2014, 281701. [CrossRef] [PubMed]

Cho, D.H.; Ko, S.M.; Son, ].W.; Park, E.J.; Cha, Y.S. Myocardial Injury and Fibrosis From Acute Carbon Monoxide Poisoning: A
Prospective Observational Study. JACC Cardiovasc. Imaging 2021, 14, 1758-1770. [CrossRef] [PubMed]

Pach, J.; Hubalewska-Hota, A.; Pach, D.; Szpak, D. Usefulness of rest and forced perfusion scintigraphy (SPECT) to evaluate
cardiotoxicity in acute carbon monoxide poisoning. Prz. Lek. 2001, 58, 297-300.

Henry, T.D.; Satran, D. Acute Carbon Monoxide Poisoning and Cardiac Magnetic Resonance: The Future Is Now. JACC Cardiovasc.
Imaging 2021, 14, 1771-1773. [CrossRef] [PubMed]

Henry, C.R;; Satran, D.; Lindgren, B.; Adkinson, C.; Nicholson, C.I.; Henry, T.D. Myocardial injury and long-term mortality
following moderate to severe carbon monoxide poisoning. JAMA 2006, 295, 398—402. [CrossRef]

Aslan, S.; Erol, M.K.; Karcioglu, O.; Meral, M.; Cakir, Z.; Katirci, Y. The investigation of ischemic myocardial damage in patients
with carbon monoxide poisoning. Anadolu Kardiyol. Derg. 2005, 5, 189-193. [PubMed]

Aslan, S.; Uzkeser, M.; Seven, B.; Gundogdu, F.; Acemoglu, H.; Aksakal, E.; Varoglu, E. The evaluation of myocardial damage in
83 young adults with carbon monoxide poisoning in the East Anatolia region in Turkey. Hum. Exp. Toxicol. 2006, 25, 439—-446.
[CrossRef] [PubMed]

Lee, EY.; Chen, WK,; Lin, C.L.; Kao, C.H. Carbon monoxide poisoning and subsequent cardiovascular disease risk: A nationwide
population-based cohort study. Medicine 2015, 94, e624. [CrossRef] [PubMed]

Atif, B.; Osman, K.A; Ilker, A.; Alpasla, U. Reversible left bundle-branch block due to carbon monoxide poisoning: A case report.
Am. J. Emerg. Med. 2016, 34, 342.E1-342.E3.

191






Review

Etiologic Puzzle of Coronary Artery Disease: How Important Is
Genetic Component?

Licrimioara Ionela Butnariu !, Laura Florea 2, Minerva Codruta Badescu

34+, Elena Tarca 5*

Irina-Iuliana Costache ¢ and Eusebiu Vlad Gorduza !

Citation: Butnariu, L.I.; Florea, L.;
Badescu, M.C; Tarc4, E.; Costache,
L-I; Gorduza, E.V. Etiologic Puzzle of
Coronary Artery Disease: How
Important Is Genetic Component?
Life 2022, 12, 865. https://doi.org/
10.3390/1ife12060865

Academic Editor:

Fabrizio Montecucco

Received: 15 May 2022
Accepted: 8 June 2022
Published: 9 June 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/).

Department of Medical Genetics, Faculty of Medicine, “Grigore T. Popa” University of Medicine and
Pharmacy, 700115 Iasi, Romania; ionela.butnariu@umfiasi.ro (L.I.B.); vgord@mail.com (E.V.G.)

Department of Nefrology—Internal Medicine, Faculty of Medicine, “Grigore T. Popa” University of Medicine
and Pharmacy, 700115 Iasi, Romania; laura.florea@umfiasi.ro

Department of Internal Medicine, “Grigore T. Popa” University of Medicine and Pharmacy,

16 University Street, 700115 Iasi, Romania

III Internal Medicine Clinic, “St. Spiridon” County Emergency Clinical Hospital, 1 Independence Boulevard,
700111 Iasi, Romania

Department of Surgery Il—Pedjiatric Surgery, “Grigore T. Popa” University of Medicine and Pharmacy,
700115 Iasi, Romania

Department of Internal Medicine (Cardiology), “Grigore T. Popa” University of Medicine and Pharmacy,

16 University Street, 700115 Iasi, Romania; irina.costache@umfiasi.ro

*  Correspondence: minerva.badescu@umfiasi.ro (M.C.B.); elena.tuluc@umfiasi.ro (E.T.)

Abstract: In the modern era, coronary artery disease (CAD) has become the most common form of
heart disease and, due to the severity of its clinical manifestations and its acute complications, is a
major cause of morbidity and mortality worldwide. The phenotypic variability of CAD is correlated
with the complex etiology, multifactorial (caused by the interaction of genetic and environmental
factors) but also monogenic. The purpose of this review is to present the genetic factors involved in
the etiology of CAD and their relationship to the pathogenic mechanisms of the disease. Method:
we analyzed data from the literature, starting with candidate gene-based association studies, then
continuing with extensive association studies such as Genome-Wide Association Studies (GWAS)
and Whole Exome Sequencing (WES). The results of these studies revealed that the number of genetic
factors involved in CAD etiology is impressive. The identification of new genetic factors through
GWASs offers new perspectives on understanding the complex pathophysiological mechanisms that
determine CAD. In conclusion, deciphering the genetic architecture of CAD by extended genomic
analysis (GWAS/WES) will establish new therapeutic targets and lead to the development of new
treatments. The identification of individuals at high risk for CAD using polygenic risk scores (PRS)
will allow early prophylactic measures and personalized therapy to improve their prognosis.

Keywords: coronary artery disease; ischemic heart disease; atherosclerosis; genetic risk factors;
heritability; polymorphism; GWAS; PRS

1. Introduction

Despite the remarkable advances made in recent decades in the treatment and pre-
vention of coronary artery disease (CAD), also known as ischemic heart disease (IHD) or
coronary heart disease (CHD), it continues to be a major cause of death in industrialized
countries. CAD causes more than 3.9 million deaths in Europe, of which 1.8 million in the
European Union [1]; in the US, over 18.2 million people have CAD, and annually, more than
805,000 people develope acute coronary syndrome (ACS) (Centers for Disease Control and
Prevention, 2019) [2,3]. The risk of CAD and especially acute myocardial infarction (MI) is
usually correlated with old age; however, about 5-10% of cases occur before the age of 50.
Mortality caused by CAD at a young age has a significant psychological impact on affected
families, as well as a substantial negative economic effect. The risk of developing CAD
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after the age of 40 is about 32% in women and about 49% in men, with women developing
CAD a decade later than men due to the protective effect of estrogen hormones, so the
onset of the disease follows the onset of menopause [4,5].

The main cause of CAD is the decrease in blood flow in the epicardial coronary arteries
caused by obstruction by atherosclerotic plaques (atherosclerotic CAD) [4,6,7].

Some studies have shown that the pathophysiological mechanism of CAD is much
more complex and, beyond the presence of epicardial atherosclerotic plaques, coronary
microcirculation is crucial in the genesis of CAD [8,9].

Atherosclerotic CAD comprises a wide range of clinical features that include asymp-
tomatic subclinical atherosclerosis and its complications such as angina pectoris (PA), acute
myocardial infarction (MI) and sudden cardiac death (SCD) [6]. The etiology of CAD
is extremely heterogeneous and, although cases of atherosclerotic CAD with monogenic
etiology are described, CAD is considered to have a complex multifactorial etiology, being
the consequence of the interaction between genetic factors and many environmental factors
(diet, physical activity, smoking, other comorbidities) [9-11].

Numerous epidemiological studies have been conducted in recent years in an attempt
to determine which are the risk factors for CAD, in order to develop models that would
allow the development of risk scores (CAD risk prediction models) [4,12,13].

The Framingham Heart Study (FHS, 1948) was the first study to attempt to eluci-
date cardiovascular disease risk factors (CRF), followed by the FINRISK study (Finland,
1972) and other cohort studies conducted at Uppsala University in Sweden (ULSAM,
PIVUS, POEM, EpiHealth and SCAPIS), INTERHEART study (a case—control study of
acute myocardial infarction in 52 countries) and another study in New Zealand (PREDICT
Cardiovascular Disease Cohort). In these studies, CAD risk factors are classified into
two categories: modifiable risk factors (hypercholesterolemia, smoking, diabetes mellitus,
systolic hypertension, sedentary lifestyle) and non-modifiable risk factors (age, sex, family
history for CAD) (Figure 1) [4-8,12-15].

Modifiable CRF Non Modifiable CRF
Dyslipidemia’ ‘
Obesity Age
Diabetes mellitus Metabolic Gender
Hyperglycemia J Syndrome
Hypertension? Race
Ather-ogenic diet Genotype
Smoking
Physical inactivity Family history of
Other: stress, infections premature CAD?

Figure 1. Classification of Cardiovascular Risk Factors (CRF) [4-8,12-15]. ! Dyslipidemia (total choles-
terol > 200 mg/dL; LDL-C > 130 mg/dL; HDL-C < 40 mg/dL; TG > 150 mg/dL) [7]; 2 Hypertension
is defined as a blood pressure (BP) > 140/90 mm Hg by the European guidelines [8], whereas a
lower threshold of BP > 130/80 mm Hg is used by the American guidelines [11]; 3 Family history
of premature CAD (CAD in male first-degree relative < 55 years, or CAD in female first-degree
relative < 65 years) [4-6,12-15].

Currently, the Multi Ethnic Study Group of Atherosclerosis (MESA) is considering the
inclusion of coronary artery calcification (CAC) in the category of risk factors for CAD [13].
The European Association for Cardiovascular Prevention and Rehabilitation (EACRP)
and the American College of Cardiology/American Heart Association (ACC/AHA) have
developed practical guidelines, based on CAD risk prediction models, to reduce the risk of
acute coronary syndromes (ACS) [13].

The phenotypic variability in CAD patients is most likely due to complex pathophysi-
ological mechanisms involving numerous interactions between different genetic factors
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encoding different molecules, as well as their interactions with environmental factors. The
identification of risk alleles, which determine an increased susceptibility to CAD, is of great
interest. Geneticists point to the need to achieve polygenic risk scores (PRS) that could
play an important role in identifying people at high risk for CAD. In their case, the early
implementation of prophylactic measures would help to improve the prognosis and life
expectancy [6,13].

The aim of our paper is to provide an in-depth analysis of the data available in the
literature on the role of genetic factors in the etiology of CAD. We also focused on the
complex interaction between genetic and environmental factors. Thus, we performed the
most comprehensive analysis of the methods used in the study of genetic factors involved
in the etiology of CAD and their results. We highlighted the advantages and limitations of
each type of study, as well as the perspectives that these data offer for the implementation
of effective prophylactic measures, early diagnosis in order to avoid lethal complications
(MI, SCD), personalized therapy, and last but not least, for the development of innovative
drugs.

2. Literature Search Strategies and Data Collection

The data synthesized and presented in this review was obtained by examining the
literature (Google Scholar, PubMed, MEDLINE, OMIM, MedGen databases) and using
the following keywords: ischemic heart disease (IHD), coronary artery disease (CAD),
atherosclerosis, genetic risk factors, heritability, monogenic CAD/IHD/CHD, polygenic
CAD/IHD/CHD, candidate gene-based association studies (CGS), Linkage-studies (LS),
Genetic linkage-analysis (LA), Genome-wide association studies (GWAS) or Whole Exome
Sequencing (WES) (Table 1).

Table 1. Genetic etiology of coronary artery disease.

Genetic Transmission Gene(s) Location/ Disease/CAD-S Biochemical Method References
Monogenic/Polygenic Chromosome Changes CGS/GWAS/LA/WES
Monogenic lipid CAD
LDLR 19p13.2 FH 1T LDL-C CGS/GWAS [4,6,16-18]
APOB 2p24.1 FHCL2/FDB 1T LDL-C CGS/GWAS [4,16,19-22]
PCSK9 1p34.1-p32 HCHOLA3 1+ LDL-C CGS/GWAS [16,23-27]
LDLRAP1 1p34-p35 ARH 1 LDL-C CGS [16,28,29]
Apo Al deficiency,
Apo-Al and apo
APOAI 119233 C-TIT combined | HDL-C CGS [4,16,30-34]
deficiency
ABCA1 9q31.1 TGD | HDL-C CGS/GWAS [16,35-37]
LCAT 16q22.1 LCAT deficiency J HDL-C CGS/GWAS [10,16,38,39]
o i [16,40,41]
LPL 8p21.3 - LDL-C, CGS 16,40,41
deficiency/CHLF | HDL-C
APOC2 19q13.2 HL Ib T TG CGS [16,42]
ABCGb5, ABCG8 2p21 STSL 1 plant sterols CGS [6,43,44]
11p14.1-q12.1, 1 \L%]L)Lc
APOA1/C3/A4/A5 1g21-23, FCHL ’ LA/GWAS [6,45-50]
16q22-24.1 1 ApoB,
qesmes +TG
11pl4.1-q12.1,
APOA5 15q11.2-q13.1, FHTG T TG LA/GWAS [4,16,50-53]
8ql1-q13
1T LDL-C,
ATHS 19p13.3-p13.2 ATHS/ALP T TG, LA [16,54-58]
J HDL-C
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Table 1. Cont.

Genetic Transmission

Location/

Biochemical

Method

Monogenic/Polygenic Gene(s) Chromosome Disease/CAD-S Changes CGS/GWAS/LA/WES References
Other Monogenic CAD
MEF2A 15q26 ADCAD1 CGS [6,59-62]
ST6GALNACS 1p31.1 GWAS/WES [16,63,64]
LLDL,
CYP27A1 2p35 | VLDL,
CTX 1T HDL-C WES [16,65-68]
LRP6 12p13.2 1TLDL-C, 1 TG CGS/GWAS [16,69,70]
Polygenic CAD
CDKN2A,
CDKN?B 9p21 CAD-S GWAS [8,10,71-74]
C6orf105 gene 6p24.1 CAD-S GWAS [6,75,76]
COL4A1/COL4A2, 13934, 7q32.2,
ZC3HCI, CYPI7A1 ~ 10q24.32 CAD-S GWAS (77,78]
CTSS 1q21 CAD-S GWAS [79]
WDR11-FGFR2 10q26 CAD-S GWAS [79]
RDX-FDX1 11q22 CAD-S GWAS [79]
PSRC1 1p13.3 CAD-S GWAS [73,80]
MIA3 1g41 CAD-S GWAS [73,80]
SMAD3 15q22.3 CAD-S GWAS [73,81-83]
APOE, 19q13.32, [84-91]
APOB, 2p24.1, [6,21,92-94]
N LPL, 8p21.3, [80,95-98]
Polygenic lipid CAD OLR1 (LOX1), 12p13.2, CAD-S GWAS [99,100]
SORT1, 1p13.3, [101]
TRIB1, 8q24.13 [80,102,103]
NOS3, 7q36.1, [4,104-106]
TCF21, 6q23.2, [80,107,108]
ADAMTS?, 15¢25.1, [80,109]
Genes associated with HHIPLI, 1432, [110]
vascular homeostasis ACE, 17q23.3, CAD-S GWAS [80,111-114]
AGT, 1q42.2, [114]
AGTIR, 3q23, [115,116]
CYP11B2 8q24.3 [117-119]
ITGA2, 5q11.2, [4,120,121]
ITGB2, 21q22.3, [122,123]
G ted with ITGB3, 17q21.32, [124,125]
enes1 asioaate Wlt PAI-1, 7q22.1, CAD-S GWAS [126,127]
vascular hemostasis THBS (1,2, 4), 15q14, 6927, 5q14.1 [128]
F5 Leiden
(Arg506Gln), 1q24.2, [4,129]
F2 gene (Arg
piny S 11p11.2 [4,129]
HHcy MTHFR 1p36.22 CAD-S GWAS [130-133]
Inflammation IL-6 7p15.3 CAD-S GWAS [4,80,134]
POAD 1p31 [135]
CHDS?, 2q21.2-q22, [136]
CHDS3, Xq23-q26, [16,136]
Other genes AGTR2, Xq23, CAD-S GWAS [136]
IRS1, CAPN10, 2q36-q37.3 [5,137,138]
HDLBPALDH?2 12q24 [139]

CAD: Coronary artery disease; MI: Acute myocardial infarction; HDL-C: High-density lipoprotein cholesterol;
LDL-C: Low-density lipoprotein cholesterol; TG: Triglyceride; CGS: Candidate gene-based association studies;
GWAS: Genome-wide association studies; LA: Genetic Linkage analysis; WES: Whole exome sequencing; FH:
Familial hypercholesterolemia; FDB: Familial defective apolipoprotein B-100; FHCL2: Hypercholesterolemia,
familial, 2; HCHOLA3: Hypercholesterolemia, autosomal dominant, 3; ARH: Autosomal recessive hyperc-
holesterolemia; TGD: Tangier disease; HLIb: Hyperlipoproteinemia type Ib; LPL deficiency: Lipoprotein lipase
deficiency; CHLF: Combined hyperlipidemia, familial; STSL: Sitosterolemia; FCHL: Familial combined hyperlipi-
demia; FHTG: Familial hypertriglyceridemia; CTX: Cerebrotendinous Xanthomatosis; VLDL: Very low-density
lipoprotein; APOB: Apolipoprotein B; Atherosclerosis Susceptibility (ATHS)/Atherogenic Lipoprotein Pheno-
type (ALP); ADCAD1: Coronary artery disease, autosomal dominant, 1; F5 Leiden: Factor V Leiden; F2 gene:

prothrombin; CAD-S: CAD Susceptibility; HHcy: Hyperhomocysteinemia.
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3. Phenotypic Variability of Coronary Artery Disease

The study of genetic factors involved in the pathogenesis of CAD has proven to
be a difficult task due to phenotypic variability which is closely correlated with genetic
heterogeneity. However, in recent years, due to the development of molecular technology,
significant progress has been made in the genetic and genomic studies of CAD and MI [6].

Coronary atherosclerosis is the main pathogenic mechanism in CAD, regardless of its
clinical form, that ranges from subclinical atherosclerosis to chronic and acute coronary
sindroms and SCD [6,14]. Some data indicate that about 50% of SCD are due to MI, and
about a third of MI cases are silent [6,13]. The average age at which the first MI occurs
varies between the two sexes, being 64.9 years for men and 72.3 years for women [1]. In
the case of octogenarian patients, a history of atherosclerotic CAD is usually present, often
preceded by a long asymptomatic period, but episodes of MI are also present in young
adults (<40 years), in the absence of a positive history of coronary atherosclerosis [6].

The formation of atherosclerotic plaque on the wall of the coronary arteries is a
chronic process, with an early onset, and is initiated /favored by chronic endothelial lesions.
Plaques progress, causing vascular obstruction and tissue ischemia over time. Rupture
or ulceration of unstable plaques causes ACS, such as unstable angina, acute myocardial
infarction (MI), and sudden cardiac death (S5CD). Rupture of a vulnerable atherosclerotic
plaque, accumulation and activation of platelets, fibrin deposition, thrombus formation
and possible occlusion of vessels are the pathophysiological mechanism of MI [6,9].

The formation and progression of atherosclerotic plaques involves many biochemical
processes involving enzymes, receptors and their ligands, molecules that are encoded by
various genes that interact with environmental factors. Thus, lipid and apolipoprotein
metabolism, inflammatory response, endothelial function, platelet function, thrombosis,
homocysteine metabolism, insulin sensitivity and blood pressure regulating mechanism
may be disrupted [5,6].

The location of atherosclerotic stenosis in the coronary vessels and may reflect how
genetic variability may influence the production of atherosclerosis under certain conditions
of dynamic blood flow. Isolated aorto-ostial stenosis (left or right main coronary artery os-
tium) and bifurcation lesions are more evident in relation to turbulent flow and endothelial
response to flow dynamics. In some studies in mice, PECAM-1 gene polymorphism has
been shown to be an important factor in the atherogenic changes seen in ApoE-deficient
mice, the effects of which are dependent on the location of atherosclerosis in the coronary
arteries. These results suggest that the heterogeneity of atherosclerosis localization could
be influenced by certain polymorphisms of genes involved in the process of atherosclerosis,
under different dynamic flow conditions [6,140]. On the other hand, diffuse atherosclerosis
is more commonly seen in patients with diabetes mellitus (DM) [5-7].

4. Heritability of Atherosclerotic CAD

The importance of genetic factors in the etiology of CAD and MI has been demon-
strated by numerous clinical and population studies. Several cohort studies have shown
that the family history of CAD is associated with an increased risk of the disease, with fam-
ily aggregation being reported since the middle of the last century [6,141]. The heritability
of CAD is estimated to be between 40-60%, according to family-based association studies,
those of twin studies or GWASs [6,140]. Subsequently, a significant association of cases
with early-onset CAD was demonstrated in patients who had first-degree relatives with
early-onset CAD [142].

The Framingham Heart Study (FHS) later confirmed that a family history of premature
CAD (defined as the presence of an affected first-degree relative, male under 55 or female
under 65) is an independent risk factor for CAD [143]. The importance of genetic factors
is confirmed by the association between the increased number of affected relatives and
the lower age of onset. Family-based studies have shown that a positive family history
for CAD increases a person’s risk of developing the disease two to seven times compared
with a person with no family history of the disease. In fact, studies based on the results
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of coronary angiography have indicated that the etiology of CAD with a positive family
history is independent of environmental factors (atherogenic diet, obesity, hypertension,
smoking or alcohol consumption) [6,144].

Other population studies (the Western Collaborative Group Study, British Regional
Heart Study, German PROCAM study) confirmed the strong independent association
between the positive family history for CAD and the risk of CAD and MI in offspring [6].

Twin studies have provided important information on the genetic component of CAD.
Thus, in monozygotic (MZ) twins a concordance was observed regarding early-onset CAD
and the involvement of the same coronary arteries [4,6]. Data from the Swedish Twin
Registry included 20,966 twins, who were followed for 36 years, indicate that if one of the
twins died by CAD, the twin brother’s risk of developing lethal CAD is 8.1 for monozygotic
(MZ) twins and 3.8 for dizygotic (DZ) twin. The estimated heritability of CAD differs
between the two sexes, being estimated at 57% in males and 38% in females and the
influence of genetic factors was in the age range between 36 and 86 years [145].

A prospective analysis of 8000 pairs of twins included in the Danish Twin Registry
showed an increased incidence of CAD deaths in MZ twins compared with DZ twins
(44% vs. 14%), with a heritability of mortality due to heart disease (heritability of frailty,
liability to death) estimated at 0.53 in men and 0.58 in women [146].

Genetic factors act independently of the environmental factors involved in the etiology
of CAD, but the variable phenotype results from their permanent interaction. The study
of monogenic mutations that cause atherosclerotic CAD as well as polygenic risk factors
(genetic polymorphisms) was performed by two types of studies: linkage analysis (LA)
and association studies (CGS, GWAS and WES) [4,7,8].

Genetic Linkage analysis (LA) studies investigate the cosegregation (association with the
onset of disease) of polymorphic DNA markers distributed throughout the genome with
hereditary transmission of the disease in that family and aims to detect the genomic region
where the gene is located, identifying the disease-causing gene variant. It has been used
successfully in identifying monogenic mutations that cause disease and, less so in the case
of polygenic diseases, given the complexity of their etiology [4-6,9,10].

Association studies are an alternative method of studying polygenic inheritance and
usually use the candidate-gene approach (CGA). Starting from the known pathophys-
iological mechanisms and from the genes that are supposed to intervene in different
stages, the hypothesis of the association of these genes with the respective disease is an-
alyzed/tested. In the case of CAD, the genes involved in lipid metabolism, lipopoteins,
DM, and hypertension were analyzed. However, this approach is limited by incomplete
knowledge of the pathogenic mechanisms of CAD. The advances in the last 20 years in
molecular technology have allowed extensive analysis of the whole genome (GWAS) or
exome (WES) providing important information on the genetic causes of diseases with
complex, multifactorial etiology [4,7,10].

5. Monogenic Etiology of CAD/MI

Candidate gene-based association studies (CGS) and linkage analysis (LA) studies
have identified many genes whose mutations cause rare monogenic forms of CAD, most of
which are involved in lipid metabolism (atherosclerotic CAD) (Table 1).

5.1. Monogenic Lipid Disorders
5.1.1. Genetic Causes of Elevated Plasma LDL-Cholesterol Level

Atherosclerosis and coronary artery obstruction are the leading causes of CAD, and
low-density lipoprotein cholesterol (LDL-C) molecules, in particular, contribute to the
development and progression of atherosclerotic plaque. Considering this, mutations of
genes involved in lipid metabolism that increase plasma levels of LDL-C have an important
contribution to CAD [4-6].
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Familial Hypercholesterolemia type 1 (FH)

Mutations of genes encoding the LDL receptor (LDLR), apolipoprotein B-100 (ApoB-100),
an LDL-C receptor ligand, and proprotein convertase, subtilisin/kexin-type 9 (PCSK9)
cause familial hypercholesterolemia type 1 (FH), (OMIM, 606,945), an autosomal dominant
disorder [16].

a.  Low-Density Lipoprotein Receptor (LDLR) Gene

The LDLR gene (located on chromosome 19p13.2) encodes an 860 amino acid protein
(LDLR) that is involved in the absorption and degradation of LDL-C. LDLR gene mutations
cause about 85-90% of FH cases and are associated with abnormal or dysfunctional LDLR.
There are currently 3839 known mutations that are distributed throughout the LDLR
gene [4-6].

Homozygous mutations in the LDLR gene cause early-onset CAD in childhood and
are characterized by plasma LDL-C levels approximately 6—10 times higher than normal
(600-1200 mg/dL), detected at birth. Extremely high LDL-C levels can cause the first MI to
occur before the age of 20, and in the absence of treatment, death occurs before the age of 30.
Approximately 5% of people with CAD and MI before the age of 60 have heterozygous
mutations of the LDLR gene, with 2 times higher plasma levels of LDL-C (300-400 mg/dL)
being detected at birth. Among heterozygotes, 75% of men and 45% of women develop
CAD by the age of 60, and 50% of men and 15% of women die of MI by this age [17].

In familial cases of CAD, the genetic testing algorithm is based on the initial investiga-
tion of the LDLR gene, and in case of a negative result the mutations of the ApoB-100 and
PCSKO9 genes are tested [18].

b. APOB Gene

The APOB gene (located on chromosome 2p24.1) encodes ApoB-100 apolipoproteins,
the main protein component of apolipoproteins synthesized in the liver: chylomicrons (CM),
very low-density lipoprotein (VLDL) and low-density lipoprotein (LDL), and ApoB-48
(synthesized exclusively in the intestine). ApoB-100 has an LDLR binding domain, helping
to regulate plasma cholesterol levels, removing LDL-C from the body, and binding to
heparin and various proteoglycans in arterial walls [4,19].

Two allelic variants of the APOB gene: C10580G (p.Arg3527GlIn) [20] and C10800T
(p-Arg3531Cys) [21] have been associated with decreased affinity for LDLR, leading to
familial hypercholesterolemia type 2 (FHCL2) (OMIM 144,010) also called familial defective
apolipoprotein B-100 (FDB), an autosomal dominant genetic disorder associated with
hyperlipidemia and increased risk of early atherosclerosis [16].

In a study that combined genetic linkage analysis (LA) with WES in a family members
with FH (familial hypercholesterolemia type 1, AD), Thomas et al. [22] identified a third
mutation (p.Arg50Trp) in exon 3 of the APOB gene [22].

Other mutations of the APOB gene cause hypobetalipoproteinemia (FHBL) (OMIM,
615,558) and abetalipoproteinemia (ABL) (OMIM, 200,100), two rare, autosomal reces-
sive conditions characterized by hypocholesterolemia and malabsorption of lipid-soluble
vitamins, which causes retinal degeneration, neuropathy and coagulopathy [16].

c. PCSK9 Gene

The PCSK9 gene (proprotein convertase, subtilisin/kexin-type, 9, located on chromo-
some 1p32.3) encodes neural apoptosis-regulated convertase 1 (NARC 1), a serum protease
that reduces both hepatic and extrahepatic LDLR levels, causing increase plasma LDL-C
level [23]. Functional mutations in the PCSK9 gene cause autosomal dominant familial
hypercholesterolemia-3 (FHCL3, FH3, HCHOLA3) (OMIM, 603,776) [16].

Initially, nine types of mutations in the PCSK9 gene were reported in families whose
members had a form of autosomal dominant transmitted hypercholesterolemia [24]. These
mutations are associated with a decrease in the number of LDLR, the consequence being
the increase plasma total cholesterol (TC) levels and LDL-C with the appearance of tendon
xanthomas, premature CAD, MI and ischemic stroke. A GWAS study indicated that the
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single nucleotide polymorphism (SNP) rs11206510 (risk allele T) located on PCSK9 gene
was associated with an increased risk of CAD and MI [25].

The PCSK9 gene polymorphism is correlated with both plasma lipid levels and the
response to lipid-lowering drugs (statins). Studies in patients with hypocholesterolemia
(Atherosclerosis Risk in Communities-ARIC and Dallas Heart Study) have found that
loss-of-function mutation of PCSK9 gene have a protective effect against CAD and MI [26].

In a meta-analysis by Chuan et al. [27], the association between the allelic variant
rs562556 (c.1420G>A, 1474V) located in exon 9 of the PCSK9 gene and the low plasma total
cholesterol (TC) levels and LDL-C was highlighted [27]. These findings have led to the
development of PCSK9 inhibitors as new agents to reduce plasma cholesterol levels [27].

d. LDLRAPI1 Gene

The loss-of-function mutation in the LDLRAP1 (LDL receptor adapter protein 1) gene
(located on chromosome 1p34-1p35) are extremely rare and lead to the appearance of a
truncated or non-functional LDLRAP1 protein (required for internalizing LDLR into hepa-
tocytes). Compound homozygous or heterozygous individuals for pathogenic mutations
of LDLRAP1 show an autosomal recessive form of hypercholesterolemia (ARH/FHCL4)
(OMIM, 603813) [16]. ARH can be considered a phenocopy of homozygous familial hyperc-
holesterolemia, which progresses with increased risk for atherosclerotic CAD (with rapid
fatal evolution, despite conventional therapies) and, aortic valve stenosis. Lomitapide
combined with conventional drugs that reduce plasma LDL-C levels appears to be an
effective treatment for ARH [28].

The literature describes 50 cases of ARH, in patients of Mediterranean or Middle
Eastern origin. In a study by Arca et al. [29] which included 28 people from 17 unrelated
families in Sardinia, two types of mutations of LDLRAPI gene were identified: a frameshift
mutation C432insA (p.FS170stop) in exon 4 (ARH1) and a nonsense mutation C65G->A
(p-Trp22ter) in exon 1 (ARH?2). In three of the cases, a compound heterozygous geno-
type was detected as a result of the ancient recombination of the two mutations ARH1
and ARH2 [29]. Only four of the reported cases had the homozygous genotype ARH1,
the patients coming from the Italian mainland [29].

5.1.2. Genetic Causes of Low Plasma HDL-Cholesterol Level

Prospective cohort studies revealed that low high-density lipoprotein-cholesterol
(HDL-C) (HDL-C < 35-40 mg/dL according to current guidelines or age-and sex-adjusted
plasma HDL-C concentration below the 10th percentile) is a significant, negative risk factor,
independent of traditional CAD risk factors [30]. In 40% of CAD cases, low plasma HDL-C
levels are detected, and the genetic etiology is incriminated in a proportion of 40-70% [4].

a. APOA1 Gene

The APOA1 gene is located on chromosome 11q23.3 and encodes the apolipoprotein
AI (ApoA-I), a component of HDL-C, with a major role in its metabolism. ApoA-I acts as a
cofactor for the enzyme LCAT (lecithin-cholesterol acyltransferase), which is responsible for
removing cholesterol from tissues and plasma through a cholesterol esterification process.
Compound homozygous, heterozygous, and heterozygous mutations in the APOA1 gene
cause familial hypoalphalipoproteinemia (Hypoalphalipoproteinemia, Primary, 2) (OMIM,
618,463), which also includes the Combined Apo-I and apoC-III, both being autosomal
recessive diseases [4,16,31].

The APOA1 gene polymorphism is associated with low plasma HDL-C levels and
an increased risk of premature CAD. Homozygous mutations cause complete absence of
ApoA-I, with low HDL-C < 5 mg/dL and normal plasma LDL-C and TG levels. Missense
mutations in the APOA1 gene (which are almost always heterozygous) affect the structure
of the ApoA-I protein, often causing impairment of its function, associated with low plasma
levels of ApoA-I and HDL-C [4,31].

Yamakawa-Kobayashi et al. [32] analyzed the polymorphism of the APOA1 gene in a
group of 67 Japanese children with low plasma HDL-C levels, identifying four different
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mutations (3 frameshifts mutation and 1 splice site mutation) [32]. In their case, the plasma
levels of ApoA-I were reduced by approximately 50% of the normal value (below the
first percentile of the general population distribution) (80 mg/dL). The frequency of hy-
poalphalipoproteinemia due to APOA1 gene mutations in the Japanese population was
estimated at 0.3% in the general population and 6% of individuals with low plasma HDL-C
levels [32].

In a Danish study, Haase et al. [33] showed that certain rare allelic variants (eg variant
A164S) of the APOA1 gene are associated with decreased plasma levels of ApoA-I and
HDL-C and predispose to amyloidosis, with an increased risk of CAD and MI [33]. The
ApoA-I(Milano) and ApoA-I(Paris) variants are rare cysteine variants of ApoA-I which,
although they cause decreased plasma HDL-C levels and increased plasma TG levels, have
a cardioprotective effect. They can also produce a HDL-C deficiency in the absence of
cardiovascular disease (CVD) [34].

b. ABCI1 Gene

The ABC1 gene (located on chromosome 9q31.1) encodes ATP-binding cassette trans-
porter 1 (ABCA1) a cellular exporter of cholesterol, which causes the removal of free
intracellular cholesterol and phospholipids from extrahepatic cells, having a protective
role against CVD. Mutations in the ABCA1 gene cause loss of transporter protein function
and may contribute to the process of atherogenesis present in common inflammatory dis-
eases and metabolic disorders. Compound homozygous or heterozygous mutations in the
ABCA1 gene cause Tangier disease (TGD) (OMIM, 205,400), a rare autosomal recessive
disorder characterized by extremely low plasma HDL-C levels (HDL-C <5 mg/dL) and
ApoA-1<10mg/dL and, increased risk of early-onset CAD [16].

Clinically, TGD is characterized by yellow-orange pharyngeal tonsils, hepatosplenom-
egaly, corneal opacity, lymphadenopathy, and peripheral neuropathy [35]. The data show
that 331 mutations in the ABC1 gene are reported in the literature [36]. About 1 in 400 indi-
viduals in the general population is a heterozygous carrier of a loss-of-function mutation in
the ABCA1 gene (frameshift, nonsense and splicing mutation). In their case, the plasma
levels of HDL-C and ApoA-I are variable, being able to be reduced by up to 50% compared
with normal levels [35]. Mokuno et al. [37] showed in a Japanese study that ABCA1 R219K
polymorphism (G1051A, rs2230806) K allele is associated with a higher plasma HDL-C
levels that may be protective against the risk of CAD in Asian and Caucasian patients [37].

c. LCAT Gene

The LCAT gene located on chromosome 16¢22.1 encodes the enzyme lecithin-cholesterol
acyltransferase (LCAT) which is involved in removing cholesterol from the blood and
tissues. LCAT catalyzes the esterification of free cholesterol with acyl groups derived
from lecithin, an essential step in the maturation of HDL-C. The enzyme LCAT has
two major activities: alpha-LCAT activity, which helps attach cholesterol to high-density
lipoprotein (HDL), and beta-LCAT activity, which facilitates the attachment of choles-
terol to other lipoproteins (VLDL and LDL) [38]. Compound homozygous or heterozy-
gous mutations in the LCAT gene cause LCAT enzyme deficiency, and two entities are
described: Norum disease (OMIM 245,900) and fish-eye disease (FED/Partial LCAT defi-
ciency) (OMIM 136,120) [16].

Norum disease is a rare autosomal recessive condition, characterized by the presence
of corneal opacity, hemolytic anemia, proteinuria, renal failure and atherosclerosis. In
Norum disease both activities (alpha and beta) of the LCAT enzyme are lost causing very
low levels of HDL-C (below the 5th percentile), increased TG and decreased LDL-C [39].
In the FED, only alpha-LCAT activity is lost, beta activity being preserved, allowing the
esterification of cholesterol in VLDL and LDL-C, but not in HDL-C [10].

There are few longitudinal follow-up studies of molecular defects associated with
LCAT deficiency syndromes. A total of 138 LCAT gene mutations were identified, mostly
in exons 1 and 4, without a correlation between genotype and phenotype or ethnicity.
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It has been observed that there is a significantly higher risk of CAD in the FED
compared with Norum disease [38]. This observation is clinically important, suggesting
that management must be customized according to the LCAT deficiency phenotype. Thus,
in Norum disease the priority is to improve both CVD and progression to end-stage renal
disease (ESRD), whereas in FED patients the priority is to reduce cardiovascular risk [38].

5.1.3. Genetic Etiology of Hypertriglyceridemia

Many studies have shown that higher plasma TG levels are a strong independent
risk factor for CAD [40]. Among the different types of lipoproteins, chylomicrons (CM)
and VLDL particles are the main carriers of TG, whereas LDL-C and HDL-C are mainly
involved in cholesterol transport. Plasma TG levels are also influenced by environmental
factors (diet, lifestyle, sedentary lifestyle, smoking) [40].

a. LPL Gene

The LPL gene (located on chromosome 8p21.3) encodes lipoprotein lipase (LPL),
an enzyme that limits the rate at which VLDL convert to LDL-C. Compound homozy-
gous or heterozygous mutations in the LPL gene cause Lipoprotein lipase deficiency (LPL
deficiency or type I hyperlipoproteinemia) (OMIM, 238,600), a rare autosomal recessive
condition [16]. The disease is characterized by an extremely elevated serum triglyceride
level, lactescent serum (milky creamy serum), decreased plasma HDL-C and LDL-C levels,
eruptive xanthomas, acute abdominal pain, hepatosplenomegaly, and sometimes early-
onset atherosclerotic CAD. Heterozygous individuals may have mild hyperlipidemia and
reduced postheparin plasma lipolytic activity (PHLA), and early atherosclerosis does not
appear to be a feature. It is estimated that approximately 20% of patients with hypertriglyc-
eridemia carry only six common LPL gene mutations (Asp9Asn, Asn291Ser, Trp86Arg,
Gly188Glu, Pro207Leu, Asp250Asn) associated with type I hyperlipoproteinemia. Test-
ing for these mutations is especially recommended in patients at high risk for premature
atherosclerosis. The 5447X polymorphism (SX genotype and X allele) has been associated
with lower plasma triglyceride levels and higher plasma HDL-C levels compared with those
with absent X alleles, and can be considered a protective factor against the development of
CAD [41].

b. APOC2 Gene

The APOC2 gene (located on chromosome 19q13.32) encodes apolipoprotein C-II
(ApoC-II) which is a cofactor needed to activate LPL, the enzyme that hydrolyzes plasma
triglycerides and transfers fatty acids to tissues. Homozygous mutations in APOC2 cause
Hyperlipoproteinemia, type Ib (OMIM, 608,083), an autosomal recessive disease character-
ized by extremely elevated serum concentrations of triglycerides (up to 30,000 mg/dL) and
chylomicrons (CM), causing recurrent pancreatitis and early atherosclerosis [16,42].

c. ABCGS5 and ABCG8 Genes

Sitosterolemia (STSL) is a rare, autosomal recessive disease caused by mutations in the
genes ABCG) (encoding sterol-1) and ABCGS8 (encoding sterol-2) located on chromosome
2p21. The presence of intestinal hyperabsorption of all sterols derivatives and the reduced
ability to excrete sterols into the bile lead to elevated plasma sterol levels (>30 times
the normal value), development of tendon xanthomas, accelerated atherosclerosis, and
premature CAD. Most patients have homozygous or compound heterozygous mutations
of the two genes involved, whereas the prevalence of heterozygous individuals and their
phenotypic features are not fully known [6,43]. Mutations in the ABCGb gene have been
reported frequently in Asian patients, whereas Caucasian patients usually have ABCGS8
mutations. However, Wang et al. [44] reported the presence of ABCGS8 gene mutations in
3 of the 8 patients from unrelated Chinese families, suggesting that ABCG8 mutations are
not present exclusively in Caucasians [44].
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5.1.4. Familial Combined Hyperlipidemia and Familial Hypertriglyceridemia
The APOA1/C3/A4/A5 Gene Cluster and Lipid Metabolism

a.  Familial Combined Hyperlipidemia

Familial Combined Hyperlipidemia (FCHL) is the most common form of primary dys-
lipidemia, affecting 1-2% of the Western population and 14-20% of patients with premature
CAD. The manifestations of FCHL are heterogeneous, the disease may manifest itself in
the form of mixed hyperlipidemia, isolated hypercholesterolemia, hypertriglyceridemia
or in combination with elevated ApoB levels. Although initially considered an autosomal
dominant disease with incomplete penetration, linkage analysis and GWAS have suggested
that the etiology of FCHL is complex, multifactorial. The characteristic FCHL phenotype
is determined by the interaction between genetic factors (several genes, of which 1 or 2
with major effect-oligogenic theory) and environmental factors. Although the etiology of
FCHL is not fully elucidated, GWASs have indicated three possible loci involved: 1q21-23,
11p14.1-q12.1, and 16q22-24.1 [4].

Various studies have shown the key role of the APOA1/C3/A4/A5 haplotype (located
on chromosome 11) in modulating lipoprotein metabolism. The conclusion of the study
by Liu et al. [45] was that certain variants of the APOA1/C3/A4/A5 haplotype may be
useful markers for predicting the response to fenofibrate therapy, and further confirmation
is required in other studies [45]. Eichenbaum-Voline et al. [46] showed in a study that
the APOA5 ¢.56G>G and APOC3 ¢.386G>G alleles are associated with the production of
FCHL [46,47].

The prevalence of CAD in patients with FCHL under the age of 60 is approximately
15% [48]. Patients with FCHL have an increased risk of CVD and are frequently associated
with other metabolic disorders: type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver
disease, steatohepatitis and metabolic syndrome. Hopkins et al. [49] identified metabolic
syndrome in 65% of patients with FCHL, compared with 19% of control subjects [49].

b.  Familial Hypertriglyceridemia

Familial hypertriglyceridemia (FHTG) (OMIM, 145,750) is a rare hereditary primary
dyslipidemia characterized by a moderate increase in serum triglycerides (>400 mg/dL),
usually in the absence of significant hypercholesterolemia [16]. FHTG has a prevalence
of 5-10% in the general population and is an autosomal dominant monogenic disease
that rarely manifests itself in childhood, being usually diagnosed in adulthood. Affected
people are associated with obesity and decreased glucose tolerance. The metabolic cause of
FHTG is the hepatic secretion of large VLDL particles rich in triglycerides that are slowly
catabolized. Although the molecular defect has not yet been identified, some studies have
suggested that several loci may be associated with FHTG (e.g.,15q11.2-q13.1, 8q11-q13),
but further studies are needed to confirm this association [4]. The APOAS5 SNP rs2075291
(c.553G>T; p.185Gly>Cys) can be considered a susceptibility factor for hypertriglyceridemia
and CAD [50].

The APOAS5 G553T allelic variant (which causes cysteine substitution with glycine-185)
was identified by Kao et al. [51] in a study that included Chinese patients who had hyper-
triglyceridemia [51].

Do et al. [52] identified that rare APOA5 and LDLR alleles increase the risk of MI;
APOAb5 gene polymorphism was associated with elevated plasma TG levels, whereas
carriers of LDLR mutations had elevated plasma LDL-C [52]. The prevalence of FHTG
in families in which premature CAD occurred was analyzed in two independent studies.
Hopkins et al. [50] found FHTG in 20.5% of families with at least one case of CAD; approxi-
mately 71% of patients with FHTG had metabolic syndrome, compared with 19% in the
control group [50]. Genest et al. [53] identified the presence of hypertriglyceridemia in 1%
and hypertriglyceridemia with hypoalphalipoproteinemia in 14.7% of families in whom
there was a CAD diagnosed before the age of 60 [53].
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5.1.5. Atherosclerosis Susceptibility / Atherogenic Lipoprotein Phenotype

Mutations in the ATHS gene (located on chromosome 19p13.3-p13.2) cause Atheroscle-
rosis Susceptibility (ATHS) also called Atherogenic Lipoprotein Phenotype (ALP) (OMIM,
108,725) [16]. ATHS/ALP is an autosomal dominant monogenic disease characterized
by the presence of elevated plasma LDL levels, elevated triglyceride-rich lipoproteins
levels, and decreased plasma HDL levels, and is associated with an increased risk of CAD
and MI. ALP has two phenotypic variants: type A-characterized by the presence of large
LDL particles and type B-characterized by the presence of small and dense LDL particles.
Current data indicate an association between the presence of the type B phenotype (low,
dense LDL) and an increased risk of CAD. Austin et al. [54] concluded that phenotype B
may be an independent risk factor for CAD and a 3-fold higher risk of MI [54].

Nishina et al. [55] identified a link between the ALP phenotype and the LDLR gene
locus (located on chromosome 19p13.3-p13.2) and concluded that the ATHS gene that causes
ATHS/ALP may be the same as the LDLR gene or is located near the LDLR locus [55]. The
link between the ATHS gene and the LDLR locus was later confirmed in the study by Rotter
at al. [56], which suggested that the specific ALP phenotype is determined, however, by a
different gene from the LDLR gene [56].

Some studies have provided important evidence for the involvement of the CETP
gene (located on chromosome 16q13) encoding cholesteryl ester transfer protein-CETP)
and the SOD2 gene (located on chromosome 6q25.3), encoding superoxide dismutase-
2-SOD2 in the production of an increased susceptibility to atherogenic dyslipidemia,
as well as a possible involvement of the haplotype APOA1/APOC3/APOA4 (located on
chromosome 11p14.1-q12.1) [16,56]. Srisawasdi et al. [57] showed in a study that included
299 Thai patients treated with statins, the polymorphisms of CETP rs3764261 (CC genotype)
and rs708272 (GG and GA genotypes) may have a higher susceptibility to atherogenic
dyslipidemia [57].

Allayee et al. [58] concluded that there are common genetic factors that determine
FCH, but also ATS/ALP (type B, small dense LDL particles) associated with early-onset
CAD [58].

5.2. Other Monogenic CAD
5.2.1. MEF2A Gene

Mutations in the MEF2A gene (located on chromosome 15q26.3) cause coronary artery
disease, 1 (ADCAD1) (OMIM, 608,320) [16]. The MEF2A gene encodes a transcription
factor (myocyte enhancer factor 2A) that acts in the embryonic period. The MEF2A gene
is thought to contribute to the maintenance of vascular endothelial cell function (being
involved in myocyte differentiation and vasculogenesis) and to interact with other factors
involved in the pathogenesis of CVD [59].

Wang et al. [60] identified a deletion in exon 11 of the MEF2A gene in 10 of the
13 members affected by CAD (9 of whom had a history of MI), belonging to a large family,
analyzed by genome-wide linkage analysis. The mutation was not identified in the case
of family members unaffected by CAD. Deletion of seven amino acids (D7aa MEF2A)
disrupts the activity of the transcription factor MEF2A associated with abnormalities in
endothelial cells and vascular smooth muscle cells (VSMc) involved in the processes of
atherogenesis. The results obtained led to the identification of a pathogenic mutation of a
gene that intervenes in the MEF2A signaling pathway, involved in the etiopathogenesis of
familial vascular disease associated with CAD/MI [60].

The involvement of the MEF2A gene in the pathogenesis of CAD remains controver-
sial, as in other studies the association with familial /sporadic CAD has not been proven.
Cases have been reported in which individuals with D7aa deletion MEF2A did not have
CAD before the expected age of onset of CAD, whereas members of the same family
who had CAD did not have the mutation. In some studies, the MEF2 gene variants
c.704C>A (p.S235Y), ¢.812C>G (p.P271R), ¢.836C>T (p.P279L), c.848G>A (p.G283D) mis-
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senses, ¢.1315C>T (p.R439X) nonsense, and seven out-of-frame deletions were predicted as
disease-causing variants for CAD [59].

The allelic variants that do not alter the activity of the MEF2A transcription factor are
not associated with an increased risk of CAD, and the prevalence of pathogenic MEF2A
mutations in the general population is not yet fully known [6,61]. The phenotypic variability
and penetration of the mutant gene may be due to the interaction of MEF2A with other
modifier genes (epistasis) or environmental factors [59].

Improving or maintaining MEF2A expression in vascular endothelial cells may be
a new strategy for developing vascular protection methods and exploring new vascular
protective drugs. Liu et al. [62] identified a new mechanism involved in the protective role
of resveratrol in promoting the expression of MEF2A in vascular endothelial cells, which in
turn would influence the expression of anti-apoptosis and anti-aging genes (eg SIRT1 gene)
and thus inhibit premature apoptosis or senescence of vascular endothelial cells [62].

5.2.2. ST6GALNACS5 Gene

The STGGALNACS gene located on chromosome 1p31.1 (OMIM, 610,134) encodessia-
lyltransferase 7e, an enzyme that modifies proteins and ceramides on the cell surface,
influencing intercellular interactions and those between cells and the extracellular ma-
trix [16].

InanlooRahatloo et al. [63] analyzed an consanguineous Iranian family, with cases of
autosomal dominant premature CAD. GWAS combined with WES allowed the identifica-
tion of a heterozygous mutation (c.G295A) in the STOGALNACS gene (which determines
p-Val99Met). Targeted sequencing of all family members confirmed the co-segregation
between this allelic variant and the CAD phenotype [63]. Analysis of other Iranian fam-
ilies with CAD identified a second heterozygous mutation p.*337Qext*20 identified in
two unrelated patients. One of the patients had a brother with CAD and two unaffected
siblings. Both mutations have been shown to increase sialyltransferase activity in vitro,
possibly in vivo. Increased sialyltransferase activity in blood cells and serum sialic acid
levels are associated with atherosclerosis and CAD [64]. Some studies in the United States
have provided statistically significant additional evidence for the potential contribution of
ST6GALNACS gene mutations to the occurrence of CAD [63]. The evidence provided by
these studies supports the idea that sialic acid and sialyltransferase activity are involved
in the pathogenesis of atherosclerotic CAD, and that the gain-of-function mutations in
the STGGALNACS gene are an etiological factor for CAD. The pathophysiological mecha-
nism and the prevalence of functional mutations in the ST6GALNACS gene in the general
population and in patients with CAD are still unknown [63].

5.2.3. CYP27A1 Gene

Homozygous or compound heterozygous mutations in the CYP27A1 gene (located
on chromosome 2q35) cause cerebrotendinous xanthomatosis (CTX) (OMIM, 213,700),
a rare autosomal recessive lipid storage disease [16]. CTX is manifested by progressive
neurological dysfunction (cerebellar ataxia with postpubertal onset, systemic damage to
the spinal cord and a pseudobulbar phase leading to death), premature atherosclerosis and
cataracts [16].

In the study by Inanloo Rahatloo et al. [65], the analysis of CAD patients using WES
led to the identification of the CYP27A1 c.G674A mutation that causes p.Arg225His protein
substitution. The mutation of the CYP27A1 gene affects the function of the enzyme sterol
27-hydroxylase, which is involved in the transport and elimination of cholesterol from cells,
and this mechanism can be correlated with CAD phenotype [65]. In another study, the anal-
ysis of a group of 100 unrelated CAD patients using WES identified the presence in seven
of them of four different CYP27A1 allelic variants (p.Argl4Gly, p.Arg26Lys, p.Ala27Arg
and p.Val86Met) that could cause CAD [65]. Chen at al. [66] identified three new mutations
in CYP27A1 (p.Arg513Cys, c.1477-2A>C and p.Arg188Stop (NM 000784.3) in a study that
included four Chinese families with CTX [66]. Lee at al. [67] reported another pathogenic
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mutation in the CYP27A1 gene present in two Taiwanese brothers with CTX [67]. Both
brothers had a compound heterozygous genotype with a mutation in exon 2 (c.435G>T,
cryptic splice site) and a mutation in intron 7 (c.1264A>G, canonical spice site) [67]. In
another study that analyzed members of an Iranian family affected by CTX, Rashvand
et al. [68] identified a homozygous splicing mutation, NM_000784: exon6: c.1184+1G>A in
the CYP27A1 gene, that was present in most cases [68]. The results of these studies confirm
that mutations in the CYP27A1 gene, which regulate cholesterol homeostasis, can lead to
atherosclerosis [66,67].

5.2.4. LRP6 Gene

Mutations in the LRP6 gene (located on chromosome 12p13.2) encoding low-density
lipoprotein receptor-related protein 6 (LRP6) cause Coronary artery disease, autosomal
dominant, 2 (ADCAD2) (OMIM, 610,947) [16]. ADCAD?2 is characterized by an increased
risk of MI in the presence of increased metabolic risk factors.

Mani et al. [69] analyzed a family with autosomal dominant premature CAD, in which
family members had clinical manifestations specific to the metabolic syndrome (hyper-
lipidemia, hypertension, DM) and osteoporosis [69]. In these patients, they identified a
R611C homozygous missense mutation (which substitutes cysteine for arginine) in the
LRP6 gene, which encodes a co-receptor in the Wnt signaling pathway [69]. These could
be an important evidence of the influence of Wnt signaling pathway abnormalities on
cardiovascular risk factors (CRF). Most heterozygous individuals over the age of 45 had
clinical manifestations of metabolic syndrome, suggesting that the impact of LRP6 mutation
on mulftiple CAD risk factors is important, and the ubiquitous expression of LRP6 gene
could explain pleiotropic manifestations in various tissues [69].

Loss-of-function mutations in the LPR5 and LPR6 genes cause decreased bone density
and osteoporosis.

In addition, recent studies have shown a strong association between osteoporosis and
CAD, which may be the pleiotropic effects of mutations in the Wnt signaling pathway.
Intronic mutations of TCFL gene and other transcription factors involved in the Wnt
signaling pathway are associated with type 2 diabetes mellitus (T2DM) and maturity-onset
diabetes of the young (MODY diabetes). In the future, investigating the factors that interfere
with the Wnt signaling pathway in patients with premature CAD and metabolic syndrome
could provide new perspectives into the pathophysiology of the disease and the use of
more effective prophylactic measures [69].

Wang et al. [70] analyzed 766 Chinese patients with CAD and concluded that the LRP6
gene polymorphism (the C allele of the SNP rs11054731 located in intron 2) is associated
with increased susceptibility and severity of CAD [70].

6. Polygenic CAD: Genes and Polymorphisms Associated with CAD

Monogenic mutations explain only a small part of the etiology of CAD/MI, being
recognized that the etiology of CAD is complex and the variable phenotype results from the
interaction between many genes (polygeny) and environmental factors. The large number
of genes, possibly involved, and the insufficient knowledge of the pathophysiological
mechanisms through which they intervene in the production of the disease have created
difficulties in the attempts to elucidate the etiology of CAD over time. The development of
molecular technologies in the last two decades has allowed extensive analysis of the whole
genome (GWAS) or exome (WES), which provided important information on the role of
genetic factors in the etiology of multifactorial diseases (heritability).

Candidate gene-based association studies (CGS) have made little contribution to elucidat-
ing the genetic etiology of CAD or other multifactorial diseases. The cause could be the low
reproducibility correlated with the small number of cases analyzed, which lead to results
with low statistical power for the identification of less associated allelic variants [10].

Genome-wide association studies (GWAS) examine the co-segregation of polymorphic ge-
netic markers (SNPs-single nucleotide polymorphism) distributed throughout the genome

206



Life 2022, 12, 865

in families affected by CAD. A rare allelic variant present in 1% of the population is consid-
ered polymorphism. It is estimated that approximately 3,000,000 SNPs (one SNP in every
1000 base pairs) are present throughout the genome (3 billion base pairs) [10].

Early GWASs showed a reduced association of common allelic variants with CAD
with odds ratio (OR) ranging from 1.1 to 1.4. The need to identify these allelic variants
and to confirm the results through other independent studies has extended international
collaborations, which has allowed the analysis of a very large number of samples [10].

The first two GWASs (2007) identified an association of SNPs located in the 9p21
chromosomal region with CAD and MI, data that were later confirmed by other studies
that included large cohorts of patients and a broad ethnic, geographical and demographic
spectrum [10,71,72]. Many studies have subsequently confirmed the association with CAD
and MI of the 9p21.3 chromosomal region, which contains two cyclin-dependent kinase in-
hibitors, CDKN2A (encoding the prototypic INK4 protein, p16INK4a) and CDKN2B (encod-
ing p15INK4b), which are linked to both DM as well as the pathogenesis of atherosclerosis
by their role in inhibiting TGF-f-induced cell growth [10,73].

Nikpai et al. [74] performed the largest GWAS meta-analysis that included 185,000 CAD
cases and controls, in which they analyzed 6.7 million common (minor allele frequency,
MAF > 0.05) and 2.7 million low-frequency (0.005 < MAF < 0.05) variants [74]. In addition
to the loci already known to be associated with CAD, they identified 10 new loci containing
candidate genes involved in the processes occuring in the vascular wall [74]. They observed
the presence of allelic heterogeneity, providing evidence that genetic susceptibility to
CAD is determined by common allelic variants (SNPs), without providing evidence of the
association between rare alleles and CAD [74].

Another GWAS conducted by the CARDIoGRAMplusC4D Consortium which in-
cluded a total of 63,746 CAD cases and 130,681 controls identified /confirmed another
15 susceptibility loci for CAD. At that time, the total number of loci known to be associ-
ated with CAD was 46. In addition, another 104 independent variants (r* < 0.2) strongly
associated with CAD were identified [6,75]. Together, these variants explain 10.6% of
CAD heritability. In total, 12 of the 46 genome-wide significant SNPs showed a significant
association with lipid metabolism, and 5 were significantly associated with blood pressure,
but none showed a significant association with DM [6,75]. A GWAS by Wang et al. [76]
in the Chinese Han population indicated that the SNP variant (rs6903956) in the C6orf105
gene (located on chromosome 6p24.1) is associated with susceptibility to CAD [76].

In the study published by IBC 50K CAD Consortium, other new susceptibility loci
for CAD were reported: COL4A1/COL4A2, ZC3HC1, CYP17A1 [77]. In a recent large-scale
GWAS, Koyama et al. [78] identified 43 new loci associated with increased CAD suscepti-
bility in ethnic Japanese people, not previously reported in other studies [78]. Matsunaga
et al. [79] identified three new loci associated with CAD located on chromosomes 1q21
(CTSS), 10926 (WDR11-FGFR2) and 11q22 (RDX-FDX1) highlighting the genetic differences
of ethnic Japanese people compared with the European population [79].

In a German study that combined the results of the Wellcome Trust Case Control
Consortium (WTCCC) study and the German MI [Myocardial Infarction] Family Study,
along with the 9p21.3 locus, two loci were strongly associated with CAD (adjusted p < 0.05),
being located on chromosomes 6q25.1 (rs6922269) and chromosome 2q36.3 (rs2943634).
Combining the results of the two studies, four additional loci were identified that are associ-
ated with a high probability (over 80%) with CAD (p < 1.3 x 107°), located on chromosomes
1p13.3 (rs599839), 1q41 (rs17465637), 10q11.21 (rs501120) and 15q22.33 (rs17228212) [73].

In the chromosomal region 1p13.3 is located the PSRCI gene, which encodes a proline-
rich protein, and in the chromosomal region 1g41 is the locus of the MIA3 gene (melanoma 3
inhibitory activity gene), also called RNA or TANGO [73,80]. Polymorphisms (SNPs)
associated with the 10q11.21 chromosomal region are located 100 kb downstream of the
CXCL12 (the stromal cell-derived precursor factor 1) gene. The SNP on chromosome
15922.33 is an intronic SNP in the SMAD3 gene, which functions as a transcriptional
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regulator activated by transforming growth factor 3 (TGF-f3) and activin receptor-like
kinase 1 (ALK1) [73,81-83].

Although initially 55 loci associated with CAD/MI were identified, subsequently,
starting with 2007, numerous studies have led to the identification of over 321 loci of sus-
ceptibility to CAD and MI [78,80-84]. The most common allelic polymorphisms identified
by recent GWASs in patients with CAD/MI are shown in Table 2.

Table 2. Candidate genes and CAD-associated genetic polymorphisms identified by GWASs [10,71,
75,78,81,83].

Location/Chromosome  Gene (s) SNPs Risk Allele Eri:l;u‘tgs}l]e
1p32.3 PCSK9 rs112065101 T/C 0.848
1p32.3 PPAP2B rs9970807 C/T 0.915
1p13.3 SORT1 rs7528419 A/G 0.786
1g21 CTSS rs6587520 T/C 0.480
1921.3 IL6R rs6689306 A/G 0.448
1g41 MIA3 rs67180937 G/T 0.663
2p24.1 AK097927 rs16986953 A/G 0.105
2p24.1 APOB chr2:21378433:D D/I 0.746
2p21 ABCGb5, ABCGS chr2:44074126:D 1/D 0.745
2pl11.2 VAMP5-VAMPS-GCX rs7568458 A/T 0.449
2q22.3 ZEB2-AC0O74093.1 rs17678683 G/T 0.088
2q33.2 WDR12 chr2:203828796:1 1I/D 0.108
3q22.3 MRAS chr3:138099161:1 1/D 0.163
4q31.22-q31.23 EDNRA rs4593108 C/G 0.795
4q32.1 GUCY1A3 1572689147 G/T 0.817
4ql2 REST-NOA1 rs17087335 T/G 0.210
5q31.1 SLC22A4-SLC22A5 15273909 G/A 0.117
6p24.1 ADTRP-Cé6orf105 1rs6903956 A/G 0.354
6p24.1 PHACTR1 rs9349379 G/A 0.432
6p21.31 ANKSIA rs17609940 G/C 0.824
6p21.2 KCNK5 rs56336142 T/C 0.807
6q23.2 TCF21 rs12202017 A/G 0.700
6q25.3 SLC22A3-LPAL2-LPA rs55730499 T/C 0.056
6926 PLG rs4252185 C/T 0.060
7p21.1 HDAC9 rs2107595 A/G 0.200
7q22.3 BCAP29 rs10953541 C/T 0.783
7934 ZC3HC1 (PARP12) rs11556924 C/T 0.687
7q36.1 NOS3 rs17087335 T/C 0.060
8p21.3 LPL rs264 G/A 0.853
8q24.13 TRIB1 rs2954029 A/T 0.551
9p21.3 CDKN2BAS rs2891168 G/A 0.489
9q34.2 ABO rs2519093 T/C 0.191
10p11.23 KIAA1462 152487928 A/G 0.418
10q11.21 CXCL12 rs1870634 G/T 0.637
10g23.31 LIPA rs1412444 T/C 0.369
10q24.32 PLZALENNMZ - in191416 /G 0873
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Table 2. Cont.

Location/Chromosome  Gene (s) SNPs Risk Allele gri:];ligs;e
10926 WDR11-FGFR2 rs2257129 C/T 0.900
11g22.3 PDGFD rs2128739 A/C 0.324
11922 RDX-FDX1 rs10488763 T/A 0.180
11q23.3 iggiff ~APOAS- 1s964184 G/C 0.185
11p15.4 SWAP70 rs10840293 A/G 0.550
12q21.33 ATP2B1 rs2681472 G/A 0.201
12q24.12 SH2B3 rs3184504 T/C 0.422
12q24.22-q24.23 KSR2 rs1180803 G/T 0.360
13q12.3 FLT1 rs9319428 A/G 0.314
13q34 COL4A1-COL4A2 rs11838776 A/G 0.263
14932 HHIPL1 rs10139550 G/C 0.423
15g25.1 ADAMTS7 rs4468572 C/T 0.586
15q26.1 FURIN-FES rs17514846 A/C 0.440
15q22.33 SMAD3 rs56062135 C/T 0.790
15q26.1 MFGES-ABHD? rs8042271 G/A 0.900
17p13.3 SMG6 rs216172 C/G 0.350
17p11.2 RAI1-PEMT-RASD1 rs12936587 G/A 0.611
17q21.32 UBE2Z rs46522 T/C 0.513
17q23.2 BCAS3 rs7212798 C/T 0.150
18q21.32 PMAIP1-MC4R rs663129 A/G 0.260
19p13.2 LDLR rs56289821 G/A 0.900
19q13.32 APOE-APOC1 rs4420638 G/A 0.166
19q13.11 ZNF507-LOC400684 rs12976411 T/A 0.090
21q22.11 KCNE2 rs28451064 A/G 0.121
22q11.23 ilo)]géf;jp_ rs180803 G/T 0.970

CAD: Coronary artery disease; A-adenine; C-cytosine; G-guanine; T-thymine; D-deletion; I-insertion; SNP-Single
nucleotide polymorphism.

The data obtained were extremely important, because the implementation of polygenic
risk scores (PRS) in clinical practice largely depends on the accuracy of predicting the
magnitude of the effect of risk alleles, which vary depending on the genetic background [80].
Together, these allelic variants explain approximately 15% of CAD/IHD heritability. Most
CAD-associated polymorphisms were from genes involved in lipid metabolism, blood
pressure regulation, and inflammation, confirming the importance of these factors in
the etiology of CAD. In addition, many of the CAD-associated genes are involved in
the metabolism of amino acids, polyamines, innate immunity, and degradation of the
extracellular matrix (Figure 2) [10,84].

Most of these mutations are located in intergenic regions, at or near the promoters,
indicating a possible influence on gene expression by epigenetic regulation, as a possible
mechanism of CAD/IHD [85].
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Figure 2. The main genes involved in the pathophysiological mechanism of CAD.

rotic plaque.

The consistent results, sometimes achieved through extensive collaborations between
different study groups, as well as the availability of data obtained from the scientific
community are the main benefits of GWASs. Currently available GWAS databases in-
clude IHD-associated genetic variants from the CARDIoGRAMplusC4D consortium, Euro-
pean Genome-phenome Archive and American database of Genotypes and Phenotypes
(dbGaP) [10,75]. Identifying the still unknown genetic factors involved in the etiology of
complex, multifactorial diseases is one of the major challenges in the case of CAD. Heri-
tability, still unknown, may be due to unidentified variants of the disease associated genes
or may be due to factors that do not alter gene structure but wich influence the intensity of

gene expression by epigenetic regulation [6].
The major limitations of GWAS are related to the fact that the identified

account the mechanisms of epigenetic regulation of gene expression [6,10].
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allelic variants
could be in a Linkage disequilibrium (LD) with the disease-causing alleles and do not
provide any information about the associated pathophysiological mechanism, which must
be subsequently identified by specific functional studies. In addition, the definition of the
clinical phenotype being studied can vary in different study groups. GWAS sensitivity is
limited to high frequency variants (5%). GWASs aim is to identify common allelic variants,
which have small, additive effects, being less effective in identifying rare allelic variants with
major effects. GWASs (SNPs) have low power to identify structural abnormalities (CNVs
caused by deletions, insertions, translocations), as well as a low power to identify both
interactions between genes, and the interaction between genetic and environmental factors.
To overcome these limits, different strategies have been proposed: the correct definition
of the phenotype of the analyzed cases, the increase in the number of patients included
in the analyzed groups and the use of groups with extreme phenotypes; development of
powerful biostatistical tools to increase the sensitivity of the detection rate, especially of
rare allelic variants; fine mapping of SNPs or the use of NGS (next-generation sequencing)
for regions of interest to identify rare allelic variants and/or structural variants; taking into
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6.1. Polymorphism of Genes Involved in Lipid Metabolism: A Novel View
6.1.1. Polymorphisms of APOE Gene and CAD

Apolipoprotein E (ApoE) is an LDL receptor (LDLR) ligand and is encoded by the
APOE gene located on chromosome 19q13.32 that is closely related to the APOC-I/C-II gene
complex. Through LDLR, ApoE is involved in the elimination of very low density lipopro-
tein (VLDL) residues and chylomicrons (CM) [84-86]. There are three APOE allelic variants
(e2, €3 and €4) in the European population, which determine six genotypes (APOE2/2,
APOE2/3, APOE2/4, APOE3/3, APOE3/4, APOE4/4), which encode three major ApoE iso-
forms (ApoE2, ApoE3 and ApoE4) [86,87]. Their presence correlates with a variable affinity
for LDLR, resulting in significant differences in plasma total cholesterol (CT) and LDL-C
levels. Many studies have shown that APOE polymorphism is associated with CAD and
increased risk of MI. The frequency of the APOEe4 allele in the European population is
about 15% and is associated with early atherosclerosis, increased mortality, risk of ischemic
stroke, Alzheimer’s disease and MI [86,87]. Heterozygous carriers of the APOEe4 have an
8.3% higher LDL-C levels than individuals APOEe3 homozygotes. Heterozygous carriers
of the APOE¢e2 allele have 14.2% lower plasma LDL-C levels compared with APOEe3
homozygotes [86,87]. Various studies have shown that individual carriers of the APOEe4
allele have a 40% higher risk of death from CAD than people with the APOE3/3 genotype
or APOE¢2 carriers [88].

In the study by Gerdes et al. [89], men carrying APOEe4 allele had a 1.8-fold increased
risk of death from CAD compared with carriers of other APOE alleles [89].

Humpbhries et al. [90] found that the relative risk of developing CAD is dependent on
the interaction between APOE genotype and smoking status, suggesting that the interaction
between genetic and environmental factors is involved in the variable expressivity of CAD
related to APOE genotype [90]. These results were not confirmed by the Whitehall II study,
which, although confirming the protective effect of the APOEe2 allele, did not reveal a
higher risk for CAD in non-smokers carrying the APOE¢4 allele, all smokers having a
similar risk for CAD, regardless of the APOE genotype [91].

6.1.2. Polymorphisms of APOB Gene and CAD

The APOB gene mutations cause Familial Defective Apolipoprotein B-100 (FDB),
an autosomal dominant disease associated with an increased risk of atherosclerosis and
CAD [6,21]. Over time, there have been studies that have examined the association between
APOB polymorphisms and the increased risk of CAD in individuals undiagnosed with FDB.
The APOB gene has numerous polymorphic loci, three of which (Xbal, EcoRlI, SpIns Del)
are correlated with elevated plasma total cholesterol (TC), LDL-C, ApoB and triglyceride
(TG) levels and an increased risk of developing CAD/ML

The results obtained by Chiodini et al. [92] demonstrated that ApoB EcoRI (although
rare) and Splns/Del polymorphisms significantly increase the risk of CAD and M], but these
results need further confirmation by other studies [92].

The X1, R1, and ID1 polymorphisms were more common in patients with a history
of MI than in the control group, in a study by Hegele et al. [93]; there were no significant
differences in plasma LDL-C or ApoB levels between the two groups [93]. A meta-analysis
by Chen et al. [94] indicated that ApoB EcoRI polymorphism is associated with a moderate
risk for CAD, and the E™ allele at this locus could be a susceptibility allele for CAD
development [94].

6.1.3. Polymorphisms of LPL Gene and Its Modulators Associated with High Risk of CAD

Different types of homozygous or heterozygous compound mutations in the LPL
gene cause Lipoprotein lipase deficiency (LPLD deficiency), a rare autosomal recessive
monogenic disorder. Lipoprotein lipase (LPL) is an enzyme involved in the metabolism
of triglycerides-rich lipoproteins and acts on the vascular level. Over time, there have
been many studies that have reported an association between LPL polymorphisms, and
CAD/MLI, in some cases the results being contradictory. The LPL locus can alternatively
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be occupied by both common, non-coding and rare allelic variants. Rare loss-of-function
mutations in LPL gene are associated with an increased risk of CAD, and gain-of-function
mutations in LPL gene are associated with reduced risk of CAD [80].

Several meta-analyses suggested that, compared with non-carriers, heterozygous
individuals with Gly188Glu, Asp9Asn and Asn291Ser substitutions have an atherogenic
lipoprotein profile, whereas carriers of Serd47Ter substitution have a protective lipoprotein
profile [80].

In a recent meta-analysis, He et al. [95] showed that LPL HindIII and S447X poly-
morphisms but not Pvull could act as protective factors against MI, requiring further
confirmation by other case—control studies with a larger number of subjects analyzed [95].
Ma et al. [96] did not identify in their meta-analysis any significant association for LPL
N291S and Pvull polymorphisms and CAD. Analyzing the results according to ethnic-
ity, they observed a significant correlation between LPL 5447X polymorphism and CAD
susceptibility in Caucasians, an autosomal dominant transmitted variant. The LPL DON
polymorphism was associated with an increased risk of CAD, whereas S447X and HindIII
polymorphisms showed protective effects. No association was observed between LPL
N291S and Pvull polymorphisms and risk of CAD [96]. Talmud et al. [97] analyzed
2708 healthy middle-aged European men and found that smokers with LPL Asp9Asn poly-
morphism had a 10.4-fold higher risk of IHD/CAD compared with non-smoker individuals
who do not carry that mutation; individuals who smoked but did not carry the allele had a
1.6 times higher risk than non-smokers [97]. No association was identified between the LPL
Asn291Ser allelic variant and the increased risk of IHD/CAD [97]. Along with the LPL gene,
the predisposition to CAD is also determined by the genes that regulate its endogenous
activity, such as the APOA5, APOC3 and ANGPTL3 genes [80,98].

6.1.4. Polymorphism of OLR1 (LOX1) Gene and CAD

The OLR1 (LOX1) (oxidized low-density lipoprotein receptor 1) gene is located on
chromosome 12p13.2 and encodes a low-density lipoprotein receptor (LDLR) that belongs
to the C-type lectin superfamily. The LDLR protein binds, internalizes, and degrades
oxidized LDL, and may be involved in the regulation of apoptosis. Gene regulation is
mediated by the cAMP signaling pathway. The OLR1 gene mutations have been associated
with atherosclerosis and an increased risk of CAD/MI and Alzheimer’s disease in various
studies [16].

Earlier studies indicated the association of OLR1 K167N polymorphism and CAD/MI,
as well as a different frequency of the homozygous genotype IV54-73T/T in individuals
with MI and in the control group without MI. These particularities were contradicted
by the study of Trabetti et al. [99], which considers that they are correlated with genetic
differences between different ethnic groups, as well as with the limited number of patients
analyzed [99].

SNPs located in the OLR1 gene could have clinical significance and could be considered
CAD candidate biomarkers, their identification being useful in assessing the genetic risk
of CAD. The OLR1 gene has six non-coding SNPs, which form a haplotype [100]. In a
meta-analysis, Salehipour et al. [100] identified a significant association between SNPs
rs1050283 (3'UTR*188 C>T) and rs3736235 (IVS4-14 A>G) located in OLR1 haplotype and
the occurrence of CAD [100]. They suggested that the precise determination of CAD
association with polymorphisms located in a haplotype requires the analysis of all SNPs
located in that specific haplotype [100].

6.1.5. Other Genetic Polymorphisms Involved in Lipid Metabolism Associated with
Increased Risk of CAD
a.  SORT1 Gene

The SORT1 gene (sortilin 1), located on chromosome 1p13.3, identified by the first
GWASs, encodes sortilin 1, which plays an important role in regulating plasma LDL-C
levels by interacting with APOB gene in the Golgi apparatus in hepatocytes. Several
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studies have reported an association between plasma sortilin levels and cardiovascular
damage and DM, which led to the idea that circulating sortilin plasma levels should be
used as a potential biomarker for cardiovascular disease (CVD) and DM [101]. However,
the results obtained in various studies are not conclusive, possibly in correlation with
the small number of patients included in the analyzed samples [101]. Meller et al. [101]
genotyping and sequencing the entire genome and corroborating the data obtained with
plasma sortiline levels in 1173 patients with stable angina pectoris (diagnosed by computer
angiography) [101].

Thus, two independent cis protein quantitative trait loci (pQTL) on chromosome 1p13.3
were identified, one of which is already known to be associated with CAD. In contrast,
there was no association between circulating sortilin levels and coronary artery calcium
score (CACS) or disease severity [101]. They concluded that although low sortilin levels
are associated with the risk of CAD, its effect size is too small for sortilin to be a useful
biomarker for CAD in medium or low-risk chest pain patients [101].

b. TRIB1 Gene

The TRIB1 gene located on chromosome 8q24.13 encodes pseudokinase 1 involved in
hepatic lipid metabolism by influencing the expression of lipogenic genes, and is also asso-
ciated with insulin resistance. However, its mechanisms of action are not fully elucidated.
The TRIB1 locus has been linked to the metabolism of hepatic triglycerides in mice and to
plasma triglyceride levels and CAD in humans [16]. GWASs indicated a SNP located at
~30 kb downstream of TRIB1 gene, which would have complex regulatory effects on genes
or pathways involved in hepatic triglyceride (TG) metabolism. Some studies suggest that
TRIB1 gene suppresses the transcriptional activity of the FOXO1 gene, thus suppressing
the expression of the G6Pase and Phosphoenolpyruvate carboxykinase (PEPCK) enzymes,
limiting gluconeogenesis [80,102]. Douvris et al. [103] identified by GWAS the TRIBAL
locus that interacts with the TRIB1 locus. The TRIBAL locus has a risk SNP that influences
the expression of the TRIB1 gene and is associated with elevated plasma TG levels [103].

6.2. Polymorphism of Genes Involved in Vascular Homeostasis

The formation and growth of atheroma plaque in the coronary wall is a slow and
progressive process in which the endothelium is a key player. The number of risk genes
which can generate vascular wall dysfunction has increased with deciphering the complex
pathophysiological mechanisms of atherosclerosis, including the role of innate immunity
and prothrombotic factors. Through synergistic action, they lead to vascular obstruction
and cardiomyocyte ischemia [4,6].

6.2.1. Genes Involved in the Function of Vascular Smooth Muscle Cells (VSMc)

Vascular smooth muscle cells (VSMc) can be involved in the formation of atheroscle-
rotic plaque by at least two mechanisms: modulating blood pressure through vascular tone
and vascular remodeling, which, together with other factors, lead to either stabilization or
progression and rupture of the atherosclerotic plaque [4,6].

a.  Endothelial Cell Nitric Oxide Synthase 3 (NOS3) Gene Polymorphism

The NOS3 gene located on chromosome 7q36.1 encodes the nitric oxide endothelial
cell synthase (eNOS), an enzymatic protein with 1203 amino acids and 133 kDa, expressed
in vascular endothelial cells, cardiomyocytes and platelets. eNOS causes the release of
nitric oxide (NO) at the vascular level which causes the relaxation of vascular smooth
cells. NO also has the physiological role of preventing the formation of atherosclerotic
plaques by inhibiting the proliferation of smooth muscles and the adhesion and aggre-
gation of platelets. Various studies have suggested that changes in vascular NO levels
disrupt vascular homeostasis, causing endothelial dysfunction and may play a role in the
etiopathogenesis of CAD [104]. Studies in mice have shown that the absence of nitric oxide
receptor in vascular smooth muscle cells (VSMc) causes hypertension [4,104].
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NOS3 gene polymorphism may influence eNOS enzyme synthesis. NOS3 expression
is regulated by epigenetic mechanisms (DNA methylation) and micro-RNA molecules. The
localisation and activity of the eNOS protein is regulated by post-translational mechanisms
(phosphorylation or acetylation).

Li at al. [105] analyzed the association between genetic variants of the NOS3 gene and
the risk of CAD in a meta-analysis that included 132 GWASs [105]. Of the thirteen NOS3 al-
lelic variants analyzed, the polymorphisms rs891512, rs1799983, rs2070744, rs11771443 and
rs869109213 had a significant association with CAD and could serve as genetic biomarkers
of CAD [105]. Three of these (rs1799983, rs2070744 and rs869109213 polymorphisms) were
significantly correlated with the risk of MI and ACS. The rs869109213 polymorphism was
common in Caucasians, and rs1799983 and rs2070744 polymorphisms were significant in
both Caucasians and the Asians [105].

Gholami et al. [106] analyzed the study of Lin et al. [105] and completed the results
obtained by them, concluding that, in the case of the five polymorphisms significantly
associated with CAD, major alleles of rs1799983 (G), rs2070744 (T) and rs869109213 (4b)
showed protective effect for CAD [105,106].

b.  TCF21 Gene Polymorphysm

The TCF21 gene (located on chromosome 6q23.2) encodes a transcription factor (TCF21)
expressed in the epicardium during the embryonic period, which plays a role in differenti-
ating epicardial cells. Recently, data on the role of TCF21 in the etiology of atherosclerotic
CAD have been published. The loss-of-function mutation of TCF21 gene during the em-
bryonic period would be associated with premature differentiation of coronary vascular
smooth muscle cells (VSMc) into the pericardium, leading to decreased migration of VSMc
into the myocardium. The association of TCF21 polymorphism with CAD has been shown
in populations of different ethnicities [80,107].

Wirka et al. [107] showed that TCF21 deficiency inhibited the VSMc phenotypic
switch to fibromyocytes which reduces the number of fibromyocytes in the fibrous cap of
atherosclerotic plaques, which thus become unstable [107]. In addition, downstream of
the TCF21 gene there are known susceptibility loci for CAD suggesting that TCF21 gene
could play a major role in the atherosclerotic plaques formation by epigenetic regulation of
the expression of other genes [80,108]. A pathogenic mutation in the 3 “UTR region of the
TCF21 gene impairs mRNA stability by differentiated binding of a microRNA. Directing the
interaction between microRNA and mRNA by oligomers could be an effective therapeutic
target for coronary VSMc [80].

c.  ADAMTS7 Gene Polymorphism

The ADAMTS?7 gene located on chromosome 15g25.1 encodes a zinc-dependent pro-
tease expressed in the extracellular matrix. ADAMTS? is a transmembrane protein that is
involved in both the interaction between proteins and in multiple processes in the body,
including signaling, adhesion, and cell migration. ADAMTS? is synthesized in vascular
endothelial cells and VSMc and has been shown to degrade several members of the throm-
bospondin family. Currently, the mechanisms by which ADAMTS7 determines CAD are
not fully elucidated. ADAMTS? protein promotes VSMc migration and neointima forma-
tion after injury by degradation of a cartilage oligomeric matrix protein [80]. Mice deficient
in Adamts?7 develop less atherosclerosis and are resistant to the formation of neointima
secondary to vascular damage [80]. Three different GWASs identified the 15.25.1 locus and
the ADAMTS7 gene as being associated with coronary atherosclerosis. The main SNP asso-
ciated with CAD was rs3825807, which determines the substitution of adenine for guanine,
resulting in a serine-proline substitution in the ADAMTS? prodomene, which would affect
the maturation of ADAMTS? protein. None of the studies reported an association between
ADAMTS?7 gene polymorphism and increased mortality in CAD patients [109].
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d.  HHIPL1 Gene Polymorphism

GWASs have identified a possible new CAD-associated locus on chromosome 1432,
occupied by the HHIPL1 gene (hedgehog interacting protein-like 1) which encodes a homol-
ogous sequence of an antagonist of the hedgehog signaling pathway. The function of
HHIPL1 gene and its role in atherosclerosis is not fully understood. The HHIPLI gene is
involved in the development of coronary vascularization in the embryonic period. HHIPL1
is a proaterogenic protein that enhances hedgehog signaling and regulates VSMc prolifer-
ation and migration. In experimental animal models, HHIPL1 deficiency attenuates the
development of atherosclerosis by reducing VSMc proliferation and migration. Inhibition
of HHIPL1 protein function could provide a new therapeutic strategy for CAD [110].

6.2.2. Genes Involved in Blood Pressure Regulation

a.  Angiotensin Converting Enzyme (ACE), Angiotensin II Type I Receptor (AGTR1) and
Angiotensinogen (AGT) Genes Polymorphism

The ACE gene (located on chromosome 17q23.3) encodes the angiotensin converting
enzyme (ACE) that converts angiotensin I to angiotensin II. The effects of angiotensin II
are mediated by the angiotensin II type 1 receptor (AGT1R), encoded by the AGTR1 gene
(located on chromosome 3q23). Angiotensinogen (AGT) (encoded by the AGT gene located
on chromosome 1q42.2) and ACE play an important role in regulating blood pressure,
whereas AGTR1 plays a major role in the etiology of many cardiovascular diseases (CVD).
Numerous studies have been conducted over time that have analyzed the involvement of
the renin-angiotensin system and its components in the development of CAD and MI [80].

The ACE 1/D polymorphism (rs4646994) is characterized by the presence (I) or absence
(D) of a 287 bp Alu repeat sequence in intron 16, resulting in 3 genotypes-DD, Il and ID. It
is suspected that the presence of the homozygous DD genotype would be associated with
the appearance of a severe form of CAD, whereas the homozygous II genotype could have
a protective effect on CAD development. In their study, Amara et al. [111] showed that
individuals who smoked, homozygous DD and heterozygous I/D had an increased risk of
CAD, confirming the results of previous studies [111]. The association of the DD genotype
with the increased risk of MI has been supported by some smaller studies, but has not been
confirmed by other studies that have included a large number of patients [80].

In a large case—control study, Lindpainter et al. [112] did not identify an association
between the presence of the D allele and an increased risk of IHD/CAD or MI [112].
Additionally, in a multicenter case—control study Keavney et al. [113] did not identify an
association between the ACE DD genotype and an increased risk of MI [113]. On the other
hand, Borai et al. [114] identified that the concomitant presence of ACE (I/D) and AGT
(M235T) polymorphisms increases the risk of developing CAD, and each of the ACE D and
AGT T alleles could be considered an independent risk factor for CAD [114].

Many studies have analyzed a possible association between the AGTRI gene A1166C
polymorphism and CAD, but the results have been controversial. A meta-analysis by Feng
et al. [115] showed that the polymorphism of the ATIR gene A1166C was associated with
the risk of MI, with a significant association between the C allele and susceptibility to
MI, whereas the AA genotype played a protective role [115]. The AGTR1 gene A1166C
polymorphism has been associated with an increased risk of hypertension in Asian and
Caucasian populations, but not in Africans [116].

b.  CYP11B2 Gene Polymorphism

The CYP11B2 gene (located on chromosome 8q24.3) encodes aldosterone synthetase
(ALDOS) and is regulated by angiotensin II. Several recent studies have shown that the
CYP11B2 gene rs1799998 -344C /T polymorphism is correlated with the presence of cardio-
vascular disease (CVD) [117,118]. A meta-analysis by Wang et al. [118] showed that the
allelic variant 344CC is a risk factor for CAD and ischemic stroke in the Chinese popula-
tion [118]. The presence of the CYP11B2 -344C allele was associated with an increased risk
of MI in smokers and those with dyslipidemia in a Finnish study [119].
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6.3. Genes Associated with Vascular Hemostasis: Role of Hemostatic Gene Polymorphisms in CAD

The arterial thrombi formation is a complex and dynamic pathological process that
is initiated in a damaged atherosclerotic plaque, which can completely block blood flow,
producing MI. The process involves many factors, including collagen plaque components,
platelet collagen receptor (glycoprotein la/Ila and glycoprotein VI), and blood clotting
proteins [4,9].

6.3.1. ITGA2 Gene

The platelet glycoprotein (GP) complex Ia/Ila (GPla/Ila-integrin alpha-2/integrin
beta-2) (especially GPIa) is a major collagen receptor and plays an important role in platelet
adhesion and aggregation with the initiation of vascular thrombosis. The phenotypic
variability of this complex is closely related to the polymorphism of the ITGA2 gene
(located on chromosome 5q11.2) which encodes GPIa (integrin alfa 2). There are different
opinions about the importance of the ITGA2 gene C807T polymorphism which is thought to
be associated with the risk of MI or ischemic stroke. Along with the C807T polymorphism
associated with variable expression of the GPla/Ila receptor, another ITGA2 A1648G
polymorphism was associated with changes in the tertiary structure of GPla [4]. Kroll
et al. [120] analyzed a group of 2163 Caucasian men with CAD (diagnosed by coronary
angiography), showing that the ITGA2 gene A1648G polymorphism plays an important
role in the development of CAD [120].

Santoso et al. [121] analyzed a group of 2237 men with CAD (diagnosed by angiog-
raphy), in which they investigated the association between GPla (C807 and T807 alleles)
polymorphisms and CAD/MI. No significant association with CAD/MI was observed in
the total sample for any of these variants. However, the T807 allele was strongly associated
with non-fatal MI in homozygous or heterozygous patients under the age of 62, with the
highest risk in young heterozygous patients under the age of 49 [121].

6.3.2. Glycoprotein 11b/Illa Platelet Receptor Genes (ITGB2 and ITGB3 Gene Polymorphisms)

Fibrinogen is the major ligand of the platelet receptor GPIIb/Illa. The polymorphism
of the ITGB2 gene (located on chromosome 21q22.3) encoding glycoprotein IIb (GPIIb-beta-
2 integrin) and the ITGB3 gene (located on chromosome 17q21.32) encoding glycoprotein
IIla (GPIla-integrin beta-3) were analyzed, in connection with a possible causal association
in patients with CAD/MI [16,122].

The study by Reiner et al. [122] included a group of 68 young women (aged between
18 and 44 years) who have had an MI, in which they analyzed the association with GPIIb
polymorphism. The study also included a control group (369 unaffected women under the
age of 44) [122]. Women homozygous (Ser843/Ser843) or heterozygous (Ser843/11e843) for
the allelic variant Ser843 of the ITGB2 gene had a significant risk of MI (1.85 times higher)
compared with the control group. The risk was higher among young women who had a
positive family history, who smoked, or who had hypercholesterolemia [122]. The ITGB2
Ser843 allelic variant did not have a significant association with MI in the Japanese male
population [123].

The PIA1/PIA2 (HPA1-a/HPA-1b) polymorphisms of the ITGB3 gene encoding GPIlla
are associated with altered beta-3 subunit conformation and increased fibrinogen bind-
ing [124].

In a meta-analysis that included 57 studies eligible for statistical analysis (which
included 17,911 patients and 24,584 controls), Floyd et al. [124] showed that individuals
carrying the PIA2 allele (PIA1/PIA2 heterozygous genotype) had a significantly increased
risk of MI (n = 40,692; OR 1.077, 95% CI 1.024-1.132; p = 0.004). The degree of association
with MI increased with decreasing age of subjects (<45 years: n = 9547; OR 1.205, 95% CI
1.067-1.360; p = 0.003) and with adjustment of data for conventional cardiovascular risk
factors (CRF) (n = 12,001; OR 1.240, 95% CI 1.117-1.376; p < 0.001). The study concluded
that in young patients, the relative absence of conventional cardiovascular risk factors
(CRF) results in a significant association between the presence of the PIA2 allele and the
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risk of MI. The relationship between PIA1/PIA2 polymorphism and MI still needs further
studies [124]. In a Finnish study, young men (<40 years old) with PIA2/PIA2 homozygous
genotype had a 3—4-fold increased risk of IHD and MI [125].

6.3.3. Plasminogen Activator Inhibitor 1 (PAI-1) Gene Polymorphism

The PAI-1 gene (located on chromosome 7q22.1) encodes the plasminogen activator
inhibitor 1 (PAI-1) which plays an important role in regulating thrombosis and intravascular
thrombolysis. Many studies have analyzed the association between the 4G/5G polymor-
phism of PAI-1 gene promoter and CAD. A common PAI-1 4G allele is associated with
elevated levels of circulating PAI-1 and allows activator transcription factor binding to the
promoter, without binding to transcription inhibitory factors, such as in the case of the 5G
allele [126].

In the meta-analysis by Liang et al. [126], which analyzed the results of 53 studies,
itis argued that PAI-1 4G/5G polymorphism may contribute to individual susceptibility
to CAD, but to further evaluate gene-gene and gene-environment interactions on PAI-1
gene 4G/5G polymorphism and CAD, more studies are needed in selected populations,
from different environmental backgrounds or where different risk factors are present [126].
The PAI-1 4G /4G polymorphism causes deficient fibrinolytic activity, and may be a useful
marker of fibrinolytic activity, increasing the risk of CAD [127].

6.3.4. Thrombospondin (TBHS) Genes Polymorphisms

The thrombospondin family (TSPs) includes 5 multifunctional glycoproteins (subgroup
A: TSP-1, TSP-2 and, subgroup B: TSP-3, TSP-4, TSP-5), secreted in the extracellular matrix,
with antiangiogenic functions. Zhang et al. [128] performed a meta-analysis that included
13 studies (10,801 cases and 9381 controls) in which they analyzed the association between
SNP polymorphism in genes encoding thrombospondin-1 (THBSI-located on chromosome
15q14), thrombospondin-2 (THBS2-located on chromosome 6q27 and thrombospondin-4
(THBS4-located on chromosome 5q14.1) and the risk of CAD. The conclusion of the study
was that THBS1 N700S polymorphism was associated with an increased risk of CAD
especially in the European and Asian population, whereas the THBS4 A387P allelic variant
had a significant association with CAD in the American population; no association was
observed between THBS2 3 “UTR polymorphism and CAD risk [128].

6.3.5. Factor V Leiden (F5) Allele Arg506GIn and Prothrombin (F2) Variant G20210A

The role of the Arg506G allele of the F5 gene (encoding factor V Leiden-F5 Leiden,
located on chromosome 1q24.2) and the G20210A allelic variant of the F2 gene (located
on chromosome 11p11.2, encoding prothrombin), in the production of MI, remains con-
troversial. Although the two polymorphisms are associated with an increased risk of
venous thrombosis, their role has not been demonstrated in the production of arterial
thrombosis. Individuals heterozygous for the F5 gene Arg506GIn mutation (3-5% of the
population) have a seven times higher risk of venous thrombosis, whereas homozygotes
have a 100 times higher risk [4].

In the study by Ercan et al. [129], which included 181 patients with angiographically
documented CAD and a control group of 107 patients, although the F5 Arg506G heterozy-
gous mutation and the F2 G20210A heterozygote mutation were more common in patients
with CAD than in the control group, and no statistically significant association was found
between their presence and CAD [129]. Most clinical trials have not shown any association
between these alleles and the increased risk of CAD/MI, and more studies are needed to
reach definitive conclusions [4].

6.4. Metabolic Factors: Hyperhomocysteinemia (MTHFR Gene Polymorphism)

The enzyme methylenetetrahydrofolate reductase (MTHFR) encoded by the MTHFR
gene (located on chromosome 1q36.22) is involved in the remethylation of homocysteine to
methionine [16]. The MTHFR gene mutations associated with decreased enzymatic activity,
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will increase plasma homocysteine levels. Because hyperhomocysteinemia is associated
with an increased risk of CAD, it has become necessary to study the genes involved in
homocysteine metabolism [16,130].

A meta-analysis by Lewis et al. [130], which included 80 studies (26,000 patients
and 31,183 controls), showed that there was no solid evidence to support an associa-
tion of MTHFR C677T (rs1801133) polymorphism with CAD in Europe, North America,
or Australia. Geographical variability may be due to higher folic acid intake in North Amer-
ica and Europe or poor data communication. Additionally, there is no clear evidence that
folic acid administration decreases plasma homocysteine levels, thus having a protective
role in the occurrence of cardiovascular disease (CVD) [130].

Another meta-analysis by Brattstrom et al. [131] included 23 studies, and the conclu-
sion was that the MTHFR C677T mutation is commonly associated with mild hyperhomo-
cysteinemia and does not increase the risk of CVD [131]. Nedelcu et al. [132] analyzed a
group of 61 MI patients under the age of 45, with the results showing a strong association
between plasma homocysteine levels and the first MI among young patients, pointing out
that plasma homocysteine levels could be a possible risk factor for MI [132].

Klerk et al. [133] analyzed 40 studies (including 11,162 IHD/CAD subjects and
12,758 controls), concluding that MTHFR TT polymorphism was associated with an in-
creased risk of IHD in cases associated with folate deficiency. The European population
with the MTHFR TT genotype had a significantly higher risk of IHD (odds ratio 1.14,
1.01-1.28) compared with North Americans in whom no increase in risk for the same geno-
type was observed (odds ratio 0.87, 0.73-1.05), the differences being partially explained by
the different dietary intake of folates in the two analyzed populations [133].

6.5. Genes Associated with Inflammation: IL6 Gene Polymorphism

The IL6 gene (located on chromosome 7p15.3) encodes interleukin 6 (IL6), a cytokine
that regulates the production of C-reactive protein (CRP), an inflammatory marker associ-
ated with increased risk of IHD/CAD. The association between IL6 gene polymorphism
and IHD/CAD has been extensively studied. Two common IL6 gene promoter polymor-
phisms (-174G>C and -572G>C) were associated in various studies with an increased risk
of CAD, in other studies, the results being contradictory [4,80].

In the European HIFMECH study in which patients from two high-risk CAD centers
in northern Europe and two low-risk CAD centers in southern Europe were analyzed,
the association between IL6 promoter polymorphisms (-572G>C and -174G>C) with circu-
lating levels of inflammatory markers and the risk of MI. The plasma IL6 and CRP levels
were similar in controls in both regions, but were higher in those with CAD. The frequency
of the rare -174C allele (-174G>C polymorphism) was higher in the northern European
group (0.43 vs. 0.28; p < 0.0005), where carriers of the -174C allele had a reduced risk
of MI compared with homozygotes -174GG (OR 0.53, 95% CI 0.32, 0.86). This effect was
not observed in the southern European population nor in the -572G>C variant (which
was not associated with an increase or decrease in the risk of MI). No regional differences
of the -572G>C allele frequency were observed. None of the genotypes were associated
with a significant effect on plasma IL6 levels, either in patients with CAD or in control
groups [134].

6.6. Other Susceptibility Loci for CAD

GWASs have identified other susceptibility loci for CAD in families with premature
CAD, located on chromosomes 1, 2, 3, 14, 16 and X [5,80].

A study that included Icelandic families with peripheral arterial occlusive disease
(PAOD) provided evidence of the involvement of the locus on chromosome 1p31 (PAOD
locus). The PAOD locus has been associated with stroke and MI caused by atherosclero-
sis. There was no correlation of the PAOD locus with the occurrence of hyperlipidemia,
hypertension, or DM [135].

218



Life 2022, 12, 865

Linkage analysis in families with premature CAD identified two other chromosomal
regions: 2q21.1-q22 and Xq23-q26 [136]. Pajukanta et al. [136] identified the locus 2q21.1-q22
(Coronary Heart Disease, Susceptibility To, 2-CHDS2 locus, OMIM 608316) [16] in a study
that included Finnish families, in which the proband showed premature CAD, defined
by stenosis with more than 50% of at least two coronary arteries. They later identified
the second susceptibility locus for CAD located on the Xq23-q26 chromosome (Coronary
heart disease, susceptibility to, 3-CHDS3 locus, OMIM 300464) [16,136]. The angiotensin II
receptor 2 (AGTR2) gene, located in the Xq32 locus, could play a major role in cardiovascular
homeostasis [136].

The locus 2q36-q37.3 has been identified by GWAS in families with ACS including
MI and unstable angina with onset before the age of 70 years. At this level are located
the insulin receptor substrate-1 (IRS1) gene, the high-density lipoprotein binding pro-
tein (HDLBP) gene, and the calpain-10 (CAPN10) gene (which determines Non- Insulin
Dependent Diabetes Mellitus 1, NIDDM1). Other loci associated with CAD in diabetes mel-
litus (DM) patients have been located on chromosomes 3q26-q27 and 20q11-q13.82 [5,137].
GWASs in the families of patients with CAD who had coronary artery calcification identified
two other loci of interest located on chromosomes 6p21.3 and 10q21.3 [138].

Other loci associated with premature CAD were located on chromosomes 3q13, 14q32,
and chromosome 16pter-p13 [5]. Zhu et al. [139] showed that the GA/AA polymorphism
of the ALDH? gene (located on chromosome 12q24) encoding alcohol dehydrogenase 2
(ADH2) is an independent risk factor for MI [139].

7. Discussion

A complete understanding of the role of genetic factors in the emergence of CAD
is one of the goals of modern medicine. Deciphering the complex pathophysiological
mechanisms of CAD, identifying all the genetic factors involved, as well as translating the
new information obtained through molecular technology in medical practice, are essential
for the development of screening methods based on genetic risk scores. This new approach
will facilitate the identification of people at high risk for CAD, the implementation of early
prophylactic measures and the establishment of new therapeutic targets. Gene therapy
strategies are the next step in the treatment and prevention of the disease.

CAD remains a leading cause of death worldwide, despite improved treatment and
prophylactic methods. The most common cause of CAD is coronary atherosclerosis,
which can have a monogenic or multifactorial etiology. GWASs and WES discovered
over 321 CAD risk loci and many risk genes, most of which are linked to the presence
of a disorder of lipid metabolism and hypertension [82]. It is estimated that together,
all these genetic factors identified by GWASs explain about 40-60% of CAD heritability,
suggesting that there are still unidentified genetic factors [6,85,140]. In addition, possible
interactions between different genes (epistasis), mechanisms of epigenetic regulation, as
well as interactions between genetic and environmental factors, which cannot be identified
by GWASs or WES, should be considered.

7.1. Challenges for the Future in the Post-GWAS Era

Identifying all the factors involved is a real challenge for future studies and will cer-
tainly contribute to solving this real puzzle represented by the complex genetic architecture
of IHD/CAD etiology.

A major challenge in the coming years will be the integration of information from
analyses-omics (genomics, epigenomics, transcriptomics, proteomics and metabolomics)
and their correlation with phenotypic manifestations (detected by imaging, functional and
clinical tests) [10]. Continued progress in this area will depend on the development of
new analytical techniques based on large databases. The information obtained will allow
a better characterization of specific CAD phenotypes (for each CAD subtype), and the
molecular redefinition of the phenotypes will certainly contribute to the development of
precision medicine [6,10].
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Epidemiological research over the past 50 years has uncovered a multitude of biomark-
ers often used for CVD risk prediction. However, no conclusions could be drawn to confirm
the causal relationship between these biomarkers and CAD, even in the case of strong
evidence of their association with the disease.

Mendelian randomization (MR) studies may reveal a causal relationship between a
biomarker and CAD, providing evidence of the biomarker’s contribution to disease de-
velopment, specifying whether the observed association is influenced by unrecognized
exogenous factors or the disease itself affects the level of the biomarker [10,147,148].

The genetic variant used in this type of study should significantly affect the biomarker
investigated, but should not affect other phenotypes that could confound the association
between the biomarker and the disease. If this biomarker is a true causal risk factor for
CAD, the genotypes of the variant used should be associated with the risk for CAD in
the direction predicted by the association of the biomarker with CAD. The analysis of the
causal factors of CAD by MR has an extraordinary potential to identify possible therapeutic
targets. The opportunities and challenges of MR studies in the case of CAD were discussed,
and over time being used several biomarkers involved in lipid metabolism, inflammation,
obesity, DM and hypertension [5,10,147,148].

The creation of large, accessible international databases and the sharing of information
between different study groups will elucidate the contradictory results of some studies that
included small groups of patients. Because early-onset CAD appears to be associated with
genetic susceptibility more frequently than CAD in elderly patients, future studies should
focus on the study of affected young populations. Clarifying ethnic differences in the risk
of CAD and the response to different therapies may indicate genetic differences that will
allow the development of targeted and personalized drug therapy [4,5].

As the quantity of data provided by different types of studies increases, it will be
necessary to improve the methods of statistical and bioinformatics analysis that will help
to decipher the complex etiology of IHD/CAD. Candidate gene-based association studies
have identified genetic polymorphisms that are significantly associated with a reduced
risk of CAD and MI [4,6]. However, the results obtained for many of these potential
genetic loci, which would provide protection against CAD, are contradictory. Their number
and distribution in the general population are still unknown and their identification will
probably be an important objective of future studies [4].

7.2. Translating the Results of GWASs into Clinical Practice and the Importance of Polygenic Risk
Scores (PRS) for Prevention of CAD

Knowledge of the genetic architecture of CAD has clinical applications such as the
identification of new therapeutic targets and the improvement of cardiovascular risk
estimation, and in pharmacogenomics [4,10]. GWASs have unequivocally shown that
complex common diseases have a polygenic etiology and have allowed researchers to
identify genetic variants (polymorphisms) associated with these diseases. These allelic
variants can be combined into a polygenic risk score (PRS) that includes some of an
individual’s susceptibility to the disease [149].

Improving CVD risk information could be achieved by using polygenic risk scores
(PRS) that could establish from birth the existence of a genetic predisposition to CAD [4,10].
Information on genetic factors provides the only tool to guide the prevention of CAD
through targeted interventions, before the emergence of traditional cardiovascular risk
factors (CRF) or specific clinical manifestations of the disease. Although initially the results
were disappointing, later the discovery of numerous polymorphisms associated with CAD,
the analysis of large cohorts and the biostatistical processing of the data obtained (as in the
case of UK Biobank), allowed the realization of polygenic risk scores (PRS) (at the level of
the whole genome) [80].

A PRS (polygenic risk score) is calculated as the sum of a several weighted genomic
variants to estimate their effect, which was determined by GWAS [80] Many small effect
size genetic variants contribute to a person’s susceptibility to CAD. The PRS prediction
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quantifies the contributing effects in a score and estimates whether the individual tested
has a high and medium risk of CAD [149]. PRS is the aggregate contribution of many
common genetic variants (minor alleles with a frequency > 0.01) that have small to moderate
individual effects. The PRS are singular, quantitative values for genetic susceptibility
to polygenic diseases such as CAD. GWAS demonstrates that several common genetic
variants make individuals susceptible to CAD. GWASs allow the systematic and individual
comparison of the prevalence of SNPs in individuals with CAD and those without CAD,
to generate SNP-level association statistics, these statistics being the central element of
PRS [150]. Initially, most PRS for CAD were made for the European population and could
not be used for people of other ethnicities. Identifying these ethnic genetic differences was
a challenge, along with identifying new genetic risk factors for CAD, in the era of genomic
medicine [80].

Subsequently, the predictive power of PRS for CAD has been improved by including
evidence of association, linkage disequilibrium, anticipated functional impact, pleiotropy,
and cross-ancestral data that allow the use of PRS in populations of different ethnicities
(diverse ancestry). In the case of CAD, PRS could be used to identify high-risk individuals
who would benefit from early prophylactic measures through intensive lifestyle modifica-
tion, imaging surveillance and early lipid-lowering therapy (statins). Completed clinical
trials have shown that individuals with a high PRS for CAD obtain the maximum benefits
from early LDL-C lowering therapy [150].

7.3. Prophylactic Measures in Families at High Risk for CAD

Knowing the genetic risk factors of CAD in certain groups of patients requires cus-
tomizing prevention and treatment strategies. In their case, adopting a healthy lifestyle
with a balanced diet and regular exercise and avoiding traditional CAD risk factors such
as excessive lipid consumption and smoking, could reduce the severity of the disease and
the onset of acute complications such as MI. The use of risk assessment guidelines as well
as the approach of personalized prevention strategies based on family risk is a common
practice in the management of patients/families at high risk of CAD [5,14,80].

7.4. Genetic Counseling in Families at High Risk for CAD

Because the disease can have a monogenic etiology (especially in atherosclerotic CAD)
or a complex, multifactorial, or polygenic inheritance, the calculation of disease risk and
genetic counseling in high-risk CAD families is based on the genetic risk factors present in
that family.

Genetic counseling for patients at high risk for CAD should include, in addition to
detailed physical examination, family history and pedigree analysis (which may provide
important information on family aggregation or for a monogenic inheritance), personal
medical history, habits, and medicines used [5,14].

Disease risk assessment and genetic counseling can be difficult because in most cases
CAD has a multifactorial etiology and a large number of loci and genes are involved.
Moreover, to this is added the variable interaction between different genes (epistasis) as
well as the interaction between genetic and environmental factors.

Although we focused on an in-depth analysis of data from the literature on the role
of CAD genetic factors, as well as methods of their analysis, we still consider that our
study was limited by incomplete data from the literature on CAD etiology (the “missing
heritability” of CAD). Deciphering the etiology of CAD/CHD is a fascinating topic, which
remains relevant due to the complexity of the possible factors involved and the interaction
between them. In addition, future research will most likely identify new CAD candidate
biomarkers, which, together with the use of PRS, will improve CAD risk prediction.

8. Conclusions

In the last decade, remarkable progress has been made in elucidating the complex
etiology of CAD with the help of increasingly advanced molecular technologies and the
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processing of data obtained by efficient statistical and bioinformatics methods. Although
overall CAD mortality has remained high, the main benefit has been the identification of
new therapeutic targets.

In addition, GWASs provided information that offered a new perspective on the
complex pathophysiology of CAD, and the newly identified genetic factors, along with
those already known, currently represent about 40-50% of CAD heritability.

Future identification of new genetic factors could explain the “missing heritability”
of CAD, without ignoring the fact that the interaction between different genes or between
genetic and environmental factors could determine the phenotypic variability of CAD.
Additionally, the identification of genetic factors that would have a protective role against
CAD may be an important objective of future research.

The current use of PRS could improve CAD risk prediction, allowing the identification
of people at higher risk for CAD, who could benefit from personalized prevention and
treatment.

It is expected that following the sustained efforts of the large international consortiums,
new genetic risk factors for CAD will be identified, with translation into clinical practice
related to the development of new therapeutic molecules that act on specific targets.
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