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23

24 ABSTRACT

25 The coronavirus disease 2019 (COVID-19), elicited by severe acute respiratory syndrome 

26 coronavirus 2 (SARS-CoV-2) infection, is a pandemic public health emergency of global 

27 concern. Other than the profound severe pulmonary damage, SARS-CoV-2 infection also 

28 leads to a series of cardiovascular abnormalities, including myocardial injury, myocarditis 

29 and pericarditis, arrhythmia and cardiac arrest, cardiomyopathy, heart failure, cardiogenic 

30 shock, and coagulation abnormalities. Meanwhile, COVID-19 patients with preexisting 

31 cardiovascular diseases are often at a much higher risk of increased morbidity and mortality. 

32 Up–to-date, a number of mechanisms have been postulated for COVID-19-associated 

33 cardiovascular damage including SARS-CoV-2 receptor angiotensin-converting enzyme 2 

34 (ACE2) activation, cytokine storm, hypoxemia, stress and cardiotoxicity of antiviral drugs. In 

35 this context, special attention should be given towards COVID-19 patients with concurrent 

36 cardiovascular diseases, and special cardiovascular attention is warranted for treatment of 

37 COVID-19.

38

39 Keywords: SARS-CoV-2; COVID-19; Cardiovascular; ACE2; Cytokine storm
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41

42 ABBREVIATION

43 ACE = Angiotensin-converting enzyme

44 Ang = Angiotensin

45 ARB = Angiotensin receptor blocker

46 ARDS = Acute respiratory distress syndrome

47 CAD = Coronary artery disease

48 COVID-19 = Coronavirus disease 2019

49 CVD = Cardiovascular diseases

50 DIC = Disseminated intravascular coagulation

51 ECMO = Extracorporeal membranous oxygenation

52 HFpEF = Heart failure with preserved ejection fraction

53 ICU = Intensive care unit

54 IFN = Interferon

55 IL = Interleukin

56 IP-10 = Interferon -γ inducible protein 10

57 MCP-1 = monocyte chemoattractant protein 1

58 MERS = Middle East respiratory syndrome

59 MOF = Multiple organ failure

60 NT-proBNP = N-terminal pro-brain natriuretic peptide

61 RAAS = Renin-angiotensin-aldosteron system

62 RDRP = RNA-dependent RNA polymerase proteins

63 ROS = reactive oxygen species

64 SARS-CoV-2 = Severe acute respiratory syndrome coronavirus 2

65 TNF = Tumor necrosis factor
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67 1. Introduction

68 The novel coronavirus infectious disease (COVID-19) caused by severe acute respiratory 

69 syndrome coronavirus 2 (SARS-CoV-2), first broke out in Wuhan, China in early December 

70 2019, and subsequently quickly spread worldwide (over 7,700,000 confirmed cases as of 

71 6/14/2020) [1]. Following purification and sequencing analysis in samples of bronchoalveolar 

72 lavage fluid, SARS-CoV-2 is suggested to be closely related to two bat-derived SARS-like 

73 coronaviruses (with 88% genomic homology), and SARS-CoV (approximately 79% identity 

74 homology) and more remotely from the Middle East respiratory syndrome (MERS)-CoV 

75 (approximately 50% identity) [2]. During the SARS outbreak in 2003, SARS-CoV infected 

76 over 8000 people, with 916 death cases in 29 countries [3]. These data suggested that 

77 SARS-CoV-2 possesses a much stronger contingency compared with SARS-CoV, with an 

78 estimated basic reproductive number R0 value (indicating as viral infectivity) of 2.28 [4]. On 

79 30 January 2020, the WHO declared that COVID-19 outbreak had become a pandemic Public 

80 Health Emergency of International Concern. Rapidly rising number of COVID-19 cases with 

81 a high mortality rate makes it rather challenging for timely and tightly control of the disease. 

82 Up-to-date, no antiviral drug or vaccine has been approved for SARS-CoV-2 infection which 

83 can directly target SARS-CoV-2.

84 Based on clinical manifestation, nearly all SARS-CoV-2-infected patients develop some 

85 degree of pneumonia, and patients with severe conditions develop acute respiratory distress 

86 syndrome (ARDS). Respiratory failure caused by severe lung injury is perhaps the main 

87 cause of death in SARS-CoV-2-infected patients. The SARS-CoV-2 viral load from patient 

88 respiratory tracts is believed to be positively linked to lung disease severity [5]. According to 

89 the analysis of clinical features of 138 patients infected with SARS-CoV-2, common 

90 symptoms associated with COVID-19 include fever (98.6%), dry cough (59.4%), and fatigue 

91 (69.6%) [6]. Except for respiratory symptoms, many patients have cardiac symptoms 

92 including palpitation and chest tightness, and severe acute cardiovascular injury [7]. In 

93 addition, COVID-19 patients with pre-existing cardiovascular issues (coronary heart disease, 

94 hypertension) displayed more severe clinical outcomes and higher mortalities [7]. These 

95 clinical findings indicated pronounced cardiovascular sequelae for SARS-CoV-2 infection. 
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96 Here we will summarize the relationship between SARS-CoV-2 and cardiovascular diseases, 

97 and discuss possible mechanisms of action behind SARS-CoV-2 infection-induced damage to 

98 cardiovascular system.

99

100 2. SARS-CoV-2 and cardiovascular abnormalities

101 Previous studies have depicted a close relationship between cardiovascular diseases and 

102 SARS or MERS. Patients with SARS-CoV often suffer from a wide variety of cardiovascular 

103 complications including hypotension (50.4%), tachycardia (71.9%), bradycardia (14.9%), 

104 reversible cardiomegaly (10.7%), and transient atrial fibrillation [8]. Meta-analysis including 

105 637 cases suggested high prevalence of hypertension (approximately 50%) and heart diseases 

106 (30%) in patients with MERS [9]. Given that COVID-19 shares many aspects of pathogenesis 

107 and clinical symptoms reminiscent of SARS and MERS, cardiovascular complications might 

108 also occur in patients with COVID-19. Unlike SARS-CoV which tends to infect the young 

109 population, the susceptible groups for COVID-19 are believed to be middle-aged and elderly 

110 with preexisting comorbidities. The median age is 56 year-old in patients infected with 

111 SARS-CoV-2 [6]. Not surprisingly, this is an age when many chronic comorbidities start to 

112 develop including myocarditis, heart failure, cardiomyopathy, arrhythmia, hypertension, and 

113 diabetes mellitus. The overall association between COVID-19 and cardiovascular abnormities 

114 is summarized in Table 1. Particular forms of cardiovascular complications or aggravation of 

115 preexisting cardiovascular conditions in COVID-19 patients are discussed in detail here.

116

117 2.1 Myocardial injury

118 Myocardial injury, characterized by elevated levels of cardiac biomarkers, results from 

119 myocardial ischemia and non-ischemic causes including myocarditis [10]. Several studies 

120 have noted acute myocardial injury in patients with COVID-19. Among one of the initial 41 

121 cases of COVID-19 in Wuhan, 6 patients (15%) had cardiovascular diseases and 

122 hypertension, and 5 (12%) developed acute myocardial injury, which were mainly manifested 

123 as follows (1) cardiac biomarkers (hypersensitive cardiac troponin I) > 99th percentile upper 

124 reference limit; or (2) new abnormalities in electrocardiogram or echocardiogram [7]. In 
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125 addition, 4 out of 5 patients with cardiac injury received intensive care unit (ICU) care, 

126 indicating the importance of myocardial injury in poor prognosis of COVID-19. In addition 

127 to acute myocardial injury, COVID-19 patients admitted to ICU displayed a significantly 

128 higher systolic blood pressure compared with those non-ICU patients [7]. In another 

129 multi-centered study involving 1099 COVID-19 cases with preexisting anomalies including 

130 diabetes (7.4%), hypertension (15%), coronary heart disease (2.5%), and cerebrovascular 

131 disease (1.4%), increased level of creatine kinase (≥ 200 U/L) in patients in severe condition 

132 accounted for a much higher percentage than non-severe patients (19.0% versus 12.5%) [11]. 

133 In 138 hospitalized COVID-19 patients, acute cardiac injury was observed in 10 patients 

134 (7.2%), among which majority of patients required ICU care (80% ICU versus 20% non-ICU, 

135 P < 0.001) [6]. In a meta-analysis involving 1527 patients from 6 independent studies, 

136 incidences of cardiocerebrovascular disease, hypertension and diabetes were 16.4%, 17.1%, 

137 and 9.7%, respectively, in COVID-19 patients [12]. Moreover, prevalence of cardiometabolic 

138 diseases was much higher in ICU patients compared with non-ICU patients. This study also 

139 revealed presence of acute cardiac injury in > 8% patients infected with SARS-CoV-2, of 

140 which incidence in ICU cases was approximately 13 folds higher than non-ICU cases [12]. 

141 These findings indicated that patients with preexisting cardiovascular diseases are more 

142 sensitive to SARS-CoV-2 infection, and patients with COVID-19 combined with 

143 cardiovascular diseases might be associated with a higher ICU rate and mortality.

144 One burning issue remains uncertain is whether SARS-CoV-2 would lead to long-term 

145 damage in cardiovascular system. However, a 12-year follow-up of 25 recovered SARS 

146 patients suggested that patients had several cardiovascular and metabolic disorders, including 

147 cardiovascular abnormalities (44%), hyperlipidemia (68%), and abnormal glucose 

148 metabolism (60%) [13]. The precise mechanism of SARS-induced disturbed metabolism of 

149 glucose and lipid still remains elusive. During a 10-year follow-up of 591 patients with 

150 pneumonia, 206 (34.9%) had cardiovascular events including life-threatening coronary heart 

151 disease, myocardial infarction and stroke [14]. Hospitalization for pneumonia is deemed 

152 closely related to risks of short-term and long-term cardiovascular diseases. Furthermore, the 

153 administration of corticosteroids in severe pneumonia patients to avoid immunopathological 
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154 lung injury increases overall adverse cardiovascular disease sequelae [13, 15]. Given that 

155 SARS-CoV shares similar structure and genomic identity with SARS-CoV-2, patients with 

156 COVID-19 should be expected to develop chronic cardiovascular damage, thus special 

157 attention is needed for the clinical preservation of cardiovascular function.

158

159 2.2 Myocarditis and pericarditis

160 Earlier studies have demonstrated the occurrence of myocarditis in patients with MERS 

161 using cardiac magnetic resonance [16]. Limited COVID-19 autopsy cases have revealed 

162 substantial interstitial infiltration of proinflammatory mononuclear cells in heart tissues, 

163 validating presence of myocardial inflammation and injury with SARS-CoV-2 infection [17]. 

164 Recently, Tavazzi and colleagues reported the first case with SARS-CoV-2 viral particles in 

165 the heart, and cardiomyocyte necrosis using endomyocardial biopsy. These data suggested 

166 that heart can be directly infected with SARS-CoV-2 [18]. Several cases of myocarditis were 

167 reported after SARS-CoV-2 infection [19, 20]. In a 53-year-old COVID-19 patient admitted 

168 to ICU for systolic dysfunction, myocarditis was confirmed as evidenced by (1) increased 

169 levels of N-terminal pro-brain natriuretic peptide (NT-proBNP) and cardiac biomarkers 

170 (creatine kinase-MB, high-sensitivity troponin T), and (2) diffused biventricular hypokinesis 

171 and interstitial edema, and circumferential pericardial effusion using cardiac magnetic 

172 resonance imaging [19]. In an analysis of 68 fatal cases with COVID-19, 5 patients (7%) 

173 were found with fatal fulminant myocarditis in combination with circulatory failure, and 22 

174 fatalities (33%) were attributed to both myocarditis and respiratory failure [21]. 

175 Unfortunately, specifics of incidence rate of myocarditis in COVID-19 patients have not been 

176 reported in any large-scale studies. The occurrence of myocarditis in COVID-19 patients may 

177 be attributable to direct localization of SARS-CoV-2 in myocardium and systemic 

178 inflammatory response.

179

180 2.3 Arrhythmia and cardiac arrest

181 According to a cohort of 137 COVID-19 cases in Hubei province, 10 patients (7.3%) 

182 presented heart palpitations as early symptom [22]. Among 138 hospitalized patients with 
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183 COVID-19, 16.7% developed cardiac arrhythmia, with much more prevalent cases in ICU 

184 (44.4% in ICU versus 6.9% in non-ICU, P < 0.001) [6]. Du and colleagues reported that 

185 arrhythmia occurred in 51 of 85 fatal cases of COVID-19 from Wuhan, and 2 patients died of 

186 malignant arrhythmias [23]. However, none of these studies were able to discern the specific 

187 nature of arrhythmias in COVID-19. In another study involving 187 patients confirmed with 

188 COVID-19 infection, malignant life-threatening ventricular arrhythmias such as ventricular 

189 tachycardia and ventricular fibrillation, were noted in 11 patients (5.9%) [24]. Moreover, 

190 patients with elevated troponin T experienced higher risk of ventricular arrhythmias (17.3% 

191 in high troponin T group versus 1.5% in normal troponin T group, P < 0.001). In addition to 

192 acquired arrhythmia, patients with inherited arrhythmia syndromes, including long and short 

193 QT syndrome, Brugada syndrome, and catecholaminergic polymorphic ventricular 

194 tachycardia, are believed to be more susceptible to pro-arrhythmic effects of SARS-CoV-2 

195 such as stress, fever, use of antiviral drugs and electrolyte disturbance [25].

196 Cardiac arrest triggered sudden death appears to be a common cause of death of patients 

197 with COVID-19. In 85 fatal cases of COVID-19, cardiac arrest is the direct cause of death of 

198 7 patients [23]. In a recent study including 99 cases of COVID-19, the first fatality case was a 

199 61-year-old man who developed heart failure, respiratory failure and sudden cardiac arrest 

200 [26]. Some critically ill COVID-19 patients developed fatal cardiac arrest on transplantation 

201 or immediately upon admission to ICU [27]. Survival of severe COVID-19 patients who 

202 underwent an in-hospital cardiac arrest is generally considered rather poor [28]. Nonetheless, 

203 no direct evidence for cardiac arrest is present as a complication of COVID-19. 

204

205 2.4 Cardiomyopathy and heart failure

206 Several studies have noted the occurrence of cardiomyopathy in patients with 

207 COVID-19. Among 21 critically ill patients with COVID-19, cardiomyopathy developed in 7 

208 (33.3%) patients [29]. Meanwhile, in a single-centered observational study, 8 of 187 patients 

209 with confirmed COVID-19 had preexisting cardiomyopathy although little follow evaluation 

210 was performed on the COVID-19 outcome in these patients [24]. It is noteworthy that a 

211 number of medications employed in COVID-19 may also lead to cardiomyopathy, including 
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212 chloroquine, interferon, and bevacizumab [30]. Heart failure is a common complication of 

213 COVID-19, due to deterioration of preexisting cardiac dysfunction and newly developed 

214 cardiomyopathy and myocarditis. In a multi-centered cohort study involving 191 COVID-19 

215 patients, heart failure was noted in 23% of patients, and more prevalent in non-survivor 

216 patients compared with survivors (52% versus 12%, P < 0.0001) [31]. Heart failure is 

217 characterized by decreased left ventricular ejection fraction and drastically elevated 

218 NT-proBNP. Guo and colleagues reported patients with elevated troponin T have a higher 

219 level of cardiac biomarkers and NT-proBNP [24]. Moreover, a tight correlation was 

220 identified between NT-proBNP and troponin T levels, indicating that patients with 

221 myocardial injury are at higher risks of cardiac dysfunction or heart failure [24]. Although 

222 COVID-19 patients often display comorbidities affecting cardiac diastolic function including 

223 diabetes, obesity and hypertension, few studies have revealed a relationship between heart 

224 failure with preserved ejection fraction (HFpEF) and COVID-19. Sinkey and colleagues 

225 reported that HFpEF was developed in a postpartum patient with COVID-19 and 

226 preeclampsia [32]. Notably, loss of angiotensin-converting enzyme 2 (ACE2), the receptor 

227 for SARS-CoV-2, increases the proinflammatory macrophage phenotype in the heart from 

228 patients with HFpEF [33]. Further study is warranted to explore the precise interplay between 

229 SARS-CoV-2 and HFpEF. Heart failure in COVID-19 patients is attributable to myocardial 

230 injury, systemic inflammatory response, pulmonary hypertension and ARDS, renal 

231 dysfunction, retention of water and sodium, and imbalance of myocardial oxygen demand 

232 and supply.

233

234 2.5 Cardiogenic shock

235 Although little direct evidence is readily available for the incidence rate of cardiogenic 

236 shock in patients infected with SARS-CoV-2, cardiogenic shock was demonstrated a severe 

237 complication of COVID-19. In a 69-year-old patient with confirmed COVID-19, elevated 

238 inflammatory markers and increased hypersensitive troponin I were noted, prior to the 

239 development of severe cardiogenic shock [18]. Cardiogenic shock may be mixed with other 

240 types of shock following SARS-CoV-2 infection, such as septic shock. In a study involving 
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241 138 cases with COVID-19, shock was confirmed in 8.7% of patients, and was more common 

242 in patients admitted to ICU compared with those non-ICU patients (30.6% versus 1.0%, P < 

243 0.001) [6]. However, subtypes of shock were not reported in this study. Notably, circulatory 

244 and respiratory support with extracorporeal membranous oxygenation (ECMO) should be 

245 considered in COVID-19 patients with cardiogenic shock.

246

247 2.6 Coagulation abnormalities

248 Abnormal coagulation parameters (D-dimer, fibrin degradation products, prothrombin 

249 time, and activated partial thromboplastin time) were noted in patients with COVID-19. In 

250 particular, elevated levels of D-dimer and fibrin degradation products were suggested to be 

251 closely linked with poor prognosis [31, 34]. In a multi-centered retrospective cohort study, an 

252 elevated level of D-dimer (> 1g/L) was tightly tied with in-hospital mortality of COVID-19, 

253 even in multivariate analysis [31]. Thromboembolic anomalies and coagulopathy, including 

254 venous thromboembolism, pulmonary embolism and disseminated intravascular coagulation 

255 (DIC), are believed to be highly prevalent in COVID-19 patients. For example, a mass of 

256 pulmonary embolism was noted in COVID-19 patients, and the prevalence of pulmonary 

257 embolism was twice higher in ICU COVID-19 as all ICU or influenza ICU patients [35, 36]. 

258 Another independent report noted 71.4% incidence of disseminated intravascular coagulation 

259 (DIC) in non-survivors accompanied with coagulation abnormalities in terminal COVID-19 

260 cases [31]. High prevalence of coagulation abnormalities in COVID-19 may be attributable to 

261 vascular inflammation and endothelial defect, as SARS-CoV-2 can directly attack endothelial 

262 cells expressing high levels of ACE2. In addition, SARS-CoV-2 virus has been noted within 

263 endothelial cells and infiltration of proinflammatory cells, contributing to the onset and 

264 development of endothelial dysfunction and defective coagulation [37]. At this point, optimal 

265 thromboembolic prophylactic therapy has not been well established for COVID-19 patients. 

266 However, interactions between antiviral drugs for SARS-CoV-2 and antiplatelet agents and 

267 anticoagulants should be considered [38].

268

269 3. Possible mechanisms of action under COVID-19-associated cardiovascular 
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270 anomalies

271

272 3.1 ACE2

273 Ample evidence has suggested that ACE2 functions as a target receptor for 

274 SARS-CoV-2. ACE2 is known to be a membrane-bound aminopeptidase mainly in hearts, 

275 lungs, intestines and kidneys [39]. Organ distribution of ACE2 seems to be closely related to 

276 the clinical sequelae of COVID-19 (Figure 1). It is noteworthy that SARS-CoV-2 possesses a 

277 10-fold greater affinity for ACE2 than that of SARS-CoV, making it a much more potent 

278 virus. ACE2 is distinct from angiotensin-converting enzyme (ACE) in that it lacks cleavage 

279 for dipeptidases, but only single peptidases, and is not subject to inhibition by ACE 

280 inhibitors. ACE2 level was upregulated in diabetes mellitus and cardiovascular diseases, 

281 including heart failure and ischemic cardiomyopathy [40-42]. Given that SARS-CoV-2 is a 

282 substrate for ACE2, patients with preexisting cardiovascular diseases with elevated ACE2 

283 levels are thus more susceptible to SARS-CoV-2 and presented a poor prognosis. ACE2 is 

284 reported to counter angiotensin II (Ang II) from RAAS in cardiovascular diseases. Binding of 

285 SARS-CoV-2 to ACE2 prevents the enzyme from converting Ang II to Ang 1-7, potentiating 

286 Ang II-induced biological effect to worsen pulmonary and cardiovascular outcomes. Naïve 

287 ACE2 is known to offer an array of cardiovascular benefits including anti-inflammation, 

288 anti-fibrosis, anti-oxidation, and vasodilation [43]. This is supported by the findings that 

289 ACE2 knockout provoked Ang II accumulation and compromised cardiac contractile function 

290 [44]. Murine models and human autopsy samples revealed that pulmonary infection of 

291 SARS-CoV leads to downregulated cardiac and pulmonary ACE2 signaling, favoring 

292 proinflammatory response and acute respiratory failure [45]. In this context, overt 

293 cardiovascular injuries in COVID-19 patients may also result from loss of ACE2-mediated 

294 cardiovascular protection (Figure 1). Meanwhile, approaches targeting ACE2 downstream 

295 signaling may help alleviate pulmonary and cardiovascular injury. Ang 1-7 has been shown 

296 to protect against cardiac and pulmonary injury through suppressing alveolar cell apoptosis, 

297 alleviating alveolar cell activation, and exerting anti-fibrotic, anti-inflammatory, and 

298 vasodilatory effects. This is consistent with its utility in a clinical trial on ARDS patients [42, 
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299 46-48]. Thus, these favorable effects of Ang 1-7 should demonstrate the therapeutic potential 

300 to counter organ pathologies in patients infected with SARS-CoV-2. Increment of Ang 1-7 

301 levels may be of significant clinical value in the prevention against cardiovascular and lung 

302 injury in the face of SARS-CoV-2 infection [48].

303 The following scheme is believed the modality for viral entry and replication: The spike 

304 glycoprotein of SARS-CoV and SARS-CoV-2 recognizes ACE2 on cell surface and binds 

305 with ACE2, to allow viral entry into cells to release viral particles. Viral RNA is translated 

306 using the host ribosomes. Viral proteins are then packaged in the Golgi apparatus and rough 

307 endoplasmic reticulum, before release of virus. Here recognition and binding of spike protein 

308 and ACE2 are considered the most critical process for viral entry and replication, and may be 

309 facilitated and interrupted by ACE2 and ACE2 neutralizing antibody, respectively [49]. A 

310 number of maneuvers are speculated to counter ACE2-mediated multi-organ dysfunction 

311 including cardiovascular complications in the face of SARS-CoV-2 infection [39], including 

312 (1) spike glycoprotein-based vaccine; (2) ACE2 receptor blockade; (3) delivering excessive 

313 soluble ACE2 to neutralize SARS-CoV-2 virus; and (4) suppression of transmembrane 

314 protease serine 2, among which spike protein priming seems crucial for interaction with 

315 ACE2 [50].

316 Administration of renin-angiotensin-aldosterone system (RAAS) inhibitors including 

317 ACE inhibitors and angiotensin receptor blocker (ARB) are known to upregulate ACE2, 

318 which is expected to promote SARS-CoV-2 entry and aggravation of lung and cardiovascular 

319 injury in COVID-19 patients. Nonetheless, other studies suggested that RAAS inhibitors may 

320 rather enhance the pulmonary protective role of ACE2 and alleviate inflammatory response 

321 and cytokine release in SARS-CoV-2 or other viral infection [51-53]. As for cardiovascular 

322 system, RAAS inhibitors may benefit cardiovascular function through direct inhibition of 

323 Ang II production or indirect inhibition of Ang II through upregulation of ACE2 (Figure 1). 

324 In a multi-centered study involving 1128 COVID-19 patients combined with hypertension, 

325 administration of ACE inhibitors or ARBs was associated with a lower mortality rate (3.7% 

326 in ACEI/ARB groups versus 9.8% in non-ACEI/ARB group, P = 0.01) [54]. In another study 

327 involving 362 patients with hypertension hospitalized for COVID-19, there was no difference 
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328 in severe infections and mortality rate during hospitalization between patients treated with 

329 and without ACE inhibitors or ARBs [55]. According to the statement of the European 

330 Society of Hypertension, treatment with ACE inhibitors and ARB should be encouraged in 

331 patients with stable COVID-19 or at risk for SARS-CoV-2 infection [56]. Despite that, it 

332 remains controversial whether RAAS inhibitors should be administrated to COVID-19 

333 patients with existing cardiovascular diseases.

334

335 3.2 Cytokine storm

336 Clinical observation noted that COVID-19 patients exhibit signs of overt cytokine storm 

337 (profound immune and inflammatory responses), reminiscent of those seen in pesticide 

338 paraquat toxicity (Figure 2). COVID-19 patients with cytokine storm are likely to develop 

339 multiple organ failure (MOF) and sudden death, which greatly worsen the overall survival in 

340 COVID-19 patients [57]. Cytokine storm syndrome (as often seen in paraquat toxicity) 

341 denotes a severe life-threatening condition manifested by a sharp rise in proinflammatory 

342 cytokines, overwhelming inflammation, hyperferritinemia, hemodynamic instability, and 

343 MOF, and is potentially fatal if untreated [57]. The hallmark of cytokine storm is an 

344 uncontrolled and dysfunctional immune response involving continued activation of 

345 lymphocytes, macrophages, and natural killer cells [58]. These cells release abundant 

346 pro-inflammatory cytokines including interferon (IFN)-γ, tumor necrosis factor (TNF)-α, 

347 interleukin (IL)-1, IL-6, IL-18, IL-7 and IL-10, granulocyte-colony stimulating factor, IFN-γ 

348 inducible protein 10 (IP-10), monocyte chemoattractant protein 1 (MCP-1), macrophage 

349 inflammatory protein 1-α, which cheat more immune cells to form a positive feedback cycle 

350 causing a cytokine storm. Cytokine storm has attracted more attention as it directly correlates 

351 with COVID-19 mortality. In the severe stage of the disease, patients with COVID-19 mostly 

352 develop ARDS, MOF, with heavy involvement of cytokine storms [57].

353 In terms of proinflammatory mediators, SARS-CoV-2 shows remarkable similarities to 

354 SARS-CoV. An outbreak of SARS-CoV in 2003 revealed markedly high INF-γ, IL-1β, IL-6, 

355 IL-10, and IL-12. Polymorphonuclear neutrophil (PMN) chemokines IL-8, MCP-1, and IP-10 

356 were also elevated [59]. Patients infected with SARS-CoV-2 showed similar elevations of 
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357 IFN-γ, IL-1β, IP-10 and MCP-1 [7]. INF-γ from natural killer cells assists mature dendritic 

358 cells, to release more interferon, and macrophage activation. IL-1β is an “early response 

359 cytokine” generated by inflammasomes to provoke B and T cell proliferation, epithelial cell 

360 activation and vascular leakage [58, 59]. IL-6 contributes to pulmonary inflammation and 

361 fever, in addition to its known effect in cardiac remodeling and injury [60]. Under cytokine 

362 storm, reactive oxygen species (ROS) accumulate to trigger apoptosis of cells within the 

363 infected area, as well as degradation of extra-cellular matrices. ROS production in the face of 

364 cytokine storm moves the immune response from a protective to a pre-injury state [61]. 

365 IL-10, produced by Th2 cells, serves as a negative feedback cue to counteract secretion of 

366 pro-inflammatory cytokines. It was noted that SARS-CoV-2 infection did upregulate Th2 

367 cells as well, which improves overall cytokine balance and mitigates hyperinflammatory state 

368 induced by cytokine storm [7]. When the balance of pro-inflammatory and anti-inflammatory 

369 mediators is thrown off, immune response can become harmful [58]. Patients with cytokine 

370 storm present high fever, enlarged spleen (an accessory lymphoid organ), excessive bleeding 

371 and anemia due to vascular malfunction. Due to tissue destruction and inadequate blood flow, 

372 patients start to develop organ failure. The aforementioned cytokines and inflammatory 

373 mediators are also capable of activating capillary endothelial cells, thus rising capillary 

374 permeability for cellular migration. Although such mechanism is meant to deliver immune 

375 cells quickly to the site of infection, it also provokes fluid buildup within lungs resulting in 

376 poor oxygen transport and hypoxemia, as seen in SARS-CoV-2 infection [16]. Recently, a 

377 newly discovered multisystem inflammatory syndrome was observed in a 14-year-old 

378 teenager with COVID-19, showing resemblance to Kawasaki disease, an inflammatory 

379 disease in infants and toddlers [62]. The syndrome mainly impairs the cardiovascular system 

380 and manifests as severe heart failure and cardiogenic shock, accompanied with 

381 extracardiovascular symptoms including fever, lymphadenectasis, rash on hands and feet, and 

382 stomachache [62]. The pathophysiology of the syndrome cannot be comprehensively 

383 explained currently, but steroids administrated to the patient seem to be effective. Further 

384 study should be conducted to figure out this inflammatory syndrome.

385 It is noteworthy that increased levels of Ang II caused by SARS-CoV-2 infection may 
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386 play a role in the immune response and inflammatory damage in COVID-19 patients. While 

387 classical RAAS is responsible for the maintenance of blood pressure and hemostasis, immune 

388 cells possess several Ang II-related intracellular actions in parallel with RAAS [63]. (1) Ang 

389 II activates the proinflammatory mediator NF-κB, which promotes monocytes to produce 

390 chemoattractant proteins such as MCP-1, IL-6 and TNF-α, for immune cell recruitment, and 

391 initiation of cytokine storm in COVID-19 patients [7, 63, 64]. (2) Ang II may stimulate 

392 production of adhesion molecules such as VCAM-1 and ICAM-1, to recruit immune cells 

393 including dendritic cells and T lymphocytes [65]. Upon binding with Ang II, dendritic cells 

394 (with both Ang II receptors) exhibit high levels of maturation and migration [63]. (3) Ang II 

395 causes profound ROS production, serving as proinflammatory mediators to provoke damage 

396 of surrounding tissues, endothelial activation, vascular leakage and immune cell recruitment 

397 [63]. Vascular damage from oxidative stress is well perceived in atherosclerosis, 

398 hypertension and other cardiovascular pathologies [64]. Worsening oxidative damage to the 

399 vasculature is a major contributor for unfavorable cardiovascular outcomes in COVID-19 

400 patients. Ang II-evoked oxidative damage, proinflammatory stimulation, and immune cell 

401 recruitment collectively underscore the global pathological outcomes for SARS-CoV-2, 

402 encompassing stroke, cardiac, pulmonary, vascular and kidney injuries [7, 63, 64, 66]. Such 

403 scenario may likely explain towards why patients with preexisting pathologies involving 

404 RAAS system such as hypertension, chronic heart failure and diabetes mellitus fair worse 

405 outcomes from COVID-19 insults [7, 29, 66]. It is possible that these patients may be hit 

406 much harder by the COVID-19 virus due to an upregulation of ACE2 receptors (which would 

407 ease viral entry) and preexisting systemic inflammation and cardiovascular dysregulation by 

408 excitement of the parallel RAAS signaling within immune cells.

409

410 3.3 Hypoxemia

411 Due to inflammation and lung injury, SARS and MERS patients can develop hypoxemia, 

412 or low circulating oxygen levels [6, 16, 30]. As delineated earlier, an acute attack on 

413 respiratory system provokes damage within vasculature and tissues. Tissue breakdown and 

414 vascular leakage dampen the ability of heart and lungs to perfuse properly, leading to 
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415 hypoxemia, dyspnea or shortness of breath. All of these events contribute to myocardial 

416 defect, including arrhythmia and shock [6]. MERS patients presented pneumonia 

417 accompanied by shortness of breath and left sided chest pain. Further diagnostics revealed 

418 myocardial edema and acute myocardial injury due to viral infection rather than ischemic 

419 injury [16]. According to a study involving 41 patients confirmed with COVID-19, 32% of 

420 patients developed various degree of hypoxemia and required oxygen therapy [7]. Due to 

421 severe pulmonary damage, hypoxemia is believed to cause the reduced energy supply of 

422 cardiomyocyte, leading to intracellular acidosis and ROS to destroy the cell membrane [12]. 

423 In addition, influx of calcium ions can be induced by hypoxemia and cause apoptosis and 

424 injury of cardiomyocytes [12]. Although not all hypoxemic patients will require intense 

425 therapy such as ventilation, a burning concern for many health organizations is how to 

426 properly manage a large number of severely hypoxemic SARS-CoV-2 patients with only 

427 limited ventilators [67]. Of course, an alternate option for the treatment of hypoxemia is 

428 ECMO. At the University of Minnesota Medical Center, a SARS-CoV-2 patient arrived with 

429 profound signs of dyspnea and severe hypoxemia, and was successfully treated with 12 days 

430 of ECMO followed by decannulation [68]. Likewise, ECMO was successfully applied in 

431 many SARS-CoV-2 cases in China although more in depth scrutiny is warranted to better fine 

432 the use of ECMO in the treatment of ARDS from SARS-CoV-2.

433

434 3.4 Drug-induced cardiovascular toxicity 

435 Cardiovascular toxicities of several anti-SARS-CoV-2 drugs are listed in Table 2. At this 

436 point, antiviral drug-induced cardiovascular toxicity in the COVID-19 treatment should not 

437 be ignored. Antiviral drugs including IFN-α, ribavirin, chloroquine phosphate, 

438 lopinavir/ritonavir, arbidol and remdesivir have all been included in the treatment of 

439 COVID-19 [69]. Several antiviral drugs exert cardiotoxicity or elicit interactions with other 

440 cardiovascular medications. For instance, lopinavir/ritonavir may lead to a prolongation of 

441 PR and QT intervals and influence serum levels of antiplatelet drugs through CYP3A4 

442 inhibition [30, 70]. Remdesivir, previously administrated to patients with Ebola viral 

443 infection, is used clinically in COVID-19 patients. During Ebola outbreak, one patient 
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444 (among a total of 175 patients) administrated with loading dose of remdesivir developed 

445 severe hypotension and sudden cardiac arrest [71]. In systemic lupus erythematosus and 

446 rheumatoid arthritis therapy, cardiotoxity including cardiac arrhythmias, dilated or restrictive 

447 cardiomyopathy, decreased myocardial function, vasodilation, and hypotension is often noted 

448 with frequent administration of chloroquine [72, 73]. In addition, chloroquine affects 

449 beta-receptor blockers through inhibition of CYP2D6 [30]. Therefore, blood pressure and 

450 heart rate must be closely monitored when co-administration of β-blockers and chloroquine 

451 in COVID-19 patients.

452

453 3.5 Other possible mechanisms

454 Other than aforementioned mainstream mechanisms for COVID-19-induced defects in 

455 cardiovascular system, a number of additional scenarios should not be underestimated. For 

456 example, psychological stress is deemed a possible contributing factor that SARS-CoV-2 

457 may lead to cardiovascular damage. SARS-CoV-2 infection, especially those with severe 

458 infection, is obviously an acute stress for patients. With SARS-CoV-2 infection, stress 

459 contributes to the activation of autonomic nervous system, increases in blood pressure and 

460 heart rate, disorders in thrombus, and coronary vasoconstriction [74, 75]. Moreover, stress 

461 may promote platelet aggregation, compromise vascular endothelial function and promote the 

462 risk of ischemia and thrombosis [74]. To this end, COVID-19 patients undergoing 

463 psychological stress process are at a higher risk of cardiovascular diseases including 

464 hypertension, cardiac arrhythmias, and myocardial ischemia/infarction.

465

466 4. Therapeutic options and considerations

467 Table 2 demonstrates several medications used in SARS-CoV-2 infection. SARS-CoV-2 

468 has proven to be in the same lineage of coronavirus as SARS-CoV and MERS-CoV, with 

469 80% genetic compatibility to SARS-CoV [76, 77]. The binding domain of the SARS-CoV-2 

470 protein spike with ACE2 is distinct from that of the SARS-CoV protein spike, even though 

471 the spikes themselves have 76% compatibility. Medications targeting such protein spike may 

472 not share the same efficacy against both viruses [78]. On the other hand, RNA-dependent 
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473 RNA polymerase proteins (RDRP) of SARS-CoV-2 have 96% compatibility with those of 

474 SARS-CoV [78]. Medications which successfully targeted this polymerase in SARS-CoV are 

475 likely effective for SARS-CoV-2. Remdesivir was one of these medications and showed 

476 some promises (although inconsistently) to inhibit SARS-CoV-2 infection in vitro, and is 

477 suspected to manage COVID-19 symptoms [17, 77]. Ribavirin, another RDRP inhibitor, also 

478 displays efficacy against SARS-CoV-2, although it is limited by an intrinsic viral protein; 

479 nsp14-ExoN, which can cleave the drug out of the RNA chain prior to reaching the RDRP 

480 [78].

481 An alternative to these antiviral drugs is chloroquine or hydroxychloroquine, common 

482 anti-malarial agent that blocks viral entry through endosomal modifications, modulation of 

483 inflammatory mediators, and alterations to ACE2 [79]. Nonetheless, conflicting data have 

484 seen with regards to the efficacy of these medications in the treatment of SARS-CoV-2, in 

485 addition to valid concerns on chloroquine toxicity [80, 81]. One other therapy that may have 

486 a similar mechanism of action is ammonium chloride, an acidotic agent which inhibits 

487 SARS-CoV viral growth in vitro. This medication also exhibited alterations to the ACE2 

488 receptor, potentially reducing viral ability to bind [79]. Ammonium chloride has limited uses 

489 in clinical treatment and is poorly examined, making it a major concern for treatment in 

490 vulnerable patients [81].

491 Other options which are being explored this time include lopinavir/ritonavir, which act 

492 synergistically via HIV protease inhibition and metabolic inhibition to lengthen drug half-life 

493 [81]. While the mechanism in SARS-CoV-2 is not clear, this medication may reduce viral 

494 titers and lower risk of death based on previous MERS-CoV and SARS-CoV studies [82, 83]. 

495 Use in SARS-CoV-2 patients has had unconvincing results, showing no mortality benefit and 

496 minimal symptom improvement [84]. Nitazoxanide, an enzyme inhibitor utilized in anaerobic 

497 infections, inhibited viral growth of SARS-CoV-2 in vitro and may be a viable candidate [17, 

498 81]. More research is being conducted on this therapy [18].

499 Adjunctive treatments that may benefit SARS-CoV-2 patients include IL-1β, which has 

500 shown in vitro efficacy in MERS-CoV along with lopinavir/ritonavir [82]. Risks may 

501 outweigh benefits as both thrombocytopenia and worsened patient outcomes have been 
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502 shown as a result of this medication [82]. In severely ill patients, corticosteroids have shown 

503 mixed benefits and risks [5, 85]. If used appropriately, corticosteroids could help reduce 

504 damage from the cytokine storm in severely ill patients [85]. Caution should be used with 

505 these medications as adverse effects can occur often [85]. A more promising therapy involves 

506 upregulation of the ACE2 receptor through the use of Ang II receptor blockers such as 

507 losartan [86]. This medication may potentiate the pulmonary protective effects of ACE2 by 

508 preventing excess production of Ang II. When produced at high levels, these molecules can 

509 lead to severe vasoconstriction and activation of endothelial cells, potentiating the lung 

510 damage seen in SARS-CoV-2 [53, 86]. A last resort, which has shown promise in 

511 SARS-CoV-2 patients is convalescent plasma taken from recovered patients. This plasma 

512 includes neutralizing antibodies which can target and help take down the active virus in a 

513 new patient. Though data is limited, potential mortality and symptom benefits have been 

514 shown in recent SARS-CoV-2 patients [25, 87].

515

516 5. Conclusions

517 The COVID-19 pandemic has impacted millions of patients and posed a tremendous 

518 threat to human health. Cardiovascular comorbidities, including pre-existing cardiovascular 

519 diseases and new-onset cardiovascular abnormalities, are prevalent in patients with 

520 SARS-CoV-2 infection, and these patients are at a higher risk of severe disease and mortality. 

521 COVID-19 is closely associated to a series of cardiovascular sequelae, including acute and 

522 chronic myocardial injury, myopericarditis, arrhythmia, cardiac arrest, cardiomyopathy, heart 

523 failure, and cardiogenic shock. These represent possible mechanisms underscoring the 

524 SARS-CoV-2-induced cardiovascular diseases. Further understanding of interactions among 

525 ACE2 protein, RAAS inhibitors and SARS-CoV-2 should be of great significance for 

526 patients with cardiovascular diseases and COVID-19. Besides, cytokine storm syndrome and 

527 immune dysfunction are also important causes of multiple organ failure (including 

528 cardiovascular dysfunction) and critical condition of patients with COVID-19. A number of 

529 promising antiviral drugs and vaccines are under investigation, but none has been proved to 

530 be clinical efficient to date. Clinical physicians should pay attention to the cardiovascular 
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531 toxicity of medications used in COVID-19 patients. In addition, the therapeutic challenges 

532 posed by coexist of COVID-19 and cardiovascular diseases need to be adequately studied.
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542

543 Table 1. Cardiovascular (CV) comorbidities and complications in patients with COVID-19

Cases Hospital Age Cardiovascular 

comorbidity 

Cardiovascular 

complications

Ref 

41 Jinyintan 

Hospital

49 

(41-58)

CVD (15%), 

hypertension (15%)

Acute cardiac injury* (12%) [7]

138 Zhongnan 

Hospital

56 

(42-68)

Hypertension (31.2%), 

CVD (14.5%), 

cerebrovascular (5.1%)  

Acute cardiac injury (7.2%), 

shock (8.7%) and arrhythmia 

(16.7%)

 [6]

1099 552 

Hospitals 

in China

47 

(35-58)

Hypertension (15%), 

CAD (2.5%), 

cerebrovascular (1.4%)

Creatine kinase ≥ 200 U/L 

(13.7%), and septic shock 

(1.1%)

 [11]

21 Evergreen 

Hospital

70 

(43-92)

Congestive heart 

failure (42.9%), 

troponin level > 0.3 

ng/mL (14%)

Cardiomyopathy** (33.3%)  [29]

137 9 Tertiary 

Hospitals 

in Hubei 

57 

(20-83)

Hypertension (9.5%) 

and CVD (7.3%)

Symptom of heart palpitation 

(7.3%) and comorbid organ 

dysfunction (18.9%)

[22]

149 3 Tertiary 

Hospitals 

Wenzhou

45 

(32-58)

Cardio-cerebrovascular 

disease (18.79%)

Symptoms of Chest pain 

(3.36%) and chest tightness 

(10.74%), increased creatine 

kinase (8.05%)

 [88]

140 No.7 

Hospital 

of Wuhan

57 

(25-87)

Hypertension (30%), 

CAD (5%), 

hyperlipidemia (5%), 

arrhythmia (3.6%), 

stroke (2.1%), aorta 

sclerosis (1.4%)

Symptom of dyspnea/chest 

tightness (36.7%), increased 

creatine kinase (6.7%)

 [89]
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80 3 

Hospitals 

in Jiangsu 

46 

(31-62)

CVD and 

cerebrovascular 

disease (31.25%)

Symptom of chest pain 

(3.75%) and increased creatine 

kinase-MB (20%)

[90]

187 The 7th 

Hospital 

of Wuhan

59 

(44-73)

Hypertension (32.6%), 

coronary heart disease 

(11.2%), and 

cardiopathy (4.3%)

Myocardial injury (27.8%), 

ventricular tachycardia/ 

fibrillation (5.9%), acute 

coagulopathy (34.1%)

[24]

544

545 *Acute cardiac injury is defined as the increased of biomarkers of myocardial injury or new 

546 abnormalities in electrocardiogram and echocardiogram. **Cardiomyopathy is defined as 

547 decreased of left ventricular ejection fraction to clinical symptoms of cardiogenic shock, an 

548 increase of myocardial biomarkers, or a decrease of central venous oxygen saturation (<70%) 

549 with no past history of contraction dysfunction.
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551 Table 2. Mechanisms, cardiovascular adverse effects, advantages and disadvantages of 

552 several medications used in SARS-CoV-2 infection

Medication MOA Effect on 

SARS-CoV-2

CV toxicity Advantages Disadvantages Ref

Remdesivir RDRP 

inhibitor

Reduces symptoms in 

SARS-CoV-2 patients, 

inhibits SARS-CoV-2 

infection in vitro

Unknown Established 

safety profile, 

resistant to 

nsp14-ExoN

Causes viral 

resistance, and 

must be injected

[17, 

77]

Chloroquine/H

ydroxychloroq

uine

Raises 

endosomal 

pH and 

anti-inflam

mation

Blocks SARS-CoV-2 

from early endosomes 

to endolysosomes, 

blocks glycosylation of 

ACE2

Myocardial 

toxicity, QT 

prolongation, 

altered cardiac 

conductivity

High oral 

bioavailability, 

concentrates in 

lungs

concentrates in 

the liver, spleen 

and kidney and 

efficacy has 

been debated

[17, 

79, 

80]

Nitazoxanide Blocks 

pyruvate 

ferredoxin 

oxidoreduc

tase in 

anaerobes

Inhibits growth of 

SARS-CoV-2 and 

cytokine production 

from PMNs and IL-6 

production

Unknown parent drug and 

metabolite are 

active, can be 

given orally

Expensive, and 

safety profile is 

less understood

[17] 

Lopinavir/Rito

navir

Protease 

inhibitor/C

YP450 

inhibitor

Shortens median 

hospital stay in 

SARS-CoV-2 infected 

patients

QT interval 

prolongation, 

and high degree 

atrioventricular 

block

Well studied,  

oral route

Does not reduce 

SARS-CoV-2 

mortality in 

recent studies

[78, 

84]

Ribavirin RDRP 

inhibitor

Inhibits in vitro growth 

of SARS-CoV-2 at 

high concentrations

Unknown Low cost and 

well-studied

worsens in some 

patients 

outcomes and 

efficacy is 

debated

[17, 

76]
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Convalescent  

plasma

Performs 

neutralizin

g 

immunogl

obulin 

targeting 

SARS-Co

V-2

Lowers viral load and 

lead to quick 

improvement of 

symptoms in critically 

ill COVID-19 patients

Unknown Immunomodulat

ory effects: 

potentially 

mitigate  

cytokine storm

Ineffective in 

MERS-CoV 

prophylaxis and 

must be injected

[87]

Corticosteroid

s

Reduces  

inflammat

ory 

mediators

combat the damage 

from cytokine storm, 

reducing lung injury

Immunosuppres

sion, 

cardiovascular 

and metabolic 

disorders

Useful in later 

stages of 

infection

Must be 

injected, raises 

mortality and 

adverse effect 

risk if used 

inappropriately

[5, 

78]

Ammonium 

chloride

Raises 

endosomal 

pH

Blocks glycosylation of 

ACE2 receptors and 

inhibited viral growth 

in vitro

Ammonia 

toxicity can lead 

to 

bradyarrhythmia

Cheap, few 

apparent drug 

interactions

Not well studied 

and 

uncommonly 

used in humans

[17]

ACEI/ARB Reduces 

Ang II 

effect and 

prevents 

vasoconstri

ction

Upregulates ACE2 and 

prevents 

overproduction of Ang 

II, reduces cardiac and 

lung injury

Hypotension Well studied, 

low side effect 

profile, cheap

not directly 

target virus and 

ACE2 

upregulation 

provides virus 

with more sites 

to attack

[53]

Tocilizumab Inhibits 

IL-6 

receptor

combat the damage 

from cytokine storm

Hypertension, 

and increased 

serum

cholesterol

Inhibit IL-6 and 

mitigate  

cytokine storm

Expensive and 

does not target 

SARS-CoV-2

[30]
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812 Figure legend

813 Figure 1. Relationship between ACE2 and SARS-CoV-2-related cardiovascular injury. (A) 

814 Organ distribution of ACE2 may be associated with clinical symptoms of COVID-19 

815 patients. (B) Potential mechanism of cardiovascular injury induced by ACE2-mediated 

816 SARS-CoV-2 infection. SARS-CoV-2 uses ACE2 receptor for viral entry and replication. 

817 ACE2, but not ACE, is downregulated through binding of the spike protein of SARS-CoV-2 

818 and ACE2. This leads to an increased level of Ang II and subsequent cardiovascular injury. 

819 (C) Impact of RAAS Blockers (ACEI and ARB) on cardiovascular system of COVID-19 

820 patients. On the one hand, RAAS blockers upregulate the expression of ACE2, thereby 

821 leading to increased viral entry and replication and cardiovascular injury. On the other hand, 

822 RAAS blockers contribute to Ang II inhibition directly or indirectly (caused by upregulated 

823 ACE2), which may attenuate cardiovascular injury. AT1R, Ang II type 1 receptor; MasR, 

824 mitochondrial assembly receptor.

825

826 Figure 2. Resemblance in lung injury between paraquat poisoning and COVID-19 infection. 

827 In both cases, there is gradual ground glass opacity slowly progressed into the advanced 

828 stages of lung tissue consolidation (solidifying process). Imaged taken from a COVID-19 

829 patient in Wuhan, courtesy of Dr. Hu Peng, ICU physician in Wuhan. The COVID-19 patient 

830 received written consent and was recovered from COVID-19 later. Classical paraquat image 

831 was from China-Radiology https://mp.weixin.qq.com/s/MMSq1ufNkWIUyAKEPcvxQQ.

832

833
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