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ABSTRACT 

COVID-19 has emerged as a significant precipitant of acute cardiovascular complications, collectively termed COVID-19-associated acute 
cardiovascular syndrome. Approximately one-third of hospitalized patients experience myocardial injury, with elevated cardiac troponins 
correlating with disease severity and mortality. The pathogenesis involves direct viral invasion of cardiomyocytes and endothelial cells via the ACE2 
receptor, immune-mediated inflammation (notably cytokine storm), endothelial dysfunction, and prothrombotic states. These mechanisms are 
further modulated by genetic and epigenetic factors, including DNA methylation changes and host genetic polymorphisms, which influence 
individual susceptibility to cardiac complications. Multiomics integration—encompassing microRNA expression, exosomal biomarkers, glycomic 
profiling, and genomic data—has enabled the identification of novel molecular signatures for risk stratification and therapeutic targeting. For 
instance, specific miRNA signatures have been shown to predict responsiveness to anti-inflammatory therapies, offering the potential to personalize 
treatment strategies based on individual molecular profiles. Classic biomarkers such as high-sensitivity troponins, NT-proBNP, and myoglobin, 
alongside emerging molecular and epigenetic markers, provide valuable insights into the mechanisms linking SARS-CoV-2 infection to myocardial 
injury, arrhythmia, and long-term cardiovascular sequelae. This review synthesizes current evidence on the molecular, genetic, and epigenetic 
underpinnings of COVID-19-related cardiovascular disease, highlighting the promise of precision medicine approaches for early diagnosis, 
prognostication, and targeted intervention in post-COVID-19 cardiovascular risk management. 

Keywords: COVID-19, SARS-CoV-2, Cardiovascular disease, Myocardial injury, Endothelial dysfunction, Cytokine storm, ACE2 receptor, Epigenetic 
reprogramming, Multiomics integration, Biomarkers 

© 2025 The Authors. Published by Innovare Academic Sciences Pvt Ltd. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/) 
DOI: https://dx.doi.org/10.22159/ijap.2025v17i6.55425 Journal homepage: https://innovareacademics.in/journals/index.php/ijap 

 

INTRODUCTION 

The emergence of COVID-19 has revealed a spectrum of 
cardiovascular diseases (CVDs), collectively termed COVID-19-
associated acute cardiovascular syndromes (CVS). Complications 
such as myocardial injury, Arrhythmias, and heart failure are 
prevalent, With studies reporting acute myocardial injury in 
approximately 31% of hospitalized COVID-19 patients.  

This is typically defined by elevated serum cardiac troponins and is 
associated with increased disease severity and mortality. The 
mechanisms involved are multifaceted and include both direct and 
indirect nerve pathways. The affinity of SARS-CoV-2 for the 
angiotensin converting enzyme 2 receptor facilitates the viral 
invasion of cardiomyocytes and endothelial cells, primarily toward 
myocardial inflammation and endotheliitis [1]. The presence of a 
polybasic cleavage site at the S1/S2 boundary of the spike protein, 
which is missing in closely related coronaviruses, is a distinctive 
feature of SARS-CoV-2 [2]. SARS-CoV-2 binds to the angiotensin-
converting enzyme 2 (ACE2) receptor, which is expressed on 
cardiomyocytes and endothelial cells, allowing viral entry and 
leading to myocardial inflammation and endotheliitis (1). A key 
feature of SARS-CoV-2 is the polybasic cleavage site at the S1/S2 
boundary of the spike protein, absent in closely related 
coronaviruses, which facilitates viral entry. The host protease furin 
also plays a critical role by enhancing viral entry into host cells and 
contributing to the virus's broad tissue tropism. Fig. 1 illustrates the 
molecular mechanisms linking SARS-CoV-2 infection to 
cardiovascular complications, emphasizing viral entry via ACE2, 
activation of the immune response (cytokine storm), and endothelial 
dysfunction. 

SARS-CoV-2 infection causes myocardial injury through a 
combination of direct viral toxicity and systemic immune responses. 
Infection triggers a cytokine storm, marked by elevated levels of 
interleukins (e. g., IL-6) and tumor necrosis factor-alpha (TNF-α), 
which exacerbate myocardial inflammation and contribute to 
cardiac dysfunction [3]. Additionally, severe respiratory 
involvement in COVID-19 may lead to hypoxemia, increasing 

myocardial stress and potentially causing ischemia. The 
prothrombotic effect of SARS-CoV-2 increases the risk of 
microvascular thrombosis, further compromising coronary 
circulation and leading to myocardial infarction [4].  

A critical aspect of SARS-CoV-2’s pathophysiology involves ACE2 
downregulation, which disrupts the renin-angiotensin-aldosterone 
system (RAAS). This imbalance contributes to vasoconstriction, 
inflammation, and myocardial damage-a process that is exacerbated 
by direct viral binding to ACE2 and subsequent receptor 
internalization. In addition to the immune response, endothelial 
dysfunction plays a pivotal role in the development of COVID-19-
associated cardiovascular complications. Studies, such as Varga et al. 
(2020), have demonstrated that SARS-CoV-2 induces endothelial cell 
damage, leading to vascular inflammation and increased risk of 
thrombosis, which is integral to the severity of the disease [5]. SARS-
CoV-2 infection leads to widespread endothelial inflammation, 
which plays a pivotal role in the pathophysiology of COVID-19. The 
viral nucleocapsid protein activates endothelial cells via Toll-like 
receptor 2 (TLR2), triggering NF-κB and MAPK signaling pathways, 
which result in upregulation of adhesion molecules and 
inflammatory cytokines such as TNF-α and IL-1β [6]. Endothelial 
activation, along with the cytokine storm, promotes vascular 
dysfunction and exacerbates the systemic inflammatory response. 
Moreover, despite prophylactic measures, the procoagulant nature 
of COVID-19 has led to increased venous thromboembolism (VTE), 
highlighting the importance of immune-mediated coagulopathy in 
the severity of COVID-19 [7]. These results confirm the key role of 
endothelial dysfunction and immune-mediated coagulopathy in the 
progression and severity of COVID-19. 

SARS-CoV-2's ability to infect cardiac endothelial cells and 
cardiomyocytes triggers myocardial injury, leading to inflammation 
and cell destruction. The cytokine storm exacerbates myocardial 
injury by causing hypoxemia, increasing myocardial oxygen demand, 
and facilitating the formation of microthrombi. These mechanisms 
increase the risk of acute coronary syndrome (ACS) in COVID-19 
patients. Emerging data also suggest that genetic predispositions 
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may drive COVID-19-related cardiac events. For instance, the p. 
Ser1103Tyr-SCN5A polymorphism, prevalent in African American 
populations, has been linked to an increased risk of arrhythmias and 
sudden cardiac death in the context of COVID-19 [8].  

In cardiovascular diseases, endothelial cells release extracellular 
vesicles (EVs), including microvesicles and exosomes, in response to 
physiological stress or injury [9]. These vesicles carry bioactive 
molecules such as proteins, lipids, and nucleic acids (e. g., mRNA, 
microRNAs, and noncoding RNAs), which facilitate intercellular 
communication and influence various pathophysiological processes 
[10]. Exosomes, in particular, transport heritable materials from 
damaged or apoptotic cells, offering a non-invasive method for 
detecting cellular changes without requiring a tissue biopsy. The 

liquid biopsy principle, which analyzes circulatory biomarkers, is 
increasingly utilized for early diagnosis and risk stratification in 
cardiovascular disease [11]. 

This review aims to explore how host genetic and epigenetic factors 
influence the spectrum and severity of cardiovascular sequelae 
following COVID-19 infection. By integrating multi-omics data-
including miRNA expression profiles, exosomal biomarkers, and 
host genetic polymorphisms—we seek to identify predictive 
markers and therapeutic targets for precision medicine approaches. 
Specifically, we will examine how multiomics integration can inform 
personalized treatment strategies for post-COVID cardiovascular 
disease, thus advancing precision medicine in clinical management 
and intervention.

 

 

Fig. 1: Schematic representation of the impact of ACE inhibitors (ACEi) and angiotensin receptor blockers (ARBs) on SARS-CoV-2 infection 
and cardiovascular injury. SARS-CoV-2 uses the ACE2 receptor for cellular entry, and the use of ACEi/ARB drugs leads to upregulation of 
ACE2 expression, increasing viral entry and replication. This exacerbates cardiovascular injury by further promoting viral invasion and 
myocardial damage. In contrast, ACE inhibitors decrease angiotensin II levels, which may have protective effects against cardiovascular 

complications 

 

Methods/approach 

This review integrates evidence from peer-reviewed articles 
published between January 2020 and December 2024. Relevant 
literature was identified through structured searches of PubMed, 
Web of Science, and Scopus using combinations of the keywords: 
"COVID-19," "SARS-CoV-2," "cardiovascular complications," 
"multiomics," "epigenetics," and "precision medicine." Only original 
research articles, meta-analyses, and reviews in English involving 
human subjects with accessible full texts were included. Non-human 
studies, case reports, and articles without full text were excluded. 
Titles and abstracts were screened for relevance, followed by full-
text review. Data extraction focused on molecular mechanisms, 
biomarker discovery, and clinical relevance, emphasizing the 
integration of multiomics strategies in understanding COVID-19-
associated cardiovascular pathophysiology.  

Molecular and epigenetic biomarkers in post-COVID-19 
cardiovascular risk assessment 

The intersection of COVID-19 and cardiovascular disease (CVD) has 
unveiled a complex molecular landscape in which multiomics 
integration is revolutionizing the identification of biomarkers for 
risk stratification and therapeutic targeting. Emerging evidence 
highlights the significant role of epigenetic reprogramming in post-
COVID-19 cardiac complications. For example, DNA methylation 
changes in genes such as Peg10 (hypomethylated) and Ece1 
(hypermethylated) are related to altered cardiac function and 
inflammation, suggesting that epigenetic disturbances contribute to 
myocardial injury in COVID-19, as supported by studies 

demonstrating associations between DNA methylation changes and 
altered cardiac gene expression [12]. Given ACE2’s crucial role in 
regulating the renin-angiotensin-aldosterone system (RAAS) and 
its involvement in maintaining cardiovascular and pulmonary 
homeostasis, the epigenetic repression of ACE2 by H3K27me3 can 
have far-reaching consequences. In COVID-19, where ACE2 
expression is central to viral entry, excessive silencing of ACE2 
could limit the body's ability to counteract viral infection, 
potentially exacerbating both pulmonary and cardiovascular 
dysfunction [13]. Interestingly, the dynamic regulation of 
H3K27me3—such as its removal by demethylases like JMJD3 
(KDM6B) or UTX (KDM6A)—can reactivate previously silenced 
genes, including ACE2, under certain physiological or pathological 
conditions. This reactivation could play a role in recovering ACE2 
expression in response to viral infections or cardiovascular stress. 
However, aberrant or excessive H3K27me3 at the ACE2 locus may 
contribute to disease states by limiting ACE2 expression, which is 
particularly relevant in the context of cardiovascular diseases, 
pulmonary disorders, and SARS-CoV-2 infection [14]. These 
findings underscore the potential of glycomic profiling to uncover 
novel biomarkers of cardiac damage. 

Thus, the epigenetic regulation of ACE2 by H3K27me3 exemplifies 
the complex ways in which environmental stimuli, such as viral 
infections, can shape gene expression and influence disease 
outcomes. By understanding how these modifications regulate ACE2 
and other critical genes, researchers may uncover new therapeutic 
strategies aimed at manipulating epigenetic marks to mitigate post-
COVID-19 cardiovascular complications [15, 16] (table 1). 



K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

132 

The integration of molecular and epigenetic biomarkers into post-
COVID-19 cardiovascular risk assessment represents a 
breakthrough in precision medicine. Classic cardiac biomarkers, 
including high-sensitivity troponins (hs-cTnI, cTnT), NT-proBNP, 
myoglobin, and CK-MB, are consistently elevated in patients with 
COVID-19 who experience myocardial injury, and their levels 
strongly correlate with disease severity and mortality risk [17]. In 
particular, NT-proBNP and myoglobin have emerged as independent 
predictors of adverse events, particularly in noncardiac patients, 
highlighting the importance of nuanced biomarker interpretation in 
different clinical contexts. In particular, NT-proBNP and myoglobin 
have emerged as independent predictors of undesirable outcomes, 
particularly in noncardiac patients, highlighting the importance of 
nuanced biomarker interpretation in different clinical contexts [17]. 

The field is rapidly developing to include new molecular signatures, 
such as microRNAs (e. g., miR-155 and miR-21-5p). These molecular 
markers do not exclusively reflect the extent of cardiac and 
pulmonary involvement but nevertheless provide valuable 
mechanistic insights into the interactions among viral infection, 
inflammation, and tissue remodeling. These molecular fingerprints, 
together with epigenetic changes, including DNA methylation and 
histone acetylation patterns, guarantee Polish threat stratification, 
enable prior support, and demonstrate how targeted therapy in the 
postacute sequela of COVID-19 works. As multiomics integration 
becomes increasingly feasible, the convergence of proteomic, 
transcriptomic, and epigenomic data is poised to accelerate our 
understanding of the complex molecular interactions between SARS-
CoV-2 infection and long-term cardiovascular complications [18].

 

Table 1: Epigenetic regulators and their role in COVID-19 pathophysiology 

Epigenetic 
regulator 

Target Molecular mechanism Pathophysiological role in 
COVID-19 

Clinical association Ref 

DNMT1 TLR4 promoter Hypermethylation ↓ Innate immune response; 
impaired viral sensing 

Severe COVID-19; 
cytokine dysregulation 

[19] 

 TNF-α promoter Hypermethylation ↓ TNF-α expression; 
dysregulated inflammation 

Higher risk of ARDS and 
multiorgan failure 

[19, 20] 

ACE2 ACE2 gene Hypomethylation ↑ ACE2 expression; enhanced 
viral entry 

Increased susceptibility to 
infection 

[21] 

HDAC3 Pro-inflammatory 
genes (e. g., IL6, CXCL1) 

Histone deacetylation ↑ Pro-inflammatory cytokine 
storm 

Severe lung injury and 
hyper inflammation 

[21, 22] 

 IFN-γ pathway Deacetylation of H3K27 ↓ Antiviral interferon response Delayed viral clearance; 
prolonged infection 

[23] 

SIRT1/NF-κB 
axis 

NF-κB pathway Competitive inhibition ↑ Oxidative stress and 
endothelial damage 

Thrombotic complications [24] 

 

Mechanisms of viral-induced cardiovascular damage 

The cardiovascular complications observed in COVID-19 patients 
are driven by a multifaceted interplay between direct viral injury, 
immune-mediated inflammation, and endothelial dysfunction. The 
cytokine storm is triggered by excessive release of proinflammatory 
cytokines such as TNF-α, IL-1, and IL-6, which increase systemic and 
cardiac inflammation. Elevated cytokine levels induce endothelial 
activation, increase vascular permeability, and promote a 
hypercoagulable state, leading to microvascular dysfunction and the 
formation of microthrombi within coronary vessels [25]. This 
cascade disrupts coronary circulation and disrupts the transport of 
nutrients and oxygen to the heart muscle, thereby contributing to 
myocardial injury, cardiac arrhythmia, and cardiac incapacity [26]. 

In SARS-CoV-2-induced cardiac cell infection, both ACE2 and 
transmembrane protease, serine 2 (TMPRSS2) are expressed on 
cardiomyocytes and pericytes, facilitating viral entry into these cells. 
The virus binds to ACE2 on the cell surface, and TMPRSS2 cleaves 
the viral spike protein, enabling membrane fusion and viral entry. 
This direct infection leads to cytopathic effects, including cell death 
and impaired contractility in cardiomyocytes, and can trigger local 
myocardial inflammation. Additionally, infected cardiomyocytes 
secrete chemokines such as CCL2, which recruit monocytes and 
amplify inflammatory responses, further promoting myocardial 
injury and fibrosis. Pericyte infection via ACE2-dependent pathways 
also contributes to vascular dysfunction and inflammation within 
the heart. Collectively, these mechanisms exacerbate myocardial 
damage through direct cytopathic effects and by driving local and 
systemic inflammatory processes. Moreover, TNF-α and IL-6 have 
been shown to directly impair cardiac contractility and promote 
fibrosis, whereas IL-1 can accelerate fibrotic changes in cardiac 
tissue. The resulting endothelial dysfunction, oxidative stress, and 
immune cell infiltration collectively drive the acute and chronic 
cardiovascular sequelae observed in COVID-19 patients [26]. 

Fig. 3 shows a multistep coronavirus infection method that can be 
used to avoid cardiovascular damage. After infection, SARS-CoV-2 
causes renin‒angiotensin‒aldosterone (RAAS) organization 
dysfunction, which contributes to inflammation and oxidative stress, 
especially in the kidney, and initiates endothelial dysfunction and 

reactive oxygen species (ROS). The above modifications contribute 
to the formation of plaques in the coronary artery. Moreover, the 
overreaction of the immune system causes a cytokine storm, which 
further exacerbates cardiovascular stress. The risk of CVD is 
exacerbated by the combined effects of hypoxia and the imbalance 
between oxygen supply and demand. 

Cytokine storm and endothelial dysfunction 

The COVID-19 pandemic has brought renewed attention to the role 
of cytokine storms in pathophysiology. SARS-CoV-2 infection 
triggers a systemic inflammatory reaction, culminating in a cytokine 
storm corresponding to IL-6, IL-1, and IL-12. This reaction is 
associated with imperative injury to and dysfunction of endothelial 
tissues, as demonstrated by a reduction in the azotic oxide content, 
increased oxidative stress, and increased vascular permeability [27]. 
The resulting endothelial dysfunction significantly contributes to 
severe complications, including thrombosis and multiorgan failure. 
This underscores the critical importance of the tissue 
microenvironment in modulating these pathological processes and 
highlights the potential of targeting neurovascular pathways as part 
of therapeutic strategies. 

The endothelium, which lines blood vessels, plays a focal role in vascular 
homeostasis by regulating vasodilation, thrombosis, and inflammation 
[21]. During a cytokine storm, inflammatory mediators disrupt 
endothelial integrity, leading to endothelial dysfunction and endotheliitis 
[28]. Proinflammatory cytokines, such as TNF-α and IL-1β, weaken the 
interendothelial junction by downregulating the important proteins VE-
cadherin and ZO-1, increasing vascular permeability, and facilitating the 
infiltration of immune cells and cytokines into surrounding tissues. This 
method increases regional inflammation and vascular damage, which is 
further exacerbated by oxidative stress and the accumulation of reactive 
oxygen species (ROS) [29]. 

Endothelial dysfunction is exacerbated by adjusting to a 
prothrombotic state, as cytokines disrupt the chain of curdling and 
suppress anticoagulant functions, including the downregulation of 
thrombomodulin and tissue factor nerve pathway inhibitors. Platelet 
activation and neutrophil extracellular trap formation (NETs) are 
more advanced microvascular thromboses, primarily toward 
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ischemic injury in several organs, including the heart. The 
promotion of D-dimer and fibrin depletion products in COVID-19 
patients isa clinical sign of the current hypercoagulable declaration 
and is closely associated with an increased risk of myocardial 
infarction and other thrombotic complications [29]. 

These findings further indicate that COVID-19 is associated with 
preexisting inflammatory conditions, particularly in elderly patients, 
where chronic inflammation exacerbates endothelial dysfunction 
[30]. Mechanically, SARS-CoV-2 can directly infect endothelial cells 
via ACE2, a major factor involved in cell death during inflammasome 
activation (e. g., NLRP and caspase-1), and mitochondrial 
dysfunction contributes to extrainvasive endothelial injury and 
inflammatory gene expression. The interaction between cytokine 
release and endothelial dysfunction may also extend to the basic 

nervous system, resulting in blood vessel obstruction and facilitating 
nervous system manifestations. Together, these mechanisms 
establish endothelial dysfunction as a key driver of COVID-19 
disease and its cardiovascular and multiorgan complications [29]. 

Fig. 2 shows the molecular pathways leading to endothelial 
dysfunction caused by SARS-CoV-2 infection. The virus 
downregulates ACE2 and increases ROS production, promoting 
macrophage and neutrophil recruitment without depletion or 
thromboxane-mediated hypercoagulability. In addition, von 
Willebrand factor (VWF), whose main role is platelet collection, 
pathological angiogenesis, and endothelial damage, is upregulated. 
Moreover, factor Xa activation causes IL-6 expression and, in 
addition to inflammation, endothelial dysfunction, which is a major 
driver of COVID-19-related vascular and multiorgan complications.

 

 

Fig. 2: Pathophysiological effects of SARS-CoV-2 on endothelial function: The virus induces ROS production and ACE/ACE2 imbalance, 
promoting macrophage and neutrophil recruitment, NO depletion, endothelial injury, hypercoagulability via thromboxane and VWF, and 

subsequent platelet activation. Factor Xa contributes to IL-6-driven inflammation and pathological angiogenesis, leading to thrombotic 
complications in patients with COVID-19 

 

Oxidative stress and cardiovascular damage 

Oxidative stress occurs when reactive oxygen species (ROS) 
production exceeds the capacity of the antioxidant defense system, 
primarily in relation to cell and molecular perturbations, which are 
the cause of cardiovascular disorders. Proinflammatory cytokines, 
such as IL-6 and TNF-α, stimulate immune cells, including 
macrophages and neutrophils, to produce excessive ROS [31]. The 
current increase in production overwhelms the endogenous 
antioxidant, resulting in an oxidative state affecting the 
bioavailability of azotic oxide (NO). The decrease in NO disrupts 
normal vasodilation, stimulates vasoconstriction, and increases 
vascular resistance, which contributes to increased blood pressure 
and decreased coronary perfusion [32]. 

ROS cause direct damage to endothelial cells and cardiomyocytes by 
inducing lipid peroxidation, DNA atomization, and protein 
alteration, which may disrupt the apoptotic and necrotic nerve 
pathways, further deteriorating tissues and disrupting cardiac 
function [33]. Moreover, oxidative stress triggers redox-sensitive 
transcriptional components such as NF-B, which maintains a vicious 
cycle of inflammation and tissue damage. The interaction between 
oxidative stress and inflammation plays a key role in the 
pathogenesis of various CVDs, including myocardial infarction, heart 
failure, and atherosclerosis [34]. 

Cytokine effects on myocardial tissue 

Inflammatory responses and cytokine release are essential for tissue 
repair after myocardial infarction (MI) but may also lead to 
undesirable cardiac adaptations and dysfunction. In response to 
myocardial injury, cytokines such as tumor necrosis factor-alpha 
(TNF-α) and interleukin-6 (IL-6) are immediately increased, 
affecting both cardiac contractility and organizational adaptation 
[35]. TN-and IL-6 can directly impair left ventricular function by 
altering sarcoplasmic reticulum calcium metabolism, particularly by 
decreasing systolic cytosolic calcium and impairing myocyte 
contractility, which can be reversed by cytokine withdrawal. In 
addition to reducing myofilament sensitivity to calcium via an azotic 
oxide (NO)-dependent mechanism, TNF-α can cause negative 
inotropic effects via the impersonal sphingomyelinase nerve 
pathway, which disrupts calcium release and L-type calcium channel 
function [36]. 

An increase in cytokine signals, particularly TNF-α, triggers the 
apoptotic nerve pathway in cardiomyocytes, as demonstrated by 
increased caspase activity and altered expression of the apoptosis 
regulators Bcl-2 and Bax. The progressive loss of cardiomyocytes 
and deterioration of cardiac function are key consequences of 
sustained inflammation in the heart. Experimental models have 
demonstrated that overexpression of tumor necrosis factor-alpha 
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(TNF-α) leads to cardiac hypertrophy, ventricular dilation, and 
ultimately heart failure. Additionally, late after MI, cytokine-induced 
iNOS expression elevates NO production, further desensitizing 
myofilaments to calcium and perpetuating contractile dysfunction 
[36]. 

In clinical settings, the ability to reliably predict adverse effects and 
mortality is crucial after myocardial infarction (MI) and in diseases 
like COVID-19, where cardiac complications frequently occur. For 
example, NT-proBNP levels exceeding 650 pg/ml have been 
demonstrated to predict mortality in severe COVID-19 pneumonia 
patients, and a persistent increase in these biomarkers is associated 
with a worse prognosis and increased risk of central failure [37, 38]. 

The Framingham Love Exam and other clinical tests confirmed that 
higher baseline levels of cytokines, such as IL-6 and TNF-α, are 
associated with a greater incidence of heart failure and cardiac 
events [36]. 

The attempt to therapeutically target cytokines, similar to the use of 
a TN inhibitor, does not produce the expected benefits in chronic 
spirit failure but underlines the complexity and pleiotropy of the 
cytokine signal. However, established treatments for post-MI, 
including ACE inhibitors and beta-blockers, have advantages via 
anti-inflammatory mechanisms, suggesting that the transitio Ask 8 
inflammatory response residue is a key element in capable cardiac 
remodeling and recovery [36].

 

 

Fig. 3: Step-by-step progression of coronavirus infection leading to cardiovascular complications. After the virus enters the body, it disrupts 
the renin–angiotensin–aldosterone system (RAAS), causing inflammation and oxidative stress, particularly in the kidneys. This sequence 

results in endothelial dysfunction and the production of reactive oxygen species (ROS), which contribute to plaque buildup in the coronary 
arteries. Moreover, an excessive immune response triggers a cytokine storm, intensifying cardiovascular strain. The combination of low 

oxygen levels (hypoxia) and an imbalance between oxygen supply and demand further increases the risk of heart injury 

 

Mechanisms leading to specific clinical outcomes 

Heart failure 

COVID-19 is closely associated with heart failure (HF) via two key 
approaches: as a precondition that worsens the effects of COVID-19 
and as a side effect that may arise from the infection itself. Patients 
with current hypertension who have COVID-19 frequently 
experience additional severe symptoms, require more intensive 
care, and are at greater risk of in-hospital mortality than those who 
do not have hypertension [39, 40]. COVID-19 can directly precipitate 
new cases of heart failure (HF) through mechanisms similar to those 
seen in myocardial infarction, including myocardial inflammation, 
microthrombi formation, and stress cardiomyopathy. These 
outcomes may result from direct viral injury to cardiac tissue or 
from immune-mediated responses. Furthermore, individuals who 
survive COVID-19 are at increased risk of developing heart failure 
due to ongoing cardiac injury and persistent inflammation, even 
after apparent clinical recovery. This highlights the importance of 
long-term cardiovascular monitoring and management in COVID-19 
survivors. The present bidirectional link highlights the need for 
careful monitoring and management of compassion fitness during 
and following COVID-19 infection [34]. 

Emerging evidence underscores a critical link between COVID-19 and 
heart failure (HF), both as a preexisting risk factor for severe outcomes 
and a potential complication of the disease. Research has revealed that 
approximately one-third of COVID-19 patients with anterior 

ventricular hypertension experience acute accent decompensation, 
whereas others develop new ventricular hypertension after infection. 
For example, in an Italian cohort, 9.1% of hospitalized COVID-19 
patients experienced acute cardiac failure, with approximately half not 
having any prior cardiac dysfunction. Mortality rates also include the 
current risk. A Spanish study reported that 46.8% of COVID-19 
patients with heart failure (HF) died, compared with 19.7% of those 
who did not have HF, highlighting the significantly increased mortality 
risk associated with pre-existing heart failure in the context of COVID-
19 infection [41]. 

The long-term cardiac sequelae of COVID-19, similar to persistent 
myocardial injury and fibrotic modifications, suggest that HF likely 
develops chronically in survivors [42]. Advancing imaging methods, 
including echocardiography and cardiac magnetic resonance, which 
confirm systematic abnormalities and decreased cardiac function a 
calendar month after recovery, highlight the need for continued 
cardiovascular surveillance. To reduce the burden of post-COVID-19 
HF by ensuring timely treatment of at-risk patients, preemptive 
monitoring and early involvement are essential [43]. 

Myocardial infarction and COVID-19-related myocarditis 

COVID-19-associated myocardial injury is caused by direct virus-
mediated cytopathy, endothelial dysfunction, and the resulting 
immune-mediated inflammation, leading to myocarditis and 
myocardial infarction. SARS‐CoV‐2 gains cellular entry by utilizing the 
angiotensin‐converting enzyme 2 (ACE2) receptor, which is 
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abundantly expressed in cardiac myocytes and endothelial cells and is 
proteolytically activated by TMPRSS2 [44]. Indeed, cardiac pericytes, 
which express high levels of ACE2, have been identified as key 
permissive initial targets in microvascular instability and local 
ischemia [45]. Viral replication within host cells leads to myocardial 
apoptosis, cytoskeletal distortion, and impaired contractility after 
entry into host cells [5]. Concurrently, endothelial invasion disrupts 
vascular integrity, triggering the release of von Willebrand factor, 
complement activation (notably C5b-9 deposition), and the 
recruitment of inflammatory monocytes. They propagate a 
prothrombotic milieu of coronary vessels, which may arise as 
microthrombi or occlusive thrombosis [46]. Novel clinical findings from 
autopsies and cardiac magnetic resonance imaging (MRI) in 
asymptomatic and mildly symptomatic COVID-19 survivors, with the 
benefit of autopsies and cardiac magnetic resonance imaging (MRI), 
demonstrate that these patients have subclinical myocardial 
inflammation but are predisposed to long-term cardiac sequelae such as 
heart failure or arrhythmogenic events [47]. In addition, the 'cytokine 
storm' increases IL-6, TNF-α, and IL-1β levels, which potentiate 
myocardial injury through direct cytotoxicity and increased systemic 
endothelial activation [48]. Among the cytokines, IL-6 specifically 
magnifies leukocyte trafficking to cardiac tissue and increases 
endothelial cell expression of adhesion molecules, contributing to 
increased tissue infiltration and necrosis [49]. In severe examples, the 
current inflammatory cycle coincides with stress cardiomyopathy, 
where excess catecholamine synergizes with cytokine-mediated damage 
and further disrupts cardiac output. Together, these mechanisms 
highlight the unique cardiopathogenicity of SARS-CoV-2 and the need to 
monitor cardiovascular function for a long period of time following 
infection, particularly in undesirable individuals [50]. 

Thromboembolism 

COVID-19 thromboembolism occurs as a result of multifactorial viral 
invasion of the endothelium, endothelial impairment, immune-
mediated inflammation and coagulopathy. SARS-CoV-2 enters target 
cells via the ACE2 receptor, which results in the downregulation and 
increased activity of angiotensin II [51]. It results in an imbalance of 
the renin–angiotensin–aldosterone system (RAAS) that increases 
vasoconstriction, inflammation, and the prothrombotic state. Severe 
cases of COVID-19 present with endothelial injury evidenced by 
perivascular T cells and widespread pulmonary vessel thrombosis. 
Alveolar capillary microthrombi are much more common in COVID-
19 patients than in severely ill influenza patients, suggesting that a 
potent prothrombotic agent is the virus [52]. 

Increased release of von Willebrand factor, platelet activation, 
increased soluble P selectin, soluble CD40L and factor VIII lead to a 
hypercoagulable state in COVID-19 bedside endothelopathy. These 
markers are associated with mortality in intensive care unit (ICU) 
settings, even in noncritically ill patients, and are associated with 
elevated vWF levels, suggesting systemic coagulopathy. In addition, 
microvascular thrombosis is further worsened by the formation of 
neutrophil extracellular traps (NETs), resulting in ischemic injury in 
other organs, such as the heart [53]. Furthermore, recent studies 
have shown the presence of fibrinoid microclots in the 
microcirculation, which are resistant to fibrinolysis and might play a 
role in long-term complications such as long COVID-19. Recent 
studies have also revealed the presence of fibrinoid microclots in the 
microcirculation, which are resistant to fibrinolysis and may 
contribute to long-term complications such as long COVID-19. These 
microclots can obstruct capillary blood flow, leading to tissue 
hypoxia and organ dysfunction [54]. 

Prolonged anticoagulation beyond the acute phase of COVID-19 has 
been shown to reduce the risk of VTE therapeutically [55]. In a study 
reported at the European Respiratory Society (ERS) Congress in 
2024, patients who continued anticoagulation post-COVID-19 had 
no cases of VTE, whereas those who did not receive anticoagulation, 
or had it discontinued, had a higher incidence of thrombotic events 
[56]. These finding stresses that postacute thrombotic risks are 
indeed high and that extended prophylaxis is necessary for adequate 
prophylaxis. Furthermore, machine learning models have been 
developed to predict the occurrence of pulmonary embolism and 
mortality in COVID-19 patients at admission to help in early risk 
stratification and management of the disease [57]. 

Arrhythmias 

We have increasingly recognized the association of COVID-19 with a 
spectrum of cardiac arrhythmias involving both the atrial and 
ventricular conduction systems. The most frequent arrhythmia 
found in hospitalized patients is sinus tachycardia, with rates 
ranging from 24.4% to 64.8% [58]. Fibrillation (AF) is noted in 
10.5%-16.5% of cases, with a higher percentage being critically ill or 
having preexisting cardiovascular disease; 37% of cases have new-
onset AF [59]. Notably, the occurrence of AF in COVID-19 patients is 
linked to increase in-hospital mortality, with some studies indicating 
a mortality rate of 45.2% in patients with new-onset AF compared 
with 11.9% in those without. 

Although less common, ventricular arrhythmias also offer 
considerable clinical concern. A meta-analysis of 13,790 patients 
revealed a pooled prevalence of ventricular arrhythmias of 5% and a 
higher prevalence in patients with elevated cardiac troponin, 
suggesting an association with myocardial injury [60]. Nonsustained 
ventricular tachycardia and ventricular fibrillation are associated 
with an increased risk of sudden cardiac death in patients with 
preexisting cardiac disease. 

The pathophysiology of these arrhythmias in COVID-19 patients is 
multifactorial. Myocardial tissue in myocarditis can be directly 
invaded by a virus through ACE2 receptors, and systemic 
inflammation and cytokine storms can lead to electrical instability. 
Hypoxia, electrolyte imbalances and the use of QT-prolonging 
medications all add to arrhythmogenesis [61]. Emerging evidence 
also points to autonomic dysfunction as a contributing factor, with 
studies indicating that SARS-CoV-2 may disrupt autonomic 
regulation, leading to arrhythmic events [62]. 

In light of these findings, continuous cardiac monitoring and early 
identification of arrhythmic events are crucial in the management of 
COVID-19 patients, especially those with preexisting cardiovascular 
diseases or elevated inflammatory markers. Further research is 
warranted to elucidate the long-term cardiac implications of COVID-
19 and to develop targeted strategies for arrhythmia prevention and 
treatment in this patient population. 

Chronic viral infections and long-term risks 

Emerging evidence suggests that SARS-CoV-2 infection can lead to 
lasting epigenetic modifications in host cells, contributing to the 
phenomenon termed "post-COVID-19 methylome memory." An 
example of one alteration lies in the repression of the angiotensin-
converting enzyme 2 (ACE2) gene in endothelial cells via the 
trimethylation of histone H3 at lysine 27 (H3K27me3), a well-defined 
epigenetic silencing marker. This modification is mediated by 
polycomb repressive complex 2 (PRC2), which facilitates the addition 
of H3K27me3 marks, leading to chromatin condensation and 
transcriptional repression [63]. Downregulation of ACE2 disrupts the 
balance of the renin‒angiotensin system (RAS), leading to endothelial 
dysfunction, increased vascular permeability, and a proinflammatory 
state. Some of the persistent cardiovascular complications observed in 
long-term COVID-19 patients might be driven by these changes [64]. 

Moreover, the epigenetic silencing of ACE2 mediated by H3K27me3 
might not be restricted to endothelial cells but might occur even in 
other cells expressing ACE2, as observed in other epithelial cells of 
the lungs and kidneys [65]. The multiorgan symptoms associated 
with long COVID-19 could also have contributed to these 
widespread repressions [66]. Therefore, revealing the mechanisms 
of this epigenetic regulation may enable therapeutic intervention. 
For example, one could reverse the repression of ACE2 and retrieve 
normal cellular function via the inhibition of the PRC2 complex or 
the use of demethylating agents. However, more research is needed 
to reveal the extent to which these epigenetic changes actually 
spread, as well as how they may affect survivors of COVID-19 
worldwide. 

Comparative virology: cardiovascular complications in other 
viral infections 

While SARS-CoV-2 has intensified scientific focus on virus-induced 
cardiovascular damage, it is essential to understand that a wide 
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range of other viral pathogens also contribute to useful cardiac 
complications via equally share and distinct mechanisms. For 
instance, influenza virus infection has long been associated with an 
increased risk of myocardial infarction, myocarditis, and 
psychological or emotional distress. Systemic inflammation, 
endothelial activation, and prothrombotic conditions are frequently 
responsible for these episodes. Various investigations have shown 
an increased incidence of Acute Coronary Syndrome and Cardiac 
Arrhythmia during the influenza outbreak, particularly in 
susceptible communities with preexisting medical conditions [67]. 

In contrast, SARS-CoV-2 has a wide range of cardiovascular effects 
due to its unique use of the ACE2 receptor, which is expressed 
widely in the central nervous system, the vasculature, the renal, and 
the lungs. The present wide tissue tropism, together with the 
presence of a polybasic cleavage site in its own spike protein, 
enhances its ability to penetrate different organs. Consequently, 
patients with COVID-19 frequently experience myocardial 
inflammation, microvascular thrombosis, cardiac arrhythmia, and 

central failure even when they do not have severe respiratory 
symptoms [68, 69]. As shown in table 1, SARS-CoV-2 differs 
significantly from earlier coronaviruses like SARS-CoV and MERS-
CoV, which demonstrated less frequent and less severe 
cardiovascular involvement [70, 71]. 

The alternative cardiotropic viruses, also known as Coxsackievirus B, 
are well established causes of myocardial inflammation due to their 
ability to attack directly the cardiomyocytes. The present virus uses 
the coxsackie-adenovirus receptor (CAR) and causes inflammation, 
necrosis, and the potential development of dilatation of the heart [72]. 
However, as noted in table 2, it typically does not have the thrombotic 
and systemic endothelial complications that qualify SARS-CoV-2. 
Moreover, viruses such as Cytomegalovirus (CMV), Human 
Immunodeficiency Virus (HIV), and Epstein-Barr Virus (EBV) may 
have long-term cardiovascular effects through chronic immune 
activation and vascular inflammation. CMV is associated with coronary 
artery disease, HIV with cardiomyopathy and pneumonic 
hypertension, and EBV with myocarditis and vasculitis [73].

 

Table 2: Comparative virology: cardiovascular complications across viral infections 

Virus Receptor 
usage 

Key 
cardiovascular 
complications 

Mechanisms 
involved 

Unique 
features/Notes 

Clinical management implications Ref 

SARS-CoV-2 ACE2 Myocarditis, 
myocardial injury, 
arrhythmias, heart 
failure, 
thromboembolism 

Direct 
cardiomyocyte 
invasion, 
endothelial 
dysfunction, 
cytokine storm, 
thrombosis, 
oxidative stress 

Polybasic 
cleavage site 
increases 
infectivity; 
broader tissue 
tropism; high 
thrombotic 
burden (Cenko et 
al., 2021), 

Monitor cardiac biomarkers and 
ECG; echocardiography; 
anticoagulation; immunomodulatory 
therapies; manage arrhythmias and 
myocarditis. 

[69, 74] 

Influenza virus Sialic acid Myocarditis, 
myocardial 
infarction, heart 
failure, 
arrhythmias 

Systemic 
inflammation, 
endothelial 
activation, 
thrombosis, 
direct 
myocardial 
invasion 

 
- 

Early antiviral treatment (e. g., 
oseltamivir); influenza vaccination; 
cardiac monitoring; manage as per 
myocarditis/ACS. 

[67, 75] 

SARS-CoV 
(2002) 

ACE2 Myocardial 
inflammation, 
arrhythmias, mild 
myocarditis 

Cytokine-
mediated 
inflammation, 
mild endothelial 
involvement 

Less severe CV 
impact than 
SARS-CoV-2 

Supportive care; monitor for cardiac 
involvement; manage arrhythmias 
and inflammation. 

[71] 

MERS-CoV DPP4 Myocarditis, heart 
failure (rare) 

Immune-
mediated injury, 
limited cardiac 
tropism 

Lower 
incidence/severit
y of CV issues 

Focus on respiratory support; 
cardiac monitoring if symptoms 
present; echocardiography if 
indicated. 

[70] 

Coxsackievirus B CAR Viral myocarditis, 
dilated 
cardiomyopathy 

Direct myocyte 
lysis, 
chemokine-
driven 
inflammation 

 
- 

Supportive care for myocarditis 
(rest, heart failure meds); consider 
immunosuppression in severe cases; 
long-term management of 
cardiomyopathy. 

[76] 

Cytomegalovirus 
(CMV) 

β2 
integrins 
(e. g., 
CD13) 

Myocarditis, 
coronary artery 
disease, transplant 
vasculopathy 

Chronic vascular 
inflammation, 
endothelial 
damage, immune 
dysregulation 

 
- 

Antiviral therapy 
(ganciclovir/valganciclovir) for 
active infection; in transplant 
patients, prophylaxis; manage 
cardiovascular risk. 

[73] 

HIV CD4, 
CCR5, 
CXCR4 

Cardiomyopathy, 
pericarditis, 
atherosclerosis, 
pulmonary 
hypertension 

Chronic 
inflammation, 
immune 
activation, ART-
related 
cardiotoxicity 

 
- 

Early ART; monitor for ART 
cardiotoxicity; aggressive 
management of traditional CV risk 
factors; treat pericarditis and 
cardiomyopathy. 

[73] 

Epstein-Barr 
Virus (EBV) 

CD21 Myocarditis, 
pericarditis, 
coronary vasculitis 

B-cell-mediated 
immune 
response, 
vasculitis, 
systemic 
inflammation 

 
- 

Supportive care for 
myocarditis/pericarditis (NSAIDs, 
colchicine); consider antivirals in 
severe cases; immunosuppression 
for vasculitis. 

[73] 
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Genetic architecture of COVID-19 cardiotoxicity 

The genetic framework that supports COVID-19 cardiotoxicity is 
multifaceted and includes both host heritable sensitivity and the 
inflammatory nerve pathway, which contributes to cardiovascular 
damage. The discrepancy in the ACE2 gene, which is essential for 
SARS-CoV-2 entry, has been linked to systemic inflammation and 
increased cardiovascular threat in COVID-19 patients, particularly 
SNPs such as rs4646142 and rs6632677, which correlate with 
biomarkers of cardiac stress and inflammation [77, 78]. In addition to 
ACE2, alternative polymorphisms such as IFITM3 (rs6598045), in 
addition to being associated with higher COVID-19 mortality rates, 
propose great ancestral strength in terms of disease outcomes [79]. 
Moreover, cytokine-induced inflammation, particularly IL-6 and TNF-
α, has been demonstrated to directly impair cardiomyocyte function 
even in the absence of viruses, highlighting the way in which the 
immune response itself can cause cardiac injury (table 3) [80, 81]. 

Furthermore, extensive analysis revealed that COVID-19 severity 
and cardiotoxicity are influenced by shared inherited nerve 
pathways that affect immune responses, curdling, and 
endothelial function. Genome-wide association studies (GWASs) 
and phenome-wide association studies (PheWASs) clearly 
overlap, despite severe COVID-19 results and other 
cardiovascular and inflammatory conditions. For example, 
differences close to the ABO gene locu are associated with 
COVID-19 badness and increased thrombotic liability because 
ACE and ACE2 polymorphisms affect host susceptibilities and 
inflammatory responses [82, 83]. Importantly, genes that 
regulate the immune nerve pathway, similar to the Toll-like 
receptor and cytokine signaling components (e. g., IL6 and TNF-
α), are involved in the development of hyperinflammatory 
conditions that significantly contribute to myocardial injury in 
patients with COVID-19 [84, 85].

 

Table 3: Recent studies on the genetic architecture of COVID-19-related cardiotoxicity 

Study Key findings Genetic loci/Genes Implications Ref 
Ferreira et al. 
(2022) 

Identified COVID-19 GWAS loci overlapping 
with cardiovascular pathways 

LZTFL1, ABO, ACE2, 
IFNAR2, DPP9 

Implicated in vascular injury, inflammation, 
and immune dysregulation 

[86] 

Verma et al. 
(2021) 

COVID-19 risk loci (ABO, TYK2) also 
associated with cardiovascular traits 

ABO, TYK2 Shared genetic basis with thrombosis and 
heart failure 

[82] 

Gholami et al. 
(2022) 

Haplotypic variants linked to blood pressure 
and metabolites 

ACE, AGT (rs4316, 
rs5051) 

Regulatory variants affect vascular/ metabolic 
traits linked to COVID-19 severity 

[87] 

Upadhyai et al. 
(2022) 

Identified rare variants in cardiac structure 
genes linked to COVID-19 severity 

SPEG, DES, FBXO34 These genes underlie susceptibility to cardiac 
injury in COVID-19 

[88] 

Horowitz et al. 
(2022) 

Variant lowering ACE2 expression reduces 
COVID-19 risk 

rs190509934 (ACE2) Protective against infection but may impair 
cardiac regulation 

[89] 

Loktionov et al. 
(2024) 

Identified COVID-19 GWAS SNPs that 
increase risk of CAD and stroke 

SLC6A20-LZTFL1, 
DPP9, ELF5 

Variants contribute to inflammation, oxidative 
stress, and thrombosis 

[90] 

Hu et al. (2021) Found 8 genetic “supervariants” linked to 
COVID-19 mortality 

DES, SPEG, DNAH7, 
STXBP5 

Involve cardiac function, thrombosis, and 
mitochondrial pathways 

[91] 

Li and Chen 
(2024) 

COVID-19 causally increases risk for multiple 
CVDs (e. g., MI, HF) 

Multiple GWAS loci 
(Mendelian 
randomization) 

Confirms COVID-19 as a risk factor for heart 
failure, angina, MI 

[92] 

 

In addition to ACE2 and inflammatory cytokines, a number of 
alternative genes have been identified as crucial participants in the 
ancestral sensitivity of COVID-19 patients to cardiovascular 
complications. Polymorphisms in the ACE gene (e. g., rs4343 and 
rs4341) (table 4) were associated with worse results in 
hypertensive or diabetic patients with COVID-19, suggesting an 
increased ramification of comorbidities and hereditary 

vulnerabilities [93]. The human leukocyte antigen (HLA) gene and 
the Toll-like receptor (TLR) play important roles in the modulation 
of immune reaction, contributing to the cytokine surge, which 
damages the cardiovascular system [83, 85]. TYK2 and DPP4, which 
are involved in interferon signaling and viral entry, respectively, 
have also been linked to the modulation of immune dysfunction and 
cardiovascular complications [94].

 

Table 4: Key genes and their roles in COVID-19-related cardiotoxicity 

Gene/locus Associated Variant(s) Role in COVID-19 cardiotoxicity Ref 
ACE2 rs4646142, rs6632677 Viral entry receptor: polymorphisms linked to systemic inflammation and CV risk [77] 
ACE rs4343, rs4341 Associated with worse cardiac outcomes in comorbid COVID-19 patients [93] 
IFITM3 rs6598045 Polymorphism linked to increased COVID-19 mortality [79] 
ABO rs505922 Linked to thrombosis and severe COVID-19 outcomes [82] 
IL6, TNF-α Not specified Cytokines driving myocardial damage via hyperinflammatory response [80] 
TLR genes Various Regulate immune response, cytokine release, and inflammation severity [82] 
HLA locus Various Governs antigen presentation; variations influence immune response to virus [83] 
TYK2 rs34536443 Alters interferon and cytokine signaling; linked to autoimmunity and viral defense [82] 
DPP4 Various Facilitates viral entry; higher expression may worsen infection [94] 

 

Shared genetic loci and correlations 

Genome-wide cross-trait meta-analyses provide a solid 
understanding of the overlapping hereditary mechanism underlying 
joint disease. Individual scrutiny revealed that 10 patients had 
COVID-19 and coronary artery disease (CAD), 3 had type 2 diabetes 
(T2D), 5 had corpulence (OBE), and 21 had hypertension (HTN). 
These spaces were enriched in the signal and secretion nerve 
pathways, demonstrating that immune signaling, inflammation, and 
metabolic regulation may contribute to a common life-related 
mechanism associated with these disorders [95]. Moreover, 
Mendelian randomization analysis in this analysis suggested that 
COVID-19 may have a potential causal effect on CAD, OBE, and HTN, 

suggesting that the inherent sensitivity to severe COVID-19 may be 
similar to that of these chronic conditions. 

Further large-scale investigations have corroborated and expanded 
upon these biological parallels. Notably, a comprehensive genome-wide 
cross-trait analysis of COVID-19 and obesity identified 13 risk loci 
through colocalization studies, in addition to implicating 3,546 
pleiotropic genes. These genes are mainly active in the immune and cue 
transduction nerve pathways, confirming that the immune‒metabolic 
axis is a crucial convergence peak in the midst of COVID-19 malignity 
and metabolic irregularities in addition to fleshiness [96]. Moreover, 
hereditary research on the link between COVID-19 and hypertension has 
identified a significant positive heritable relationship and eight common 
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protein-coding genes, such as ABO and FUT2, that regulate the 
inflammatory and vascular nerve pathways involved in joint disease 
[97]. These findings highlight the role of endothelial dysfunction and 
inflammatory signaling as shared mechanisms in the pathogenesis of 
COVID-19 and cardiovascular diseases. 

Recent studies have shown that COVID-19 and countless cardiac traits, 
notably coronary artery disease (CAD), type 2 diabetes (T2D), fleshiness 
(OBE), and hypertension (HTN), are intertwined in the pathophysiology 
of SARS-CoV-2 susceptibility and cardiovascular conditions. 

A significant constructive hereditary correlation between COVID-19 
and CAD (Rg = 0.4075, P = 0.0031), T2D (Rg = 0.232, P = 0.0043), 
fleshiness (Rg = 0.3451, P = 0.0061), and HTN (Rg = 0.233, P = 
0.0026) was observed in a genome-wide cross-trait meta-analysis. 
These associations suggest that shared genetic loci affect both 
COVID-19 severity and cardiometabolic conditions. Specifically, 10 
sites were shared between COVID-19 and CAD, 3 with T2D, 5 with 
OBE, and 21 with HTN, together with a number of sites involved in 
inflammatory and metabolic signaling pathways [95]. 

Complementary evidence from a Mendelian randomization study 
supports these findings, showing that genetic liability to T2D, CAD, and 
obesity is positively associated with severe COVID-19 outcomes [98]. 
Another large-scale GWAS, in addition to confirming that trait 
appreciation fleshiness, T2D, and HTN genetically converge with COVID-
19, highlights the importance of metabolic and cardiovascular fitness for 
COVID-19 susceptibility and progression [99]. Moreover, none of the 
lipid traits identical to those of LDL, HDL, total cholesterol (TC), or, 
alternatively, triglycerides (TGs) have been found to have a useful 
ancestral association with COVID-19 during the aforementioned trait, 
suggesting that not all cardiometabolic traits share an inherited basis 
with COVID-19 consequences [95]. 

A 2024 analysis by Chen et al. conducted a large-scale genome-wide 
cross-trait evaluation, confirming a robust biological association 
between obesity and COVID-19. The study examined 331 shared single 
nucleotide polymorphisms (SNPs) and identified 13 common risk loci, 
with a particular enrichment in immune signaling and neural pathways. 
These findings further reinforce the role of obesity as a hereditary 
susceptibility factor for COVID-19 [96]. Another analysis by Singh et al. 
2024, found host ancestral variations, especially in genes involved in 
metamorphosis, highlighted in this context: APOE, MTHFR, inflammation 
and curdling (e. g., IL-6, CRP, ACE2, PAI-1) to assist with COVID-19-
induced cardiac damage. These findings support the assumption that a 
certain biological background predisposes humans to both CVD and 
COVID-19 complications [100]. 

In addition, a 2022 study using UK Biobank information revealed that 
polygenic risk scores (PRSs) for coronary artery disease (CAD), atrial 
fibrillation, and venous thromboembolism predict a higher incidence 
of these diseases following COVID-19. Importantly, lifestyle factors 
modify this ancestral threat, highlighting the interaction between 
genetics and the ecosystem in post-COVID-19 cardiovascular 
outcomes [101]. Loktionov et al. (2024) identified key genetic markers 
associated with specific COVID-19 GWAS-related SNPs, notably 
rs17713054 in the SLC6A20-LZTFL1 locus and rs12610495 in DPP9. 
These findings provide critical insights for addressing the shared 
genetic challenges underlying coronary artery disease and stroke. 
Moreover, they validate the overlap between the heritable genetic 
architectures of COVID-19 and cardiovascular disease [90]. 

Tissue-specific gene expression and pathways 

Transcriptome-wide association studies (TWASs) have shown that a 
significant tissue-specific gene utterance form is correlated with 

COVID-19 and a number of cardiac contexts; however, the 
aforementioned associations do not directly coincide with each 
individual tissue [102]. These findings suggest that the expression 
and impact of COVID-19 and cardiac diseases may be influenced in a 
remarkably divergent manner by the state of the tissues during 
COVID-19. For example, spatiotemporal transcriptomic analysis of 
COVID-19-infected liver and lung tissues revealed a shared immune-
related gene expression pattern, characterized by signatures 
associated with B-cell activation and complement pathway 
activation. Additionally, the analysis uncovered a unique response: 
preferential endothelial cell migration within the affected tissues, 
indicative of tissue-specific remodeling and a distinct damage 
response[103]. Similarly, the SARS-CoV-2 accessory protein ORF3a 
has been demonstrated to participate in distinct signaling cascades 
across lung, brain (including regions implicated in emotional 
regulation), and cardiac tissues. Notably, ORF3a is uniquely 
associated with the modulation of calcium ion transport, a neural 
pathway critically involved in cardiac contractility and 
arrhythmogenesis [104]. Additionally, pathway enrichment analysis 
revealed that the cMP-PKG signaling pathway is particularly 
important in this tissue-specific response. This nerve pathway, 
which is familiar with the regulation of vasodilation and cardiac 
contractility, has emerged as a focal mechanism possibly involving 
COVID-19-induced endothelial dysfunction and cardiac 
complications [105]. Moreover, TWAS and bioinformatic analysis 
revealed systematic enrichment of the immune nerve pathway, 
including IL-6 and GPCR signals, in both pneumonic and cardiac 
tissues during SARS-CoV-2 infection, highlighting the systemic but 
organ-specific immune dysregulation at play [68].  

In addition to tissue-specific gene expression, the integration of 
miRNA (miRNA) infrastructure analysis provides crucial insight into 
the mechanism driving organ-specific results in COVID-19. For 
example, in a survey of ORF3a viroporin interaction networks, a 
distinct group of miRNAs modulates gene expression in the lung and 
brain, although only a single essential miRNA target has been 
identified at the center, highlighting relatively restricted but highly 
specific regulatory regulation in cardiac tissue [104]. These findings 
are significant as they demonstrate that posttranscriptional gene 
regulation can influence disease severity and organ involvement, 
particularly in tissues such as the heart, which are otherwise less 
transcriptionally responsive to SARS-CoV-2 infection. Similar to 
miRNA-mediated regulatory differences, increased clinical 
awareness and patient-reported knowledge of cardiac symptoms or 
persistent cardiovascular complications in the absence of severe 
respiratory manifestations may help to elucidate this phenomenon. 

Furthermore, differential pathway activity analysis revealed that 
while immune activation is widespread, downstream effects diverge 
by tissue. For example, the interleukin-6 (IL-6) signaling axis is 
markedly increased in patients with COVID-19-related myocardial 
injury and is associated with a useful decrease in lymphocyte counts, 
a hallmark of immune deregulation and poor prognosis [96]. 
Similarly, the cGMP‒PKG signaling pathway, which is familiar with 
the regulation of vasodilation and vascular remodeling, 
systematically changes the affected tissues and may constitute a 
common mechanical link during pneumonic and cardiac 
complications. These tissue-specific differences in nerve pathway 
interactions, immune responses, and transcriptional profiles 
substantiate the complexity of COVID-19 pathology and the 
relevance of targeted therapy to precise organ structures on the 
basis of a molecular signature. A summary of key genes, their 
functional roles, and associated diseases or processes is provided in 
table 5.

 

Table 5: Key genes, functional roles, and associated diseases/processes 

Gene Functional role Associated disease/Process Ref 
BRCA1 DNA repair via homologous recombination Hereditary breast/ovarian cancer [106] 
BRCA2 DNA repair and genomic stability maintenance Hereditary breast/ovarian cancer [106] 
TP53 Tumor suppression, cell cycle regulation, apoptosis Li-Fraumeni syndrome, various cancers [107] 
CFTR Chloride ion transport in epithelial cells Cystic fibrosis [108] 
EGFR Cell proliferation and signaling regulation Non-small cell lung cancer [109] 
APOE Lipid metabolism and amyloid-beta clearance Alzheimer’s disease [110] 
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Molecular mechanisms and cardiac injury 

SARS-CoV-2 infection causes significant cardiac damage through 
several molecular mechanisms that disrupt the function of 
cardiomyocytes and increase inflammation. Mitochondrial 
disorders, where viral proteins such as the M protein are localized in 
mitochondria, alter their shape, and reduce oxidative 
phosphorylation, are part of the central nervous system [111]. 
Decreasing ATP production and increasing oxidative stress 
contribute to cardiomyocyte apoptosis. Moreover, SARS-CoV-2 
infection disrupts the NF-B signaling nerve pathway, resulting in the 
development of proinflammatory cytokines such as IL-6 and TNF-α, 
which may increase myocardial inflammation and damage [112]. 
The virus also affects calcium homeostasis in cardiomyocytes. An 
increase in genes involved in calcium transport, such as STIM1 and 
L-type calcium channels, has been detected in the calcium signal 
nerve pathway. Arrhythmias and cardiac hypertrophy may result 
from these changes [111]. Moreover, SARS-CoV-2 suppresses ACE2 
signaling during host cell entry. ACE2 is a major regulator of the 
renin-angiotensin-aldosterone system (RAAS), and its 
downregulation aims at accreting angiotensin Il. This transition 
contributes to vasoconstriction, inflammation, and fibrosis, which 
contribute to cardiac stress and injury [113]. 

SARS-CoV-2 infection initiates a cascade of intracellular events that 
significantly disrupt the function of cardiomyocytes at the molecular 
level. Mitochondrial dysfunction is detected by an individual with 
earlier molecular derangement triggered by the interaction of viral 
proteins, such as ORF9b and membrane proteins, with the host 
mitochondria. This interaction disrupts mitochondrial interactions 
and biosynthesis, resulting in reduced oxidative phosphorylation, 
decreased ATP synthesis, and excessive production of reactive 
oxygen species (ROS). These bioenergetic perturbations are capable 
of causing cardiac stress and apoptosis, thus contributing to 
myocardial injury. A review by Shang et al. (2022) revealed that 
septic cardiomyocytes exhibit significant changes in mitochondrial 
morphology and metabolic reprogramming, highlighting the 
influence of viruses on cardiac energy metamorphosis [95]. 

The activation of the proinflammatory signaling nerve pathway, 
particularly the nuclear factor kappa B (NF-B) nerve pathway, is 
another key mechanism. SARS-CoV-2 stimulates toll-like receptors 
(TLRs) and intracellular form appreciation receptors (PRRs), which 
are mainly responsible for NF-κB activation and the subsequent 
transcription of proinflammatory cytokines such as IL-6, TNF-α and 
IL-1β. In a systemic cytokine storm, particularly in severe cases of 
COVID-19, this inflammation may increase, facilitating endothelial 
dysfunction, vascular escape, and cardiac ischemia. Recent 
transcriptomic analysis of cardiac tissue from a COVID-19 patient 
revealed increased expression of inflammatory mediators and 
immune cell infiltration [114]. 

In addition, calcium signal disturbance plays a key role in SARS-CoV-
2-induced cardiac injury. The virus has been associated with an 
increase in phospholipase C gamma 2 (PLCG2), a gene involved in 
calcium mobilization from the intracellular space. Calcium 
imbalance leads to sarcoplasmic reticulum stress, contractile 
dysfunction, arrhythmia, and even cardiac hypertrophy. The 
increased susceptibility to cardiac arrhythmias and undesirable 
cardiac modifications, particularly under inflammatory stress 
conditions, have been correlated with the promotion of PLCG2 
expression [115]. Additionally, calcium overload exacerbates 
mitochondrial permeability transition and amplifies cell death 
pathways, creating a vicious cycle of injury. 

Finally, SARS-CoV-2 entry via the ACE2 receptor affects its 
downregulation, disrupting the renin‒angiotensin‒aldosterone 
system (RAAS). ACE2 is normally a regulator of angiotensin Il by 
converting it into angiotensin-1-7, a vasodilatory and antifibrotic 
molecule. Loss of ACE2 alters RAAS stability toward angiotensin Il 
accumulation, stimulating vasoconstriction, oxidative stress, 
inflammation, and fibrosis. This imbalance contributes to increased 
blood pressure and to the development of undesirable cardiac 
adaptations [116, 117]. Together, these molecular alterations 
illustrate the multifaceted nature of cardiac injury in patients with 

COVID-19 and highlight potential therapeutic targets for 
cardiovascular protection. 

Genetic susceptibility and polygenic risk 

The polygenic architecture of COVID-19 suggests that common 
ancestral divergences offer simultaneous susceptibilities to infection 
and undesirable outcomes, including cardiac complications. 
Hereditary liability in cases such as ischemic stroke is significantly 
correlated with severe COVID-19, highlighting the importance of 
shared heritable threat variables in reducing cardiotoxicity [118]. 

Recent studies have illuminated the significant role of genetic 
susceptibility and polygenic risk in determining both the likelihood 
of SARS-CoV-2 infection and the severity of COVID-19 outcomes, 
particularly concerning cardiac complications. Genome-wide 
association studies (GWASs) have examined specific biological sites, 
such as 3p21.31 and 9q34.2, associated with severe COVID-19. The 
SLC6A20, LZTFL1, and CXCR6 genes, which are involved in immune 
responses and possibly affect the severity of the illness, are present 
at 3p21.31. Similarly, where blood group A is associated with a 
greater risk of severe COVID-19, the 9 g34.2 venue corresponds to 
the ABO blood group, whereas blood group O appears to have few 
protective effects [119]. 

Polygenic liability tons (PRSs), which combine the effects of various 
hereditary discrepancies, have been a key element in measuring the 
susceptibility of individuals to COVID-19-related complications 
[120]. An analysis of data from the UK Biobank revealed that a 
higher PRS is correlated with an increased risk of cardiovascular 
events, including atrial fibrillation, coronary artery disease, venous 
thromboembolism, and ischemic stroke, after COVID-19 [101]. In 
particular, individuals with high ancestral risk exhibit a significantly 
greater hazard ratio for these conditions compared to those with 
low ancestral risk. Furthermore, genetic variations in genes related 
to metamorphosis, inflammation, and curdling nerve pathways have 
been implicated in the progression of COVID-19-related cardiac 
injury. Polymorphisms in the ACE2, TMPRSS2, and IL-6 genes are 
associated with increased susceptibility to serious diseases and 
increased mortality rates. For example, the T allele of rs12329760 in 
the TMPRSS2 gene and the confident IL-6 polymorphism have been 
correlated with severe COVID-19 outcomes, highlighting the 
complex interaction among the ancestral components and disease 
severity [100]. 

COVID-19 is now widely recognized as a systemic illness with a 
broad range of clinical outcomes, from no symptoms at all to life-
threatening complications. Research shows that approximately one-
third of infected individuals remain asymptomatic, whereas others 
can experience severe or even fatal outcomes [121–123]. Initial 
symptoms often mimic those of common respiratory infections such 
as flu or parainfluenza, typically including fever, coughing, and 
fatigue. Less frequent symptoms include headaches; sore throat; 
muscle and joint pain; digestive issues such as diarrhea or vomiting; 
and sensory changes such as loss of smell (anosmia) or taste 
(ageusia) (fig. 5) [124]. 

A large-scale study involving over 70,000 COVID-19 patients 
revealed that 81% exhibited mild to moderate symptoms, 14% 
developed severe illness requiring respiratory assistance, and 
approximately 5% experienced critical conditions such as 
respiratory failure, septic shock, or multiorgan dysfunction—leading 
to causes of COVID-19-related mortality [117]. Fatality rates vary 
widely across the world. For example, South Korea has reported a 
low death rate of 0.1%, whereas Peru has seen a much higher death 
rate of 4.9% on December 28, 2022 (Johns Hopkins University 
COVID-19 Data). The key risk factors for developing severe or fatal 
COVID-19 complications include being over 65 years old, male sex, 
and preexisting conditions such as high blood pressure, diabetes, 
chronic diseases (pulmonary, renal, and hepatic), a weakened 
immune system, cancer, cardiovascular disease, and obesity [125, 
126]. Moreover, an increasing number of individuals experience 
prolonged health issues beyond the acute phase of infection. Known 
as post-COVID-19 syndrome or long-term COVID-19, these 
symptoms can persist for more than three months after the initial 
illness (fig. 6) [127].
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Fig. 5: SARS-CoV-2 infection can result in a range of clinical outcomes, ranging from no symptoms to severe or life-threatening illness. The 
fig. highlights common symptoms at each severity level, as well as key risk factors such as older age, male sex, and preexisting health 

conditions 

 

 

Fig. 6: Country-level case fatality rates. The left panel lists the 20 countries with the highest number of COVID-19 cases, displaying their 
respective fatality rates (calculated as deaths per confirmed case). The right panel presents a comparative chart, where diagonal lines 

indicate different fatality rate thresholds. Countries positioned along higher lines have greater observed fatality rates, with the 20 most 
affected countries marked for emphasis. The data were derived from the https://coronavirus.jhu.edu/data/mortality 

 

Epigenetic drivers of the cardiovascular pathogenesis of COVID-19 

The COVID-19 pandemic caused by SARS-CoV-2 has revealed a 
complex epigenetic mechanism facilitating cardiovascular 
complications, highlighting the role of DNA methylation, histone 
modification, microRNA (miRNA) deregulation, metabolic 
reprogramming, and faster ripening of the human body during 
disease pathogenesis (table 6). Angiotensin-converting enzyme 2 
(ACE2) and transmembrane protease serine 2 (TMPRSS2) are 
epigenetically managed to facilitate viral entry, with DNA 
methylation affecting their expression in an age-and comorbidity-
dependent manner [128, 129]. The hypomethylation of ACE2 in 
adult patients, particularly those with diabetes who have a previous 
smoking history, contributes to viral entry and worsens 
cardiovascular damage, whereas children have protective 
hypermethylation, thereby reducing susceptibility [128]. After 
SARS-CoV-2 infection, downregulation of ACE2 disrupts the renin–
angiotensin–aldosterone system (RAAS), leading to increased 
vasoconstriction, oxidative stress, and endothelial dysfunction. 

These pathophysiological changes are fundamental mechanisms 
underlying the development of hypertension and other 
cardiovascular complications in COVID-19. The resulting endothelial 
dysfunction and vascular injury can contribute to both acute and 
long-term cardiovascular sequelae [130]. Genome-wide methylation 
research has also revealed hypermethylation of the antiviral genes 
IFNAR2 and OAS1, as well as hypomethylation of proinflammatory 
sites such as IL-6 and TNF-α, which creates a cytokine storm 
environment. Increased IL-6 levels, which are associated with 
hypomethylation of one of the promoters, are correlated with 
myocardial injury and poor prognosis, magnifying systemic 
inflammation and promoting cardiomyocyte apoptosis, 
microvascular thrombosis, and cardiac arrhythmia [131]. 

SARS-CoV-2 also manipulates histone modifications to avoid 
immune detection and enlists histone deacetylases (HDACs) to calm 
interferon-stimulated genes (ISGs) via the inhibitory marker 
H3K27me3, thus suppressing untimely antiviral responses. 
Moreover, viruses degrade histone acetyltransferases (HATs) and 

https://coronavirus.jhu.edu/data/mortality
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disrupt the chromatin structure essential for the activation of the 
immune system [132]. These epigenetic changes result in H3K4me3 
activation in addition to the proinflammatory cytokine gene of 
cardiac macrophages, fuelling TN-and IL-1 production, which 
damages the myocardium [131]. However, endothelial cells exhibit 
reduced H3K9ac via vascular homeostasis genes, which promote 
endothelial and thrombotic events. The current histone-driven 
dysregulation initiates a barbarian cycle of inflammation and 
oxidative stress, worsening myocardial inflammation, acute 
coronary syndrome, and microvascular dysfunction [133]. 

MicroRNA imbalances further underpin COVID-19 cardiovascular 
pathology, with miR-223 upregulation promoting neutrophil 
extracellular trap (NET) formation and hypercoagulability, whereas 
miR-126 downregulation compromises endothelial integrity, 
increasing D-dimer levels and thrombosis risk [134]. SARS-CoV-2 
uses host miRNAs, such as miR-21, to enhance ACE2 protein 
articulation and viral entry, whereas miR-146a suppression triggers 
NF-B-mediated inflammation and cardiac damage. Promoting miR-
155 in COVID-19-associated cardiomyopathy drives macrophage 
polarization toward a profibrotic phenotype, worsening systolic 
dysfunction and myocardial fibrosis. These miRNA changes are not 
simply bystanders but are mechanistically related to clinical results, 
indicating their curative potential [135]. 

Metabolic reprogramming triggered by SARS-CoV-2 interferes with 
epigenetic control, as it downregulates the tricarboxylic acid cycle 
and oxidative phosphorylation genes, consumes ATP, and disrupts 
mitochondrial function. Cardiomyocytes are depleted of vital energy 
due to hypomethylation of PDK4 and hypermethylation of CPT1A, 
which disrupts fatty acid oxidation. The resulting metabolic stress 
activates NADPH oxidase and generates reactive oxygen species 

(ROS) that oxidize CaMKII, trip sarcoplasmic reticulum calcium, and 
cause cardiac arrhythmia. The depletion of-ketoglutarate (α-KG), a 
cofactor of the DNA demethylation enzyme, stabilizes 
hypermethylation close to an antioxidant gene such as SOD2 and 
contributes to oxidative damage in cardiac tissue [136, 137]. 

Epigenetic aging has emerged as a critical determinant of long-term 
cardiovascular risk, with patients experiencing severe COVID-19 
displaying evidence of accelerated biological aging as measured by 
DNA methylation clocks. Notably, hypermethylation of vascular 
aging-associated genes such as ELOVL2 and FHL2 has been 
correlated with endothelial dysfunction and the development of 
atherosclerosis. Furthermore, SARS-CoV-2-induced biological aging 
is associated with activation of the mTOR signaling pathway, which 
in turn increases the expression of DNA methyltransferases 
(DNMTs) implicated in aging processes, such as SIRT1 [138]. The 
postrecovery cardiac arrhythmia and consequent disappointment 
may be explained by the senescence-associated secretory phenotype 
(SASP) of endothelial cells, which maintains myocardial fibrosis and 
diastolic dysfunction [139, 140]. 

Therapeutic strategies targeting these epigenetic mechanisms hold 
promise. HDAC inhibitors such as vorinostat and DNMT inhibitors such 
as azacytidine may restore interferon signaling and reduce the viral load, 
whereas miR-126 mimics and miR-223 antagonists could mitigate 
endothelial dysfunction and thrombosis [141]. Personalized approaches 
leveraging epigenetic clocks might identify high-risk patients for early 
senolytic therapies (e. g., dasatinib) or NAD+boosters to counteract 
mitochondrial dysfunction. Combining epidrugs with antivirals or 
vaccines could enhance T-cell memory and reduce long-term 
cardiovascular sequelae, underscoring the need for epigenetically 
informed precision medicine in pandemic recovery efforts [140, 142].

 

Table 6: Epigenetic mechanisms and associated diseases in the pathogenesis of COVID-19 

Epigenetic driver Mechanism Associated diseases Key insights Ref 

DNA Methylation (5mC) Gene silencing via 
promoter methylation 

Cancer, metabolic disorders, 
neurological diseases 

Aberrant methylation of tumor suppressor 
genes drives cancer; key role in 
gene‒environment interactions 

[143] 

Histone Acetylation (e. g. 
H3K27ac) 

Chromatin relaxation and 
gene activation 

Cancer, cardiovascular, 
neurological disorders 

Disruption alters gene accessibility and 
expression 

[144] 

Histone Methylation (e. g. 
H3K4me3, H3K27me3) 

Gene activation or 
repression 

Cancer, autoimmune, imprinting 
disorders 

Specific patterns regulate enhancers and 
silencing elements 

[145] 

Noncoding RNAs (miRNAs, 
lncRNAs) 

Posttranscriptional 
regulation 

Cancer, neurodegenerative 
disorders 

Dysregulation affects pathways like apoptosis 
and cell cycle 

[146] 

Imprinting Defects Parent-specific gene 
expression 

Prader-Willi, Angelman, 
Beckwith-Wiedemann syndromes 

Epimutations and uniparental disomy alter 
developmental gene expression 

[147] 

Chromatin Remodeling 
Complexes (e. g. SWI/SNF) 

Nucleosome repositioning Cancer, developmental disorders Mutations in chromatin remodelers lead to 
widespread transcriptional deregulation 

[148] 

Hydroxymethylation (5hmC) Active DNA demethylation Liver cancer, neurodevelopmental 
diseases 

Decrease in 5hmC observed in liver cancer; 
dynamic marker of cell identity 

[145] 

TET Enzymes (e. g., TET2) Convert 5mC to 5hmC Leukemia, solid tumors Mutations linked to global DNA methylation 
changes 

[149] 

IDH1/2 Mutations Indirectly inhibit TET 
enzymes 

Glioma, AML Leads to CpG island hypermethylator phenotype 
(CIMP) 

[149] 

CpG Island Methylator 
Phenotype (CIMP) 

Global promoter 
methylation 

Colorectal, glioblastoma, gastric 
cancers 

Associated with tumor suppressor gene 
silencing and genetic instability 

[149] 

Environmental Epigenetic 
Memory 

Persistent changes 
postexposure 

Liver disease, metabolic disorders Epigenetic scars from alcohol, viral infection, or diet 
persist and contribute to disease progression 

[145] 

Circadian Epigenetic 
Oscillations 

Temporal methylation 
cycles 

Aging, complex diseases Rhythmic cytosine modifications influence 
disease timing and progression 

[150] 

Histone Deacetylases (HDACs) Remove acetyl groups, 
gene repression 

Cancer, fibrosis, neurological 
conditions 

HDAC inhibitors are promising epigenetic 
therapies 

[151] 

DNA Methyltransferases 
(DNMTs) 

Add methyl groups to DNA Cancer, imprinting disorders Overexpression leads to hypermethylation of 
tumor suppressors 

[152] 

Global Hypomethylation Genome instability Cancer Loss of methylation contributes to chromosomal 
instability and oncogene activation 

[149] 

 

Personalized medicine approaches based on genomics and 
virology 

The integration of personalized medicine into the management of 
COVID-19 and cardiovascular disease (CVD) represents a paradigm 
shift in clinical care, emphasizing individualized risk assessment, 
diagnosis, and therapy. The SARS-CoV-2 infection has a highly 

heterogeneous effect, ranging from asymptomatic to severe multi-
organ failure, which prompted a deep probe into the host genome 
variability as a key determinant of disease severity and progression. 
Genetic and virological progress has made it possible to identify 
hereditary polymorphisms (e. g. ACE2, TMPRSS2, and HLA venue) 
which affect the susceptibilities of SARS-CoV-2 and their 
cardiovascular consequences [153]. 
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One of the central components of personalized medicine is the use of 
host genomic profiling to stratify patients according to genetic risk 
factors. The current provisions allow targeted prevention strategies, 
premature involvement, and a personalized treatment plan. For 
instance, pharmacogenomic screening can give clinicians information 
on how exact populations metabolize antiviral or anti-inflammatory 
agents in different ways, leading to a correct dose choice and avoid 
undesirable chemical effects. These findings contribute to the 
development of the predictive, preventive, and personalized medicine 
(PPPM) paradigm in clinical decision making [154]. 

Moreover, clinical management is also shaped by the viral genomic 
landscape. The identification of SARS-CoV-2 variants exhibiting 
divergent transmissibility and virulence (e. g., Delta versus Omicron) 
underscores the necessity of robust genomic surveillance. 
Incorporating viral genomic data into epidemiological and clinical 
frameworks enhances our ability to assess community fitness of 
circulating strains and to devise adaptive, evidence-based 
therapeutic and preventive strategies. Wu and Wan pointed out that 
the method genome sequencing not only AIDS in outbreak 
management and vaccine efficacy monitoring but also helps in order 
to pay attention to individuals by real-time designation of virulence 
markers and drug resistance trait [155]. 

Multi-omics technologies—including transcriptomics, proteomics, 
metabolomics, and genomics-can significantly enhance vulnerability 
prediction models for COVID-19-related cardiovascular complications. 
Additionally, personalized monitoring using wearable systems and 
digital health devices is being integrated to track patient health status 
in real time. Bashkirtsev et al. underscore the role of the 5P 
approach—Predictive, Preventive, Personalized, Participatory, and 
Precise Medicine—in managing cardiovascular risks during the 
pandemic. This approach is particularly supported by the remote 
monitoring of electrocardiogram (ECG) and blood pressure using 
wearable ECG and blood pressure detection devices, enabling 
continuous, individualized cardiovascular health management [156]. 

Multiomics dissection of host–virus interactions 

Recent multiomics investigations have expanded our understanding of 
host-virus interactions in COVID-19, revealing a complex network of 
entry pathways and molecular biomarkers beyond the classical ACE2-
mediated mechanism. For example, integrin αvβ1 has been shown to 
cooperate with ACE2 to enhance viral uptake in enterocytes, although 
this process is not entirely ACE2-independent [157]. Additionally, co-
receptors such as neuropilin-1 (NRP1) and LDLRAD3 have been 
identified as potential facilitators of viral entry; however, their precise 
roles in vivo require further validation [158, 159]. Soluble ACE2 (sACE2) 
complexes also represent an alternative route, as they can mediate viral 
entry via endocytic pathways when bound to renin-angiotensin system 
proteins [160]. A study revealed that CD147 expression is significantly 
increased in COVID-19-infected central tissues, suggesting its possible 
role in reducing viral entry and myocardial injury. Proteomics has 
identified galectin-3, a profibrotic and inflammatory biomarker, as a 
predictive biomarker for post-COVID-19 cardiac outcomes. Elevated 
galectin-3 levels are strongly associated with myocardial injury, adverse 
cardiac remodeling, and increased risk of heart failure following COVID-
19 infection [161–163]. Metabolomics is a reliable predictor of cytokine 
storms: the kynurenine/tryptophan (KYN/TRP) ratio. The KYN/TRP 
ratio is significantly associated with increased inflammatory cytokines 
and clinical worsening, making it a valuable early indicator of severe 
disease progression [164, 165]. These multiomics insights collectively 
offer promising diagnostic and therapeutic targets for mitigating COVID-
19 complications, particularly those affecting the cardiovascular system. 

Furthermore, these multiomics insights do not function in isolation 
but rather integrate into a larger systemic response that defines the 
disease trajectory. The kynurenine nerve pathway, for example, does 
not solely predict the cytokine storm but also participates in the 
nervous system and long-term COVID syndrome via the neurotoxic 
metabolites quinolinic acid and kynurenic acid [166]. In particular, 
an increased KYN/TRP ratio has been associated with increased IL-6 
and IFN-β expression, suggesting that the current metabolic 
imbalance perpetuates immune dysregulation [167]. Similarly, 
galectin-3 has emerged as a fibrosis marker rather than a fibrosis 
indicator and is correlated with coagulopathy, endothelial damage, 

and multiorgan injury, reinforcing its role as a systemic severity 
indicator [168]. 

Importantly, the combination of multiomics biomarkers enhances 
the accuracy of the prognosis and facilitates the customization of 
treatment. In fact, galectin-3 and the KYN/TRP ratio were strongly 
associated with intensive care unit (ICU) admission and mortality. 
particularly in combination with cardiac and inflammatory markers 
such as troponin and ferritin [164, 169]. The present study 
underlines the utility of a multiparameter panel beyond single 
biological markers. Therapeutic strategies targeting this nerve 
pathway, similar to galectin-3 inhibitors (e. g., GB0139) or IDO1 
inhibitors in the kynurenine nerve pathway, are under clinical 
investigation and are likely to provide precise strategies to reduce 
inflammation, fibrosis, and immune fatigue in COVID-19 patients. 

Viral persistence and chronic immune activation in CVD 
development 

Even with effective antiviral treatments, residual viral reservoirs 
persist in certain tissues, maintaining chronic immune activation 
that exacerbates cardiovascular disease (CVD) risk in infected 
individuals [170]. Recent investigations have shown that the SARS-
CoV-2 viral reservoir, especially in the intestine and lymphoid 
tissues, contributes to the continuation of low-level viral replication, 
ongoing systemic inflammation, and endothelial dysfunction. 
Persistent immune activation stimulates the excessive development 
of reactive oxygen species (ROS), which impair endothelial rigidity 
and increase atherosclerotic plaque formation via the oxidation of 
low-density lipoproteins. The macrophages immediately internalize 
oxidized LDL, forming a foam cell that destabilizes the arteries [171, 
172]. The growing evidence from the extended COVID cohort 
suggests that viral continuity, including subsequent acute infection 
resolution, correlates with increased cardiovascular morbidity 
planned for unresolved immune dysregulation. For example, a 2023 
long-term study demonstrated a 2.3-fold greater incidence of 
myocardial infarct than in control patients, which was associated 
with persistent IL-6 and TNF-α elevation [74]. 

The interplay between viral reservoirs and immune hyperactivation 
creates a self-perpetuating cycle of inflammation. Proinflammatory 
cytokines, such as TNF-α, IL-6, and IL-1β, which have recently been 
implicated in NLRP3 inflammasome activation, support vascular 
smooth muscle cell proliferation and collagen production, leading to 
arterial stiffness and luminal narrowing [173]. Furthermore, 
macrophage infiltration into the vascular wall, triggered by the 
chemokines CCL2 and CX3CL1, increases the vulnerability of plaques 
to injury [174]. A novel mechanism, similar to mitochondrial 
dysfunction in endothelial cells owing to SARS-CoV-2 spike protein 
engagement, further increases ROS production and endothelial 
damage [175]. Fig. 7 illustrates the progression from viral continuity 
to atherosclerosis, highlighting the location of the immune-mediated 
nerve pathwayNotably, research in 2024 has highlighted that 
increased adaptive immune exhaustion in chronic viral diseases, 
such as HIV and COVID-19, is associated with dysfunctional CD8+T 
cells, which contribute to accelerated vascular aging. To reduce CVD 
liability in postviral populations, both viral reservoirs and immune-
metabolic disturbances must be targeted [176]. 

Molecular biomarkers and ai-based tools for cardiovascular 
risk prediction 

Cardiovascular disease (CVD) remains a major cause of worldwide 
mortality, accounting for approximately 18 million deaths annually, 
with a significant proportion of these deaths arising from recurrent 
events occurring alternately during a calendar month following the 
initial diagnosis [177]. Effectively predicting recurrent 
cardiovascular (CV) events is a longstanding challenge in CVD 
management, even though these events greatly endanger patient 
safety and contribute to considerable healthcare costs globally. 
Traditionally, risk prediction for both incident and recurrent CV 
events has relied on established clinical risk factors, such as age, sex, 
blood pressure, cholesterol levels, diabetes status, and smoking 
history. These factors are integrated into various risk scoring 
systems, including the Framingham Risk Score, SCORE, ACC/AHA 
Pooled Cohort Equations, and QRISK. For secondary prevention, 
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specific tools such as GRACE, ACHIEVING, SMART, and TIMI scores 
are utilized to further stratify risk and guide management [178]. 
While such models provide a valuable threat stratification system, 
their anticipatory performance is fundamentally restricted by their 
dependency on a relatively small number of parameters, which fail 
to capture the complex, multifactorial, and vibrant environment of 
atherosclerosis disease progression [179]. In recent years, the 
development of molecular biomarkers has transformed the landscape 
of cardiovascular risk assessment by providing a window into the 
implicit nature of natural procedures that initiate, progress, and 
promote recurrence [180]. Molecular biomarkers cover a wide range 
of measurable features, including ancestral divergence (genomics), 
gene expression profiles (transcriptomics), protein tiers (proteomics), 
metabolites (metabolomics), and epigenetic change (together called 
"multiomics") information. These biomarkers provide a mechanistic 
perception that goes beyond the limitations of conventional liability 
elements, enabling a more nuanced and personalized method of 
liability prediction and tolerant supervision [181]. 

The designation and validation of precise molecules that reflect central 
pathophysiological methods illustrate the integration of molecular 

biomarkers into cardiovascular threat prediction [180]. As shown in 
fig. 8A. Among them are branched-chain amino acids (BCAAs), CRP, 
intercellular adhesion molecules (ICAs), low-density lipoprotein (LDL), 
retinol-binding protein-4 (RBP4), tumor necrosis factor (TNF-α), and 
vascular cell adhesion molecule (VCAM) [181]. These biomarkers are 
associated with metabolic disturbances and insulin resistance; CRP is a 
sensitive inflammatory marker and is strongly associated with an 
increased risk of myocardial infarction and stroke; ICAM and VCAM are 
adhesion molecules that reflect endothelial activation and dysfunction 
related to the progression of atherosclerosis; LDL cholesterol is a well-
established causal factor in atherogenesis; RBP4 is associated with 
insulin resistance and metabolic syndrome; and TNF-α is a 
proinflammatory cytokine involved in vascular inflammation and 
plaque instability [182]. The measurement of such biomarkers in 
clinical practice can enhance threat stratification by identifying 
patients who remain close to high danger for perennial incidents 
regardless of the minimal hazard anchored entirely on conventional 
clinical parameters. For example, pro-CRP tiers have been shown to 
predict future cardiovascular events independently of LDL cholesterol, 
support inflammation in atherothrombosis, and justify anti-
inflammatory therapy in selected patients [183].

 

 

Fig. 7: The pathway from viral infection to atherosclerosis through immune system activation. Viral infections stimulate immune cells to 
release proinflammatory cytokines, such as TNF-α and IL-6, which promote the growth of smooth muscle cells and lead to the narrowing 

of blood vessels. These immune cells also produce reactive oxygen species (ROS) that oxidize low-density lipoproteins (LDLs), 
transforming them into oxidized LDLs (OxLDLs). OxLDLs trigger platelet activation and aggregation, contributing to plaque formation. 

Over time, plaque buildup leads to the development of atherosclerosis, significantly increasing the risk of cardiovascular disease 

 

 

Fig. 8: A. Molecular biomarkers for risk assessment in cardiometabolic disease (CMD) across the lifespan. BCAA, branched-chain amino 
acid; CRP, C-reactive protein; ICAM, intercellular adhesion molecule; LDL, low-density lipoprotein; RBP4, retinol-binding protein-4; TNF, 

tumor necrosis factor; and VCAM, vascular cell adhesion molecule Publisher: Wolters Kluwer Health, Inc. [184]. B. Risk prediction of 
cardiovascular events by the exploration of molecular data with explainable artificial intelligence © 2021 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/) [185] 

https://creativecommons.org/licenses/by/4.0/
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In addition to individual biomarkers, the introduction of high-
throughput omics techniques has allowed the simultaneous 
measurement of thousands of molecules in tolerant biosamples, 
facilitating the identification of new threats and the creation of a 
comprehensive molecular hazard profile [186]. Genome-wide 
association studies (GWASs) have examined hundreds of heritable 
sites associated with coronary artery disease (CAD) and have 
identified such divergences among polygenic hazard tons (PRS) 
sanctions for the stratification of individuals on the basis of their 
family susceptibility to CVD [187]. Nevertheless, as PRSs can predict 
the duration of the threat, they are less effective in capturing short-
term danger or environmental and lifestyle influences, and they fail to 
reflect the energetic molecular variations accompanying the 
progression of the disease or curative involvement [188]. Moreover, 
transcriptomic, proteomic, and metabolomic information provides a 
real-time snapshot of the cellular project influenced by hereditary and 
nongenetic elements and can be linked to clinical outcomes via 
sophisticated analysis techniques [189]. Systems biology systems, 
such as gene regulatory relationships and analysis of nerve pathways, 
enable the identification of causal genes and nerve pathways involved 
in the progression of a disease, as well as the provision of personalized 
medicine and targeted curative progress [190]. 

The complexity and high dimensionality of multi-omics data present 
contemporary analytical challenges that are not adequately 
addressed by conventional statistical methods. This is where 
intelligent automation (AI) and machine learning (ML) have 
emerged as transformative tools for cardiovascular risk prediction 
[191]. These advanced methodologies, particularly those grounded 
in deep learning, are capable of identifying complex, nonlinear 
relationships among clinical, imaging, and molecular variables that 
are often inaccessible to conventional statistical approaches [192]. 
As shown in fig. 8B, an Al-based model can combine different types 
of information, ranging from electronic health files and image data 
to genomic, transcriptome, proteomics, and metabolism data, to 
provide reliable and personalized risk prediction. These models can 
learn complex forms that reflect the interaction of molecular 
mechanisms and clinical effects, thus improving the accuracy and 
interpretability of risk assessment [193]. For example, machine 
learning methods have been used to identify a new combination of 
biomarkers that predict perennial cardiovascular events with higher 
accuracy than any other conventional risk marker. Similarly, 
unsupervised training methods may reveal previously unknown 
tolerant subgroups with distinct molecular and clinical profiles, 
enabling further precise risk stratification and individualized 
treatment strategies [194]. 

The development of explainable Al (XAI), which approaches the 
black box environment of multiple machine learning models by 
providing transparency in the judgment procedure, is a key 
development in the current area [195]. XAl tactics, such as Shapley 
additive explanation (SHAP) and municipal interpretable model–
agnostic explanations (LIME), enable clinicians to understand and 
rely on the second recommendation of the model [196]. This clarity 
is important for the adoption of Al-driven resolution aid frameworks 
in clinical practice, as it facilitates the sharing of information 
between clinicians and patients and contributes to the development 
of new prevention and treatment strategies in line with the human 
liability profile. Moreover, XAl can identify unexpected associations 
among molecular features and clinical outcomes, identify recent life-
related hypotheses, and guide future research [197]. 

Limitations and future directions 

Recent cardiovascular biomarker investigations face many 
significant limitations, including insufficient specificity and 
sensitivity, variability in biomarker levels among individuals, and 
limited generalizability due to a homogeneous dive into populations 
or individual time points measurement [198]. For instance, 
biomarkers commonly used for CVD, such as CRP and cardiac 
troponins, may be boosted in a variety of non-cardiac conditions, 
complicating their diagnostic utility and risk stratification for CVD 
[199]. Moreover, the limitations of the sample size, the cross-
sectional design, and the lack of long-term information limit the 
ability to draw robust conclusions on causality and long-term 

predictive value in a lot of surveys. The absence of standardized 
assay protocols and cut-off values poses significant challenges to 
laboratory reproducibility and the clinical translation of novel 
biomarkers. Addressing these issues is critical for realizing the full 
potential of multi-omics and precision medicine in cardiovascular 
and other complex diseases [200]. 

Looking ahead, future research should prioritize the standardization 
of biomarker assays and the validation of findings across diverse, 
multi-ethnic populations using large-scale, longitudinal cohorts. In 
order to understand the complex pathophysiology of CVD and 
identify novel, more precise biomarkers, a multiomics approach 
integrating genomics, proteomics, and metabolomics will be 
increasingly necessary here. Moreover, the integration of intelligent 
automation and machine learning entails a commitment to examine 
complex datasets and identify elusive biomarker forms which are 
likely to increase the untimely detection and personalized liability 
prediction. Collaborative efforts, rigorous research design, and 
continued technological inventions to realize the full potential of 
biomarkers in cardiovascular medicine will be needed to overcome 
these obstacles [200, 201]. 

In order to competently address these challenges, the country must 
accept a multilateral strategy that harnesses progress on both 
collaborative research and cutting-edge technology. Integrated 
multi-omics and intelligent automation (AI) have emerged as a 
revolutionary method, giving unprecedented opportunities to 
unravel the underlying molecular mechanism underlying post-
COVID-19 cardiovascular disease. The study of Genomic, Proteomics, 
and Metabolism facts can improve the identification of biomarkers, 
improve the classification of liability, and facilitate the development 
of highly individualized curative interventions, thus marking a 
paradigm shift towards correct cardiovascular medicine [166, 202]. 

Integration of multi-omics and artificial intelligence 

The integration of multiomics technologies, including genomics, 
transcriptomics, proteomics, and metabolomics, with high-tech AI 
and machine learning is poised to revolutionize the management of 
post-COVID-19 cardiovascular diseases (CVDs). Using these high-
dimensional datasets, AI-powered inferences can identify intricate 
biomarker signatures and molecular nerve pathways involved in 
long-term cardiovascular complications following SARS-CoV-2 
infection. The current convergence enables a system-level 
understanding of the disease mechanism, facilitating precise risk 
stratification, premature detection, and the development of targeted 
curative strategies. Recent research has shown that Al models based 
on multiomics information outperform traditional statistical 
approaches for predicting the course of disease and treatment 
response in CVD patients [203]. As information integration 
frameworks and computer tools progress, the current paradigm 
shift will be a cornerstone of clear medicine initiatives, offering 
personalized interventions to reduce post-COVID-19 cardiovascular 
sequelae [204]. 

Liquid biopsy and extracellular vesicle-based diagnostics 

Liquid biopsy technologies are rapidly progressing as potent, 
noninvasive tools for real-time monitoring of cardiovascular health, 
particularly in the case of COVID-19 complications. In addition, 
extracellular vesicles (EVs), including exosomes, have emerged as 
promising biomarkers because of their ability to change nucleic 
acids, proteins, and lipids, which reflects the physiological or 
pathological importance of their cell of origin. These vesicles pass 
through physiological fluids, suggesting that dynamic molecular 
variations are linked to CVD. EV-derived biomarkers have shown the 
ability to detect subclinical myocardial injury, vascular 
inflammation, and endothelial dysfunction as common 
consequences of SARS-CoV-2 infection in post-COVID-19 patients 
[205]. The molecular cargo of EVs can provide a quick warning 
signal before obvious clinical manifestations occur, thus facilitating 
timely intervention and precision medicine approaches. Moreover, 
the development of high-throughput EV evaluation platforms has 
improved diagnostic sensitivity and specificity, making flow biopsy 
an increasingly feasible component of CVD surveillance in the 
postpandemic period [206]. 
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Equitable genomic medicine and global collaboration 

As genomic medicine continues to advance, ensuring equitable 
access and representation in research is essential to reduce the 
global burden of COVID-19-related cardiovascular disease. 
Historically, genomic datasets have disproportionately represented 
individuals of European ancestry, limiting the generalizability of 
precision diagnostics and therapeutics across diverse populations 
[207]. This underrepresentation can exacerbate health disparities, 
particularly in low-and middle-income countries where access to 
genomic technologies remains limited. To overcome these barriers, 
there is a critical need to develop inclusive, population-specific 
genomic databases and foster international research collaborations 
that prioritize diversity and capacity building. Collaborative global 
initiatives—such as the Human Heredity and Health in Africa 
(H3Africa) project—demonstrate the potential of equitable 
partnerships in expanding genomic research and infrastructure. By 
integrating equitable principles into the design and implementation 
of genomic medicine, we can ensure that innovations in precision 
cardiovascular care post-COVID-19 are accessible and impactful 
worldwide [208]. 

CONCLUSION 

The interaction between COVID-19 and cardiovascular disease 
reveals a complex array of pathophysiological mechanisms, 
including viral invasion, immune-mediated inflammation, 
endothelial dysfunction, and genetic predispositions, which 
collectively contribute to both acute and chronic cardiovascular 
complications. The integration of multiomics, encompassing 
genomics, epigenomics, proteomics, and glycomics, has expanded 
our understanding of these mechanisms, leading to the identification 
of novel biomarkers and therapeutic targets for early diagnosis, risk 
stratification, and intervention. Key molecular and epigenetic 
signatures, such as DNA methylation profiles, microRNA expression 
patterns, and exosomal contents, present opportunities for the 
development of precision medicine strategies in managing post-
COVID-19 cardiovascular sequelae. 

However, significant challenges remain, including the need for 
standardized biomarker assays and the development of minimally 
invasive diagnostic tools such as liquid biopsies. Future research 
should focus on the following specific areas:  

1. Participating in Specific Cohorts: Engage in large-scale, multi-
ethnic cohort studies, such as the RECOVER Initiative, to investigate 
the long-term cardiovascular consequences of COVID-19. Endpoints 
like myocardial fibrosis on cardiac MRI should be defined to enhance 
the precision of risk prediction models and identify individuals at 
greatest risk for developing chronic cardiovascular conditions. 

2. Standardization of Multiomics Approaches: Establish robust and 
standardized protocols for the collection and analysis of multiomics 
data to ensure reproducibility and comparability across studies. This 
will facilitate the integration of diverse datasets and the 
identification of common biomarkers across different populations. 

3. Therapeutic Development: Investigate HDAC inhibitors and other 
epigenetic modulators for their potential to reduce cardiovascular 
inflammation and fibrosis in post-COVID-19 patients. Additionally, 
evaluate the efficacy of demethylating agents in modulating 
inflammatory responses and improving long-term cardiovascular 
outcomes. These emerging therapeutic agents could offer promising 
avenues for clinical intervention. 

4. Global Collaboration: Foster international collaborations to 
address health disparities and ensure equitable access to advanced 
diagnostics and therapies, especially in low-and middle-income 
countries. Global partnerships are essential for the broad application 
of multiomics technologies and therapeutic agents. 

5. AI-Driven Personalized Medicine: Leverage artificial intelligence 
(AI) and machine learning to analyze multiomics datasets, uncover 
hidden biomarker patterns, and develop personalized treatment 
strategies tailored to individual patient profiles. These technologies 
will enhance the precision of cardiovascular risk prediction and 
enable targeted therapies. 

By addressing these specific research priorities, future studies will 
be better positioned to unlock the full potential of multiomics and 
precision medicine, ultimately improving outcomes for patients 
affected by COVID-19 and its long-term cardiovascular sequelae. 

FUNDING 

Funding: Open access funding was provided by the Datta Meghe 
Institute of Higher Education and Research. No funding is involved 
while preparing the manuscript. 

ABBREVIATIONS 

COVID-19: Coronavirus Disease 2019, CVD: Cardiovascular 
Disease(s), CVS: Cardiovascular System, SARS-CoV-2: Severe Acute 
Respiratory Syndrome Coronavirus 2, ACE2: Angiotensin-Converting 
Enzyme 2, S1/S2: Subunit 1/Subunit 2 (of the spike protein), TLR2: 
Toll-Like Receptor 2, NF-κB: Nuclear Factor kappa-light-chain-
enhancer of activated B cells, MAPK: Mitogen-Activated Protein 
Kinase, TNF-α: Tumor Necrosis Factor-alpha, IL-1β: Interleukin-1 
beta, IL-6: Interleukin-6, IL-8: Interleukin-8, IL-1: Interleukin-1, VTE: 
Venous Thromboembolism, EVs: Extracellular Vesicles, miRNA: 
microRNA, RAAS: Renin-Angiotensin-Aldosterone System, ROS: 
Reactive Oxygen Species, hs-cTnI: High-Sensitivity Cardiac Troponin 
I, cTnT: Cardiac Troponin T, NT-proBNP: N-terminal pro b-type 
Natriuretic Peptide, CK-MB: Creatine Kinase-MB, TMPRSS2: Trans 

AUTHORS CONTRIBUTIONS 

Dr. Ketaki Dawale conceptualized and designed the study, coordinated 
the manuscript drafting, and provided critical revisions. Dr. Pankaj 
Jambholkar contributed to the literature review and analysis of genetic 
and epigenetic factors, while Dr. Vasant Wagh focused on the clinical 
aspects, particularly cardiovascular manifestations of COVID-19, and 
reviewed the manuscript for medical accuracy. 

CONFLICT OF INTERESTS 

The authors declare that they have no conflicts of interest, financial 
or otherwise. 

REFERENCES 

1. Terzic CM, Medina Inojosa BJ. Cardiovascular complications of 
corona virus disease 2019. Phys Med Rehabil Clin N Am. 
2023;34(3):551-61. doi: 10.1016/j.pmr.2023.03.003, PMID 
37419531. 

2. Lin JS, Evans CV, Johnson E, Redmond N, Coppola EL, Smith N. 
Nontraditional risk factors in cardiovascular disease risk 
assessment: updated evidence report and systematic review for 
the U. S. preventive services task force. JAMA. 2018;320(3):281-
97. doi: 10.1001/jama.2018.4242, PMID 29998301. 

3. Shao HH, Yin RX. Pathogenic mechanisms of cardiovascular 
damage in COVID-19. Mol Med. 2024;30(1):92. doi: 
10.1186/s10020-024-00855-2, PMID 38898389. 

4. Fox SE, Heide RS. COVID-19: the heart of the matter 
pathological changes and a proposed mechanism. J Cardiovasc 
Pharmacol Ther. 2021;26(3):217-24. doi: 
10.1177/1074248421995356, PMID 33703938. 

5. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, 
Zinkernagel AS. Endothelial cell infection and endotheliitis in 
COVID-19. Lancet. 2020;395(10234):1417-8. doi: 
10.1016/S0140-6736(20)30937-5, PMID 32325026. 

6. Qian Y, Lei T, Patel PS, Lee CH, Monaghan Nichols P, Xin HB. 
Direct activation of endothelial cells by SARS-CoV-2 
nucleocapsid protein is blocked by simvastatin. bioRxiv. 2021 
Feb 18;2021.02.14.431174. doi: 10.1101/2021.02.14.431174. 

7. Kichloo A, Dettloff K, Aljadah M, Albosta M, Jamal S, Singh J. 
COVID-19 and hypercoagulability: a review. Clin Appl Thromb 
Hemost. 2020;26:1076029620962853. doi: 
10.1177/1076029620962853, PMID 33074732. 

8. Giudicessi JR, Roden DM, Wilde AA, Ackerman MJ. Genetic 
susceptibility for COVID-19 associated sudden cardiac death in 
African Americans. Heart Rhythm. 2020;17(9):1487-92. doi: 
10.1016/j.hrthm.2020.04.045, PMID 32380288. 

9. Henning RJ. Cardiovascular exosomes and microRNAs in 
cardiovascular physiology and pathophysiology. J Cardiovasc 

https://doi.org/10.1016/j.pmr.2023.03.003
https://www.ncbi.nlm.nih.gov/pubmed/37419531
https://doi.org/10.1001/jama.2018.4242
https://www.ncbi.nlm.nih.gov/pubmed/29998301
https://doi.org/10.1186/s10020-024-00855-2
https://www.ncbi.nlm.nih.gov/pubmed/38898389
https://doi.org/10.1177/1074248421995356
https://www.ncbi.nlm.nih.gov/pubmed/33703938
https://doi.org/10.1016/s0140-6736(20)30937-5
https://www.ncbi.nlm.nih.gov/pubmed/32325026
https://doi.org/10.1101/2021.02.14.431174
https://doi.org/10.1177/1076029620962853
https://www.ncbi.nlm.nih.gov/pubmed/33074732
https://doi.org/10.1016/j.hrthm.2020.04.045
https://www.ncbi.nlm.nih.gov/pubmed/32380288


K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

146 

Transl Res. 2021;14(2):195-212. doi: 10.1007/s12265-020-
10040-5, PMID 32588374. 

10. Di Liegro CM, Schiera G, Di Liegro I. Extracellular vesicle 
associated RNA as a carrier of epigenetic information. Genes. 
2017;8(10):240. doi: 10.3390/genes8100240, PMID 28937658. 

11. Fu E, Li Z. Extracellular vesicles: a new frontier in the 
theranostics of cardiovascular diseases. I Radiology. 
2024;2(3):240-59. doi: 10.1002/ird3.77. 

12. Sarkar S, Sen R. Insights into cardiovascular defects and cardiac 
epigenome in the context of COVID-19. Epigenomes. 2022;6(2):13. 
doi: 10.3390/epigenomes6020013, PMID 35645252. 

13. Krause C, Bergmann E, Schmidt SV. Epigenetic modulation of 
myeloid cell functions in HIV and SARS-CoV-2 infection. Mol 
Biol Rep. 2024;51(1):342. doi: 10.1007/s11033-024-09266-2, 
PMID 38400997. 

14. Subramanian SP, Wojtkiewicz M, Yu F, Castro C, Schuette EN, 
Rodriguez Paar J. Integrated multiomics reveals alterations in 
paucimannose and complex type N-glycans in cardiac tissue of 
patients with COVID-19. Mol Cell Proteomics. 2025;24(4):100929. 
doi: 10.1016/j.mcpro.2025.100929, PMID 39988192. 

15. Bogliotti YS, Ross PJ. Mechanisms of histone H3 lysine 27 
trimethylation remodeling during early mammalian 
development. Epigenetics. 2012;7(9):976-81. doi: 
10.4161/epi.21615, PMID 22895114. 

16. Afonso J, Shim WJ, Boden M, Salinas Fortes MR, Da Silva Diniz 
WJ, De Lima AO. Repressive epigenetic mechanisms such as the 
H3K27me3 histone modification were predicted to affect 
muscle gene expression and its mineral content in Nelore cattle. 
Biochem Biophys Rep. 2023;33:101420. doi: 
10.1016/j.bbrep.2023.101420, PMID 36654922. 

17. Yu JS, Pan NN, Chen RD, Zeng LC, Yang HK, Li H. Cardiac 
biomarker levels and their prognostic values in COVID-19 
patients with or without concomitant cardiac disease. Front 
Cardiovasc Med. 2020;7:599096. doi: 
10.3389/fcvm.2020.599096, PMID 33553255. 

18. Lippi G, Sanchis Gomar F, Henry BM, Lavie CJ. Cardiac 
biomarkers in COVID-19: a narrative review. EJIFCC. 
2021;32(3):337-46. PMID 34819823. 

19. Salem S, Mosaad R, Lotfy R, Elbadry M. Altered expression of 
DNA methyltransferases and methylation status of the TLR4 
and TNF-α promoters in COVID-19. Arch Virol. 2023;168(3):95. 
doi: 10.1007/s00705-023-05722-9, PMID 36840831. 

20. Foolchand A, Mazaleni S, Ghazi T, Chuturgoon AA. A review: 
highlighting the links between epigenetics COVID-19 infection 
and vitamin D. Int J Mol Sci. 2022;23(20):12292. doi: 
10.3390/ijms232012292, PMID 36293144. 

21. Freitas NL, Azevedo PR, Brandao F. A glance upon epigenetic 
and COVID-19. An Acad Bras Cienc. 2020;92(4):e20201451. 
doi: 10.1590/0001-3765202020201451, PMID 33295584. 

22. Brancolini C, Gagliano T, Minisini M. HDACs and the epigenetic 
plasticity of cancer cells: target the complexity. Pharmacol Ther. 
2022;238:108190. doi: 10.1016/j.pharmthera.2022.108190, 
PMID 35430294. 

23. Zhang B, Zhang Z, Koeken VA, Kumar S, Aillaud M, Tsay HC. 
Altered and allele-specific open chromatin landscape reveals 
epigenetic and genetic regulators of innate immunity in COVID-
19. Cell Genomics. 2023;3(2):100232. doi: 
10.1016/j.xgen.2022.100232, PMID 36474914. 

24. Asrani P, Hassan MdI. SARS-CoV-2 mediated lung inflammatory 
responses in host: targeting the cytokine storm for therapeutic 
interventions. Mol Cell Biochem. 2021;476(2):675-87. doi: 
10.1007/s11010-020-03935-z, PMID 33064288. 

25. Nishiga M, Wang DW, Han Y, Lewis DB, Wu JC. COVID-19 and 
cardiovascular disease: from basic mechanisms to clinical 
perspectives. Nat Rev Cardiol. 2020;17(9):543-58. doi: 
10.1038/s41569-020-0413-9, PMID 32690910. 

26. Jones EA. Mechanism of COVID-19-induced cardiac damage 
from patient in vitro and animal studies. Curr Heart Fail Rep. 
2023;20(5):451-60. doi: 10.1007/s11897-023-00618-w, PMID 
37526812. 

27. Henein MY, Vancheri S, Longo G, Vancheri F. The role of 
inflammation in cardiovascular disease. Int J Mol Sci. 
2022;23(21):12906. doi: 10.3390/ijms232112906, PMID 
36361701. 

28. Xu SW, Ilyas I, Weng JP. Endothelial dysfunction in COVID-19: an 
overview of evidence biomarkers mechanisms and potential 
therapies. Acta Pharmacol Sin. 2023;44(4):695-709. doi: 
10.1038/s41401-022-00998-0, PMID 36253560. 

29. Zhang X, Liu J, Deng X, Bo L. Understanding COVID-19-
associated endothelial dysfunction: role of PIEZO1 as a 
potential therapeutic target. Front Immunol. 2024;15:1281263. 
doi: 10.3389/fimmu.2024.1281263, PMID 38487535. 

30. Pelle MC, Zaffina I, Luca S, Forte V, Trapanese V, Melina M. 
Endothelial dysfunction in COVID-19: potential mechanisms 
and possible therapeutic options. Life (Basel). 
2022;12(10):1605. doi: 10.3390/life12101605, PMID 
36295042. 

31. Ellison Hughes GM, Colley L, O Brien KA, Roberts KA, 
Agbaedeng TA, Ross MD. The role of MSC therapy in attenuating 
the damaging effects of the cytokine storm induced by COVID-
19 on the heart and cardiovascular system. Front Cardiovasc 
Med. 2020;7:602183. doi: 10.3389/fcvm.2020.602183, PMID 
33363221. 

32. D Oria R, Schipani R, Leonardini A, Natalicchio A, Perrini S, 
Cignarelli A. The role of oxidative stress in cardiac disease: from 
physiological response to injury factor. Oxid Med Cell Longev. 
2020;2020:5732956. doi: 10.1155/2020/5732956, PMID 
32509147. 

33. Moris D, Spartalis M, Spartalis E, Karachaliou GS, Karaolanis GI, 
Tsourouflis G. The role of reactive oxygen species in the 
pathophysiology of cardiovascular diseases and the clinical 
significance of myocardial redox. Ann Transl Med. 
2017;5(16):326. doi: 10.21037/atm.2017.06.27, PMID 
28861423. 

34. Elahi MM, Kong YX, Matata BM. Oxidative stress as a mediator 
of cardiovascular disease. Oxid Med Cell Longev. 
2009;2(5):259-69. doi: 10.4161/oxim.2.5.9441, PMID 
20716913. 

35. Lebedeva A, Fitzgerald W, Molodtsov I, Shpektor A, Vasilieva E, 
Margolis L. Differential clusterization of soluble and 
extracellular vesicle associated cytokines in myocardial 
infarction. Sci Rep. 2020;10(1):21114. doi: 10.1038/s41598-
020-78004-y, PMID 33273611. 

36. Feldman AM, Combes A, Wagner D, Kadakomi T, Kubota T, Li YY. 
The role of tumor necrosis factor in the pathophysiology of 
heart failure. J Am Coll Cardiol. 2000;35(3):537-44. doi: 
10.1016/s0735-1097(99)00600-2, PMID 10716453. 

37. Sabanoglu C, Inanc IH, Polat E, Peker SA. Long term predictive 
value of cardiac biomarkers in patients with COVID-19 
infection. Eur Rev Med Pharmacol Sci. 2022;26(17):6396-403. 
doi: 10.26355/eurrev_202209_29667, PMID 36111943. 

38. Yaluri N, Stancakova Yaluri A, Zenuch P, Zenuchova Z, Toth S, 
Kalanin P. Cardiac biomarkers and their role in identifying 
increased risk of cardiovascular complications in COVID-19 
patients. Diagnostics (Basel). 2023;13(15):2508. doi: 
10.3390/diagnostics13152508, PMID 37568870. 

39. Italia L, Tomasoni D, Bisegna S, Pancaldi E, Stretti L, Adamo M. 
COVID-19 and heart failure: from epidemiology during the 
pandemic to myocardial injury myocarditis and heart failure 
sequelae. Front Cardiovasc Med. 2021;8:713560. doi: 
10.3389/fcvm.2021.713560, PMID 34447795. 

40. Bashir H, Yildiz M, Cafardi J, Bhatia A, Garcia S, Henry TD. A 
review of heart failure in patients with COVID-19. Heart Fail 
Clin. 2023;19(2S):e1-8. doi: 10.1016/j.hfc.2023.03.002, PMID 
37169437. 

41. Alvarez Garcia J, Lee S, Gupta A, Cagliostro M, Joshi AA, Rivas 
Lasarte M. Prognostic impact of prior heart failure in patients 
hospitalized with COVID-19. J Am Coll Cardiol. 
2020;76(20):2334-48. doi: 10.1016/j.jacc.2020.09.549, PMID 
33129663. 

42. Giustino G, Croft LB, Stefanini GG, Bragato R, Silbiger JJ, Vicenzi 
M. Characterization of myocardial injury in patients with 
COVID-19. J Am Coll Cardiol. 2020;76(18):2043-55. doi: 
10.1016/j.jacc.2020.08.069, PMID 33121710. 

43. Shi S, Qin M, Shen B, Cai Y, Liu T, Yang F. Association of cardiac 
injury with mortality in hospitalized patients with COVID-19 in 
Wuhan, China. JAMA Cardiol. 2020;5(7):802-10. doi: 
10.1001/jamacardio.2020.0950, PMID 32211816. 

https://doi.org/10.1007/s12265-020-10040-5
https://doi.org/10.1007/s12265-020-10040-5
https://www.ncbi.nlm.nih.gov/pubmed/32588374
https://doi.org/10.3390/genes8100240
https://www.ncbi.nlm.nih.gov/pubmed/28937658
https://doi.org/10.1002/ird3.77
https://doi.org/10.3390/epigenomes6020013
https://www.ncbi.nlm.nih.gov/pubmed/35645252
https://doi.org/10.1007/s11033-024-09266-2
https://www.ncbi.nlm.nih.gov/pubmed/38400997
https://doi.org/10.1016/j.mcpro.2025.100929
https://www.ncbi.nlm.nih.gov/pubmed/39988192
https://doi.org/10.4161/epi.21615
https://www.ncbi.nlm.nih.gov/pubmed/22895114
https://doi.org/10.1016/j.bbrep.2023.101420
https://www.ncbi.nlm.nih.gov/pubmed/36654922
https://doi.org/10.3389/fcvm.2020.599096
https://www.ncbi.nlm.nih.gov/pubmed/33553255
https://www.ncbi.nlm.nih.gov/pubmed/34819823
https://doi.org/10.1007/s00705-023-05722-9
https://www.ncbi.nlm.nih.gov/pubmed/36840831
https://doi.org/10.3390/ijms232012292
https://www.ncbi.nlm.nih.gov/pubmed/36293144
https://doi.org/10.1590/0001-3765202020201451
https://www.ncbi.nlm.nih.gov/pubmed/33295584
https://doi.org/10.1016/j.pharmthera.2022.108190
https://www.ncbi.nlm.nih.gov/pubmed/35430294
https://doi.org/10.1016/j.xgen.2022.100232
https://www.ncbi.nlm.nih.gov/pubmed/36474914
https://doi.org/10.1007/s11010-020-03935-z
https://www.ncbi.nlm.nih.gov/pubmed/33064288
https://doi.org/10.1038/s41569-020-0413-9
https://www.ncbi.nlm.nih.gov/pubmed/32690910
https://doi.org/10.1007/s11897-023-00618-w
https://www.ncbi.nlm.nih.gov/pubmed/37526812
https://doi.org/10.3390/ijms232112906
https://www.ncbi.nlm.nih.gov/pubmed/36361701
https://doi.org/10.1038/s41401-022-00998-0
https://www.ncbi.nlm.nih.gov/pubmed/36253560
https://doi.org/10.3389/fimmu.2024.1281263
https://www.ncbi.nlm.nih.gov/pubmed/38487535
https://doi.org/10.3390/life12101605
https://www.ncbi.nlm.nih.gov/pubmed/36295042
https://doi.org/10.3389/fcvm.2020.602183
https://www.ncbi.nlm.nih.gov/pubmed/33363221
https://doi.org/10.1155/2020/5732956
https://www.ncbi.nlm.nih.gov/pubmed/32509147
https://doi.org/10.21037/atm.2017.06.27
https://www.ncbi.nlm.nih.gov/pubmed/28861423
https://doi.org/10.4161/oxim.2.5.9441
https://www.ncbi.nlm.nih.gov/pubmed/20716913
https://doi.org/10.1038/s41598-020-78004-y
https://doi.org/10.1038/s41598-020-78004-y
https://www.ncbi.nlm.nih.gov/pubmed/33273611
https://doi.org/10.1016/s0735-1097(99)00600-2
https://www.ncbi.nlm.nih.gov/pubmed/10716453
https://doi.org/10.26355/eurrev_202209_29667
https://www.ncbi.nlm.nih.gov/pubmed/36111943
https://doi.org/10.3390/diagnostics13152508
https://www.ncbi.nlm.nih.gov/pubmed/37568870
https://doi.org/10.3389/fcvm.2021.713560
https://www.ncbi.nlm.nih.gov/pubmed/34447795
https://doi.org/10.1016/j.hfc.2023.03.002
https://www.ncbi.nlm.nih.gov/pubmed/37169437
https://doi.org/10.1016/j.jacc.2020.09.549
https://www.ncbi.nlm.nih.gov/pubmed/33129663
https://doi.org/10.1016/j.jacc.2020.08.069
https://www.ncbi.nlm.nih.gov/pubmed/33121710
https://doi.org/10.1001/jamacardio.2020.0950
https://www.ncbi.nlm.nih.gov/pubmed/32211816


K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

147 

44. Mele D, Flamigni F, Rapezzi C, Ferrari R. Myocarditis in COVID-
19 patients: current problems. Intern Emerg Med. 
2021;16(5):1123-9. doi: 10.1007/s11739-021-02635-w, PMID 
33484452. 

45. Basso C, Leone O, Rizzo S, De Gaspari M, Van Der Wal AC, Aubry 
MC. Pathological features of COVID-19-associated myocardial 
injury: a multicentre cardiovascular pathology study. Eur Heart 
J. 2020;41(39):3827-35. doi: 10.1093/eurheartj/ehaa664, 
PMID 32968776. 

46. Stark K, Massberg S. Interplay between inflammation and 
thrombosis in cardiovascular pathology. Nat Rev Cardiol. 
2021;18(9):666-82. doi: 10.1038/s41569-021-00552-1, PMID 
33958774. 

47. Halushka MK, Vander Heide RS. Myocarditis is rare in COVID-19 
autopsies: cardiovascular findings across 277 postmortem 
examinations. Cardiovasc Pathol. 2021;50:107300. doi: 
10.1016/j.carpath.2020.107300, PMID 33132119. 

48. He W, Chen P, Chen Q, Cai Z, Zhang P. Cytokine storm: behind the 
scenes of the collateral circulation after acute myocardial 
infarction. Inflamm Res. 2022;71(10-11):1143-58. doi: 
10.1007/s00011-022-01611-0, PMID 35876879. 

49. Kang S, Kishimoto T. Interplay between interleukin-6 signaling 
and the vascular endothelium in cytokine storms. Exp Mol Med. 
2021;53(7):1116-23. doi: 10.1038/s12276-021-00649-0, PMID 
34253862. 

50. Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova 
M. SARS-CoV-2 entry factors are highly expressed in nasal 
epithelial cells together with innate immune genes. Nat Med. 
2020;26(5):681-7. doi: 10.1038/s41591-020-0868-6, PMID 
32327758. 

51. Mondal S, Quintili AL, Karamchandani K, Bose S. 
Thromboembolic disease in COVID-19 patients: a brief 
narrative review. J Intensive Care. 2020 Sep 14;8:70. doi: 
10.1186/s40560-020-00483-y, PMID 32939266. 

52. Manolis AS, Manolis TA, Manolis AA, Papatheou D, Melita H. 
COVID-19 infection: viral macro and micro-vascular coagulopathy 
and thromboembolism/prophylactic and therapeutic 
management. J Cardiovasc Pharmacol Ther. 2021;26(1):12-24. 
doi: 10.1177/1074248420958973, PMID 32924567. 

53. Goshua G, Pine AB, Meizlish ML, Chang CH, Zhang H, Bahel P. 
Endotheliopathy in COVID-19-associated coagulopathy: 
evidence from a single centre cross-sectional study. Lancet 
Haematol. 2020;7(8):e575-82. doi: 10.1016/S2352-
3026(20)30216-7, PMID 32619411. 

54. Kell DB, Lip GY, Pretorius E. Fibrinaloid microclots and atrial 
fibrillation. Biomedicines. 2024;12(4):891. doi: 
10.3390/biomedicines12040891, PMID 38672245. 

55. Gomez K, Laffan M, Bradbury C. Debate: should the dose or 
duration of anticoagulants for the prevention of venous 
thrombosis be increased in patients with COVID-19 while we 
are awaiting the results of clinical trials? Br J Haematol. 
2021;192(3):459-66. doi: 10.1111/bjh.17241, PMID 33236402. 

56. Herlo A, Marinescu AR, Cut TG, Laza R, Oancea CI, Manolescu D. 
Risk factors for pulmonary embolism in individuals infected 
with SARS-CoV2-A single centre retrospective study. 
Biomedicines. 2024;12(4):774. doi: 
10.3390/biomedicines12040774, PMID 38672130. 

57. Mesinovic M, Wong XC, Rajahram GS. At-admission prediction of 
mortality and pulmonary embolism in COVID-19 patients using 
statistical and machine learning methods: an international 
cohort study. 2023 May 18;14(1):1-27. doi: 
10.48550/arXiv.2305.11199. 

58. Kevin Wibawa, Kintan Sari Nastiti, Siti Annisaa 
Meiviani, Pangeran Akbar Syah. Review article: cardiac 
arrhythmia among hospitalized COVID-19 patients. Asean Heart 
J. 2023 Mar;32(1):15-22.  doi: 10.31762/AHJ2332.0103. 

59. Kanuri SH, Jayesh Sirrkay P, Ulucay AS. COVID-19 heart 
unveiling as atrial fibrillation: pathophysiology management 
and future directions for research. Egypt Heart J. 
2023;75(1):36. doi: 10.1186/s43044-023-00359-0, PMID 
37120772. 

60. Tan Z, Huang S, Mei K, Liu M, Ma J, Jiang Y. The prevalence and 
associated death of ventricular arrhythmia and sudden cardiac 
death in hospitalized patients with COVID-19: a systematic 

review and meta-analysis. Front Cardiovasc Med. 
2021;8:795750. doi: 10.3389/fcvm.2021.795750, PMID 
35127861. 

61. Li J, Huang Q, Liang Y, Jiang J, Yang Y, Feng J. The potential 
mechanisms of arrhythmia in coronavirus disease-2019. Int J 
Med Sci. 2024;21(7):1366-77. doi: 10.7150/ijms.94578, PMID 
38818469. 

62. Gopinathannair R, Olshansky B, Chung MK, Gordon S, Joglar JA, 
Marcus GM. Cardiac arrhythmias and autonomic dysfunction 
associated with COVID-19: a scientific statement from the 
American heart association. Circulation. 2024;150(21):e449-
65. doi: 10.1161/CIR.0000000000001290, PMID 39397661. 

63. Calzari L, Dragani DF, Zanotti L, Inglese E, Danesi R, Cavagnola 
R. Epigenetic patterns accelerated biological aging and 
enhanced epigenetic drift detected 6 months following COVID-
19 infection: insights from a genome-wide DNA methylation 
study. Clin Epigenetics. 2024;16(1):112. doi: 10.1186/s13148-
024-01724-9, PMID 39164752. 

64. Amraei R, Rahimi N. COVID-19, rennin angiotensin system and 
endothelial dysfunction. Cells. 2020;9(7):1652. doi: 
10.3390/cells9071652, PMID 32660065. 

65. Beacon TH, Delcuve GP, Davie JR. Epigenetic regulation of ACE2, 
the receptor of the SARS-CoV-2 virus1. Genome. 
2021;64(4):386-99. doi: 10.1139/gen-2020-0124, PMID 
33086021. 

66. Merhavy ZI, Junor T, Gonzalez A, De Filippis SM, Oveisitork S, 
Rivera E. Long COVID: a comprehensive overview of the signs 
and symptoms across multiple organ systems. Korean J Fam 
Med. 2024;45(6):305-16. doi: 10.4082/kjfm.24.0085, PMID 
39600184. 

67. Kodaira M, Hasan MS, Grossman Y, Guerrero C, Guo L, Liu A. 
Risk of cardiovascular events after influenza infection related 
hospitalizations in adults with congenital heart disease: a 
nationwide population based study. Am Heart J. 2024;278:93-
105. doi: 10.1016/j.ahj.2024.08.023, PMID 39241939. 

68. Chen T, Chen H, Chen P, Zhu L, Mao W, Yao Y. High expression of 
IL6 and decrease in immune cells in COVID-19 patients 
combined with myocardial injury. Front Immunol. 
2023;14:1190644. doi: 10.3389/fimmu.2023.1190644, PMID 
37564653. 

69. Yugar Toledo JC, Yugar LB, Sedenho Prado LG, Schreiber R, 
Moreno H. Pathophysiological effects of SARS-CoV-2 infection 
on the cardiovascular system and its clinical manifestations a 
mini review. Front Cardiovasc Med. 2023;10:1162837. doi: 
10.3389/fcvm.2023.1162837, PMID 37260945. 

70. Aleebrahim Dehkordi E, Mohebalizadeh M, Ganjirad Z, Torabi S, 
Hooshyar D, Saghazadeh A. Cardiovascular complications in 
respiratory viral infections with a focus on COVID-19. IGJ. 
2024;16(2):42-59. doi: 10.18502/igj.v6i2.16409. 

71. Temgoua MN, Boombhi J, Tochie JN, Mokube M, Betou FS, 
Ngowa FN. Potential long term cardiovascular complications in 
coronavirus disease 2019 survivors: lessons from past 
coronavirus diseases. J Xiangya Med. 2020;5:32. doi: 
10.21037/jxym-20-65. 

72. Noutsias M, Fechner H, De De Jonge HD, Wang X, Dekkers D, 
Houtsmuller AB. Human coxsackie adenovirus receptor is 
colocalized with integrins alpha(v)beta(3) and alpha(v)beta(5) 
on the cardiomyocyte sarcolemma and upregulated in dilated 
cardiomyopathy: implications for cardiotropic viral infections. 
Circulation. 2001;104(3):275-80. doi: 
10.1161/01.cir.104.3.275, PMID 11457744. 

73. Piracha ZZ, Gilani SS, Tariq MN, Saeed U, Sohail A, Abbasi UA. 
Decoding cardiovascular complexities in viral infections: 
comprehensive insights. The American Journal of Medical 
Sciences and Pharmaceutical Research. 2024;6(2):35-43. doi: 
10.37547/TAJMSPR/Volume06Issue02-05. 

74. Cenko E, Badimon L, Bugiardini R, Claeys MJ, De Luca G. 
Cardiovascular disease and COVID-19: a position paper from 
the esc working group on coronary pathophysiology and 
microcirculation ESC working group on thrombosis and the 
association for acute cardiovascular care (ACVC), in 
collaboration with the european heart rhythm association 
(EHRA). Cardiovasc Res. 2021 Sep 16:cvab298. doi: 
10.1093/cvr/cvab298. 

https://doi.org/10.1007/s11739-021-02635-w
https://www.ncbi.nlm.nih.gov/pubmed/33484452
https://doi.org/10.1093/eurheartj/ehaa664
https://www.ncbi.nlm.nih.gov/pubmed/32968776
https://doi.org/10.1038/s41569-021-00552-1
https://www.ncbi.nlm.nih.gov/pubmed/33958774
https://doi.org/10.1016/j.carpath.2020.107300
https://www.ncbi.nlm.nih.gov/pubmed/33132119
https://doi.org/10.1007/s00011-022-01611-0
https://www.ncbi.nlm.nih.gov/pubmed/35876879
https://doi.org/10.1038/s12276-021-00649-0
https://www.ncbi.nlm.nih.gov/pubmed/34253862
https://doi.org/10.1038/s41591-020-0868-6
https://www.ncbi.nlm.nih.gov/pubmed/32327758
https://doi.org/10.1186/s40560-020-00483-y
https://www.ncbi.nlm.nih.gov/pubmed/32939266
https://doi.org/10.1177/1074248420958973
https://www.ncbi.nlm.nih.gov/pubmed/32924567
https://doi.org/10.1016/s2352-3026(20)30216-7
https://doi.org/10.1016/s2352-3026(20)30216-7
https://www.ncbi.nlm.nih.gov/pubmed/32619411
https://doi.org/10.3390/biomedicines12040891
https://www.ncbi.nlm.nih.gov/pubmed/38672245
https://doi.org/10.1111/bjh.17241
https://www.ncbi.nlm.nih.gov/pubmed/33236402
https://doi.org/10.3390/biomedicines12040774
https://www.ncbi.nlm.nih.gov/pubmed/38672130
https://doi.org/10.48550/arxiv.2305.11199
https://doi.org/10.31762/AHJ2332.0103
https://doi.org/10.1186/s43044-023-00359-0
https://www.ncbi.nlm.nih.gov/pubmed/37120772
https://doi.org/10.3389/fcvm.2021.795750
https://www.ncbi.nlm.nih.gov/pubmed/35127861
https://doi.org/10.7150/ijms.94578
https://www.ncbi.nlm.nih.gov/pubmed/38818469
https://doi.org/10.1161/cir.0000000000001290
https://www.ncbi.nlm.nih.gov/pubmed/39397661
https://doi.org/10.1186/s13148-024-01724-9
https://doi.org/10.1186/s13148-024-01724-9
https://www.ncbi.nlm.nih.gov/pubmed/39164752
https://doi.org/10.3390/cells9071652
https://www.ncbi.nlm.nih.gov/pubmed/32660065
https://doi.org/10.1139/gen-2020-0124
https://www.ncbi.nlm.nih.gov/pubmed/33086021
https://doi.org/10.4082/kjfm.24.0085
https://www.ncbi.nlm.nih.gov/pubmed/39600184
https://doi.org/10.1016/j.ahj.2024.08.023
https://www.ncbi.nlm.nih.gov/pubmed/39241939
https://doi.org/10.3389/fimmu.2023.1190644
https://www.ncbi.nlm.nih.gov/pubmed/37564653
https://doi.org/10.3389/fcvm.2023.1162837
https://www.ncbi.nlm.nih.gov/pubmed/37260945
https://doi.org/10.18502/igj.v6i2.16409
https://doi.org/10.21037/jxym-20-65
https://doi.org/10.1161/01.cir.104.3.275
https://www.ncbi.nlm.nih.gov/pubmed/11457744
https://doi.org/10.37547/TAJMSPR/Volume06Issue02-05
https://doi.org/10.1093/cvr/cvab298


K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

148 

75. Ouranos K, Vassilopoulos S, Vassilopoulos A, Shehadeh F, 
Mylonakis E. Cumulative incidence and mortality rate of 
cardiovascular complications due to laboratory confirmed 
influenza virus infection: a systematic review and meta-
analysis. Rev Med Virol. 2024;34(1):e2497. doi: 
10.1002/rmv.2497, PMID 38126946. 

76. Shen Y, Kan QC, Xu W, Chu YW, Xiong SD. Coxsackievirus B3 
infection induced viral myocarditis by regulating the expression 
pattern of chemokines in cardiac myocytes. Iran J Allergy 
Asthma Immunol. 2009;8(1):1-9. PMID 19279353. 

77. Zou H, Li Q, Chen J. Angiotensin converting enzyme 2 SNPs as 
the common genetic loci and optimal early identification 
genetic markers for COVID-19. International System for 
Agricultural Science and Technology. 2020;11(8):947. doi: 
10.21203/rs.3.rs-1018735/v1. 

78. Ma Y, Li Q, Chen J, Liu S, Liu S, He X. Angiotensin converting enzyme 
2 SNPs as common genetic loci and optimal early identification 
genetic markers for COVID-19. Pathogens. 2022;11(8):947. doi: 
10.3390/pathogens11080947, PMID 36015068. 

79. Kim YC, Jeong BH. Strong correlation between the case fatality 
rate of COVID-19 and the rs6598045 single nucleotide 
polymorphism (SNP) of the interferon-induced transmembrane 
protein 3 (IFITM3) gene at the population level. Genes. 
2020;12(1):42. doi: 10.3390/genes12010042, PMID 33396837. 

80. Colzani M, Bargehr J, Mescia F, Williams EC, Knight Schrijver V, 
Lee J. Proinflammatory cytokines driving cardiotoxicity in 
COVID-19. Cardiovasc Res. 2024;120(2):174-87. doi: 
10.1093/cvr/cvad174, PMID 38041432. 

81. Colzani M, Bargehr J, Mescia F. Serological mechanisms driving 
cardiotoxicity in COVID-19. Circ Res. 2022;131Suppl 1:3121. 
doi: 10.1161/res.131. 

82. Verma A, Tsao N, Thomann L, Ho YL, Iyengar S, Luoh SW. A 
phenome wide association study of genes associated with 
COVID-19 severity reveals shared genetics with complex 
diseases in the million veteran program. medRxiv. doi: 
10.1101/2021.05.18.21257396. 

83. Ji XS, Chen B, Ze B, Zhou WH. Human genetic basis of severe or 
critical illness in COVID-19. Front Cell Infect Microbiol. 
2022;12:963239. doi: 10.3389/fcimb.2022.963239, PMID 
36204639. 

84. Sagris M, Theofilis P, Antonopoulos AS, Oikonomou E, Tsioufis K, 
Tousoulis D. Genetic predisposition and inflammatory inhibitors in 
COVID-19: where do we stand? Biomedicines. 2022;10(2):242. doi: 
10.3390/biomedicines10020242, PMID 35203452. 

85. Debnath M, Banerjee M, Berk M. Genetic gateways to COVID-19 
infection: implications for risk severity and outcomes. FASEB J. 
2020;34(7):8787-95. doi: 10.1096/fj.202001115R, PMID 
32525600. 

86. Ferreira LC, Gomes CE, Rodrigues Neto JF, Jeronimo SM. 
Genome wide association studies of COVID-19: connecting the 
dots. Infect Genet Evol. 2022;106:105379. doi: 
10.1016/j.meegid.2022.105379, PMID 36280088. 

87. Gholami M, Zoughi M, Hasanzad M, Larijani B, Amoli MM. 
Haplotypic variants of COVID-19 related genes are associated 
with blood pressure and metabolites levels. J Med Virol. 
2023;95(1):e28355. doi: 10.1002/jmv.28355, PMID 36443248. 

88. Upadhyai P, Shenoy PU, Banjan B, Albeshr MF, Mahboob S, 
Manzoor I. Exome wide association study reveals host genetic 
variants likely associated with the severity of COVID-19 in 
patients of European ancestry. Life (Basel). 2022;12(9):1300. 
doi: 10.3390/life12091300, PMID 36143338. 

89. Horowitz JE, Kosmicki JA, Damask A, Sharma D, Roberts GH, 
Justice AE. Genome wide analysis provides genetic evidence 
that ACE2 influences COVID-19 risk and yields risk scores 
associated with severe disease. Nat Genet. 2022;54(4):382-92. 
doi: 10.1038/s41588-021-01006-7, PMID 35241825. 

90. Loktionov A, Kobzeva KA, Dorofeeva A, Babkina M, 
Kolodezhnaya E, Bushueva O. A comprehensive genetic and 
bioinformatic analysis provides evidence for the engagement of 
COVID-19 GWAS-significant loci in the molecular mechanisms 
of coronary artery disease and stroke. Mol Pathol. 
2024;5(3):385-404. doi: 10.3390/jmp5030026. 

91. Hu J, Li C, Wang S, Li T, Zhang H. Genetic variants are identified 
to increase risk of COVID-19 related mortality from UK Biobank 

data. Hum Genomics. 2021;15(1):10. doi: 10.1186/s40246-
021-00306-7, PMID 33536081. 

92. Li C, Chen H. Unlike common pneumonia, COVID-19 is a risk 
factor for multiple cardiovascular diseases: a two-sample 
Mendelian randomization study. Medicine. 
2024;103(52):e41015. doi: 10.1097/MD.0000000000041015, 
PMID 39969327. 

93. Iniguez M, Perez Matute P, Villoslada Blanco P, Recio Fernandez 
E, Ezquerro Perez D, Alba J. ACE gene variants rise the risk of 
severe COVID-19 in patients with hypertension dyslipidemia or 
diabetes. A pilot study. medRxiv. 2021. doi: 
10.1101/2021.03.24.21253576. 

94. Choudhary S, Sreenivasulu K, Mitra P, Misra S, Sharma P. Role of 
genetic variants and gene expression in the susceptibility and 
severity of COVID-19. Ann Lab Med. 2021;41(2):129-38. doi: 
10.3343/alm.2021.41.2.129, PMID 33063674. 

95. Guo H, Li T, Wen HF. Identifying shared genetic loci between 
coronavirus disease 2019 and cardiovascular diseases based on 
cross-trait meta-analysis. Front Microbiol. 2022;13:993933. 
doi: 10.3389/fmicb.2022.993933, PMID 36187959. 

96. Chen Y, Fan C, Liu J. Investigating the shared genetic 
architecture between COVID-19 and obesity: a large scale 
genome wide cross-trait analysis. Front Endocrinol. 
2024;15:1325939. doi: 10.3389/fendo.2024.1325939, PMID 
38352709. 

97. Baranova A, Cao H, Zhang F. Causal associations and shared 
genetics between hypertension and COVID-19. J Med Virol. 
2023;95(4):e28698. doi: 10.1002/jmv.28698, PMID 36951353. 

98. Xiang Y, Chau CK, Qiu J, Rao S, So HC. Exploring causal 
relationships between COVID-19 and cardiometabolic 
disorders: a bi-directional mendelian randomization study. 
medRxiv. 2021. doi: 10.1101/2021.03.20.21254008. 

99. Chang X, Li Y, Nguyen K, Qu H, Liu Y, Glessner J. Genetic 
correlations between COVID-19 and a variety of traits and 
diseases. medRxiv. 2020. doi: 10.1101/2020.12.18.20248319. 

100. Singh H, Nair A, Mahajan SD. Impact of genetic variations of 
gene involved in regulation of metabolism inflammation and 
coagulation on pathogenesis of cardiac injuries associated with 
COVID-19. Pathol Res Pract. 2024;263:155608. doi: 
10.1016/j.prp.2024.155608, PMID 39447244. 

101. Xie J, Feng Y, Newby D, Zheng B, Feng Q, Prats Uribe A. 
Contribution of genetics and lifestyle to the risk of major 
cardiovascular and thromboembolic complications following 
COVID-19. medRxiv. 2022. doi: 10.1101/2022.10.26.22281547. 

102. Sheikh M, Saiyyad A, Jirvankar P. Injectable hydrogels for 
cartilage and bone regeneration: material properties delivery 
strategies and clinical applications. Asian J Pharm Clin Res. 
2025;18(4):70-81. doi: 10.22159/ajpcr.2025v18i4.54016. 

103. Veizades S, Solomonidis EG, Li Z, Passi R, Berkeley B, Stewart 
KR. Abstract 628: molecular mechanisms of COVID-19 in the 
lungs and heart: insights from spatial transcriptomics. 
Arterioscler Thromb Vasc Biol. 2023;43Suppl 1:628. doi: 
10.1161/atvb.43.suppl_1.628. 

104. Chakraborty S, Chatterjee S, Mardi S, Mahata J, Kateriya S, 
Punnakkal P. COVID-19 ORF3a viroporin influenced common 
and unique cellular signaling cascades in lung heart and the 
brain choroid plexus organoids with additional enriched 
microRNA network analyses for lung and the brain tissues. ACS 
Omega. 2023;8(48):45817-33. doi: 
10.1021/acsomega.3c06485, PMID 38075756. 

105. Pham N, Hu F, Evelo CT, Kutmon M. Tissue specific pathway 
activities: a retrospective analysis in COVID-19 patients. Front 
Immunol. 2022;13:963357. doi: 10.3389/fimmu.2022.963357, 
PMID 36189295. 

106. King MC, Marks JH, Mandell JB, New York Breast Cancer Study 
Group. Breast and ovarian cancer risks due to inherited 
mutations in BRCA1 and BRCA2. Science. 2003;302(5645):643-
6. doi: 10.1126/science.1088759, PMID 14576434. 

107. Levine AJ. The cellular gatekeeper for growth and division. Cell. 
1997;88(3):323-31. doi: 10.1016/S0092-8674(00)81871-1, 
PMID 9039259. 

108. De Boeck KD, Amaral MD. Progress in therapies for cystic 
fibrosis. Lancet Respir Med. 2016;4(8):662-74. doi: 
10.1016/S2213-2600(16)00023-0, PMID 27053340. 

https://doi.org/10.1002/rmv.2497
https://www.ncbi.nlm.nih.gov/pubmed/38126946
https://www.ncbi.nlm.nih.gov/pubmed/19279353
https://doi.org/10.21203/rs.3.rs-1018735/v1
https://doi.org/10.3390/pathogens11080947
https://www.ncbi.nlm.nih.gov/pubmed/36015068
https://doi.org/10.3390/genes12010042
https://www.ncbi.nlm.nih.gov/pubmed/33396837
https://doi.org/10.1093/cvr/cvad174
https://www.ncbi.nlm.nih.gov/pubmed/38041432
https://doi.org/10.1161/res.131
https://doi.org/10.1101/2021.05.18.21257396
https://doi.org/10.3389/fcimb.2022.963239
https://www.ncbi.nlm.nih.gov/pubmed/36204639
https://doi.org/10.3390/biomedicines10020242
https://www.ncbi.nlm.nih.gov/pubmed/35203452
https://doi.org/10.1096/fj.202001115r
https://www.ncbi.nlm.nih.gov/pubmed/32525600
https://doi.org/10.1016/j.meegid.2022.105379
https://www.ncbi.nlm.nih.gov/pubmed/36280088
https://doi.org/10.1002/jmv.28355
https://www.ncbi.nlm.nih.gov/pubmed/36443248
https://doi.org/10.3390/life12091300
https://www.ncbi.nlm.nih.gov/pubmed/36143338
https://doi.org/10.1038/s41588-021-01006-7
https://www.ncbi.nlm.nih.gov/pubmed/35241825
https://doi.org/10.3390/jmp5030026
https://doi.org/10.1186/s40246-021-00306-7
https://doi.org/10.1186/s40246-021-00306-7
https://www.ncbi.nlm.nih.gov/pubmed/33536081
https://doi.org/10.1097/MD.0000000000041015
https://www.ncbi.nlm.nih.gov/pubmed/39969327
https://doi.org/10.1101/2021.03.24.21253576
https://doi.org/10.3343/alm.2021.41.2.129
https://www.ncbi.nlm.nih.gov/pubmed/33063674
https://doi.org/10.3389/fmicb.2022.993933
https://www.ncbi.nlm.nih.gov/pubmed/36187959
https://doi.org/10.3389/fendo.2024.1325939
https://www.ncbi.nlm.nih.gov/pubmed/38352709
https://doi.org/10.1002/jmv.28698
https://www.ncbi.nlm.nih.gov/pubmed/36951353
https://doi.org/10.1101/2021.03.20.21254008
https://doi.org/10.1101/2020.12.18.20248319
https://doi.org/10.1016/j.prp.2024.155608
https://www.ncbi.nlm.nih.gov/pubmed/39447244
https://doi.org/10.1101/2022.10.26.22281547
https://doi.org/10.22159/ajpcr.2025v18i4.54016
https://doi.org/10.1161/atvb.43.suppl_1.628
https://doi.org/10.1021/acsomega.3c06485
https://www.ncbi.nlm.nih.gov/pubmed/38075756
https://doi.org/10.3389/fimmu.2022.963357
https://www.ncbi.nlm.nih.gov/pubmed/36189295
https://doi.org/10.1126/science.1088759
https://www.ncbi.nlm.nih.gov/pubmed/14576434
https://doi.org/10.1016/s0092-8674(00)81871-1
https://www.ncbi.nlm.nih.gov/pubmed/9039259
https://doi.org/10.1016/s2213-2600(16)00023-0
https://www.ncbi.nlm.nih.gov/pubmed/27053340


K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

149 

109. Sigismund S, Avanzato D, Lanzetti L. Emerging functions of the 
EGFR in cancer. Mol Oncol. 2018;12(1):3-20. doi: 
10.1002/1878-0261.12155, PMID 29124875. 

110. Yamazaki Y, Zhao N, Caulfield TR, Liu CC, Bu G. Apolipoprotein E 
and Alzheimer disease: pathobiology and targeting strategies. 
Nat Rev Neurol. 2019;15(9):501-18. doi: 10.1038/s41582-019-
0228-7, PMID 31367008. 

111. Ramachandran K, Maity S, Muthukumar AR, Kandala S, Tomar 
D, Abd El Aziz TM. SARS-CoV-2 infection enhances 
mitochondrial PTP complex activity to perturb cardiac 
energetics. iScience. 2022;25(1):103722. doi: 
10.1016/j.isci.2021.103722, PMID 35005527. 

112. Shen Y, Chen M, Gu W, Wan J, Cheng Z, Shen K. The molecular 
mechanism of cardiac injury in SARS-CoV-2 infection: focus on 
mitochondrial dysfunction. J Infect Public Health. 2023;16(5):746-
53. doi: 10.1016/j.jiph.2023.03.015, PMID 36958170. 

113. Mori J, Oudit GY, Lopaschuk GD. SARS-CoV-2 perturbs the 
rennin angiotensin system and energy metabolism. Am J 
Physiol Endocrinol Metab. 2020;319(1):E43-7. doi: 
10.1152/ajpendo.00219.2020, PMID 32469255. 

114. Wang Y, Qu Y, Xu Y, Li D, Lu Z, Li J. Modulation of remote 
epitaxial heterointerface by grapheme assisted attenuative 
charge transfer. ACS Nano. 2023;17(4):4023-33. doi: 
10.1021/acsnano.3c00026, PMID 36744849. 

115. Rodriguez E, Bhattacharjee A. Connection between 
quasisymmetric magnetic fields and anisotropic pressure 
equilibria in fusion plasmas. Phys Rev E. 2021;104(1-2):015213. 
doi: 10.1103/PhysRevE.104.015213, PMID 34412365. 

116. Zhang Y, Wu G, Ji Z, Zhou S, Xue H, Li Z. Significant reorientation 
transition of magnetic damping anisotropy in Co2FeAl Heusler 
alloy films at low temperatures. ACS Appl Mater Interfaces. 
2022;14(20):24039-45. doi: 10.1021/acsami.2c04292, PMID 
35578900. 

117. Wu Z, McGoogan JM. Characteristics of and important lessons from 
the coronavirus disease 2019 (COVID-19) outbreak in china: 
summary of a report of 72 314 cases from the Chinese center for 
disease control and prevention. JAMA. 2020;323(13):1239-42. doi: 
10.1001/jama.2020.2648, PMID 32091533. 

118. COVID-19 Host Genetics Initiative. Mapping the human genetic 
architecture of COVID-19. Nature. 2021;600(7889):472-7. doi: 
10.1038/s41586-021-03767-x, PMID 34237774. 

119. GWAS of severe COVID-19 with respiratory failure. American 
College of Cardiology. Available from: 
https://www.acc.org/latest-in-cardiology/journal-
scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2fla
test-in-
cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53
%2fgenomewideassociation-study-of-severe-
covid%3futm_source%3dchatgpt.com. 

120. Qu HQ, Delfiner MS, Gangireddy C, Vaidya A, Nguyen K, 
Whitman IR. Rare variants in cardiomyopathy genes predispose 
to cardiac injury in severe COVID-19 patients of African or 
Hispanic ancestry. J Mol Med (Berl). 2025;103(2):175-85. doi: 
10.1007/s00109-024-02510-z, PMID 39730912. 

121. Driggin E, Madhavan MV, Bikdeli B, Chuich T, Laracy J, Biondi 
Zoccai G. Cardiovascular considerations for patients health care 
workers and health systems during the COVID-19 pandemic. J 
Am Coll Cardiol. 2020;75(18):2352-71. doi: 
10.1016/j.jacc.2020.03.031, PMID 32201335. 

122. Mehta P, Mc Auley DF, Brown M, Sanchez E, Tattersall RS, 
Manson JJ. COVID-19: consider cytokine storm syndromes and 
immunosuppression. Lancet. 2020;395(10229):1033-4. doi: 
10.1016/S0140-6736(20)30628-0, PMID 32192578. 

123. Ramesh PS, Devegowda D, Singh A, Thimmulappa RK. NRF2, 
p53, and p16: predictive biomarkers to stratify human 
papillomavirus associated head and neck cancer patients for 
de-escalation of cancer therapy. Crit Rev Oncol Hematol. 
2020;148:102885. doi: 10.1016/j.critrevonc.2020.102885, 
PMID 32062315. 

124. Da Silva SJ, Do Nascimento JC, Germano Mendes RP, Guarines 
KM, Targino Alves Da Silva C, Da Silva PG. Two years into the 
COVID-19 pandemic: lessons learned. ACS Infect Dis. 
2022;8(9):1758-814. doi: 10.1021/acsinfecdis.2c00204, PMID 
35940589. 

125. Hunt CL, Andradi Brown DA, Hudson CJ, Bennett Williams J, 
Noades F, Curtis Quick J. Shelter use interactions of invasive 
lionfish with commercially and ecologically important native 
invertebrates on Caribbean coral reefs. PLOS One. 
2020;15(8):e0236200. doi: 10.1371/journal.pone.0236200, 
PMID 32846430. 

126. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli 
A. Baseline characteristics and outcomes of 1591 patients 
infected with SARS-CoV-2 admitted to ICUs of the Lombardy 
region, Italy. JAMA. 2020;323(16):1574-81. doi: 
10.1001/jama.2020.5394, PMID 32250385. 

127. Ikeda J. When and how did the air come in? Eur J Intern Med. 
2021;87:96-7. doi: 10.1016/j.ejim.2021.03.005, PMID 
33757687. 

128. Kianmehr A, Faraoni I, Kucuk O, Mahrooz A. Epigenetic 
alterations and genetic variations of angiotensin converting 
enzyme 2 (ACE2) as a functional receptor for SARS-CoV-2: 
potential clinical implications. Eur J Clin Microbiol Infect Dis. 
2021;40(8):1587-98. doi: 10.1007/s10096-021-04264-9, PMID 
33939044. 

129. Shirvaliloo M. Epigenomics in COVID-19; the link between DNA 
methylation histone modifications and SARS-CoV-2 infection. 
Epigenomics. 2021;13(10):745-50. doi: 10.2217/epi-2021-
0057, PMID 33876664. 

130. Ma A. The role of central ACE2 and Nrf2 sympatho-excitation: 
responses to central angiotensin ii. Theses Diss. 2020 May 
9;447:1-144. 

131. Wolowiec A, Wolowiec L, Grzesk G, Jasniak A, Osiak J, Husejko J. The 
role of selected epigenetic pathways in cardiovascular diseases as a 
potential therapeutic target. Int J Mol Sci. 2023;24(18):13723. doi: 
10.3390/ijms241813723, PMID 37762023. 

132. Beacon TH, Su RC, Lakowski TM, Delcuve GP, Davie JR. SARS-
CoV-2 multifaceted interaction with the human host. Part II: 
Innate immunity response immunopathology and epigenetics. 
IUBMB Life. 2020;72(11):2331-54. doi: 10.1002/iub.2379, 
PMID 32936531. 

133. Ni L, Lin B, Zhang Y, Hu L, Lin J, Fu F. Histone modification 
landscape and the key significance of H3K27me3 in myocardial 
ischaemia/reperfusion injury. Sci China Life Sci. 
2023;66(6):1264-79. doi: 10.1007/s11427-022-2257-9, PMID 
36808292. 

134. Mortazavi Jahromi SS, Aslani M. Dysregulated miRNAs network 
in the critical COVID-19: an important clue for uncontrolled 
immunothrombosis/thromboinflammation. Int 
Immunopharmacol. 2022;110:109040. doi: 
10.1016/j.intimp.2022.109040, PMID 35839566. 

135. Du Y, Du S, Liu L, Gan F, Jiang X, Wangrao K. Radiation induced 
bystander effect can be transmitted through exosomes using 
miRNAs as effector molecules. Radiat Res. 2020;194(1):89-100. 
doi: 10.1667/RADE-20-00019.1, PMID 32343639. 

136. Wang T, Cao Y, Zhang H, Wang Z, Man CH, Yang Y. COVID-19 
metabolism: mechanisms and therapeutic targets. Med. 
2022;3(3):e157. doi: 10.1002/mco2.157, PMID 35958432. 

137. Guarnieri JW, Dybas JM, Fazelinia H, Kim MS, Frere J, Zhang Y. 
Core mitochondrial genes are down regulated during SARS-
CoV-2 infection of rodent and human hosts. Sci Transl Med. 
2023;15(708):eabq1533. doi: 10.1126/scitranslmed.abq1533, 
PMID 37556555. 

138. Pober JS, Sessa WC. Evolving functions of endothelial cells in 
inflammation. Nat Rev Immunol. 2007;7(10):803-15. doi: 
10.1038/nri2171, PMID 17893694. 

139. Calzari L, Zanotti L, Inglese E, Scaglione F, Cavagnola R, Ranucci 
F. Role of epigenetics in the clinical evolution of COVID-19 
disease. Epigenome wide association study identifies markers 
of severe outcome. Eur J Med Res. 2023;28(1):81. doi: 
10.1186/s40001-023-01032-7, PMID 36800980. 

140. Chen L, Liao H, Huang G, Ding S, Guo W, Huang T. Identification 
of DNA methylation signature and rules for SARS-CoV-2 
associated with age. Front Biosci (Landmark Ed). 
2022;27(7):204. doi: 10.31083/j.fbl2707204, PMID 35866388. 

141. Pairo Castineira E, Clohisey S, Klaric L, Bretherick AD, Rawlik K, 
Pasko D. Genetic mechanisms of critical illness in COVID-19. 
Nature. 2021;591(7848):92-8. doi: 10.1038/s41586-020-
03065-y, PMID 33307546. 

https://doi.org/10.1002/1878-0261.12155
https://www.ncbi.nlm.nih.gov/pubmed/29124875
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.1038/s41582-019-0228-7
https://www.ncbi.nlm.nih.gov/pubmed/31367008
https://doi.org/10.1016/j.isci.2021.103722
https://www.ncbi.nlm.nih.gov/pubmed/35005527
https://doi.org/10.1016/j.jiph.2023.03.015
https://www.ncbi.nlm.nih.gov/pubmed/36958170
https://doi.org/10.1152/ajpendo.00219.2020
https://www.ncbi.nlm.nih.gov/pubmed/32469255
https://doi.org/10.1021/acsnano.3c00026
https://www.ncbi.nlm.nih.gov/pubmed/36744849
https://doi.org/10.1103/physreve.104.015213
https://www.ncbi.nlm.nih.gov/pubmed/34412365
https://doi.org/10.1021/acsami.2c04292
https://www.ncbi.nlm.nih.gov/pubmed/35578900
https://doi.org/10.1001/jama.2020.2648
https://www.ncbi.nlm.nih.gov/pubmed/32091533
https://doi.org/10.1038/s41586-021-03767-x
https://www.ncbi.nlm.nih.gov/pubmed/34237774
https://www.acc.org/latest-in-cardiology/journal-scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53%2fgenomewideassociation-study-of-severe-covid%3futm_source%3dchatgpt.com
https://www.acc.org/latest-in-cardiology/journal-scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53%2fgenomewideassociation-study-of-severe-covid%3futm_source%3dchatgpt.com
https://www.acc.org/latest-in-cardiology/journal-scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53%2fgenomewideassociation-study-of-severe-covid%3futm_source%3dchatgpt.com
https://www.acc.org/latest-in-cardiology/journal-scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53%2fgenomewideassociation-study-of-severe-covid%3futm_source%3dchatgpt.com
https://www.acc.org/latest-in-cardiology/journal-scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53%2fgenomewideassociation-study-of-severe-covid%3futm_source%3dchatgpt.com
https://www.acc.org/latest-in-cardiology/journal-scans/2020/06/22/11/53/http%3a%2f%2fwww.acc.org%2flatest-in-cardiology%2fjournalscans%2f2020%2f06%2f22%2f11%2f53%2fgenomewideassociation-study-of-severe-covid%3futm_source%3dchatgpt.com
https://doi.org/10.1007/s00109-024-02510-z
https://www.ncbi.nlm.nih.gov/pubmed/39730912
https://doi.org/10.1016/j.jacc.2020.03.031
https://www.ncbi.nlm.nih.gov/pubmed/32201335
https://doi.org/10.1016/s0140-6736(20)30628-0
https://www.ncbi.nlm.nih.gov/pubmed/32192578
https://doi.org/10.1016/j.critrevonc.2020.102885
https://www.ncbi.nlm.nih.gov/pubmed/32062315
https://doi.org/10.1021/acsinfecdis.2c00204
https://www.ncbi.nlm.nih.gov/pubmed/35940589
https://doi.org/10.1371/journal.pone.0236200
https://www.ncbi.nlm.nih.gov/pubmed/32846430
https://doi.org/10.1001/jama.2020.5394
https://www.ncbi.nlm.nih.gov/pubmed/32250385
https://doi.org/10.1016/j.ejim.2021.03.005
https://www.ncbi.nlm.nih.gov/pubmed/33757687
https://doi.org/10.1007/s10096-021-04264-9
https://www.ncbi.nlm.nih.gov/pubmed/33939044
https://doi.org/10.2217/epi-2021-0057
https://doi.org/10.2217/epi-2021-0057
https://www.ncbi.nlm.nih.gov/pubmed/33876664
https://doi.org/10.3390/ijms241813723
https://www.ncbi.nlm.nih.gov/pubmed/37762023
https://doi.org/10.1002/iub.2379
https://www.ncbi.nlm.nih.gov/pubmed/32936531
https://doi.org/10.1007/s11427-022-2257-9
https://www.ncbi.nlm.nih.gov/pubmed/36808292
https://doi.org/10.1016/j.intimp.2022.109040
https://www.ncbi.nlm.nih.gov/pubmed/35839566
https://doi.org/10.1667/rade-20-00019.1
https://www.ncbi.nlm.nih.gov/pubmed/32343639
https://doi.org/10.1002/mco2.157
https://www.ncbi.nlm.nih.gov/pubmed/35958432
https://doi.org/10.1126/scitranslmed.abq1533
https://www.ncbi.nlm.nih.gov/pubmed/37556555
https://doi.org/10.1038/nri2171
https://www.ncbi.nlm.nih.gov/pubmed/17893694
https://doi.org/10.1186/s40001-023-01032-7
https://www.ncbi.nlm.nih.gov/pubmed/36800980
https://doi.org/10.31083/j.fbl2707204
https://www.ncbi.nlm.nih.gov/pubmed/35866388
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.1038/s41586-020-03065-y
https://www.ncbi.nlm.nih.gov/pubmed/33307546


K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

150 

142. Atlante S, Mongelli A, Barbi V, Martelli F, Farsetti A, Gaetano C. 
The epigenetic implication in coronavirus infection and therapy. 
Clin Epigenetics. 2020;12(1):156. doi: 10.1186/s13148-020-
00946-x, PMID 33087172. 

143. Portela A, Esteller M. Epigenetic modifications and human 
disease. Nat Biotechnol. 2010;28(10):1057-68. doi: 
10.1038/nbt.1685, PMID 20944598. 

144. Tollefsbol, Trygve. Epigenomics in health and disease. 
Amsterdam: Elsevier; 2016. doi: 10.1016/C2013-0-13474-5. 

145. Hlady RA, Sathyanarayan A, Thompson JJ, Zhou D, Wu Q, Pham 
K. Integrating the epigenome to identify drivers of 
hepatocellular carcinoma. Hepatology. 2019;69(2):639-52. doi: 
10.1002/hep.30211, PMID 30136421. 

146. Haluskova J. Epigenetic studies in human diseases. Folia Biol. 
2010;56(3):83-96. PMID 20653993. 

147. Jiang YH, Bressler J, Beaudet AL. Epigenetics and human 
disease. Annu Rev Genomics Hum Genet. 2004;5:479-510. doi: 
10.1146/annurev.genom.5.061903.180014, PMID 15485357. 

148. Zoghbi HY, Beaudet AL. Epigenetics and human disease. Cold 
Spring Harb Perspect Biol. 2016;8(2):a019497. doi: 
10.1101/cshperspect.a019497, PMID 26834142. 

149. Suzuki H. Encyclopedia of life sciences. Chichester UK: John 
Wiley & Sons, Limited; 2001. p. 2012. doi: 
10.1002/9780470015902. 

150. Oh ES, Petronis A. Origins of human disease: the chrono-
epigenetic perspective. Nat Rev Genet. 2021;22(8):533-46. doi: 
10.1038/s41576-021-00348-6, PMID 33903745. 

151. Magklara A, Lomvardas S. Epigenetics and human disease. In: 
Ahituv N, editor. Gene regulatory sequences and human disease. 
New York: Springer New York; 2012. p. 253-79. doi: 
10.1007/978-1-4614-1683-8_12. 

152. Tollefsbol TO. Epigenetics of human disease. In: Epigenetics in 
human disease. Amsterdam: Elsevier; 2012. p. 1-6. doi: 
10.1016/B978-0-12-388415-2.00001-9. 

153. Dopazo J, Maya Miles D, Garcia F, Lorusso N, Calleja MA, Pareja 
MJ. Implementing personalized medicine in COVID-19 in 
Andalusia: an opportunity to transform the healthcare system. J 
Pers Med. 2021;11(6):475. doi: 10.3390/jpm11060475, PMID 
34073493. 

154. Wang LY, Cui JJ, Ouyang QY, Zhan Y, Wang YM, Xu XY. Complex 
analysis of the personalized pharmacotherapy in the 
management of COVID-19 patients and suggestions for 
applications of predictive preventive and personalized 
medicine attitude. EPMA J. 2021;12(3):307-24. doi: 
10.1007/s13167-021-00247-0, PMID 34306260. 

155. Wu G, Wan T. Leveraging genomic data for infectious disease 
surveillance and personalized medicine: advances in public 
health genomics and COVID-19 pathway analysis. TNS. 
2025;68(1):9-15. doi: 10.54254/2753-8818/2025.18030. 

156. Bashkirtsev O, Gaevska V, Bilous Z, Lysa L, Zimba O. Remote 
monitoring for. Proc Shevchenko Sci Soc Med Sci. 
2023;71(1)51-8. doi: 10.25040/ntsh2023.01.14. 

157. Cai Z, Bai H, Ren D, Xue B, Liu Y, Gong T. Integrin αvβ1 facilitates 
ACE2-mediated entry of SARS-CoV-2. Virus Res. 
2024;339:199251. doi: 10.1016/j.virusres.2023.199251, PMID 
37884208. 

158. McGill AR, Kahlil R, Dutta R, Green R, Howell M, Mohapatra S. 
SARS–CoV-2 immuno-pathogenesis and potential for diverse 
vaccines and therapies: opportunities and challenges. Infect Dis 
Rep. 2021;13(1):102-25. doi: 10.3390/idr13010013, PMID 
33557330. 

159. Alipoor SD, Mirsaeidi M. SARS-CoV-2 cell entry beyond the 
ACE2 receptor. Mol Biol Rep. 2022;49(11):10715-27. doi: 
10.1007/s11033-022-07700-x, PMID 35754059. 

160. Yeung ML, Teng JL, Jia L, Zhang C, Huang C, Cai JP. Soluble ACE2-
mediated cell entry of SARS-CoV-2 via interaction with proteins 
related to the renin-angiotensin system. Cell. 
2021;184(8):2212-2228.e12. doi: 10.1016/j.cell.2021.02.053, 
PMID 33713620. 

161. Cannavo A, Liccardo D, Gelzo M, Amato F, Gentile I, Pinchera B. 
Serum galectin-3 and aldosterone: potential biomarkers of 
cardiac complications in patients with COVID-19. Minerva 
Endocrinol (Torino). 2022;47(3):270-8. doi: 10.23736/S2724-
6507.22.03789-7, PMID 35266671. 

162. Nikitopoulou I, Vassiliou AG, Athanasiou N, Jahaj E, Akinosoglou 
K, Dimopoulou I. Increased levels of galectin-3 in critical COVID-
19. Int J Mol Sci. 2023;24(21):15833. doi: 
10.3390/ijms242115833, PMID 37958814. 

163. Portacci A, Diaferia F, Santomasi C, Dragonieri S, Boniello E, Di 
Serio FD. Galectin-3 as prognostic biomarker in patients with 
COVID-19 acute respiratory failure. Respir Med. 
2021;187:106556. doi: 10.1016/j.rmed.2021.106556, PMID 
34375925. 

164. Odabası MS. Contribution of kynurenine/tryptophan ratio to 
early prediction of COVID-19 severity in the emergency 
department. Int J Med Biochem. 2024;7(3):129-35. doi: 
10.14744/ijmb.2024.44712. 

165. Mangge H, Herrmann M, Meinitzer A, Pailer S, Curcic P, Sloup Z. 
Increased kynurenine indicates a fatal course of COVID-19. 
Antioxidants (Basel). 2021;10(12):1960. doi: 
10.3390/antiox10121960, PMID 34943063. 

166. Li X, Eden A, Malwade S, Cunningham JL, Bergquist J, 
Weidenfors JA. Central and peripheral kynurenine pathway 
metabolites in COVID-19: implications for neurological and 
immunological responses. Brain Behav Immun. 2025;124:163-
76. doi: 10.1016/j.bbi.2024.11.031, PMID 39615604. 

167. Dewulf JP, Martin M, Marie S, Oguz F, Belkhir L, De Greef J. Urine 
metabolomics links dysregulation of the tryptophan kynurenine 
pathway to inflammation and severity of COVID-19. Sci Rep. 
2022;12(1):9959. doi: 10.1038/s41598-022-14292-w, PMID 
35705608. 

168. Puccini M, Jakobs K, Reinshagen L, Friebel J, Schencke PA, 
Ghanbari E. Galectin-3 as a marker for increased 
thrombogenicity in COVID-19. Int J Mol Sci. 2023;24(9):7683. 
doi: 10.3390/ijms24097683, PMID 37175392. 

169. Burrell LM, Harrap SB, Velkoska E, Patel SK. The ACE2 gene: its 
potential as a functional candidate for cardiovascular disease. 
Clin Sci (Lond). 2013;124(2):65-76. doi: 10.1042/CS20120269, 
PMID 23013041. 

170. Hsue PY, Waters DD. HIV infection and coronary heart disease: 
mechanisms and management. Nat Rev Cardiol. 
2019;16(12):745-59. doi: 10.1038/s41569-019-0219-9, PMID 
31182833. 

171. Kwaifa IK, Bahari H, Yong YK, Noor SM. Endothelial dysfunction 
in obesity-induced inflammation: molecular mechanisms and 
clinical implications. Biomolecules. 2020;10(2):291. doi: 
10.3390/biom10020291, PMID 32069832. 

172. So Armah K, Benjamin LA, Bloomfield GS, Feinstein MJ, Hsue P, 
Njuguna B. HIV and cardiovascular disease. Lancet HIV. 
2020;7(4):e279-93. doi: 10.1016/S2352-3018(20)30036-9, 
PMID 32243826. 

173. Bennett JM, Reeves G, Billman GE, Sturmberg JP. Inflammation–
nature’s way to efficiently respond to all types of challenges: 
implications for understanding and managing “the epidemic” of 
chronic diseases. Front Med (Lausanne). 2018;5:316. doi: 
10.3389/fmed.2018.00316, PMID 30538987. 

174. Ruytinx P, Proost P, Van Damme J, Struyf S. Chemokine induced 
macrophage polarization in inflammatory conditions. Front 
Immunol. 2018;9:1930. doi: 10.3389/fimmu.2018.01930, PMID 
30245686. 

175. Chang R, Mamun A, Dominic A, Le NT. SARS-CoV-2 mediated 
endothelial dysfunction: the potential role of chronic oxidative 
stress. Front Physiol. 2020;11:605908. doi: 
10.3389/fphys.2020.605908, PMID 33519510. 

176. Grifoni A, Alonzi T, Alter G, Noonan DM, Landay AL, Albini A. 
Impact of aging on immunity in the context of COVID-19, HIV, 
and tuberculosis. Front Immunol. 2023;14:1146704. doi: 
10.3389/fimmu.2023.1146704, PMID 37292210. 

177. Vaduganathan M, Mensah GA, Turco JV, Fuster V, Roth GA. The 
global burden of cardiovascular diseases and risk: a compass 
for future health. J Am Coll Cardiol. 2022;80(25):2361-71. doi: 
10.1016/j.jacc.2022.11.005, PMID 36368511. 

178. Solanki ND, Pandya TR, Rathod J, Rathod V, Panchal K, Rana DA. 
Comparison of American College of Cardiology/American Heart 
Association cardiovascular risk score, Framingham risk scores, 
European Society of Cardiology cardiovascular disease risk 
calculator, QRISK3-2018 risk calculator in patients presenting 
with first time with myocardial infarction: a step toward the 

https://doi.org/10.1186/s13148-020-00946-x
https://doi.org/10.1186/s13148-020-00946-x
https://www.ncbi.nlm.nih.gov/pubmed/33087172
https://doi.org/10.1038/nbt.1685
https://www.ncbi.nlm.nih.gov/pubmed/20944598
https://doi.org/10.1016/C2013-0-13474-5
https://doi.org/10.1002/hep.30211
https://www.ncbi.nlm.nih.gov/pubmed/30136421
https://www.ncbi.nlm.nih.gov/pubmed/20653993
https://doi.org/10.1146/annurev.genom.5.061903.180014
https://www.ncbi.nlm.nih.gov/pubmed/15485357
https://doi.org/10.1101/cshperspect.a019497
https://www.ncbi.nlm.nih.gov/pubmed/26834142
https://doi.org/10.1002/9780470015902
https://doi.org/10.1038/s41576-021-00348-6
https://www.ncbi.nlm.nih.gov/pubmed/33903745
https://doi.org/10.1007/978-1-4614-1683-8_12
https://doi.org/10.1016/B978-0-12-388415-2.00001-9
https://doi.org/10.3390/jpm11060475
https://www.ncbi.nlm.nih.gov/pubmed/34073493
https://doi.org/10.1007/s13167-021-00247-0
https://www.ncbi.nlm.nih.gov/pubmed/34306260
https://doi.org/10.54254/2753-8818/2025.18030
https://doi.org/10.25040/ntsh2023.01.14
https://doi.org/10.1016/j.virusres.2023.199251
https://www.ncbi.nlm.nih.gov/pubmed/37884208
https://doi.org/10.3390/idr13010013
https://www.ncbi.nlm.nih.gov/pubmed/33557330
https://doi.org/10.1007/s11033-022-07700-x
https://www.ncbi.nlm.nih.gov/pubmed/35754059
https://doi.org/10.1016/j.cell.2021.02.053
https://www.ncbi.nlm.nih.gov/pubmed/33713620
https://doi.org/10.23736/s2724-6507.22.03789-7
https://doi.org/10.23736/s2724-6507.22.03789-7
https://www.ncbi.nlm.nih.gov/pubmed/35266671
https://doi.org/10.3390/ijms242115833
https://www.ncbi.nlm.nih.gov/pubmed/37958814
https://doi.org/10.1016/j.rmed.2021.106556
https://www.ncbi.nlm.nih.gov/pubmed/34375925
https://doi.org/10.14744/ijmb.2024.44712
https://doi.org/10.3390/antiox10121960
https://www.ncbi.nlm.nih.gov/pubmed/34943063
https://doi.org/10.1016/j.bbi.2024.11.031
https://www.ncbi.nlm.nih.gov/pubmed/39615604
https://doi.org/10.1038/s41598-022-14292-w
https://www.ncbi.nlm.nih.gov/pubmed/35705608
https://doi.org/10.3390/ijms24097683
https://www.ncbi.nlm.nih.gov/pubmed/37175392
https://doi.org/10.1042/cs20120269
https://www.ncbi.nlm.nih.gov/pubmed/23013041
https://doi.org/10.1038/s41569-019-0219-9
https://www.ncbi.nlm.nih.gov/pubmed/31182833
https://doi.org/10.3390/biom10020291
https://www.ncbi.nlm.nih.gov/pubmed/32069832
https://doi.org/10.1016/s2352-3018(20)30036-9
https://www.ncbi.nlm.nih.gov/pubmed/32243826
https://doi.org/10.3389/fmed.2018.00316
https://www.ncbi.nlm.nih.gov/pubmed/30538987
https://doi.org/10.3389/fimmu.2018.01930
https://www.ncbi.nlm.nih.gov/pubmed/30245686
https://doi.org/10.3389/fphys.2020.605908
https://www.ncbi.nlm.nih.gov/pubmed/33519510
https://doi.org/10.3389/fimmu.2023.1146704
https://www.ncbi.nlm.nih.gov/pubmed/37292210
https://doi.org/10.1016/j.jacc.2022.11.005
https://www.ncbi.nlm.nih.gov/pubmed/36368511


K. Dawale et al. 
Int J App Pharm, Vol 17, Issue 6, 2025, 130-151 

151 

development of Indian cardiac risk score. Apollo Med. 
2024;21(3):218-23. doi: 10.1177/09760016241245243. 

179. Gallucci G, Turazza FM, Inno A, Canale ML, Silvestris N, Fari R. 
Atherosclerosis and the bidirectional relationship between 
cancer and cardiovascular disease: from bench to bedside-part 
1. Int J Mol Sci. 2024;25(8):4232. doi: 10.3390/ijms25084232, 
PMID 38673815. 

180. Batta I, Patial R, Sobti RC, Agrawal DK. Computational biology in 
the discovery of biomarkers in the diagnosis treatment and 
management of cardiovascular diseases. Cardiol Cardio Vasc 
Med. 2024;8(5):405-14. doi: 10.26502/fccm.92920400, PMID 
39328401. 

181. Bao J, Lee BN, Wen J, Kim M, Mu S, Yang S. Employing informatics 
strategies in Alzheimer’s disease research: a review from genetics 
multiomics and biomarkers to clinical outcomes. Annu Rev Biomed 
Data Sci. 2024;7(1):391-418. doi: 10.1146/annurev-biodatasci-
102423-121021, PMID 38848574. 

182. Blankenberg S, Barbaux S, Tiret L. Adhesion molecules and 
atherosclerosis. Atherosclerosis. 2003;170(2):191-203. doi: 
10.1016/S0021-9150(03)00097-2, PMID 14612198. 

183. Cauwe B, Opdenakker G. Intracellular substrate cleavage: a 
novel dimension in the biochemistry biology and pathology of 
matrix metalloproteinases. Crit Rev Biochem Mol Biol. 
2010;45(5):351-423. doi: 10.3109/10409238.2010.501783, 
PMID 20812779. 

184. Tahir UA, Gerszten RE. Molecular biomarkers for 
cardiometabolic disease: risk assessment in young individuals. 
Circ Res. 2023;132(12):1663-73. doi: 
10.1161/CIRCRESAHA.123.322000, PMID 37289904. 

185. Westerlund AM, Hawe JS, Heinig M, Schunkert H. Risk 
prediction of cardiovascular events by exploration of molecular 
data with explainable artificial intelligence. Int J Mol Sci. 
2021;22(19):10291. doi: 10.3390/ijms221910291, PMID 
34638627. 

186. Martins C, Dreij K, Costa PM. The state-of-the art of 
environmental toxicogenomics: challenges and perspectives of 
omics approaches directed to toxicant mixtures. Int J Environ 
Res Public Health. 2019;16(23):4718. doi: 
10.3390/ijerph16234718, PMID 31779274. 

187. Khan SU, Saeed S, Alsuhaibani AM, Fatima S, Ur Rehman K, 
Zaman U. Advances and challenges for GWAS analysis in cardiac 
diseases: a focus on coronary artery disease (CAD). Curr Probl 
Cardiol. 2023;48(9):101821. doi: 
10.1016/j.cpcardiol.2023.101821, PMID 37211304. 

188. O Sullivan JW, Raghavan S, Marquez Luna C, Luzum JA, 
Damrauer SM, Ashley EA. Polygenic risk scores for 
cardiovascular disease: a scientific statement from the 
American Heart Association. Circulation. 2022;146(8):e93-
e118. doi: 10.1161/CIR.0000000000001077, PMID 35862132. 

189. Rroji M, Spasovski G. Omics studies in CKD: diagnostic 
opportunities and therapeutic potential. Proteomics. 
2025;25(11-12):e202400151. doi: 10.1002/pmic.202400151, 
PMID 39523931. 

190. Maturo MG, Soligo M, Gibson G, Manni L, Nardini C. The greater 
inflammatory pathway high clinical potential by innovative 
predictive preventive and personalized medical approach. 
EPMA J. 2020;11(1):1-16. doi: 10.1007/s13167-019-00195-w, 
PMID 32140182. 

191. Sheikh M, Jirvankar PS. Harnessing artificial intelligence for 
enhanced nanoparticle design in precision oncology. AIMSBOA. 
2024;11(4):574-97. doi: 10.3934/bioeng.2024026. 

192. Shah S. Revolutionizing biology through neural networks: a deep 
dive into microscopy image processing and drawings. 
Bioengineering. 2023;1:1-7. doi: 
10.20944/preprints202308.1220.v1. 

193. Roseiro M, Henriques J, Paredes S, Rocha T, Sousa J. An 
interpretable machine learning approach to estimate the 
influence of inflammation biomarkers on cardiovascular risk 
assessment. Comput Methods Programs Biomed. 
2023;230:107347. doi: 10.1016/j.cmpb.2023.107347, PMID 
36645940. 

194. Jain N, Nagaich U, Pandey M, Chellappan DK, Dua K. Predictive 
genomic tools in disease stratification and targeted prevention: 
a recent update in personalized therapy advancements. EPMA J. 
2022;13(4):561-80. doi: 10.1007/s13167-022-00304-2, PMID 
36505888. 

195. Hassija V, Chamola V, Mahapatra A, Singal A, Goel D, Huang K. 
Interpreting black-box models: a review on explainable 
artificial intelligence. Cognit Comput. 2024;16(1):45-74. doi: 
10.1007/s12559-023-10179-8. 

196. Rane N, Choudhary S, Rane J. Explainable artificial intelligence 
(xai) in healthcare: interpretable models for clinical decision 
support. SSRN Journal. 2023. doi: 10.2139/ssrn.4637897. 

197. Pallanti S, Bernardi S, Quercioli L. The shorter PROMIS 
questionnaire and the internet addiction scale in the 
assessment of multiple addictions in a high school population: 
prevalence and related disability. CNS Spectr. 2006;11(12):966-
74. doi: 10.1017/S1092852900015157, PMID 17146410. 

198. Kim SJ, Mesquita FC, Hochman Mendez C. New biomarkers for 
cardiovascular disease. Tex Heart Inst J. 2023;50(5):e238178. 
doi: 10.14503/THIJ-23-8178, PMID 37846107. 

199. Filipovic MG, Luedi MM. Cardiovascular biomarkers: current 
status and future directions. Cells. 2023;12(22):2647. doi: 
10.3390/cells12222647, PMID 37998382. 

200. Welsh P, Kimenai DM, Shah AS, Gadd DA, Marioni RE, Woodward 
M. Multiple cardiac biomarkers to improve prediction of 
cardiovascular events: findings from the generation Scotland 
Scottish Family Health study. Clin Chem. 2024;70(2):403-13. 
doi: 10.1093/clinchem/hvad205, PMID 38069915. 

201. Rai V. Current and future role of biomarkers in the monitoring 
and prognosis of coronary artery disease. Future Cardiol. 
2025;21(6):331-3. doi: 10.1080/14796678.2025.2477947, 
PMID 40062458. 

202. Khera R, Oikonomou EK, Nadkarni GN, Morley JR, Wiens J, Butte 
AJ. Transforming cardiovascular care with artificial intelligence: 
from discovery to practice: JACC state-of-the-art review. J Am 
Coll Cardiol. 2024;84(1):97-114. doi: 
10.1016/j.jacc.2024.05.003, PMID 38925729. 

203. Topol EJ. High performance medicine: the convergence of 
human and artificial intelligence. Nat Med. 2019;25(1):44-56. 
doi: 10.1038/s41591-018-0300-7, PMID 30617339. 

204. Byrne P, Cullinan J, Smith SM. Statins for primary prevention of 
cardiovascular disease. BMJ. 2019;367:l5674. doi: 
10.1136/bmj.l5674, PMID 31619406. 

205. Mosby CA, Bhar S, Phillips MB, Edelmann MJ, Jones MK. 
Interaction with mammalian enteric viruses alters outer 
membrane vesicle production and content by commensal 
bacteria. J Extracell Vesicles. 2022;11(1):e12172. doi: 
10.1002/jev2.12172, PMID 34981901. 

206. Alvarez Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. 
Delivery of siRNA to the mouse brain by systemic injection of 
targeted exosomes. Nat Biotechnol. 2011;29(4):341-5. doi: 
10.1038/nbt.1807, PMID 21423189. 

207. Popejoy AB, Fullerton SM. Genomics is failing on diversity. 
Nature. 2016;538(7624):161-4. doi: 10.1038/538161a, PMID 
27734877. 

208. H3Africa Consortium, Rotimi C, Abayomi A, Abimiku A, 
Adabayeri VM, Adebamowo C. Research capacity. Enabling the 
genomic revolution in Africa. Science. 2014;344(6190):1346-8. 
doi: 10.1126/science.1251546, PMID 24948725.

 

https://doi.org/10.1177/09760016241245243
https://doi.org/10.3390/ijms25084232
https://www.ncbi.nlm.nih.gov/pubmed/38673815
https://doi.org/10.26502/fccm.92920400
https://www.ncbi.nlm.nih.gov/pubmed/39328401
https://doi.org/10.1146/annurev-biodatasci-102423-121021
https://doi.org/10.1146/annurev-biodatasci-102423-121021
https://www.ncbi.nlm.nih.gov/pubmed/38848574
https://doi.org/10.1016/s0021-9150(03)00097-2
https://www.ncbi.nlm.nih.gov/pubmed/14612198
https://doi.org/10.3109/10409238.2010.501783
https://www.ncbi.nlm.nih.gov/pubmed/20812779
https://doi.org/10.1161/circresaha.123.322000
https://www.ncbi.nlm.nih.gov/pubmed/37289904
https://doi.org/10.3390/ijms221910291
https://www.ncbi.nlm.nih.gov/pubmed/34638627
https://doi.org/10.3390/ijerph16234718
https://www.ncbi.nlm.nih.gov/pubmed/31779274
https://doi.org/10.1016/j.cpcardiol.2023.101821
https://www.ncbi.nlm.nih.gov/pubmed/37211304
https://doi.org/10.1161/cir.0000000000001077
https://www.ncbi.nlm.nih.gov/pubmed/35862132
https://doi.org/10.1002/pmic.202400151
https://www.ncbi.nlm.nih.gov/pubmed/39523931
https://doi.org/10.1007/s13167-019-00195-w
https://www.ncbi.nlm.nih.gov/pubmed/32140182
https://doi.org/10.3934/bioeng.2024026
https://doi.org/10.20944/preprints202308.1220.v1
https://doi.org/10.1016/j.cmpb.2023.107347
https://www.ncbi.nlm.nih.gov/pubmed/36645940
https://doi.org/10.1007/s13167-022-00304-2
https://www.ncbi.nlm.nih.gov/pubmed/36505888
https://doi.org/10.1007/s12559-023-10179-8
https://doi.org/10.2139/ssrn.4637897
https://doi.org/10.1017/s1092852900015157
https://www.ncbi.nlm.nih.gov/pubmed/17146410
https://doi.org/10.14503/thij-23-8178
https://www.ncbi.nlm.nih.gov/pubmed/37846107
https://doi.org/10.3390/cells12222647
https://www.ncbi.nlm.nih.gov/pubmed/37998382
https://doi.org/10.1093/clinchem/hvad205
https://www.ncbi.nlm.nih.gov/pubmed/38069915
https://doi.org/10.1080/14796678.2025.2477947
https://www.ncbi.nlm.nih.gov/pubmed/40062458
https://doi.org/10.1016/j.jacc.2024.05.003
https://www.ncbi.nlm.nih.gov/pubmed/38925729
https://doi.org/10.1038/s41591-018-0300-7
https://www.ncbi.nlm.nih.gov/pubmed/30617339
https://doi.org/10.1136/bmj.l5674
https://www.ncbi.nlm.nih.gov/pubmed/31619406
https://doi.org/10.1002/jev2.12172
https://www.ncbi.nlm.nih.gov/pubmed/34981901
https://doi.org/10.1038/nbt.1807
https://www.ncbi.nlm.nih.gov/pubmed/21423189
https://doi.org/10.1038/538161a
https://www.ncbi.nlm.nih.gov/pubmed/27734877
https://doi.org/10.1126/science.1251546
https://www.ncbi.nlm.nih.gov/pubmed/24948725

	INTRODUCTION
	Limitations and future directions
	CONCLUSION
	FUNDING
	ABBREVIATIONS
	AUTHORS CONTRIBUTIONS
	CONFLICT OF INTERESTS
	REFERENCES

