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Central message 29 

The strong association between COVID-19 and CVD comorbidity points towards the 30 

COVID-19 mediated dysregulation of ACE2 and subsequent activation of multiple 31 

proinflammatory signaling pathways. 32 

 33 
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Perspective statement 52 

The molecular associations of ACE2 signaling axis regarding CVDs are interconnected 53 

with the major sheddases (ADAM 17 and CTSL), TLRs, and NLRP3 inflammasome 54 

contributing to the overall pro-inflammatory pool and subsequent cytokine burst leading to 55 

aggravated COVID-19-CVD comorbidity. Understanding the potential targets in these 56 

associations exhibits immense translational significance.  57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 



4 

 

Central picture legend: 75 

 76 

Biochemical events and molecular transit in aggravated COVID-19-CVD comorbidity 77 
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Abstract 98 

The growing rate of COVID-19 infection has resulted in serious health crisis and caused 99 

a huge socio-economic burden across the globe. Apart from the respiratory system, COVID-19 100 

displayed severe pathological impact on other organs especially in the cardiovascular system as 101 

evident from the increased risk of infection and mortality among CVD patients. Information on 102 

the underlying molecular mechanisms associated with the aggravated CVD pathology in 103 

COVID-19 patients are largely unknown. Here, we provide an insight into the possible molecular 104 

target(s) to intervene the effects of COVID-19-induced exacerbations and complications in CVD 105 

patients. Inspired from the knowledge on SARS-CoV virology and its closeness to COVID-19, 106 

we present potential molecular associations focusing on central ACE2 signaling axis and 107 

interconnecting the major sheddases (ADAM 17 and CTSL), TLRs, and NLRP3 inflammasome 108 

as the major transit points contributing to overall pro-inflammatory pool and subsequent cytokine 109 

burst leading to aggravated COVID-19-CVD comorbidity. Further understanding of these 110 

molecular mysteries in ideal in-vitro and in-vivo models would open novel translational avenues 111 

for effective management of COVID-19-CVD comorbidity.                   112 

 113 
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Abbreviations: 126 
ACE2 - angiotensin-converting enzyme 2 127 
ARDS - acute respiratory distress syndrome  128 
3CLpro - chymotrypsin-like protease  129 
COVID-19 - coronavirus disease-2019 130 
CSG - Coronavirus Study Group 131 
CVD - Cardiovascular disease 132 
cGAS  - cyclic GMP-AMP synthase  133 
DAMPs- damage-associated molecular patterns  134 
DMV - double-membrane vesicle 135 
ERGIC - ER-Golgi intermediate compartment  136 
IRF3 - interferon regulatory factor 3 137 
MDA5 - melanoma differentiation-associated gene 5 138 
MP - matrix protein 139 
Mpro - main protease  140 
MVAS - mitochondrial antiviral-signaling protein 141 
NCP -nucleo-capsid protein  142 
Nsps - non-structural proteins  143 
ORFs - open reading frames  144 
PAMPs- pathogen-associated molecular patterns  145 
PLPs - papain-like proteases 146 
PRRs - pattern recognition receptors  147 
RAS - renin-angiotensin system 148 
RIG-1 - retinoic-acid inducible gene I 149 
SARS-Cov-2 - severe acute respiratory syndrome coronavirus  150 
SEP - small envelope protein  151 
SG - spike glycoprotein  152 
sgRNAs - subgenomic RNAs 153 
STING - stimulator of interferon genes protein 154 
TMPRSS2- transmembrane protease/serine subfamily member 2 155 
TRIF - TIR-domain-containing adaptor protein including IFN-β 156 
UTRs - untranslated regions  157 
VLP - virus-like particles 158 
VPB - viral particle buds 159 
WHO - World Health Organization 160 
   161 
 162 
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Introduction 167 

The emergence and pandemic spread of an acute respiratory disease caused due to a 168 

novel strain of SARS-Cov-2 (severe acute respiratory syndrome coronavirus 2), the COVID-19 169 

(the coronavirus disease 2019) continues to threaten the global population. The increased rate of 170 

COVID-19 infection has resulted in a global health crisis and caused a huge economic burden in 171 

affected nations across the globe. The virus is believed to originate in bats and transmitted to 172 

humans possibly through an unknown carrier species in Wuhan, Hubei province, China, 173 

sometime in December 20191. However, proper scientific evidence is currently unavailable to 174 

prove/refute this theory and extensive investigations have been initiated to unveil this mystery. 175 

Also, the entire world is hoping on medical sciences and medical research to tame COVID-19.    176 

As of 10th May 2020, about 4.1 million confirmed cases with more than 282,500 deaths 177 

have been reported globally. The incidence in most affected countries as of 10th May, 2020 178 

include 1.35 million cases and 80,246 deaths in the United States, ~224,000 cases and 26,478 179 

deaths in Spain, ~218,000 cases and 30,395 deaths in Italy, ~215,000 cases and 31,587 deaths in 180 

the United Kingdom, and ~199,000 cases and 1,824 deaths in Russia 2. Unfortunately, the 181 

number of confirmed cases and mortality are increasing at an alarming rate. In addition, the 182 

recent studies revealed the basic reproduction number (R0) of COVID-19 to be around 2.2 which 183 

is in the range of 1.4 - 6.53. This suggests that each COVID-19 patients could infect 2.2 people. 184 

Fundamentally, the R0 values represent the spread of an infection and R0 > 1 is an indication of 185 

population/community spread4. Incubation period of COVID-19 after the transmission via 186 

inhalation or contact with infected droplets from the respiratory tract of infected individual is 187 

usually around 2 weeks and is asymptomatic during the initial incubation phase1. Moreover, the 188 

usual symptoms include fever, dry cough, sore throat, fatigue, weakness and 189 
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breathing/swallowing difficulties5. The disease is mild-to-moderate in healthy individuals; 190 

however, is severe-to-fatal in elderly population and those with other comorbidities, including 191 

diabetes and cardiovascular diseases (CVDs), leading to pneumonia, acute respiratory distress 192 

syndrome (ARDS) and subsequently to organ failures1. Supportive treatments are being 193 

administered to COVID-19 patients; however, specific antiviral agents are warranted. 194 

On 22nd January 2020, World Health Organization (WHO) coined the term COVID-19 195 

and Coronavirus Study Group (CSG) of the International Committee defined  COVID-19 as 196 

SARS-CoV-2 on 11th February 2020.  Immediately after the outbreak in Wuhan, the Chinese 197 

researchers succeeded to isolate and sequence COVID-19 genome which opened further research 198 

opportunities in COVID-19 management5. Apart from the respiratory system, COVID-19 has 199 

severe pathological impact on other organs especially in cardiovascular system as evident from 200 

the increased risk of mortality and infection among CVD patients. For instance, a recent case 201 

report from Washington State, USA, revealed congestive heart failure to be the second most 202 

common baseline comorbidity (~43%) next to the renal failure (47.6%) in COVID-19 subjects 6. 203 

Specifically, cardiac arrhythmias, acute MI, myocarditis, and cardiac failure are the potential 204 

cardiovascular complications associated with COVID-19 infection7 8 9. Unfortunately, very 205 

limited information is available on the underlying molecular mechanisms associated with the 206 

aggravated CVD pathology in COVID-19 patients. On this juncture, the major focus of this 207 

article is to provide an insight into the possible molecular signaling which may identify target(s) 208 

and pave multiple ways to intervene the CVD complications in COVID-19 subjects.   209 

Etiology and transmission 210 

COVID-19 belongs to coronaviruses which are (+)stranded RNA viruses of the order 211 

Nidovirales, family Coronaviridae and the sub-family Orthocoronavirinae. In general, the 212 
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corona viruses are classified into four genera (α-coronavirus, β-coronavirus, δ-coronavirus, and 213 

γ-coronavirus)10. The genetic constitution studies and evolutionary analysis support the bats and 214 

rodents to be the possible source of α-coronavirus and β-coronavirus whereas δ-coronavirus, and 215 

γ-coronavirus are expected to be derived from avian species11. The characteristic crown-like 216 

morphology under electron microscope due to the presence of spike glycoproteins covering the 217 

envelope confined the name corona virus as the word ‘coronam’ in Latin means crown 11. 218 

COVID-19 is a β-coronavirus which exists in round, elliptic and pleomorphic morphology with 219 

average diameter of 60–140 nm. Moreover, sensitivity to heat and UV rays are their 220 

characteristics. Hence, it is logical that COVID-19 can be effectively inactivated by organic 221 

solvents and detergents due to the solubility of constituent lipids from their envelope11. 222 

COVID-19 shares 89% sequence identity with bat SARS-like-CoVZXC21 and 82% with 223 

human SARS-CoV; therefore, named SARS-CoV-212. The phylogenic analysis based on receptor 224 

similarities revealed the possibilities of intermediate hosts including pangolin, turtles and 225 

snakes13. The transmission of COVID-19 is human-to-human, mainly among those who has 226 

intimate contact with the patients or incubation carriers; however, the transmission routine is still 227 

unknown11. The symptomatic peoples have been the predominant source of COVID-19 spread 228 

whereas the risk of transmission by pre-symptomatic/asymptomatic patients is also very high. 229 

This suggests that the isolation of COVID-19 patients and carriers is an ideal preventive measure 230 

to control the spread of COVID-19. In addition, aerosol transmission has been reported to be the 231 

potent means for COVID-19 transmission which occurs via the respiratory aerosols discharged 232 

by patients while sneezing or coughing5. The nasal droplets carry greater viral load and are 233 

reported to spread 1-2-meter diameter and are deposited on surfaces. The COVID-19 is capable 234 

of surviving on various surfaces for several days; however, can be destroyed by the disinfectants 235 
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within a minute14. The possibilities of COVID-19 transmission via stool and contaminated water 236 

have also been hypothesized which warrant further scientific proof15. Even though the evidence 237 

for vertical transplantation is unavailable, a case of post-natal transmission has been reported15.  238 

Moreover, it is believed that the pro-inflammatory microenvironment created by COVID-19 239 

infection results in increased metabolic demand leading to secondary complications including 240 

CVD malfunction16. Hence, this could be the possible explanation for the increased mortality 241 

rate in elderly and the patients who have inflammatory or metabolic disorders. Further studies 242 

are required to unveil the underlying molecular pathology. 243 

In the current pandemic scenario of COVID-19, it is worthy to mention two major 244 

virulent strains; the S and L strains. S type is the ancestral strain from which L type was evolved 245 

due to the single nucleotide polymorphism (SNP) at position 8,782. Alternatively, we are lacking 246 

proper scientific evidence whether the evolution of L strain occurred in human or in the 247 

intermediate host. Furthermore, L type strain (~70%) exhibits more virulence and is more 248 

contagious when compared to the S strain (~30%)17. Also, the molecular mechanisms underlying 249 

the strain switch is unknown which recommends further research.   250 

Genome, structure and pathophysiology 251 

COVID-19 is an enveloped positive stranded RNA virus with a nucleocapsid. The 252 

+ssRNA of viral genome is ~30kb long and contains 5′-cap and 3′-poly-A tail and the COVID-253 

19 strain isolated from Wuhan revealed 29.9 kb18. COVID-19 ssRNA contains 29,891 254 

nucleotides with  38% G+C content encoding 9,860 amino acids and has two untranslated 255 

regions (UTRs) and open reading frames (ORFs)12. The genome contains 6-11 ORFs where the 256 

two-thirds of viral genome is contained in the first ORF (ORF1a/b) which codes for two 257 

polyproteins (pp1a and pp1ab) and 16 non-structural proteins (Nsps)19 12. The functions and 258 
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functional domains of the non-structural proteins are displayed in Figure 1A12. The structural 259 

and accessory proteins are coded by the remaining ORFs including spike glycoprotein (SG), 260 

small envelope protein (SEP), nucleocapsid protein (NCP) and matrix protein (MP)20. The 261 

genome of COVID-19 is organized in the order of 5’-orf1/ab (replicase)-structural proteins (SG-262 

SEP-MP-NCP)-3’. Interestingly, COVID-19 lacks the hemagglutinin-esterase gene which is the 263 

characteristics of β-corona viruses12.  The frameshift between ORF1a and ORF1b drives the 264 

translation of pp1a and pp1ab which, in turn, are proteolytically processed by viral-encoded 265 

chymotrypsin-like protease (3CLpro) or main protease (Mpro). On the other hand, the 16 Nsps 266 

are processed by papain-like proteases (PLPs)11. The expression of COVID-19 proteins is 267 

facilitated by replication-transcription complex (RCT) mediated through subgenomic RNAs 268 

(sgRNAs). Also, the termination sequences are interspaced between ORFs21. The genomic 269 

organization and the structural composition of COVID-19 are displayed in Figures 1A and 1B. 270 

Interestingly, the cumulative action of all structural proteins of COVID-19 and other 271 

coronaviruses are not required to assemble the infectious virion suggesting their additional 272 

overlapping functions22. For instance, the most structural proteins are associated with various 273 

aspects of viral replication. SG mediates the attachment to the receptor and membrane fusion 274 

between COVID-19 and host cells. In addition, the SG binding facilitates viral infusion in the 275 

adjacent uninfected cells suggesting that the activity of SG determines the transmission potential 276 

and tropism of COVID-1923. Based on this observation, it is logical that the syncytia formation is 277 

the primary mechanism of direct viral entry between the host cells destabilizing their neutralizing 278 

antibodies24. The SG is composed of S1 and S2 domains. The S1 domain mediates receptor 279 

binding employing both N and C terminal ends and the S2 domain drives the fusion of COVID-280 

19 with the host cell membrane23. The 3D structural analysis of the S1 domain of COVID-19 281 
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revealed the presence of a core domain and an external subdomain. The external subdomain 282 

shares more similarities with SARS-COV unveiling angiotensin-converting enzyme 2 (ACE2) as 283 

the major receptor for COVID-1923. 284 

Following the membrane fusion using the S2 domain, the viral genome is released to the 285 

cytosol where the uncoated viral genome initiates the translation of pp1a and pp1ab. The pp1a 286 

and pp1ab code for Nsps required for the assembly of replication transcription complex (RTC) in  287 

double-membrane vesicle (DMV)25, 26. Immediately following the assembly, the RTC initiates 288 

the replication of viral RNA to synthesize a battery of sgRNAs encoding the structural and 289 

accessory proteins. Finally, employing the host endoplasmic reticulum (ER) and Golgi 290 

machinery, the newly formed viral genome and proteins assemble to form viral particle buds 291 

(VPB). VPBs are virion containing vesicles which ultimately fuses with the host cell plasma 292 

membrane to release the virus27,28. COVID-19 shares similar molecular mechanisms with other 293 

β-coronaviruses and the available information regarding COVID-19 infection cycle and 294 

pathology is mainly based on SARS-CoV. Hence, a detailed understanding of COVID-19 295 

molecular pathology is warranted to develop effective management strategies.    296 

The NCP is RNA genome binding protein that is primarily involved in the assembly and 297 

stability of nucleocapsid. In addition, NCP is associated with viral replication, host cell response, 298 

synthesis of virus-like particles (VLPs) and virion formation22. The shape of the viral envelope is 299 

defined by MP which drives the virion assembly where the envelope formation is facilitated by 300 

the homotypic interactions of MP29. In addition, MP interacts with SG to retain ER-Golgi 301 

intermediate compartment (ERGIC) and/or Golgi complex for loading the viral particles22. 302 

Furthermore, the interaction between MP and NCP exhibits multiple functions including the 303 

stabilization of nucleocapsid and internal core of virions and the orchestration of viral 304 
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assembly22. Similarly, as the name implies, SEP is the smallest of the major structural proteins of 305 

coronaviruses. The drastic upregulation of SEP inside the host cell has been observed during the 306 

replication phase; however, limited amount is incorporated to the envelope30. In addition, the 307 

SEP has been traced abundantly in ER, Golgi and ERGIC suggesting its potential role in virion 308 

assembly and budding31. In short, SEP and MP constitute the major part of the envelope and their 309 

interactions play a significant role in the formation and release of VLPs32. Moreover, the recent 310 

studies on recombinant coronaviruses lacking SEP revealed poor propagation and minimal 311 

virulence22 suggesting significant translational opportunities. The detailed understanding 312 

regarding the structural proteins and Nsps would open novel avenues in the development of 313 

potential therapeutic/diagnostic targets to effectively manage COVID-19; however, warrants 314 

further research on proteomics, genomics and metabolomics to accomplish this goal. The 315 

biological events associated with COVID-19 infection is displayed in Figure 2 and further 316 

detailed information is described in the following sections.   317 

Immunopathology of COVID-19 318 

Upon entry to the host cells, the coronaviruses are detected by the conventional pattern 319 

recognition receptors (PRRs) as viral RNA acts as pathogen-associated molecular patterns 320 

(PAMPs). Generally, multiple intracellular Toll-like receptors (TLR), including TLR3, TLR7, 321 

TLR8 and TLR9, detect viral genome in the endosomal vesicles33. In addition, the viral genome 322 

in the cytosol is recognized by the cytosolic receptors including retinoic-acid inducible gene I 323 

(RIG-I), melanoma differentiation-associated gene 5 (MDA5) and cyclic-GMP-AMP synthase 324 

(cGAS)5. The binding of viral ligands with the receptors initiates the recruitment and assembly 325 

of adaptor proteins including TIR-domain-containing adaptor protein including IFN-β (TRIF), 326 

mitochondrial antiviral-signaling (MAVS) protein and stimulator of interferon genes (STING) 327 
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protein that trigger the activation of transcription factor nuclear factor-κB (NF-κB) and interferon 328 

regulatory factor 3 (IRF3) via MyD88 adapter 34-36. IRF3 triggers the expression of IFN-α/β 329 

whereas NF-κB stimulates the expression of a battery of pro-inflammatory cytokines which 330 

portray anti-viral defense by the host cells36,37. However, dysregulation of innate immune 331 

response against virus results in the immunopathology as evident from the cytokine burst in 332 

COVID-19 patients. Evidently, the inflammatory mediators/cytokines/chemokines including IL-333 

1, IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17, GCSF, MCSF, IP-10, MCP-1, IFN-γ, TNF-334 

α and others were drastically upregulated in COVID-19 patients5. Also, the post-mortem 335 

specimen from COVID-19 patient displayed extreme inflammatory events in the lung alveoli and 336 

exhibited severe lung injury5. Together, COVID-19 infects the respiratory mucosa and 337 

epithelium followed by invasion to other cell types and subsequently elicits adverse immune 338 

responses leading to cytokine burst which ultimately leads to critical clinical conditions or even 339 

death. 340 

As other β-coronaviruses, the COVID-19 elicits lethal cytokine burst leading to human 341 

mortality. Even though inflammation is the first line of defense against viral infections, the 342 

hyperinflammation favors pro-viral features including the spread of virus to other organs 343 

especially via the infiltrated immune cells and circulatory fluids38. Among the highly upregulated 344 

pro-inflammatory cytokines with the predominance of IL-1β 5 suggest the involvement of 345 

NLRP3 inflammasome activation and signaling in COVID-19 pathology. IL-1β is generated by 346 

the proteolytic cleavage of pro–IL-1β by caspase-1 following the activation of NLRP3 347 

inflammasome. NLRP3 assembly is triggered by discrete sensor proteins following the 348 

recognition of pathogen/damage associated molecular patterns (PAMPs and DAMPs) by the cell 349 

surface receptors including TLR2, TLR4 and TREM1. The activation of NLRP3 recruits the 350 
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adapter protein apoptosis-associated speck-like protein containing a caspase recruitment domain 351 

(ASC) which binds and activates caspase-1. Finally, the active NLRP3 inflammasome 352 

upregulates the transcription of pro–IL-1β gene and subsequent activation by caspase-139. Hence, 353 

it is reasonable to speculate that COVID-19 (and other coronaviruses) is capable of modulating 354 

inflammasome activation as evident from significantly increased IL-1β expression38. Evidently, 355 

the ion channel proteins SEP and ORF3a (also called X1 which is a Na/K ion channel) from 356 

SARS-CoV activate NLRP3 suggesting similar possible mechanism in COVID-19 pathology. 357 

The upregulation of ORF3a presents the key biochemical events associated with cytokine burst 358 

including NF-κB activation, Golgi fragmentation, ER stress, disturbed chemokine homeostasis, 359 

dysregulation of vesicle trafficking and eventually cell death. Moreover, ORF3a interferes with 360 

IFN expression and signaling and upregulates fibrinogen, another inducer of cytokine burst40. 361 

Interestingly, ORF3a requires SEP for infection which is evident from the nonviability of the 362 

recombinant  coronavirus lacking ORF3a and SEP41. Also, the NLRP3 signaling of ORF3a is 363 

independent of its ion channel function40. Similar to SARS-CoV, ORF3a in COVID-19 is 364 

expected to trigger NLRP3 inflammasome by facilitating TNF receptor-associated factor 3 365 

(TRAF3)–mediated ubiquitination of ASC and the downstream NF-κB activation40. However, 366 

detailed examination is warranted to understand the NLRP3 activation by COVID-19 which 367 

could open novel translational avenues.  368 

COVID-19 and CVDs 369 

Patients with atherosclerotic heart disease may suffer ischemia in the context of COVID-370 

19. Hence, the patients with chronic CAD/CVD are at the higher risk of COVID-19 fatality due 371 

to increased susceptibility of developing acute coronary syndrome and myocardial infarction 372 

(MI). Specifically, the COVID-19 infection results in increased energy/metabolite demand owing 373 
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to increased cytokine burden by the surviving myocardium that aggravates the ischemic injury 374 

leading to type II MI. Since the COVID-19 infection elicits severe ‘cytokine burst’ resulting in 375 

the elevation of overall cytokine pool, this creates a drastic inflammatory burden in the 376 

cardiovascular system. The resultant acute inflammatory stress within the systemic vessels 377 

results in instability of atherosclerotic plaques and subsequent plaque rupture. Recent seminal 378 

studies revealed drastic increase in cardiac troponins (TnI or TnT) in the patients who developed 379 

myocardial injury following COVID-19 infection. Apart from the troponins, the patients 380 

displayed increased levels of WBC count, CRP and biomarkers of cardiac injury including 381 

creatine kinase, LDH, myoglobin and others42,43. In short, the recent reports consistently 382 

proclaim that the CVD comorbidities in COVID-19 markedly increase the adverse myocardial 383 

events and short-term mortality rate when compared with naïve COVID-19 infection.    384 

The upregulation of diverse pro-inflammatory cytokines including CRP, IL-6, IFN-γ, IL-385 

1 and TNF-α suggests that cytokine burst is the major trigger in the damage of extra-pulmonary 386 

organs/systems including the cardiovascular system44. ACE2, the receptor for COVID-19 SG, is 387 

a carboxypeptidase which plays a pivotal role in cardiovascular and immune system. Being well 388 

known for its cardioprotective function, ACE2 is widely distributed in the heart and lung tissues 389 

suggesting a possible association of the aggravated symptoms in CVD patients45. In addition, the 390 

impaired respiratory function and hypoxemia due to COVID-19 infection induce ischemic 391 

damage to myocardial cells45. Based on these observations, it is logical to consider ACE2 as the 392 

bridge between the primary target organ (lungs) and the cardiovascular system. These findings 393 

suggest that ACE2 signaling acts as a possible transit of molecular pathways that interconnects 394 

cytokine burst and COVID-19-CVD comorbidity. Further investigation is required to establish 395 

the downstream signature pathways to unveil translational significance.  396 
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ACE2 in CVDs 397 

The critical role of renin-angiotensin system (RAS) in CVD has been well established 398 

and ACE2 is a negative regulator for RAS. ACE2 proteolytically inactivates angiotensin (Ang) I 399 

and Ang II and is predominantly expressed in the endothelium of heart and kidneys as well as 400 

several other cell types including alveolar cells and vascular smooth muscle cells (SMCs)46. 401 

ACE2 is a carboxypeptidase, located on the X chromosome, which acts on Ang I to form Ang 1-402 

9 peptide which is the precursor of the vasodilator Ang 1-7. Also, Ang 1-7 is the feedback 403 

inhibitor of Ang II 46,47. Being the major regulator of hypertension and the potent CVD risk 404 

factor, RAS functions in blood pressure homeostasis and electrolyte balance48. As the increased 405 

activation of RAS is associated with CVDs, ACE inhibitors (ACEi) and Ang II antagonists 406 

became effective therapeutics in the management of CVD pathology. However, based on current 407 

information, it is unclear whether COVID-19 patients on ACEi and angiotensin receptor blockers 408 

(ARBs) do worst or better.  However, the heptapeptide Ang 1-7 exerts beneficial effects on CVD 409 

suggesting the contrasting roles of ACE2 and its isoform homologue ACE. Also, the ACE-2-Ang 410 

1-7 axis prevents the CVD pathology suggesting that the alterations in the homeostasis between 411 

ACE-2-Ang 1-7 and ACE-Ang II axes determine the development and progression of CVDs49.   412 

The binding of Ang II with type-1 receptor (AT1R) initiates a series of biochemical 413 

events leading to vasoconstriction, oxidative stress, fibrosis and retention of electrolytes. On the 414 

other hand, ACE2-Ang 1-7 axis via  G-protein coupled protein receptor, Mas, acts as a counter 415 

regulator of RAS by promoting vasodilation, anti-oxidant responses and anti-fibrotic reactions50. 416 

The decline in ACE2 expression following the progression of CVDs enhances the myocardial 417 

dysfunction. In addition, decreased ACE2 activity triggers the activation of myocardial NADPH 418 
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oxidase system leading to superoxide activated oxidative stress, hyperactivation of MMPs which 419 

subsequently aggravate myocardial remodeling 51,52. Since ACE2 is responsible for 420 

counterbalancing the pathological effects of Ang II and its metabolic clearance, the deficiency of 421 

ACE2 enhances Ang II  and decreases Ang 1-7 in circulation and tissues. This leads to early 422 

stage cardiac hypertrophy and fibrosis which are reversible with ACEi and ARB treatment53. 423 

Since ACE2 activation prevents the adverse post-MI cardiac events including LV remodeling 424 

and fibrosis, the administration of ACE2 inhibitors are very risky whereby the ACEi worsens the 425 

CVD comorbidity in COVID-19 patients. However, ARBs may decrease the pathology induced 426 

by COVID-19 due to possible crossovers between ARBs and AT1R and AT2R. Also, ARBs 427 

interfere the production of chymase and Ang II 54. In addition, it is logical that the ACEi and 428 

ARB interfere with the binding of COVID-19 SG with the ACE2 receptors owing to their 429 

receptor affinity. However, the reports on the cross-reactivity of ACEi and ARB with COVID-19 430 

biomolecule components are unavailable and demand further attention. The association of 431 

COVID-19-CVD comorbidity based on ACE2 signaling is displayed in Figure  3. 432 

ACE2: The ‘cellular portal’ for COVID-19 entry 433 

As discussed above, the S1 subunit of SG is involved in the high affinity binding of 434 

COVID-19 to ACE2 receptor whereas the S2 subunit facilitates the membrane fusion by 435 

harboring the essential mediators 55, 56.  The binding induces conformational change in the SG 436 

which, in turn, increases its susceptibility to undergo proteolytic cleavage between S1 and S2 437 

subunits. This suggests that the cleavage of SG by host proteases is essential for the entry of 438 

COVID-19 in the host cells57. Interestingly, the cysteine protease cathepsin L (CTSL) has been 439 

identified to catalyze the cleavage of SG58. In addition, the membrane bound ACE2 is cleaved by 440 
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ADAM 17 (also called tumor necrosis factor-α-converting enzyme, TNACE) to release a fully 441 

active soluble glycoprotein fraction59. ADAM 17-induced ACE2 shedding results in the 442 

suppression of downstream signaling leading to increased Ang II level and subsequent 443 

aggravation of CVD pathology60. Alternatively, several other proteases especially the type II 444 

transmembrane serine proteases (TTSPs) transmembrane protease/serine subfamily 445 

member 2  (TMPRSS2) and human airway trypsin-like protease (HAT) facilitate the cleavage of 446 

SG and promote the viral entry independent of CTSL and ADAM 17 61, 62.  Similar mechanism is 447 

expected to occur in COVID-19 infection63. Hence, it is reasonable to speculate that the 448 

engagement of ACE2 in COVID-19 fusion deviates from its cardioprotective function resulting 449 

in aggravated CVD-COVID-19 comorbidity (Figure 3). Future mechanistic studies would be 450 

helpful to derive a translationally significant conclusion.     451 

Aggravated inflammation and possible mechanisms in COVID-19-CVD comorbidity 452 

The hyperactivation of RAS is tightly associated with the initiation and progression of 453 

CVDs whereas the activation of ACE2 exhibits immunomodulation since Ang 1-7 triggers anti-454 

inflammatory and antioxidant responses. Possibly, Ang 1-7 elicits the immunomodulatory effects 455 

via the activation and downstream signaling of Mas and AT2R. In addition, the expression of 456 

ACE2 has been correlated with the proportionate reduction in the formation of atherosclerotic 457 

plaques 64. Interestingly, the SG protein and coronavirus infection significantly downregulates 458 

the expression/activity of ACE2 which subsequently results in an enhanced local inflammatory 459 

milieu. In addition, downregulation of ACE2 builds up its secondary targets including bradykinin 460 

and vasoactive peptides resulting in ARDS pathology65. Based on these reports, it is logical that 461 

the increased utilization and shedding of ACE2 following the COVID-19 infection results in 462 
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ACE2 deficiency which eventually paves the way for cytokine burst and CVD comorbidity via 463 

multiple pathways.    464 

As the SG of COVID-19 negatively regulates ACE2 and facilitates the shedding of ACE2 465 

ectodomain, the protective functions of ACE2 in the cardiovascular system of COVID-19-CVD 466 

patients remains impaired. Hence, the downregulated ACE2 results in impaired RAS resulting in 467 

enhanced vascular inflammation66. In addition, the apoptotic cells following virus infection 468 

upregulates ADAM 17, the major sheddase for ACE267. Moreover, the product of NLRP3 469 

activation, the IL-1β and the potent pro-inflammatory mediator TNF-α were reported to enhance 470 

ACE2 shedding66. Furthermore, ADAM17 has been adversely associated with atherosclerotic 471 

plaque rupture and vascular inflammation, resulting in poor clinical outcomes 68, 69. In addition, 472 

the pro-inflammatory environment associated with hyperlipidemia in CVDs favors the 473 

upregulation of ADAM 17 which reveals the increased susceptibility of cardiovascular events in 474 

aged population70. Also, the pathological role of NLRP3 inflammasome in CVD, 475 

ischemic/nonischemic heart diseases, and MI has been well established 71,72. Interestingly, ACE2 476 

inhibits DAMPs including HMGB1 released from infected and ischemic/necrotic cells due to 477 

membrane damage. Being a potent trigger for NLRP3 inflammasome via TLR2, TLR4, RAGE 478 

and/or TREM1 axes in cardiovascular system, the upregulation of HMGB1 in the ACE2 depleted 479 

environment is detrimental resulting in aggravated COVID-19-CVD comorbidity 73,74. Taken 480 

together, the cumulative pro-inflammatory events elicited by the COVID-19 infection and the 481 

pro-inflammatory status of the host tissues as well as the age-related factors aggravate CVD 482 

comorbidity which is evident by the increased mortality rate.    483 

The mounting evidence from COVID-19 as well as related coronavirus infections 484 

revealed the possibilities of multiple biological events pointing towards the association of 485 
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aggravated COVID-19-CVD comorbidity. The key events derived from the extensive literature 486 

survey suggest that: (1) the hyperinflammatory microenvironment resulting from COVID-19 487 

infection and CVD pathology aggravates the cytokine burst, (2) the ACE2 dysregulation 488 

resulting from COVID-19 SG and the host sheddases especially CTSL and ADAM 17 are 489 

markedly higher in CVD patients which aggravate the comorbidity, (3) intracellular TLR 490 

signaling builds up a cellular pro-inflammatory milieu which accelerates COVID-19 propagation 491 

and cytokine burst, (4) multiple pro-inflammatory events due to COVID-19 infection and CVD 492 

immunopathology converge to NF-κB activation and subsequent expression of a battery of pro-493 

inflammatory genes contributing to cytokine burst, and (5) activation of NLRP3 inflammasome 494 

by SEP and ORF3a represents another mode of COVID-19-mediated cytokine burst, and NLRP3 495 

activation due to oxidative stress, oxidized-LDL and other triggers in CVD patients 496 

synergistically enhance pro-inflammatory status leading to aggravated COVID-19-CVD 497 

comorbidity. The proposed molecular signaling underlying the aggravated COVID-19-CVD 498 

comorbidity is portrayed in Figure 4.  499 

 500 

Conclusions 501 

Herein, we present the possible molecular associations by focusing ACE2 signaling axis 502 

regarding CVDs by interconnecting the major sheddases (ADAM17 and CTSL), TLRs, and 503 

NLRP3 inflammasome as the major transit point contributing to the overall pro-inflammatory 504 

pool and subsequent cytokine burst leading to aggravated COVID-19-CVD comorbidity. 505 

However, in-vitro, in-vivo, in-silico and clinical assessments are warranted on these aspects to 506 

derive novel translational avenues in the effective management of COVID-19-CVD comorbidity. 507 

Also, the identification of novel targets to address the severity of symptoms in COVID-19 508 
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infection in CVD patients is the need of the hour. As COVID-19 continues to threaten the 509 

humanity, the entire world is hoping on medical research outcomes with effective strategies to 510 

tame this pandemic spread. To conclude, an interdisciplinary approach by merging the 511 

knowledge and efforts of a myriad of health science researchers is warranted to effectively 512 

address the health concerns raised by the pandemic COVID-19.  513 
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 594 

 595 

Figure Legends: 596 

Figure 1: (A) Genomic organization of COVID-19: The COVID-19 genome contains 6-11 597 

ORFs where the two-thirds of viral genome is contained in the first ORF (ORF1a/b) which codes 598 

for two polyproteins (pp1a and pp1ab) and 16 non-structural proteins (Nsps). The genome of 599 

COVID-19 is organized in the order of 5’-orf1/ab (replicase)-structural proteins (SG-SEP-MP-600 

NCP)-3’.  601 

(B) Structural organization of COVID-19: COVID-19 exists in round, elliptic and 602 

pleomorphic morphology with average diameter of 60–140 nm. The structural and accessory 603 

proteins including spike glycoprotein (SG), small envelope protein (SEP), nucleocapsid protein 604 

(NCP) and matrix protein (MP).  605 

Figure 2: Pathology of COVID-19 infection: SG mediates the attachment of COVID-19 to its 606 

receptor, ACE2, in the plasma membrane of alveolar cells. The binding is facilitated by the 607 

sheddases (ADAM-17/CTSL/TMPRSS2) leading to the membrane fusion between COVID-19 608 

and host cells. The S1 subunit of SG is involved in the high affinity binding of COVID-19 to the 609 

ACE2 receptor whereas the S2 subunit facilitates the membrane fusion by harboring essential 610 

mediators. Following the membrane fusion, the viral genome is released to the cytosol where 611 

uncoated viral genome initiates the translation of pp1a and pp1ab. The pp1a and pp1ab code for 612 

Nsps required for the assembly of RTC in double-membrane vesicle (DMV). Immediately 613 

following the assembly, the RTC initiates the replication of viral RNA to synthesize a battery of 614 

sgRNAs encoding the structural and accessory proteins. Finally, employing the host endoplasmic 615 

reticulum (ER) and Golgi machinery, the newly formed viral genome and proteins assemble to 616 

form viral particle buds (VPB). VPBs are virion containing vesicles which ultimately fuse with 617 

the host cell plasma membrane to release virus. 618 

Figure 3: ACE2 signaling in CVD vs COVID-19 infection: ACE2 proteolytically inactivates 619 

Ang (angiotensin) I and Ang II and acts on Ang I to form Ang 1-9 peptide which is the precursor 620 

of the vasodilator Ang 1-7. The binding of Ang II with type-1 receptors (AT1R and AT2R) 621 

initiates a series of biochemical events leading to vasoconstriction, oxidative stress, fibrosis and 622 
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retention of electrolytes. On the other hand, ACE2-Ang 1-7 axis via G-protein coupled protein 623 

receptor (Mas) acts as counter-regulator by promoting vasodilation, antioxidant responses and 624 

anti-fibrotic reactions. The decline of ACE2 expression following the progression of CVDs 625 

enhances the myocardial dysfunction and induces inflammatory burden. The decreased ACE2 626 

activity results in the activation of myocardial NADPH oxidase system leading to superoxide-627 

activated oxidative stress, hyperactivation of MMPs which subsequently aggravate CVD 628 

pathology. The COVID-19 SG increases the susceptibility of SG to undergo proteolytic cleavage 629 

by sheddases including ADAM17, CTSL and TMPRSS2 which is essential for coronavirus entry 630 

to the host cells. The shedding of ACE2 results in the suppression of downstream signaling 631 

leading to increased Ang II level and subsequent aggravation of CVD pathology. sACE2 is 632 

associated with aggravated CVD pathology. 633 

Figure  4: Proposed molecular mechanism underlying aggravated inflammatory response 634 

in COVID-19-CVD comorbidity : The components of COVID-19 including the RNA and 635 

proteins act as intracellular PAMPs which are recognized by PRRs especially Toll-like receptors 636 

(TLRs), retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs), and NLRP3 637 

inflammasome. The TLRs, including TLR3, TLR7, TLR8, and TLR9 detect viral genome in the 638 

endosomal vesicles. In addition, the viral genome in the cytosol are recognized by the cytosolic 639 

receptors including retinoic-acid inducible gene I (RIG-I) and melanoma differentiation-640 

associated gene 5 (MDA5). The binding of viral ligands with the receptors initiates the 641 

recruitment and assembly of adaptor proteins including TIR-domain-containing adaptor protein 642 

including IFN-β (TRIF), mitochondrial antiviral-signaling protein (MAVS) and stimulator of 643 

interferon genes protein (STING) which trigger the activation of the transcription factor nuclear 644 

factor-κB (NF-κB) and interferon regulatory factor 3 (IRF3) via MyD88 adapter. IRF3 triggers 645 

the expression of type I IFNs whereas NF-κB stimulates the expression of a battery of pro-646 

inflammatory cytokines leading to cytokine burst. IL-1β is generated by the proteolytic 647 

activation of pro–IL-1β by caspase-1 following the activation of NLRP3 inflammasome. The 648 

active NLRP3 inflammasome upregulates the transcription of pro–IL-1β gene and subsequent 649 

activation by caspase-1. The COVID-19 proteins including MP, SEP and ORF3a activate 650 

NLRP3 via TRAF3 and subsequent IL-1β and ORF3a activate NF-κB and downstream cytokine 651 

burst. The apoptotic/necrotic cells following virus infection upregulate ADAM 17, the major 652 

sheddase for ACE2. IL-1β and TNF-α enhance the ACE2 shedding. The resultant sACE2 is a 653 
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potent mediator for vascular inflammation and CVD pathology. ADAM17 activates 654 

atherosclerotic plaque rupture and vascular inflammation. ACE2 inhibits the DAMPs including 655 

HMGB1 released from the infected and ischemic/necrotic cells due to membrane damage. The 656 

decreased levels of ACE2 leads to increased DAMPs especially oxidized LDL (OxLDL), 657 

HMGB1, advanced glycation end products (AGEs) and reactive oxygen species (ROS). These 658 

mediators trigger NLRP3 inflammasome via TLR2, TLR4, RAGE and/or TREM1 axes in 659 

cardiovascular system. The upregulation of such DAMPs in the ACE2-depleted environment is 660 

detrimental resulting in aggravated COVID-19-CVD comorbidity.      661 












