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Abstract
The coronavirus disease 2019 (COVID-19), caused by severe acute 

respiratory syndrome coronavirus-2 (SARS-CoV-2), has rapidly evolved 
into a global pandemic, resulting in more than 770 million confirmed 
cases and over 7 million deaths worldwide to date. A substantial 
proportion of COVID-19 related deaths are linked to cardiovascular 
complications, either as pre-existing co-morbidities or as newly developed 
manifestations during infection. Evidence suggests that cardiovascular 
risk factors, rather than established cardiovascular disease itself, play a 
greater role in adverse outcomes among critically ill patients. Moreover, 
myocardial injury has been frequently reported in COVID-19, occurring 
independently of pre-existing cardiovascular conditions, and is primarily 
associated with systemic inflammation and multiorgan damage. In severe 
cases, pathological mechanisms such as cytokine storm, lymphopenia, 
and elevated cardiac biomarkers (particularly cardiac troponin) contribute 
to cardiovascular dysfunction. The cytokine storm, in particular, drives 
cytokine release syndrome (CRS), exacerbating myocardial injury and 
increasing mortality. Recent data indicate that the incidence of myocardial 
injury is approximately 7% among SARS-CoV-2 infected individuals, 
underscoring its clinical significance. This review highlights the central role 
of inflammation in COVID-19 associated cardiovascular complications, 
including myocardial injury, thrombosis, and vascular dysfunction. By 
summarizing current evidence, we aim to provide insights into underlying 
mechanisms and propose considerations for optimizing cardiovascular 
care in COVID-19 patients.
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Introduction
Coronavirus Disease 2019 (COVID-19) is an emerging infectious disease 

caused by the novel severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), an enveloped, single-stranded RNA virus belonging to the Beta 
coronavirus genus within the Coronaviridae family [1]. COVID-19’s impact 
on the cardiovascular system arises from a complex interplay of direct viral 
injury and indirect systemic responses. A key entry point is the angiotensin-
converting enzyme 2 (ACE2), the cell-surface receptor for SARS-CoV-2. 
ACE2 is expressed not only in the lungs but also in heart tissue – including 
cardiomyocytes, vascular endothelial cells, and especially pericytes that 
support microvasculature[2]. This broad ACE2 distribution provides multiple 
portals for the virus to invade cardiovascular cells. Binding of the viral spike 
protein to ACE2 triggers internalization of the complex, which reduces 
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ACE2 activity and in turn upregulates the renin–angiotensin–
aldosterone system (RAAS) (elevating angiotensin II while 
diminishing its counter-regulator Ang-(1-7)). The resultant 
RAAS imbalance leads to vasoconstriction and heightened 
inflammation[3], setting the stage for cardiovascular damage 
in COVID-19. Once inside cardiac cells, the virus can directly 
injure the myocardium. SARS-CoV-2 has been detected 
in heart tissue and can infect cardiomyocytes via ACE2, 
causing viral myocarditis with myocyte death and impaired 
contractility[4]. Infected cardiomyocytes lose their normal 
structure and function, which may precipitate acute cardiac 
injury, pump failure, and arrhythmogenic disturbances (e.g. 
atrial fibrillation or ventricular tachyarrhythmias). Similarly, 
pericyte infection disrupts microvascular support, potentially 
leading to local ischemia or fibrosis. Notably, patients with 
upregulated cardiac ACE2 (such as those with heart failure) 
may be especially susceptible to direct viral myocardial 
involvement [5]. In addition to direct cytopathic effects, 
the loss of ACE2 on cardiac cells further deprives the heart 
of its usual protective mechanisms (since ACE2 normally 
generates vasodilatory, anti-fibrotic peptides), exacerbating 
the injury. Another central element is endothelial dysfunction 
(Figure 1). Vascular endothelial cells, which line blood 
vessels, can also be affected by SARS-CoV-2. Endothelial 
cells, once infected or exposed to viral particles, exhibit 
an inflammatory phenotype and can undergo apoptosis, 
compromising the integrity of the vessel wall [6]. Autopsy 
studies in COVID-19 have revealed endotheliitis active 
inflammation and viral inclusions within endothelial cells of 
multiple organs. The damaged endothelium loses its ability 
to regulate vascular tone and permeability, tending toward 
vasoconstriction and increased vascular leak. Moreover, 
endothelial injury shifts the hemostatic balance towards a 
pro-thrombotic state: injured endothelial cells downregulate 
anti-coagulant signals and upregulate adhesion molecules 
and tissue factor, promoting platelet aggregation and 
coagulation [7]. This prothrombotic milieu, in conjunction 
with virus-induced platelet activation and dysregulated 
coagulation cascades, underlies the high incidence of 
thromboembolic events observed in severe COVID-19. In 
fact, widespread endothelial damage and inflammation can 
trigger disseminated intravascular coagulation (DIC) and 
micro thromboses in the microcirculation, contributing to 
organ ischemia[8]. Clinically, this manifests as an increased 
risk of deep vein thromboses, pulmonary emboli, ischemic 
strokes, and even acute coronary syndromes in COVID-19 
patients. Systemic hypoxia further aggravates cardiovascular 
stress in severe COVID-19. When the lungs are compromised 
(e.g. in pneumonia or acute respiratory distress syndrome), 
reduced oxygenation leads to tissue hypoxemia. The 
heart must then pump harder to deliver oxygen to tissues, 
increasing myocardial oxygen demand even as oxygen supply 
is limited. This supply-demand mismatch can precipitate 

ischemia, especially in individuals with pre-existing coronary 
artery disease or atherosclerotic plaques[9]. In COVID-19, 
hypoxemic pulmonary vasoconstriction and acute pulmonary 
hypertension may place a sudden pressure burden on the 
right ventricle, occasionally resulting in acute cor pulmonale 
or right heart strain. Consequently, respiratory failure can 
indirectly overload the cardiovascular system, unmasking 
subclinical heart disease and precipitating overt ischemia 
or infarction. Another consequence of severe infection is 
oxidative stress. The hyperinflammatory state in COVID-19 
generates excess reactive oxygen species (ROS) that damage 
cellular components. In the heart and vessels, oxidative stress 
injures mitochondria the powerhouses of cardiomyocytes 
impairing ATP production and contractility[10]. Oxidative 
damage to the endothelium further amplifies vascular 
dysfunction. SARS-CoV-2 itself can stimulate ROS 
production; for example, it activates NADPH oxidase in 
endothelial cells, leading to superoxide generation and 
mitochondrial injury. This oxidative milieu not only harms 
cells but can also enhance viral entry (oxidation of certain 
thiol groups can favor spike-ACE2 binding), creating a 
vicious cycle of infection and injury. Antioxidant mechanisms 
are thus overwhelmed, contributing to myocardial cell death 
and vascular inflammation[11].

Acute complications include myocardial injury, edema 
observed by cardiac MRI, and acute kidney injury, all 
associated with worse in-hospital outcomes. Post-COVID-19 
complications may involve dysautonomia (reduced heart 
rate variability) and increased thrombotic risk, for which 
anticoagulant therapy may be beneficial in selected patients. 
Vaccination-associated effects such as myocarditis are rare 
but have been reported in registry data. Indirect complications 
of the pandemic include reduced hospital admissions and 
cardiac procedures during the early phase of the pandemic, 
which contributed to worse outcomes for some patients.

A hallmark of severe COVID-19 is the cytokine storm 
an excessive immune response with elevated levels of 
inflammatory cytokines such as interleukin-6 (IL-6), IL-1β, 
and tumor necrosis factor-α (TNF-α). This hypercytokinemia 
has profound cardiovascular effects. The flood of cytokines 
triggers further inflammation in the heart and vessels, often 
exacerbating the myocarditis and endothelial dysfunction 
described above. For instance, IL-6 levels are significantly 
higher in COVID-19 patients who exhibit myocardial 
injury [12–14]. These cytokines can depress myocardial 
contractility (akin to septic cardiomyopathy), induce 
vasodilation or capillary leak, and promote coagulopathy. 
TNF-α and IL-1β, in particular, are known to impair cardiac 
contractile function and can destabilize atherosclerotic 
plaques, potentially precipitating acute coronary  
syndromes. Additionally, cytokine-driven inflammation 
further activates the endothelium and platelets, compounding 
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the pro-thrombotic state. In essence, the immune overreaction 
becomes a secondary hit on the cardiovascular system: the 
so-called “cytokine storm” amplifies tissue damage and can 
lead to multi-organ failure. Clinically, this is associated with 
shock, including cardiogenic shock, in some critically ill 
patients – a state often driven by a combination of myocardial 
depression and systemic vasodilation due to overwhelming 
inflammation. Collectively, these interrelated mechanisms 
culminate in significant cardiovascular morbidity in 
COVID-19 patients. Acute cardiac injury, evidenced by 
elevated cardiac troponin levels, occurs in roughly 1 out of 
5 hospitalized COVID-19 patients and is associated with 
worse prognosis[15,16]. Many patients develop arrhythmias, 
ranging from benign arrhythmias to malignant arrhythmias, 
as inflammation and metabolic stress alter the cardiac 
electrophysiology. Myocarditis, whether viral or immune-
mediated, has been reported in COVID-19 and can progress 
to acute or even fulminant heart failure. In addition, some 
patients demonstrate stress-induced cardiomyopathy, further 
compromising cardiac function. Heart failure may arise de 
novo in previously healthy individuals or represent acute 
decompensation of pre-existing disease, triggered by the 
systemic burden of infection and inflammation. Beyond 
direct myocardial injury, thromboembolic complications 
are also prominent. Venous thromboembolism (deep 
vein thrombosis and pulmonary embolism) and arterial 
thromboses leading to stroke or myocardial infarction are 
frequently observed, reflecting the combined effects of 
endothelial injury, cytokine-driven coagulopathy, and platelet 
activation. Together, these mechanisms highlight the intricate 
interplay between inflammation, myocardial injury, and 

thrombotic events in driving cardiovascular complications 
in COVID-19 [17,18]. In summary, COVID-19 acts on the 
cardiovascular system through multiple converging pathways 
(direct viral cytotoxicity, endothelial injury, inflammation/
cytokine storm, coagulopathy, and hypoxic stress), which 
together explain the diverse cardiac manifestations observed 
in infected patients. This pathophysiologic understanding 
underscores why patients with COVID-19 especially those 
with pre-existing cardiovascular conditions – require careful 
cardiac monitoring and why therapies aimed at modulating 
inflammation, coagulation, and myocardial stress are key in 
managing severe cases.

Pathophysiology of Cardiovascular Involve-
ment in COVID-19

SARS-CoV-2 exerts cardiovascular effects through both 
direct viral injury and indirect systemic responses. A pivotal 
factor is the virus’s use of angiotensin-converting enzyme 
2 (ACE2) as its cellular receptor. ACE2 is abundantly 
expressed in the heart (notably on cardiomyocytes and 
pericytes) and in vascular endothelium. When the virus 
binds to ACE2 to enter these cells, it can injure or kill them, 
potentially causing myocarditis (inflammatory injury of heart 
muscle) and impairing cardiac contractility or electrical 
stability[19]. Viral particles and RNA have been detected in 
cardiomyocytes of infected animal models and in occasional 
human cases, supporting that direct myocardial infection 
can occur. However, such direct cardiac infection is often 
short-lived and only a minority of COVID-19 patients 
develop fulminant viral myocarditis. More commonly, 
myocardial injury in COVID-19 arises from indirect 

Figure 1: Cardiovascular complications associated with COVID-19 and the pandemic.Schematic summary of 
cardiovascular sequelae related to COVID-19
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mechanisms rather than widespread virus-induced myocyte 
destruction[20]. One consequence of viral ACE2 binding is 
the disruption of the renin angiotensin aldosterone system 
(RAAS). ACE2 normally helps degrade angiotensin II 
(Ang II) into angiotensin-(1-7), a peptide that promotes 
vasodilation and anti-inflammatory effects. SARS-CoV-
2-mediated downregulation of ACE2 activity can lead to
excess Ang II and diminished angiotensin-(1-7), tilting the
balance toward vasoconstriction, inflammation, thrombosis,
and fibrosis. Indeed, studies have found markedly elevated
Ang II levels in patients with severe COVID-19, correlating
with viral load and lung injury. This Ang II/AT₁-receptor
overactivation likely exacerbates endothelial and cardiac
damage by inducing oxidative stress, inflammatory signaling,
and microvascular constriction (Figure 2). Widespread
endothelial dysfunction is a hallmark of severe COVID-19
and a major contributor to its cardiovascular complications.
Endothelial cells lining of the blood vessels can be directly
infected by SARS-CoV-2 or, more often, indirectly injured
by the intense inflammatory milieu (the “cytokine storm”).
Once activated or damaged, the endothelium loses its normal
anti-thrombotic and vasodilatory properties, resulting in
unchecked vasoconstriction, increased vascular permeability,
and a pro-thrombotic tendency. Indeed, COVID-19 is
increasingly recognized as not merely a respiratory illness but
also an endothelial disease affecting the pan-vasculature[21].

Endothelial injury, combined with abnormal blood 
flow and hypercoagulability, fulfills Virchow’s triad for 
thrombogenesis in COVID-19, which helps explain the 
high incidence of thromboembolic complications in severe 
cases. Autopsy studies confirm disseminated intravascular 
thrombosis: in one series of 40 COVID-19 fatalities, 35% 
showed cardiac myocyte necrosis, and of those, the vast 
majority had only scattered focal necrosis (microinfarcts) 
rather than a single large infarction[22]. Fibrin-rich 
microthrombi have been found within myocardial capillaries, 
often without completely occluding the larger coronary 
arteries. This microvascular clotting, along with direct 
pericyte loss (pericytes are capillary support cells), can cause 
patchy myocardial ischemia and contribute to acute cardiac 
injury. Furthermore, endothelial dysfunction entails reduced 
nitric oxide availability and shedding of the protective 
endothelial glycocalyx (e.g. loss of heparan sulfate), 
changes that promote vasoconstriction and coagulation. 
The net effect is a high risk of myocardial infarctions (often 
secondary to oxygen supply–demand imbalance) and diffuse 
myocardial damage despite no acute plaque rupture[23]. 
The hyperinflammatory response (“cytokine storm”) in 
COVID-19 amplifies cardiovascular damage through 
multiple pathways. Excess cytokines such as interleukin-6 
(IL-6), IL-1β, and tumor necrosis factor-α (TNF-α) induce 
a state of systemic inflammation that can depress myocardial 

Figure 2: Cardiovascular consequences of COVID-19 infection.
SARS-CoV-2 infection initiates myocardial damage through ACE2 receptor binding, cytokine release, systemic hypoxemia, and inflammation. 
These mechanisms contribute to acute myocardial injury, arrhythmias, myocarditis, chronic myocardial injury, and heart failure. Systemic 
complications, such as acute renal failure, chronic kidney disease, and respiratory failure, further aggravate cardiovascular stress. The figure 
highlights the interconnected pathways driving cardiovascular morbidity in COVID-19.
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function and disrupt vascular homeostasis. In particular, 
TNF-α and other inflammatory mediators released in severe 
COVID-19 degrade endothelial nitric oxide synthase and 
reduce nitric oxide production, while also directly increasing 
microvascular tone[24]. High levels of reactive oxygen 
species (ROS) are generated during this hyperinflammatory 
state, leading to oxidative stress that injures cardiac myocyte 
mitochondria and further damages the endothelium. Such 
oxidative injury to mitochondria impairs ATP production in 
cardiomyocytes and can precipitate arrhythmias or acute heart 
failure. Inflammatory cytokines also promote coagulopathy: 
for example, IL-6 drives up fibrinogen levels and, together 
with tissue factor released from damaged cells, contribute 
to excessive clotting. Thus, the cytokine storm creates a 
vicious cycle of inflammation, endothelial dysfunction, and 
thrombosis, compounding the direct viral effects on the 
cardiovascular system [25].

Severe respiratory involvement in COVID-19 (e.g. acute 
respiratory distress syndrome) adds further stress through 
systemic hypoxemia and heightened adrenergic drive. 
Prolonged hypoxia triggers an increase in cardiac output 
(tachycardia) and can precipitate ischemia, especially in 
patients with underlying coronary artery disease who cannot 
meet the elevated oxygen demand. Fever and sympathetic 
over-activation during critical illness also raise myocardial 
oxygen demand while oxygen supply is compromised, 
leading to an oxygen supply–demand mismatch in the 
heart. This mechanism (a type 2 myocardial infarction due 
to demand ischemia) likely underlies some of the cardiac 
troponin elevations observed in COVID-19 patients without 
direct coronary plaque rupture. Indeed, acute myocardial 
injury – defined by elevated cardiac troponin – is common in 
hospitalized COVID-19 patients (reported in ~10–35%) and 
is strongly associated with worse outcomes. The combination 
of hypoxic stress, microthrombi, and hyperinflammation can 
culminate in acute heart failure or arrhythmias in susceptible 
individuals [26,27].

Pulmonary Involvement in COVID-19
The function of the lungs, an important target organ of 

the SARS-Cov-2 infection, is severely impaired. Common 
clinical manifestations of late-stage COVID-19 include 
shortness of breath, pneumonia-like symptoms and hypoxia, 
which is ultimately fatal to patients. SARS-CoV-2 enters the 
pulmonary vessels via endocytosis and activates ADAM(a 
disintegrin and metalloproteinase) metallopeptidase domain 
17 (ADAM17), which in turn cleaves ACE2, indicating loss of 
protection against the renin-system angiotensin-aldosterone 
“RAAS”[28], which is mediated by cleaved ACE2. ADAM17 
activation also triggers acute pneumonia and infiltration of 
cytokines and leukocytes into the alveolar space, resulting in 
pulmonary edema. Cytokine storm is the result of hyperactive 
systemic inflammation in response to COVID-19 infection. 

This storm causes respiratory problems and is responsible 
for most deaths in the final stages of treatment [29]. Lung 
complications associated with COVID-19 include acute 
respiratory distress syndrome (ARDS), vascular endotheliitis, 
sepsis, pulmonary edema, and pulmonary embolism. Two 
percent experience serious pulmonary complications after 
surgery, with most deaths mainly due to pulmonary embolism. 
Lung autopsy reports from COVID-19 patients who died 
from ARDS showed severe alveolar damage and perivascular 
T-cell infiltration. Histological analysis also showed
increased thrombus formation, intussusceptive angiogenesis
and microangiopathy in patients with COVID-19 compared to
influenza[30]. Gene expression analysis using RNA isolated
from COVID-19 patients revealed multiple inflammatory
markers and angiogenesis-related genes were differentially
regulated compared to healthy lungs. Importantly, there were
significantly higher positive numbers of ACE2 in COVID-19
tissues compared to control. COVID-19 patients with ARDS
were also characterized by increased fibrin deposition and
high expression of D-dimers and fibrinogen, suggesting that
fibrinolysis is a mortality factor[31]. Although pulmonary
problem is the dominant scientific manifestation of COVID-19,
underlying cardiovascular headaches and acute cardiac
damage decorate the patient’s vulnerability. Acute respiration
problem/failure and cytokine hurricane may also purpose
decreased oxygen supply, main to acute myocardial damage
in COVID-19 patients (Figure 3). Diverse cardiovascular
manifestations and COVID-19 several experimental and
clinical studies of viral infections, including influenza and
other severe inflammatory syndromes, have demonstrated
that patients with underlying coronary artery disease (CAD)
or atherosclerotic cardiovascular disease (ASCVD) are at
significantly higher risk of developing adverse outcomes
during systemic infections[32]. Patients with pre-existing
cardiovascular diseases may be particularly vulnerable to
ischemic events triggered by systemic inflammation and
oxygen supply–demand mismatch, underscoring the complex
interplay between infection, inflammation, and cardiac
pathology[33].

COVID-19 patients experience lethargy (20-40%), cough 
(50%), fever (80-90%), and diarrhoea as leading symptoms. 
COVID-19 patients are considered at high risk for poor 
outcomes if they have a history of cardiovascular disease 
(CVD). Among 4,248 COVID-19 patients, 39.7% were 
diagnosed with acute cardiac injury (ACI), with 93% of these 
cases occurring on or after hospital admission. Compared to 
patients without ACI, those with ACI had a mortality rate 
of 95% (risk ratio 4.45), and among survivors, 38.7% were 
re-admitted within an average of 2.5 months, while 44.9% 
of those recovered from ACI required re-hospitalization. 
[103,104]. The ratio of death is greater in older ages, and 
patients older than 50 years, 50- 59 years, 60-69 years, 70-
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79 years and over 80 years have mortality rates <0.5%, 2%, 
4%, 8%, and 16% respectively. The binding affinity of SAR-
CoV-2 S protein to ACE2 is 10 to 20 times greater than SARS 
protein, representing that SARS-CoV-2 person-to-person 
transmission might be more readily. In COVID-19 patients, 
the virus of SARS-CoV-2 follows different pathways to cause 
infection. The infection is also linked with Kawasaki disease 
development, especially in children, as demonstrated by 
several studies[43]. In the patients having underlying heart 
disease with cardiac insufficiency, infection of SARS-CoV-2 
might respond by triggering issues for the degradation of the 
condition and possibly cause death.

Myocardial Injury and COVID-19
The COVID-19 patients with already existing stress 

cardiomyopathy, acute myocardial infarction, non-
specific myocardial injury, coronary spasm, and non-
ischemic cardiomyopathy showed complex cardiovascular 
manifestations. COVID-19 individuals with severe disease 
experience acute heart injury and cardiac co-morbidity.  The 
examination of 1527 COVID-19 patients in Wuhan, China 
showed 16.4% cerebrovascular and cardiac disease, 9.7% 
diabetes, and 17.1 % hypertension; sub-group analysis 
indicated 16.7% of cases of cardiac-related conditions were in 
ICU, whereas 6.2% of cases were non-ICU. The relationship 
between SARS-CoV-2 and ACE2 changes ACE2 signaling 

pathways and causes lung injury and myocardial injury 
[44,45]. The target cardiac cells of SARS-CoV-2 might 
be pericytes with high expression ACE2. The histological 
study of 5 out of 16 patients showed viral replication in both 
tissues. The viral infection causes pericyte injury, and this 
injury contributes to microvascular dysfunction and capillary 
endothelial cell dysfunction. Furthermore, the cytokine storm 
attack on different organs could result in multiorgan failure, 
including heart failure. Type I acute coronary events, plaque 
disruption, vascular endothelial dysfunction, cytokine storm, 
and increased stress cardiomyopathy contribute to SARS-
CoV-2 infection-related myocarditis. Increased cytokine 
levels in infected individuals may participate in endothelial 
dysfunction, myocardial injury, micro thrombogenesis, and 
coronary plaque destabilization[46]. The 187 confirmed 
COVID-19 patients study reported that 27% of cases showed 
myocardial dysfunction with consistently elevated levels 
of TnT (Troponin T). Non- specific or less myocardial 
biomarkers showed different change patterns, such as 
creatine kinase myocardial band (CK-MB) isoenzyme, lactate 
dehydrogenase (LDH) and creatine kinase (CK) that were also 
increased in COVID-19 patients with cardiovascular-related 
complications. Several studies reported that ICU-admitted 
older individuals with COVID-19 show elevated levels of 
LDH (lactate dehydrogenase)[47,48]. Cardiac arrhythmias, 
myocarditis, ACS (acute coronary syndrome), heart failure, 

Figure 3: Mechanistic overview of ACE2 receptor–mediated cardiovascular involvement in COVID-19. SARS-
CoV-2 binds to ACE2 receptors in the lungs, heart, and vascular system, triggering pneumonia/ARDS, cytokine release, and 
myocardial injury. Pre-existing risk factors such as hypertension (HTN), diabetes mellitus (DM), obesity, and older age enhance 
susceptibility. The downstream effects of hypoxemia, systemic inflammation, and myocardial damage culminate in higher 
mortality among COVID-19 patients with cardiovascular comorbidities.
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and sudden deaths could all result from myocardium 
inflammation caused by the viral infection. Inflammatory 
response and myocardial risk increase due to the direct 
entrance of the SARS- CoV-2 virus into the blood vessels 
and myocardium. Inflammatory pathogenesis of myocardial 
injury during disease progression has been demonstrated 
to be positively linked with the levels of plasma C-reactive 
protein and troponin. COVID-19 with myocardial infarction 
confirmed the death rate of 1 in 5 patients, and 50% survival 
could be possible if the troponin levels could be measured 
routinely. Therefore, physicians should pay more attention 
to the abnormal immune response system and myocardial 
injuries in patients suffering from COVID-19 (Figure 4).

Myocardial injury and viral myocarditis can be considered 
the leading grounds of demises in COVID-19 patients. 
Furthermore, seriously ill patients experience decreased 
regulatory T-cells, pro-inflammatory T-cells, hyperactivation, 
and severe lymphopenia, which promotes disturbance in 
immune responses. The circulating T-cells in peripheral 
blood showed a significant reduction in SARS-CoV-2- 
infected individuals. Lymphopenia was reported in > 85% of 

infected patients. During early infection, the most significant 
finding is the reduction in CD4+ and CD8+ T lymphocytes 
with a relative increase of macrophages. Laboratory tests of 
patients who died from COVID-19 showed over-activation 
of CD8 and CD4 lymphocytes. The CD8+ T-cells are 
considered the primary cytotoxic cells, and morbid cytotoxic 
T-cells in severe patients result from the hyper-action of
CD4+ T-cells. While these diseased cytotoxic T-cells invade
and eradicate the virus, they also cause lung and myocardial
injury [49]. To summarize, abnormal immune response,
ACE2-mediated viral infection, oxygen demand, and supply
to the myocardium can be significant causes of myocardial
injury and other cardiovascular complications in COVID-19
patients.

Thrombosis Outcomes in COVID-19 Patients
Seriously ill COVID-19 patients are at greater risk of 

both bleeding and thrombosis, whereas non-critical patients 
generally have a lower risk of significant bleeding and venous 
thromboembolism (VTE). Acute infection triggers a cytokine 
surge that activates cells within pre-existing atherosclerotic 

Manifestation Potential Mechanism Incidence/Prevalence Reference

Severe coronary events 
(ACS/MI)

Plaque rupture due to systemic inflammation and 
increased shear stress; microvascular dysfunction; 

hypercoagulability; endothelial dysfunction aggravating 
pre-existing CAD

Rare overall, but reported; up to 7–8% in 
hospitalized patients with CV risk factors [34]

Serious cardiac 
injury (↑ troponin, 

myocarditis-like injury)

Direct viral entry (ACE2-mediated myocardial dysfunction), 
systemic inflammation, MOD supply-demand mismatch, 

micro thrombosis, iatrogenic drug injury

8–12% on average; up to 20–30% in 
critically ill; higher in deceased patients [35]

Heart failure (acute or 
decompensated)

Consequence of myocardial injury, inflammation, 
arrhythmia, increased metabolic demand; cytokine storm 

and hypoxemia aggravating pre-existing HF

Reported in 23–52% of deceased; ~12% 
among survivors in early studies; pooled 
prevalence ~20% in hospitalized cohorts

[36]

Arrhythmia (tachy- or 
bradyarrhythmias, AF, 
VT, conduction block)

Myocardial injury, hypoxia, electrolyte imbalance, 
systemic inflammation, QT-prolonging drugs (e.g., HCQ/

azithromycin, lopinavir/ritonavir), myocarditis

16–20% overall; up to 44% in severe/ICU 
cases; atrial fibrillation most common; 
malignant ventricular arrhythmias less 

frequent

[37]

Thromboembolic 
complications (VTE, 

PE, arterial thrombosis)

Endothelial injury, platelet activation, cytokine-driven 
coagulopathy (COVID-19–associated coagulopathy)

VTE in 20–30% of ICU patients; arterial 
thrombosis ~3–5% [38]

Myocarditis / 
Myopericarditis

Direct viral infiltration of myocytes (ACE2), immune-
mediated injury, microvascular inflammation

Clinical diagnosis uncommon (<2%), but 
cardiac MRI studies show subclinical 

myocarditis-like changes in up to 30–40% 
post-infection

[39]

Stress (Takotsubo) 
cardiomyopathy

Catecholamine surge, systemic stress, microvascular 
dysfunction

Rare; case reports and small series; 
~1–2% among hospitalized COVID-19 with 

chest pain syndromes
[40]

Long-term 
consequences (“Long-
COVID CV sequelae”)

Persistent myocardial inflammation, endothelial 
dysfunction, autonomic imbalance, dysregulated lipid/

glucose metabolism

~10–30% of post-acute COVID-19 patients 
report palpitations, chest pain, or POTS-

like symptoms; MRI shows persistent scar/
inflammation in a subset

[41]

Sudden cardiac death 
(rare, severe cases)

Malignant ventricular arrhythmias, severe myocarditis, 
massive thrombosis, drug-induced QT prolongation

Rare, usually in severe/critically ill with 
underlying risk factors [42]

Table 1: Cardiovascular abnormalities during COVID-19 disease
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plaques, thereby increasing ischemic syndromes and 
thrombotic risk. Cytokine release syndrome (CRS) further 
disrupts coagulation pathways, promotes tissue and organ 
dysfunction, and reduces the activity of natural killer (NK) 
cells and T lymphocytes. Clinical evidence supports these 
observations: Wang et al. reported that 7 out of 11 patients 
admitted to the ICU experienced coagulation dysfunction. 
Extreme inflammation, prolonged immobilization, hypoxia, 
and disseminated intravascular coagulation (DIC) contribute 
significantly to arterial and venous thromboembolic 
complications in COVID-19. In addition, vascular 
inflammation promotes both macro- and micro-thrombosis, 
while systemic inflammation and circulating intravascular 
coagulation can precipitate pulmonary embolism and deep 
vein thrombosis (DVT) [50,51]. Secretion of a colony-
stimulating factor of granulocyte-macrophage (GM-CSF) 
from microvascular endothelial cells of human pulmonary 
followed lipopolysaccharides (LPS) as an inflammatory 
stimulus also plays a crucial role in acute respiratory distress 
syndrome (ARDS) of acute type. Individuals who experienced 
ARDS also show elevated vascular endothelial growth factor 
(VEGF) levels that increase microvascular permeability by 
endothelial injury. Moreover, Renin-angiotensin system 
(RAS) induces an increased risk for pulmonary hypertension, 
embolism and cardiac fibrosis through the up-regulation of 
inflammation, vasoconstrictions, proliferation, and fibrosis 
events. This system also increases the concentrations of 

local angiotensin II and accelerates kidney and cardiac 
injury. Lymphopenia, prolonged coagulation profile, cardiac 
disease, and death could be the consequences of SARS-
CoV-2 infection [52].

COVID-19, Inflammation, and Cytokine Storm
Cardiomyocyte necrosis could occur due to inflammation 

and virus-induced injury in response to local inflammation 
induced by cardiomyocyte infection. The study of 99 cases 
in Wuhan reported that 38% of patients had elevated levels 
of neutrophils. Neutrophils with viral particles indicate 
that the virus induces inflammation. The SARS-CoV-2 
hematogenous spread to tissues and other organs could result 
in the infection of endocardium endothelial cells. Infection 
preferentially targets the inflammatory responses in the 
patients. The inflammatory process depends on the cytokines. 
Natural killer cells, macrophages, B and T-lymphocytes, 
dendritic cells and many other immune cells participate in 
the production of cytokines [53,54]. ARDS progression 
and development is directly concerned with inflammatory 
cytokine storm in COVID-19 patients experiencing increased 
levels of serum cytokines. This situation can promote 
secondary infection by disturbing the immune system to 
increase the condition of immunodeficiency. Extensive 
lung damage and pulmonary inflammation in SARS-CoV-2 
infected individuals are related with raised levels of the, pro- 
inflammatory cytokines [e.g., inducible protein-10 (IP10), 

Figure 4: Interplay between cardiovascular comorbidities, COVID-19 infection, and therapeutic challenges. Patients with underlying 
cardiovascular disease (e.g., hypertension, coronary heart disease, diabetes) face heightened susceptibility and severity of COVID-19 
outcomes. Viral entry via ACE2 receptors triggers pneumonia, acute respiratory distress syndrome, and systemic inflammation, which in turn 
lead to myocardial injury, arrhythmia, thromboembolism, and heart failure. Cardiovascular complications are further influenced by the off-
target effects of some COVID-19 therapies (e.g., hydroxychloroquine, azithromycin, lopinavir–ritonavir, remdesivir), highlighting the need for 
careful risk–benefit evaluation in management.
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interleukin-12 (IL12), IL-6, monocyte chemoattractant 
protein-1 (MCPI), IL-1β, interferon-γ (IFNγ), inflammatory 
protein-1α of macrophage (MIP-1α), granulocyte colony- 
stimulating aspect (G-CSF), and tumor necrosis factor-α 
(TNF-α). Resultant inflammation and elevated circulating 
cytokine levels directly affect cardiomyocytes, which 
may lead to myocardial injury, endothelial dysfunction, 
atherogenesis, and endothelial cell function reprogramming. 
The vital cytokine GM-CSF initiates tissue inflammations 
produced by auto-reactive T-helper cells[55–57]. The 
inflammations initiate the organ injury (i.e., lungs) and show 
their deleterious effects by increasing inflammatory responses 
on other organs such as the heart. Increased inflammatory 
biomarkers correlate with electrocardiographic abnormalities 
and cardiac injury biomarkers. The inflammatory cytokines 
alter the role of many cardiomyocyte ion channels, including 
Ca++ and K+ channels and cause a prolonged ventricular 
action potential. These cytokines trigger serious arrhythmic 
events, especially in long QT Syndrome (LQTS) patients, by 
inducing hyperactivation of the CSS (cardiac sympathetic 
system) through peripheral and inflammatory reflex pathways 
[58,59]. Inflammatory and endothelial cell death occurs due 
to inflammatory cells with viral elements in the endothelial 
cells. These appearances support SARS- CoV-2 involvement 
in endothelitiitis induction in different organs due to host 
inflammatory responses and direct viral involvement.

Cytokine storms use well-characterized mechanisms 
to induce the development of endothelial dysfunction. 
The human endothelial cells increase adhesion molecule 
expression due to inflammatory cytokines; these cytokines 
also increase the release of IL-6 by stimulating human 
macrophages with oxidized LDLs (oxLDLs). Immune system 
abnormality associated with pathogenesis and infection 
severity in COVID-19 individuals has been confirmed by 
previous studies. A large amount of cytokines production 
(cytokine storm) due to virus infection may also cause vital 
organ injury by activating severe immune responses [60,61]. 
Viral particles attack the respiratory mucosa and invade other 
cells, causing critical complications in infected patients. 
Conversely, COVID-19 individuals also experience disease 
severity which correlates with the levels of interleukin-10 and 
interleukin-4. Cardiac demand increases due to an increase 
in cytokine activity and vascular plaque destabilization by 
systemic inflammation. The infection process of SARS-
CoV-2 through ACE2 and its cardiomyocyte invasion, 
insufficient oxygen supply to the myocardium due to 
pulmonary infection, and cytokine storm syndrome all 
participate in cardiac injury[62]. The inflammation-based 
cardiac injury was reported in heart biopsy by observing 
mononuclear inflammatory infiltrates in the individuals 
infected with SARS-CoV-2, but the injury mechanism was 
uncertain. Cytokine release syndrome, hyper-inflammation, 

cardiac injury biomarkers elevation, and ARDS can all be 
used to characterize COVID-19 in the severe patients.

Effects of COVID-19 Therapeutic Drugs and 
the Cardiovascular System

The cytokine storm, main contributor in response to 
infection and bases the disease progression and severity by 
increasing expression levels of pro- inflammatory cytokines. 
Pro-inflammatory cytokines such as IL-6 can be activated 
and secreted in COVID-19 patients. The therapeutic effect of 
pro- inflammatory IL-1 and IL-6 family member suppression 
has been shown in several inflammatory diseases and viral 
infections. The cytokine system’s key member is IL-6 which 
plays a vital role in severe inflammation[63]. IL-6 inhibitors 
have a beneficial impact on the prognosis of COVID-19 
disease. Tocilizumab (IL-6R antibody) treatment treats 
ARDS and hyper-inflammation in COVID-19 to reduce the 
disease activation potential biomarker IL-6. The anti-IL-6 
targeted therapies (Sarilumab and tocilizumab, both are 
IL-6 receptors targeting monoclonal antibodies) not only 
improve the multiorgan dysfunction but also attenuate the 
high arrhythmia risk in severely ill COVID-19 patients[64]. 
Sarilumab and tocilizumab target the signaling pathways 
of IL-6, while Sarilumab shows higher efficiency than 
tocilizumab. Inspiring clinical results, including respiratory 
function improvement and patient temperature reduction, 
have demonstrated the effects of blockage of IL-6 receptors 
by tocilizumab. Treatment with tocilizumab helps to reduce 
mortality and inflammatory storm in severe COVID-19 
patients[65]. Tocilizumab has been proven to be a new 
effective therapeutic strategy to decrease the seriousness of 
this fatal infectious disease. The trials of tocilizumab to check 
its impact on cytokine storm syndromes have been started. 
Besides the monoclonal antibodies, the emerging infection 
SARS-CoV-2 can also be prevented or controlled by several 
other options, including interferon therapies, vaccines, 
oligonucleotide-based therapies, peptides, and small-
molecule drugs. To date, neither an anti-viral therapeutic 
agent nor vaccine has been permitted to cure any human CoV 
infection or COVID-19. Therefore, supportive care should 
be focused on coronavirus disease management. Different 
therapeutic drugs with possible outcomes have been used to 
control and prevent COVID-19, which provides a reference 
for advanced studies (Table 2).

Possible Treatment Options
Therapeutic strategies targeting hyperinflammation have 

shown promising results. IL-6 and IL-1 inhibitors such as 
tocilizumab, anakinra, and canakinumab mitigate cytokine 
storms and improve survival, although corticosteroids may 
increase the risk of secondary infections[87]. Interferon-α 
demonstrates antiviral activity by inhibiting SARS-CoV-2 
replication in vitro, while bevacizumab is under trial for 
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Drugs Mechanism CV intervention (effects) Used with caution Reference

Tocilizumab Inhibits both soluble and membrane-
bound interleukin-6 (IL-6) receptors

Thrombocytopenia, Hypertension, 
Hyperlipidemia

Ischaemic heart disease, 
Increased liver transaminases [66]

Ribavirin/Remdesivir

Inhibit virus proliferation by binding 
the active site of RNA-dependent 

RNA polymerase in SARS-CoV-2 → 
premature termination

Cardiotoxicity, Hemolytic anaemia, 
Thrombocytopenia Ischaemic heart disease [67]

Colchicine Blocks IL-1β and IL-18 via NLRP3 
inflammasome inhibition Unknown Unknown [68]

Chloroquine & 
Hydroxychloroquine

Blocks ARDS, reduces cytokines (IL-
1, IL-6, TNFs)

Anaemia, Thrombocytopenia, QT 
prolongation

Ventricular arrhythmias, 
Hepatic disease, 
Cardiomyopathy

[69]

Lopinavir/Ritonavir Inhibits SARS-CoV-2 protease; 
inhibits cytochrome P450

Torsades de pointes, QT/PR 
prolongation

Heart disease, prolonged QT/
PR agents [70]

Baricitinib Inhibits AAK1 and JAK; reduces 
cytokine release syndrome No major CV or hematologic effect Not reported [71]

Favipiravir Inhibits RdRp of RNA viruses, 
including SARS-CoV-2 QT prolongation Psychiatric symptoms, ↑ uric 

acid [72]

Ruxolitinib Inhibits JAK-STAT signaling; reduces 
cytokines Unknown Unknown [73]

Tofacitinib Inhibits Interferon-α production Unknown Unknown [74]

IFN-α Regulates immune response; 
antiviral, antiproliferative

Hypotension/Hypertension, 
Arrhythmia, Ischemic 

cardiomyopathy

ECG changes, Myocardial 
infarctions [75]

Dexamethasone Systemic glucocorticoid; reduces host 
inflammation

Improves survival in hypoxic 
patients; risks: fluid retention, 

hypertension, dysglycemia

Heart failure, uncontrolled 
hypertension/diabetes [76]

Nirmatrelvir/Ritonavir 
(Paxlovid)

SARS-CoV-2 3CL protease inhibitor 
boosted with ritonavir (potent CYP3A 

inhibitor)

Major DDI risk with 
antiarrhythmics, statins, 

anticoagulants → arrhythmias, 
hypotension, bleeding

Patients on CYP3A-
metabolized CV drugs 

(amiodarone, ranolazine, 
simvastatin, DOACs)

[77]

Remdesivir Nucleotide analogue; inhibits viral 
RdRp Bradycardia reported; monitor HR

Pre-existing conduction 
disease, concurrent AV-node 

blockers
[78]

Heparin (therapeutic 
dose) Anticoagulant, anti-inflammatory

In non-ICU patients: improved 
outcomes; in ICU: no benefit; risk: 

bleeding

Active bleeding, 
thrombocytopenia, high 

bleeding risk
[79]

Anakinra IL-1 receptor antagonist; reduces 
hyperinflammation

Reduced progression/mortality in 
suPAR-selected patients; neutral 

in broad trials

Infection risk, neutropenia, 
liver enzyme elevation [80]

Sarilumab IL-6R blockade
Similar benefit to tocilizumab in 
severe cases; AEs: cytopenia, 

transaminitis
Hepatic disease, neutropenia [81]

Baricitinib JAK1/2 inhibitor; reduces cytokine 
signalling

Mortality benefit when added to 
SOC; risk: VTE, MACE (esp. in 

chronic RA use)

History of thrombosis, high 
VTE risk [82]

Hydroxychloroquine/
Chloroquine (± 
Azithromycin)

Weak antiviral, immunomodulator Strong QT prolongation/TdP 
signal; no efficacy

QT prolongation, heart 
disease, hypokalemia/

magnesia
[83]

Molnupiravir Nucleoside Analogue; induces viral 
error catastrophe

No consistent CV toxicity signal; 
modest efficacy

Contraindicated in pregnancy; 
use caution in renal/hepatic 

impairment
[84]

Ritonavir (boosting 
effect)

Potent CYP3A inhibition → ↑ levels of 
CV drugs

Brady/arrhythmias, hypotension, 
statin myopathy, ↑ bleeding 

(DOACs)

Antiarrhythmics (amiodarone, 
flecainide), simvastatin, 

ranolazine, DOACs
[85]

Peg-IFN-λ Type III interferon; antiviral immune 
enhancement

Reduced hospitalization in 
outpatients; minimal CV toxicity 

reported

Liver disease, autoimmune 
hepatitis [86]

Table 2: Effect and the mechanism of COVID-19 therapeutic drugs on cardiovascular (CV) Dysfunction.
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vascular protection. Traditional Chinese medicines (e.g., 
Shuang Huang Lian, tetrandrine, Lianhua Qingwen) also 
exhibit inhibitory effects on viral replication and cytokine 
release[88]. Colchicine, with established cardioprotective 
benefits in myocardial infarction, atrial fibrillation, and 
pericarditis, limits NLRP3 inflammasome activation and 
reduces pneumonia and myocardial necrosis in COVID-19 
patients[89]. Ongoing trials of colchicine and anakinra are 
further assessing their roles in cytokine storm management. 
Additionally, cardiac MRI can aid in diagnosing myocarditis 
or inflammatory cardiomyopathy in suspected cases. 
Altogether, while outcomes remain poor in patients with 
both SARS-CoV-2 infection and underlying cardiovascular 
disease, integrating anti-inflammatory, antiviral, and standard 
cardiovascular therapies offers the most effective approach to 
patient management (Table 3).

Future Perspectives
Emerging evidence from 2024-2025 highlights 

that COVID-19 can cause persistent cardiovascular 
complications, including heart failure, arrhythmia, stroke, 
endothelial dysfunction, and microthrombosis, even in 
individuals with mild acute disease. Longitudinal monitoring 
and early cardiovascular screening are crucial for post-
COVID patients, while precision medicine approaches using 
biomarkers and AI-based risk prediction can enable tailored 

interventions. Vaccination remains protective against long-
term cardiovascular events, and the integration of digital 
health tools, such as telemedicine and wearable devices, can 
facilitate continuous monitoring and timely management. 
These insights underscore the need for ongoing research, 
preventive strategies, and innovative therapies to mitigate 
long-term cardiovascular risk in COVID-19 survivors [97].

Conclusion
COVID-19, caused by SARS-CoV-2, has affected 

more than 215 countries and is closely associated with 
cardiovascular complications. The virus invades ACE2 
receptor–bearing cells, triggering endothelial dysfunction, 
systemic inflammation, pyroptosis, apoptosis, and impaired 
microcirculatory function. Patients with reduced ACE2 
expression, diabetes, and atherosclerosis are particularly 
vulnerable to vascular injury. Cardiovascular diseases are 
more prevalent in COVID-19 patients, and discontinuation of 
renin angiotensin aldosterone system (RAAS) inhibitors may 
worsen outcomes. Timely continuation of angiotensin receptor 
blockers (ARBs), angiotensin-converting enzyme inhibitors 
(ACEIs), and mineralocorticoid receptor antagonists (MRAs) 
are therefore recommended to reduce mortality. In addition, 
heart failure therapies, alongside careful cardiovascular 
monitoring, remain essential for improving prognosis in 
patients with pre-existing cardiac disorders.

Category Therapeutic Options Mechanism / Role Clinical Considerations References

A. Anti-
inflammatory and 

Immunomodulatory 
Therapies

Corticosteroids (e.g., 
dexamethasone)

Reduce systemic inflammation and 
cytokine storm

Improves survival in severe/critical 
COVID-19; risk of secondary infections

IL-6 inhibitors (e.g., 
tocilizumab)

Block IL-6 signaling to attenuate 
hyperinflammation

Beneficial in severe cytokine storm; 
monitor for infection risk

JAK inhibitors (e.g., 
baricitinib)

Inhibit JAK-STAT pathway, reducing 
cytokine signaling

May decrease progression to severe 
disease; careful monitoring needed

Colchicine Anti-inflammatory effects via 
microtubule disruption

Potential cardioprotective effects; data still 
emerging [90–92]

B. Antithrombotic
and Anticoagulant

Therapies

Heparin, LMWH Prevent thromboembolism and 
microthrombosis

Recommended in hospitalized patients; 
adjust dose based on risk

Antiplatelet agents Inhibit platelet aggregation May reduce thrombotic complications; 
evidence still evolving [93]

C. Cardiovascular
Supportive
Therapies

Standard heart failure 
management

ACE inhibitors, ARBs, β-blockers, 
diuretics

Continue or initiate as indicated; monitor 
hemodynamics

Anti-arrhythmic agents Control atrial/ventricular arrhythmias Requires ECG monitoring; drug–drug 
interactions with antivirals possible

Oxygen therapy, 
mechanical ventilation

Improve oxygen delivery and 
reduce cardiac stress

Critical in severe hypoxemia; invasive 
support as last resort [94,95]

D. Emerging and
Investigational

Options

Monoclonal antibodies Neutralize viruses or modulate 
immune response

Promising but limited evidence in CV-
specific outcomes

Novel antiviral–
anti-inflammatory 

combinations

Target viral replication and 
inflammation simultaneously

Under clinical trials; potential to reduce 
CV burden [96]

Table 3: Potential Treatment Options and Future Perspectives for Cardiovascular Complications in COVID-19.
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