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It has been a year since the coronavirus disease 2019 (COVID-19) was declared pandemic and wreak havoc worldwide. Despite meticulous research has been done in this period, there are still much to be learn from this novel coronavirus. Globally, observational studies have seen that majority of the patients with COVID-19 have preexisting hypertension. This raises the question about the possible relationship between COVID-19 and hypertension. This review summarizes the current understanding of the link between hypertension and COVID-19 and its underlying mechanisms.
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INTRODUCTION

In December 2019, a novel coronavirus emerged from the Huanan seafood market in Wuhan City of Hubei Province of China, known to trade exotic live animals and their parts. The chronology of the outbreak started with certain market-goers developed severe infection of the lower respiratory tract in the form of pneumonia of unknown etiology (Rothan and Byrareddy, 2020). Provisionally the disease was called coronavirus disease 2019 (COVID-19). On January 7, 2020, the Chinese authorities found that the organism was a new strain of the severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1), which was the virus responsible for the SARS pandemic in 2003 (World Health Organization, 2020). The COVID-19 virus was then renamed SARS-CoV-2. Henceforward, the virus has rapidly spread across continents and by March 11, 2020 the World Health Organization (WHO) declared it a pandemic.

With an exponential rise of COVID-19 cases worldwide, observational studies identified that patients with preexisting co-morbidities such as hypertension, diabetes mellitus and cardiovascular diseases are more susceptible to COVID-19 infection and its complications (Kunal et al., 2020). This statement is further supported by a meta-analysis involving seven studies with 1,576 participants, which shows that the most prevalent comorbidities are hypertension and diabetes, followed by cardiovascular disease and respiratory disease (Yang et al., 2020).



SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS-2

The name coronavirus is derived from the Latin word “corona” meaning crown, denoting the large spike protein (S protein) molecules on the virion’s surface that create a crown-like shape (González et al., 2003). Most of the pathogenic human coronaviruses are associated with mild clinical symptoms (Su et al., 2016), with two notable exceptions, SARS-CoV or SARS-CoV-1, and Middle East respiratory syndrome coronavirus (MERS-CoV). SARS-CoV-1 is a novel beta coronavirus that emerged in Guangdong, southern China in November 2002 (Peiris et al., 2004), which caused more than 8,000 human infections and 884 deaths in 37 countries from 2002 to 2003 (Chan-Yeung and Xu, 2003). Meanwhile, MERS-CoV was first detected in Saudi Arabia in 2012 (Zaki et al., 2012) and was responsible for 2,494 laboratory-confirmed cases of infection, including 858 fatalities since September 2012, and 38 deaths following a single introduction into South Korea (Lee et al., 2017).

According to genome sequencing, SARS-CoV-2 is approximately 82% identical to human SARS-CoV-1 and approximately 50% identical to MERS-CoV (Lu et al., 2020). Several phylogenetic analyses suggested that bats are the most probable animal reservoir for SARS-CoV-2. Both SARS-CoV-1 and MERS-CoV are transmitted from bats to other intermediate hosts such as palm civets, pangolins, or dromedary camels before finally transmitted to humans. However, the intermediate host for SARS-CoV-2 is still uncertain (Xie and Chen, 2020). Interestingly, household pets such as cats and dogs have also been reported to be infected, however, there is no evidence for SARS-Cov-2 transmission from them to human. In contrast, other domestic animals such as pigs and poultry are unsusceptible to SARS-CoV-2 (Kiros et al., 2020). However, other farm animals such as minks have recently been found to be infected with SARS-CoV-2. Moreover, the viral sequence similarity of infected minks and farm employees suggested a mink origin of SARS-Cov-2 infection in human (Oreshkova et al., 2020). In regions with affected mink farms, the number of COVID-19 infections had increased and 17 million of the animals were intended to be culled to prevent the spread of the virus (Mallapaty, 2020).



RENIN-ANGIOTENSIN SYSTEM

To understand the pathogenicity of SARS-CoV-2 in hypertensive patients, one must first look into the renin-angiotensin system (RAS) function and expression of angiotensin converting enzyme 2 (ACE2). The RAS (Figure 1) is an important hormonal mechanism governing the hemodynamic stability by regulating the blood pressure, fluid volume, and sodium-potassium balance. Renin is synthesized by the juxtaglomerular cells in the kidneys and released into the circulation. Renin then catalyzes the cleavage of the glycoprotein angiotensinogen, generating angiotensin 1 (Ang I). Ang I is then cleaved by ACE to form angiotensin II (Ang II); the main effector in the RAS. Ang II binds to angiotensin II type 1 receptor (AT1R), triggering the synthesis and secretion of aldosterone in the adrenal cortex. Through specific actions on the distal nephron of the kidney, aldosterone promotes sodium reabsorption and water retention, ultimately increasing the blood pressure (Muñoz-Durango et al., 2016). In the vasculature, Ang II acts on the AT1R, resulting in diminished nitric oxide and vasoconstriction (Sparks et al., 2014). Ang II via AT1R also promotes other effects such as inflammation, fibrosis and production of reactive oxygen species (ROS). This process is referred as the RAS conventional axis, whereby Ang II exhibits its harmful effects through AT1R (Mori et al., 2020).
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FIGURE 1. Schematic representation of renin-angiotensin system. ACE: angiotensin converting enzyme, ACE2: angiotensin converting enzyme 2.


In the non-conventional axis of RAS, ACE2 converts Ang I to Angiotensin 1-9 (Ang 1-9) and Ang II to angiotensin 1-7 (Ang 1-7). Ang 1-7 binds to Mas receptor (Mas) and triggers the activation of endothelial nitric oxide synthase (eNOS) to release nitric oxide, a potent vasodilator (Mordwinkin et al., 2012). Apart from releasing nitric oxide, binding of Ang 1-7 to Mas also provides several protective effects such as such as anti-fibrosis, anti-vascular smooth muscle cell proliferation, and anti-inflammation (Ingelfinger, 2009; Santos et al., 2017; Skiba et al., 2017). Meanwhile, Ang 1-9 is a vasoactive peptide that has a protective effect on the heart and blood vessels in hypertensive patients (Ocaranza et al., 2014). In experimental model of hypertension, Ang 1-9 reduces the blood pressure and oxidative stress in the heart and aorta of hypertensive rats. Moreover, Ang 1-9 has a vasorelaxant effect and it reduces cardiac fibrosis and hypertrophy. These effects are mediated by angiotensin II type 2 receptors (AT2R) but not Mas (Ocaranza et al., 2014). Meanwhile, binding of Ang II to AT2R produces similar vasodilatory effects as binding of Ang 1-7 to Mas and counteracts the vasoconstriction produced by binding to AT1R (Ocaranza and Jalil, 2012). However, in adult tissues, the concentration of AT2R is less abundant and hardly detected in many cellular systems, including those of cardiovascular relevance (Steckelings et al., 2005).



ROLE OF ACE2 IN SARS-CoV-2 INFECTION

ACE2 is a mono-carboxypeptidase with a single enzymatic binding site that acts as a key counter-regulatory component of the conventional RAS (South et al., 2019). ACE2 is an important counter-regulatory pathway within the RAS that is initiated through the cleaving of vasoconstrictive Ang II into the vasodilator Ang 1-7. ACE2 is expressed on the surface of endothelial and epithelial cells in membrane-bound and soluble forms throughout the body including the kidneys, heart, gastrointestinal tract, and especially abundant in the lungs (Donoghue et al., 2000; Hamming et al., 2004). Additionally, ACE2 is largely expressed in the nasal and oropharyngeal epithelium, where the SARS-CoV-2 entrance occurs (Lanza et al., 2020).

Angiotensin converting enzyme 2 is a type I transmembrane protein which consists of 805 amino acids with an extracellular N-terminal domain and an intracellular C-terminal tail. The N-terminal domain has a zinc-binding motif (HEMGH domain) which is essential for both formation of Ang 1-7 and SARS-CoV-2 Spike protein (S-protein) binding. The S-protein of coronavirus is responsible for binding to host receptors. The S-protein forms a trimer on the virus surface with each monomer harboring a receptor binding domain (RBD) that interacts with a particular receptor on the host cell (Li, 2016). The RBD of the SARS-CoV-2 S-protein supported a strong interaction with human ACE2 molecules (Xu et al., 2020). In vitro study showed that HeLa cells expressing ACE2 were more susceptible to SARS-CoV-2 infection compared to cells without ACE2 (Wan et al., 2020). Thus, the findings suggested that ACE2 is the functional receptor for cellular entry of SARS-CoV-2.

The life cycle of SARS-CoV-2 consists of five major steps, as depicted in Figure 2 (Yuki et al., 2020). During the initial attachment phase, the infection begins when the SARS-CoV-2 S-protein binds to ACE2. This is followed by the penetration phase, in which both the virus and ACE2 enter the cell via endocytosis or membrane fusion after cleavage of ACE2 by transmembrane protease serine 2 (TMPRSS2). TMPRSS2 is an essential protease required by SARS-CoV-2 to facilitate its entry (Amraei and Rahimi, 2020). Recently, TMPRSS2 and ACE2 co-expression was reported among a subset of type II pneumocytes, which explains why SARS-CoV-2 infection highly affects the lung function (Ziegler et al., 2020). During the biosynthesis phase, the SARS-CoV-2 structure and genome are synthesized using the host cellular organelles’ machinery. Subsequently, during the maturation phase, the viral structures are assembled into new SARS-CoV-2 in the cells exponentially. Finally, the newly synthesized SARS-CoV-2 are released into the circulation by exocytosis, and the cycle will be repeated (Yuki et al., 2020).
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FIGURE 2. The lifecycle of SARS-CoV-2 starting from the penetration of the virus into the cell until its release. The virus requires both ACE2 and TMPRSS2 to facilitate its entry. ACE: angiotensin converting enzyme, TMPRSS2: transmembrane protease serine 2.


Following viral endocytosis, ADAM metallopeptidase domain 17 (ADAM17) activity increases which results in the shedding of the ectodomain of ACE2 from the cell surface (Hoffmann et al., 2020). ACE2 removal following SARS-CoV-2 infection may lead to a physiological imbalance between ACE and ACE2 activity that favors ACE, hence leading to worsening of the disease. ACE2 shedding and internalization results in increased Ang II activity, as less ACE2 are available to cleave Ang II into Ang 1-7. Ultimately, this leads to a shift from the ACE2/Ang 1-7/Mas axis to the ACE/Ang II/AT1R axis (Amraei and Rahimi, 2020). Pulmonary vasoconstriction and raised blood pressure lead to pulmonary edema and eventually the endpoint complication; acute respiratory distress syndrome (ARDS), and death (Kuba et al., 2005; Klhůfek, 2020).

In ARDS, it has been demonstrated that pulmonary expression of ACE2 was decreased whereas ACE was elevated (Wösten-van Asperen et al., 2013). This leads to a shift from the ACE2/Ang 1-7/Mas axis to the ACE/Ang II/AT1R axis with cardiovascular consequences. Therefore, it is hypothesized that the administration of Ang 1-7 to the infected organism may protect from the severe outcome of SARS-CoV-2 infection, especially in hypertensive patients (Magalhaes et al., 2020). Recently, a few clinical trials related to the administration of Ang 1-7 to COVID-19 patients are registered at www.clinicaltrials.gov (NCT04332666, NCT04375124, NCT04570501, NCT04605887, and NCT04633772) to further investigate this hypothesis.

Even though ACE2 has been recognized as the receptor for SARS-CoV-2, there might be other receptors or co-receptors for this virus that are yet to be discovered. For instance, ACE2 knockout mice had a reduced incidence of SARS-CoV infection but the absence of ACE2 did not completely prevent the infection from occurring (Kuba et al., 2005). This suggested that there could be other receptors involved in a viral invasion. Intracellular pathogens usually attach to more than one host cell surface structure that functions as the viral receptor. Carbohydrates, proteins, integrins, and membrane-bound ACE2 are common receptors used by viruses (Maginnis, 2018).

Recently, CD147, a transmembrane glycoprotein that belongs to the immunoglobulin superfamily, was identified as a novel receptor for SARS-CoV-2 (Wang et al., 2020b). CD147 is abundantly expressed in the epithelium and immune cells and plays a role in inflammatory processes and virus host cell entry (Radzikowska et al., 2020). Coincidentally, CD147 was involved in SARS-CoV infection, and CD147 antagonistic peptides have an inhibitory effect on SARS-CoV (Chen et al., 2005). Another possible receptor is CD209L (L-SIGN), which is a type II transmembrane glycoprotein identified as the receptor of SARS-CoV (Jeffers et al., 2004). Considering that SARS-CoV-2 has a similarity to SARS-CoV, CD209L is another potential receptor for SARS-CoV-2. In short, besides ACE2, there are several other potential receptors for SARS-CoV-2.



HYPERTENSION AS A RISK FACTOR FOR SEVERE COVID-19 OUTCOME

Hypertension has gained popularity among researchers owing to its over-representation among COVID-19 patients (Schiffrin et al., 2020). The observational and retrospective studies conducted near Wuhan area have reported that hypertension is the most common co-morbidity observed in patients affected by COVID-19, ranging from 15 to 30% (Wang et al., 2020a; Zhang et al., 2020c; Zhou et al., 2020). In one of the largest studies conducted between December 11, 2019 and January 29, 2020 in Wuhan with data encompassing on 1,099 COVID-19 patients, 165 patients (∼15%) had high blood pressure. The same study also reported a total of 23.7% of hypertensive patients had higher disease severity compared to 13.4% of normotensive subjects. Whereas, 35.8% of hypertensive patients reached the composite endpoint of intensive care unit (ICU) admission, mechanical ventilation, and death compared to just 13.7% of normotensive patients (Guan et al., 2020b).

A separate study in China investigating 138 laboratory-confirmed COVID-19 patients reported similar high prevalence (31.2%) of hypertension among the patients. The researchers also found that 58.3% of hypertensive patients with COVID-19 infection were admitted to ICU compared to 21.6% of patients with normal blood pressure (Wang et al., 2020a). In a cohort of 1,590 patients from 575 hospitals, preexisting hypertension was independently associated with severe COVID-19 (hazard ratio 1.575, 95% CI: 1.07–2.32) (Guan et al., 2020a). Altogether, the findings indicate that hypertensive patients have a higher risk of developing severe outcome from COVID-19.

The mechanisms that link preexisting hypertension and COVID-19 are yet to be fully elucidated but it could be related to endothelial dysfunction and RAS imbalance. The conventional RAS (ACE/Ang II/AT1R) axis activation in parallel with non-conventional (ACE2/Ang 1-7/Mas) axis down-regulation was proposed to be the underlying factors leading to severe COVID-19 outcome in hypertension (Lanza et al., 2020; Vieira et al., 2021). Besides, hypertension is associated with endothelial dysfunction and a pro-inflammatory state, which includes higher levels of Ang II, chemokines, and cytokines, including interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) (de Miguel et al., 2015). Therefore, RAS imbalance that favors the pro-inflammatory state is proposed to be the center of COVID-19 pathophysiological mechanisms (Costa et al., 2020).



ENDOTHELIAL DYSFUNCTION AS A LINK BETWEEN HYPERTENSION AND SARS-CoV-2 INFECTION

The term endothelial dysfunction is used to describe the reduced bioavailability of nitric oxide or imbalance between the endothelium-derived relaxing and constrictor factors (Konukoglu and Uzun, 2017). In other words, endothelial dysfunction happens when the vascular walls become stiffer and have diminished vasorelaxation properties (Rogier van der Velde et al., 2015). Endothelial dysfunction is the common denominator for most COVID-19 co-morbidities such as hypertension, diabetes, and obesity. The presence of endothelial dysfunction in hypertensive patients was first demonstrated in the early 1990s through findings such as impaired endothelium-dependent vasodilation of the forearm vasculature (Panza et al., 1990), and blunted acetylcholine-induced release of endothelium-dependent relaxing factor (Linder et al., 1990) in hypertensive patients.

The mechanisms by which hypertension causes endothelial dysfunction were evaluated in a myriad of studies, mostly using preclinical models. Sustained elevation of systemic pressure in the microvasculature leads to premature aging and increased turnover of endothelial cells, impairing the ability of endothelium to release endothelium-derived relaxing factors, resulting in vasoconstriction (Konukoglu and Uzun, 2017). Mechanical stress evoked by high intraluminal pressure on the vascular wall activates NADPH oxidase (NOX), which is the major ROS-producing enzyme. Excessive ROS production triggers oxidative stress that leads to endothelial dysfunction (Carmine et al., 2009). Oxidative stress incites a destructive cascade identified at the arterial wall, followed by chronic inflammation (Castellon and Bogdanova, 2016). Chronic inflammation results in changes in the arterial wall, such as geometric vascular remodeling, increase in intima-media thickness and functional remodeling (Castellon and Bogdanova, 2016). With time, these developments lead to loss of homeostatic properties, a key role in protection against endothelial dysfunction (Castellon and Bogdanova, 2016).

Endothelial dysfunction is suggested to be involved in the progression of COVID-19 because of the atypical manifestations among patients such as cardiac injury (Wang et al., 2020a) and hypercoagulability as measured by an increase in D-dimer and von Willebrand factor (VWF) levels (Spiezia et al., 2020). A recent study found that 72% of deaths due to COVID-19 had evidence of hypercoagulability (Tang, 2020). Another study found a significantly elevated level of VWF in patients with COVID-19 that lend credence to the SARS-CoV-2-induced endothelial dysfunction hypothesis (Panigada et al., 2020). Common inflammatory markers seen in endothelial dysfunction (Kaur et al., 2018) including C-reactive protein (CRP), IL-6, interferon gamma-induced protein-10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1 alpha (M1P1A), and TNF-α were also elevated in patients with COVID-19 (Zhou et al., 2020).

The inflammatory cytokines such as TNF-α, IL-1β, and IL-6 induce the synthesis of acute phase proteins by the liver, including fibrinogen (Colantuoni et al., 2020), thereby producing a pro-coagulant state (Lazzerini et al., 2020). Furthermore, the influx of activated neutrophils is prone to aggregate and form neutrophils extracellular traps (NETs) at high cellular densities (Schauer et al., 2014). NETs aggregate and occlude blood vessels (Jiménez-Alcázar et al., 2017). Subsequently, the pro-adhesive and pro-thrombotic endothelium stimulates further adhesion of leukocytes and platelets to the endothelium, causing vascular micro-thrombosis, capillary plugging, and impaired capillary flow (DiGiandomenico et al., 2014). This explains the high rate of deep venous thrombosis complicated by pulmonary embolism, myocardial infarction, stroke, and critical limb ischemia in patients with COVID-19 (Bikdeli et al., 2020).

Cytokine storm, an expression of exaggerated host immune system response, was reported in patients with COVID-19. The cytokine storm is characterized by very high levels of erythrocyte sedimentation rate (ESR), CRP, TNF-α, IL-1β, IL-1RA, IL-2 (Li et al., 2020), IL-6, IL-7, IL-8, IL-9, IL-10, granulocyte-colony stimulating factor (GCSF), IP-10, MCP-1, and MIP1 (Zhang et al., 2020b). The cytokine storm has also been described in other coronavirus pneumonia, such as SARS-CoV-1 and MERS-CoV, leading to ARDS (Dashti-Khavidaki and Khalili, 2020; Zhang et al., 2020d), and death (Channappanavar and Perlman, 2017; Chousterman et al., 2017). The cytokine levels in severe COVID-19 infection were reported to be higher than SARS and MERS (Conti et al., 2020; Huang et al., 2020). In particular, IL-6 level was the highest in severely ill COVID-19 patients (Chen et al., 2020; Ruan et al., 2020; Wu et al., 2020; Zhang et al., 2020d; Zhou et al., 2020). Elevated cytokines initiate the influx of various immune cells such as macrophages, neutrophils, and T cells from the circulation to the site of infection, causing destabilization of endothelial cell–cell interactions, capillary damage, diffuse alveolar damage, multiorgan failure, and ultimately death (Ragab et al., 2020). Acute lung injury is a consequence of the cytokine storm that can progress into its severe form, ARDS (Shimizu, 2019).



SARS-CoV-2 and RAS DYSREGULATION IN HYPERTENSIVE PATIENTS

Dysregulation of RAS, which consists of angiotensinogen, angiotensin-generating enzymes, and angiotensin, as well as their receptors (Leung, 2010) is one of the clinical implications of SARS-CoV-2 infection. The components of RAS have been reported to be present locally in many organs such as the heart, lungs, and liver, which function through autocrine and paracrine mechanisms, independent of the circulating RAS (Paul et al., 2006). The organ-based or local RAS plays a specific role in injury or repair response, inflammation, and fibrosis pathways.

The SARS-CoV-2 entry into host cells via ACE2 downregulates the membrane-bound ACE2, hence causing concurrent loss of catalytic activity of ACE2 in the RAS (Verdecchia et al., 2020). Reduction in ACE2 level causes Ang II upregulation and overactivity of the conventional ACE/Ang II/AT1R axis. Consequently, Ang 1-7 decreases and this lessens the protective effects of the non-conventional ACE2/Ang 1-7/Mas axis. Since Ang II has pro-oxidative and pro-inflammatory actions, excessive Ang II promotes endothelial dysfunction and cytokine storm that subsequently led to the pulmonary, inflammatory, and hematological complications of COVID-19 (Costa et al., 2020; Vieira et al., 2021).

Ang II via AT1R stimulates ROS production in the lung’s endothelium by increasing the expression and catalytic activity of the NOX family proteins (Brown and Griendling, 2015). ROS are also produced by immune cells in response to Ang II stimulation. Excessive ROS results in the uncoupling of eNOS to a state where the enzyme no longer produces NO but instead produces superoxide. Reduced NO bioavailability leads to endothelial dysfunction as manifested by the pro-inflammatory, pro-adhesive, and pro-thrombotic endothelium (Brown and Griendling, 2015; Sundar et al., 2019). Additionally, Ang II also triggers endothelial inflammation. Ang II activates the nuclear factor κB (NF-κB) cascade, induces cellular adhesion molecules expression, and enhances leukocyte-endothelial interaction (Marchesi et al., 2008; Scalia et al., 2011). Vascular permeability increases and a large amount of fluid and blood cells enter the alveoli, leading to dyspnea and respiratory failure (Channappanavar and Perlman, 2017).

The binding of SARS-CoV-2 to alveolar epithelial cells leads to activation of the innate and adaptive immune systems, followed by the release of several cytokines, including IL-6. Previous studies showed that some viral products promote the DNA-binding activity of NF-κB and nuclear factor IL-6 (NF-IL-6) that upregulate IL-6 mRNA transcription (Tisoncik et al., 2012; Tanaka et al., 2014). Inflammation and immune response start at the initial stage of COVID-19, but as the infection progresses, these mechanisms further intensify. The exaggerated inflammatory response and intrusion of hepatocytes by SARS-CoV-2 might cause liver injury (Zhang et al., 2020a). IL-6 stimulates the release of several acute phase proteins, CRP and fibrinogen and reduces the production of fibronectin, albumin, and transferrin by the liver (Tanaka et al., 2014). Increased D-dimer levels and prothrombin time and reduced activated partial thromboplastin time are some laboratory findings related to endothelial dysfunction and liver injury due to the exaggerated inflammation. These subsequently create a hypercoagulable state with an increased risk of thrombotic and thromboembolic events (Huang et al., 2020; Tang, 2020; Wu et al., 2020).

The final stage of COVID-19 disease progression is marked by a systemic hyper-inflammatory state known as Cytokine Storm Syndrome (Mehta et al., 2020). Uncontrolled cytokines release causes the influx of various immune cells such as macrophages, neutrophils, and T cells from the circulation to the site of infection, causing destabilization of endothelial cell-cell interactions, capillary damage, diffuse alveolar damage, multiorgan failure, and eventually death (Ragab et al., 2020).

The susceptibility of hypertensive patients to severe COVID-19 outcome and the fact that SARS-CoV-2 uses ACE2 to enter the cells raised a question regarding the possibility of RAS components modification by antihypertensive agents, with angiotensin-converting enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARBs) being in the center of interest (Wang et al., 2020c). ACEi effectively inhibits ACE activity without affecting Ang II binding to AT1R. Upon ACE inhibition, Ang I is unable to be converted into Ang II efficiently, thus less Ang II is available to bind to AT1R. Whereas ARBs suppress the binding of Ang II to AT1R, thus preventing the harmful effects of Ang II (Leclézio et al., 2020).

Animal study showed that reduced plasma Ang II level following ACEi therapy is a stimulus for the upregulation of ACE2 mRNA expression in rats (Ferrario et al., 2005). Even though ARBs have a different mechanism of action than ACEi, ARBs also increase ACE2 expression. There was a five-fold increase in ACE2 level following treatment with lisinopril, and a three-fold increase in ACE2 level with losartan treatment (Ferrario et al., 2005). This raised the argument whether it is safe to use ACEi/ARBs to manage hypertension in patients with COVID-19, considering that higher expression of ACE2 leads to increased availability of the binding sites for the SARS-CoV-2 entry into cells (Rico-Mesa et al., 2020). However, it needs to be highlighted that the study was conducted in rats and only cardiac ACE2 mRNA level was measured. More recent human studies showed no significant difference of ACE2 expression in the kidneys and lungs of patients receiving ACEi and ARBs treatment (Jiang et al., 2020; Lee et al., 2020).

A prospective, randomized, open-label clinical trial was conducted to evaluate the effect of continuation versus discontinuation of RAS inhibitors on hospitalized COVID-19 patients. No effect on severity of COVID-19 infection was observed between the groups (Cohen et al., 2021). Subsequently, a cohort study involving two million hypertensive patients found that ACEi and ARBs were associated with a lower risk of COVID-19 hospitalization compared with calcium channel blockers (CCBs). Moreover, patients taking ACEi and ARBs had a lower risk of intubation and death compared to those taking CCBs (Laura et al., 2021).

With all these uncertainties and multiple theories regarding the role of RAS inhibition in COVID-19 infection, withdrawal of ACEi/ARBs would lead to more harm than benefit in critically ill patients with multiple comorbidities (Kunal et al., 2020). As a result, various cardiovascular societies such as European Society of Cardiology have come forward and issued statements regarding continuation of ACEi and ARBs in these patients (de Simone, 2020). The International Society of Hypertension (ISH) further endorsed the statements that there was no substantial evidence to avoid ACEi or ARBs for managing hypertension in COVID-19 patients (ISH, 2020).



CONCLUSION AND FUTURE DIRECTIONS

Hypertensive patients are more vulnerable to develop serious complications of COVID-19. Figure 3 summarizes the link between hypertension and COVID-19 that involves endothelial dysfunction and RAS dysregulation. SARS-Cov-2 entry to the host cell involves ACE2, which is an important enzyme in blood pressure homeostasis. Therefore, modification of RAS may affect the development and progression of COVID-19. Early hypothesis describing exacerbation of the disease following the use of antihypertensive medications such as ACEi and ARBs was not clinically proven. To date, there are no clinical data to implicate ACEi or ARBs in either improvement or worsening of COVID-19 cases, or as a risk factor for COVID-19 infection. There is also no substantial evidence to support discontinuation of ACEi or ARBs or alternate pharmacotherapy to manage hypertension in patients with COVID-19. Large studies that consider all potential sources of biasness and confounding factors are warranted in near future to affirm the link between preexisting hypertension and COVID-19 severity and to devise better pharmacological management of COVID-19 patients with hypertension.


[image: image]

FIGURE 3. Summary of the link between hypertension and COVID-19. This diagram visualizes the relationship between SARS-CoV-2 infection, RAS dysregulation, and endothelial dysfunction. ACE : angiotensin converting enzyme, ACE 2: angiotensin converting enzyme 2, Ang 1-7: angiotensin 1-7, Ang II: angiotensin 2, AT1R: angiotensin II type 1 receptor, NO: nitric oxide, ARDS: acute respiratory distress syndrome, SARS-CoV-2: severe acute respiratory distress coronavirus 2, TMPRSS2: transmembrane protease serine 2, ADAM17: ADAM metallopeptidase domain 17, NOX: nicotinamide adenine dinucleotide phosphate oxidase, ROS: reactive oxygen species, VWF: von Willebrand factor, NETs: neutrophil extracellular traps.




AUTHOR CONTRIBUTIONS

S-AM, AU, JK, DS, AH, and AA contributed to the writing of the original draft. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Universiti Kebangsaan Malaysia Research University Grant (GUP-2018-145) and PPUKM Fundamental Grant (FF-2020-042).



REFERENCES

Amraei, R., and Rahimi, N. (2020). COVID-19, renin-angiotensin system and endothelial dysfunction. Cells 9:1652. doi: 10.3390/cells9071652

Bikdeli, B., Madhavan, M. V., Jimenez, D., Chuich, T., Dreyfus, I., Driggin, E., et al. (2020). COVID-19 and thrombotic or thromboembolic disease: implications for prevention, antithrombotic therapy, and follow-up. J. Am. Coll. Cardiol. 75, 2950–2973. doi: 10.1016/j.jacc.2020.04.031

Brown, D. I., and Griendling, K. K. (2015). Regulation of signal transduction by reactive oxygen species in the cardiovascular system. Circ. Res. 116, 531–549. doi: 10.1161/CIRCRESAHA.116.303584

Carmine, V., Daniela, C., Alba, D. P., Teresa, G. M., Antonio, D., Germana, C., et al. (2009). Pressure-induced vascular oxidative stress is mediated through activation of integrin-linked kinase 1/βPIX/Rac-1 pathway. Hypertension 54, 1028–1034. doi: 10.1161/HYPERTENSIONAHA.109.136572

Castellon, X., and Bogdanova, V. (2016). Chronic inflammatory diseases and endothelial dysfunction. Aging Dis. 7, 81–89. doi: 10.14336/AD.2015.0803

Chan-Yeung, M., and Xu, R.-H. (2003). SARS: epidemiology. Respirology 8(Suppl. 1), S9–S14. doi: 10.1046/j.1440-1843.2003.00518.x

Channappanavar, R., and Perlman, S. (2017). Pathogenic human coronavirus infections: causes and consequences of cytokine storm and immunopathology. Semin. Immunopathol. 39, 529–539. doi: 10.1007/s00281-017-0629-x

Chen, G., Wu, D., Guo, W., Cao, Y., Huang, D., Wang, H., et al. (2020). Clinical and immunological features of severe and moderate coronavirus disease 2019. J. Clin. Invest. 130, 2620–2629. doi: 10.1172/JCI137244

Chen, Z., Mi, L., Xu, J., Yu, J., Wang, X., Jiang, J., et al. (2005). Function of HAb18G/CD147 in invasion of host cells by severe acute respiratory syndrome coronavirus. J. Infect. Dis. 191, 755–760. doi: 10.1086/427811

Chousterman, B. G., Swirski, F. K., and Weber, G. F. (2017). Cytokine storm and sepsis disease pathogenesis. Semin. Immunopathol. 39, 517–528. doi: 10.1007/s00281-017-0639-8

Cohen, J. B., Hanff, T. C., William, P., Sweitzer, N., Rosado-Santander, N. R., Medina, C., et al. (2021). Continuation versus discontinuation of renin&#x2013;angiotensin system inhibitors in patients admitted to hospital with COVID-19: a prospective, randomised, open-label trial. Lancet Respir. Med. 9, 275–284. doi: 10.1016/S2213-2600(20)30558-0

Colantuoni, A., Martini, R., Caprari, P., Ballestri, M., Capecchi, P. L., Gnasso, A., et al. (2020). COVID-19 sepsis and microcirculation dysfunction. Front. Physiol. 11:747. doi: 10.3389/fphys.2020.00747

Conti, P., Ronconi, G., Caraffa, A., Gallenga, C., Ross, R., Frydas, I., et al. (2020). Induction of pro-inflammatory cytokines (IL-1 and IL-6) and lung inflammation by Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-inflammatory strategies. J. Biol. Regul. Homeost. Agents 34, 327–331. doi: 10.23812/CONTI-E

Costa, L. B., Perez, L. G., Palmeira, V. A., Macedo e Cordeiro, T., Ribeiro, V. T., Lanza, K., et al. (2020). Insights on SARS-CoV-2 molecular interactions with the renin-angiotensin system. Front. Cell Dev. Biol. 8:559841. doi: 10.3389/fcell.2020.559841

Dashti-Khavidaki, S., and Khalili, H. (2020). Considerations for statin therapy in patients with COVID-19. Pharmacotherapy 40, 484–486. doi: 10.1002/phar.2397

de Miguel, C., Rudemiller, N. P., Abais, J. M., and Mattson, D. L. (2015). Inflammation and hypertension: new understandings and potential therapeutic targets. Curr. Hypertens. Rep. 17:507. doi: 10.1007/s11906-014-0507-z

de Simone, G. (2020). Position statement of the ESC council on hypertension on ACE-inhibitors and angiotensin receptor blockers. Eur. Soc. Cardiol. Available online at: https://www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News/position-statement-of-the-esc-council-on-hypertension-on-ace-inhibitors-and-ang (accessed December 26, 2020).

DiGiandomenico, A., Veach, R. A., Zienkiewicz, J., Moore, D. J., Wylezinski, L. S., Hutchens, M. A., et al. (2014). The “Genomic Storm” induced by bacterial endotoxin is calmed by a nuclear transport modifier that attenuates localized and systemic inflammation. PLoS One 9:e110183. doi: 10.1371/journal.pone.0110183

Donoghue, M., Hsieh, F., Baronas, E., Godbout, K., Gosselin, M., Stagliano, N., et al. (2000). A novel angiotensin-converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1-9. Circ. Res. 87, E1–E9. doi: 10.1161/01.res.87.5.e1

Lazzerini, P. E., Mohamed, B., and Leopoldo, C. P. (2020). COVID-19, arrhythmic risk, and inflammation. Circulation 142, 7–9. doi: 10.1161/CIRCULATIONAHA.120.047293

Ferrario, C. M., Jessup, J., Chappell, M. C., Averill, D. B., Brosnihan, K. B., Tallant, E. A., et al. (2005). Effect of angiotensin-converting enzyme inhibition and angiotensin II receptor blockers on cardiac angiotensin-converting enzyme 2. Circulation 111, 2605–2610. doi: 10.1161/CIRCULATIONAHA.104.510461

González, J. M., Gomez-Puertas, P., Cavanagh, D., Gorbalenya, A. E., and Enjuanes, L. (2003). A comparative sequence analysis to revise the current taxonomy of the family Coronaviridae. Arch. Virol. 148, 2207–2235. doi: 10.1007/s00705-003-0162-1

Guan, W.-J., Liang, W.-H., Zhao, Y., Liang, H.-R., Chen, Z.-S., Li, Y.-M., et al. (2020a). Comorbidity and its impact on 1590 patients with COVID-19 in China: a nationwide analysis. Eur. Respir. J. 55:2000547. doi: 10.1183/13993003.00547-2020

Guan, W.-J., Ni, Z., Hu, Y., Liang, W., Ou, C.-Q., He, J., et al. (2020b). Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med. 382, 1708–1720. doi: 10.1056/NEJMoa2002032

Hamming, I., Timens, W., Bulthuis, M. L. C., Lely, A. T., Navis, G. J., and van Goor, H. (2004). Tissue distribution of ACE2 protein, the functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 203, 631–637. doi: 10.1002/path.1570

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell 181, 271–280.e8. doi: 10.1016/j.cell.2020.02.052

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395, 497–506. doi: 10.1016/S0140-6736(20)30183-5

Ingelfinger, J. R. (2009). Angiotensin-converting enzyme 2: implications for blood pressure and kidney disease. Curr. Opin. Nephrol. Hypertens. 18, 79–84. doi: 10.1097/mnh.0b013e32831b70ad

ISH (2020). A statement from the International Society of Hypertension on COVID-19. Intern. Soc. Hypertens. Available online at: https://ish-world.com/news/a/A-statement-from-the-International-Society-of-Hypertension-on-COVID-19/ (accessed June 7, 2020).

Jeffers, S. A., Tusell, S. M., Gillim-Ross, L., Hemmila, E. M., Achenbach, J. E., Babcock, G. J., et al. (2004). CD209L (L-SIGN) is a receptor for severe acute respiratory syndrome coronavirus. Proc. Natl. Acad. Sci. U.S.A. 101, 15748–15753. doi: 10.1073/pnas.0403812101

Jiang, X., Eales, J. M., Scannali, D., Nazgiewicz, A., Prestes, P., Maier, M., et al. (2020). Hypertension and renin-angiotensin system blockers are not associated with expression of angiotensin-converting enzyme 2 (ACE2) in the kidney. Eur. Heart J. 41, 4580–4588. doi: 10.1093/eurheartj/ehaa794

Jiménez-Alcázar, M., Rangaswamy, C., Panda, R., Bitterling, J., Simsek, Y. J., Long, A. T., et al. (2017). Host DNases prevent vascular occlusion by neutrophil extracellular traps. Science 358, 1202–1206. doi: 10.1126/science.aam8897

Kaur, R., Kaur, M., and Singh, J. (2018). Endothelial dysfunction and platelet hyperactivity in type 2 diabetes mellitus: molecular insights and therapeutic strategies. Cardiovasc. Diabetol. 17:121. doi: 10.1186/s12933-018-0763-3

Kiros, M., Andualem, H., Kiros, T., Hailemichael, W., Getu, S., Geteneh, A., et al. (2020). COVID-19 pandemic: current knowledge about the role of pets and other animals in disease transmission. Virol. J. 17:143. doi: 10.1186/s12985-020-01416-9

Klhůfek, J. (2020). The role of angiotensin-converting enzyme 2 in the pathogenesis of COVID-19: the villain or the hero? Acta Clin. Belg. doi: 10.1080/17843286.2020.1786324. [Epub ahead of print].

Konukoglu, D., and Uzun, H. (2017). Endothelial dysfunction and hypertension. Adv. Exp. Med. Biol. 956, 511–540. doi: 10.1007/5584_2016_90

Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B., et al. (2005). A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung injury. Nat. Med. 11, 875–879. doi: 10.1038/nm1267

Kunal, S., Gupta, K., Sharma, S. M., Pathak, V., Mittal, S., and Tarke, C. (2020). Cardiovascular system and COVID-19: perspectives from a developing country. Monaldi Arch. Chest Dis. 90, 231–241. doi: 10.4081/monaldi.2020.1305

Lanza, K., Perez, L. G., Costa, L. B., Cordeiro, T. M., Palmeira, V. A., Ribeiro, V. T., et al. (2020). Covid-19: the renin-angiotensin system imbalance hypothesis. Clin. Sci. 134, 1259–1264. doi: 10.1042/CS20200492

Laura, S., Jérémie, B., Jérôme, D., Bérangère, B., Clémentine, V., François, C., et al. (2021). Antihypertensive drugs and COVID-19 Risk. Hypertension 77, 833–842. doi: 10.1161/HYPERTENSIONAHA.120.16314

Leclézio, A., Robinson, J., and Banerjee, I. (2020). SARS-CoV-2: ACE inhibitors, disastrous or desirable? J. Biomed. Sci. 7, 40–46. doi: 10.3126/jbs.v7i1.29852

Lee, I. T., Nakayama, T., Wu, C.-T., Goltsev, Y., Jiang, S., Gall, P. A., et al. (2020). ACE2 localizes to the respiratory cilia and is not increased by ACE inhibitors or ARBs. Nat. Commun. 11:5453. doi: 10.1038/s41467-020-19145-6

Lee, J. Y., Kim, Y.-J., Chung, E. H., Kim, D.-W., Jeong, I., Kim, Y., et al. (2017). The clinical and virological features of the first imported case causing MERS-CoV outbreak in South Korea, 2015. BMC Infect. Dis. 17:498. doi: 10.1186/s12879-017-2576-5

Leung, P. S. (2010). “Local RAS,” in The Renin-Angiotensin System: Current Research Progress in The Pancreas: The RAS in the Pancreas, ed. P. S. Leung (Dordrecht: Springer Netherlands), 69–87. doi: 10.1007/978-90-481-9060-7_5

Li, F. (2016). Structure, function, and evolution of coronavirus spike proteins. Annu. Rev. Virol. 3, 237–261. doi: 10.1146/annurev-virology-110615-042301

Li, H., Liu, L., Zhang, D., Xu, J., Dai, H., Tang, N., et al. (2020). SARS-CoV-2 and viral sepsis: observations and hypotheses. Lancet 395, 1517–1520. doi: 10.1016/S0140-6736(20)30920-X

Linder, L., Kiowski, W., Bühler, F. R., and Lüscher, T. F. (1990). Indirect evidence for release of endothelium-derived relaxing factor in human forearm circulation in vivo. Blunted response in essential hypertension. Circulation 81, 1762–1767. doi: 10.1161/01.cir.81.6.1762

Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., et al. (2020). Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet 395, 565–574. doi: 10.1016/S0140-6736(20)30251-8

Magalhaes, G. S., Rodrigues-Machado, M. G., Motta-Santos, D., Campagnole-Santos, M. J., and Santos, R. A. S. (2020). Activation of Ang-(1-7)/Mas receptor is a possible strategy to treat coronavirus (SARS-CoV-2) infection. Front. Physiol. 11:730. doi: 10.3389/fphys.2020.00730

Maginnis, M. S. (2018). Virus-receptor interactions: the key to cellular invasion. J. Mol. Biol. 430, 2590–2611. doi: 10.1016/j.jmb.2018.06.024

Mallapaty, S. (2020). COVID mink analysis shows mutations are not dangerous – yet. Nature 587, 340–341. doi: 10.1038/d41586-020-03218-z

Marchesi, C., Paradis, P., and Schiffrin, E. L. (2008). Role of the renin-angiotensin system in vascular inflammation. Trends Pharmacol. Sci. 29, 367–374. doi: 10.1016/j.tips.2008.05.003

Mehta, P., McAuley, D. F., Brown, M., Sanchez, E., Tattersall, R. S., and Manson, J. J. (2020). COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet 395, 1033–1034. doi: 10.1016/S0140-6736(20)30628-0

Mordwinkin, N. M., Meeks, C. J., Jadhav, S. S., Espinoza, T., Roda, N., diZerega, G. S., et al. (2012). Angiotensin-(1-7) administration reduces oxidative stress in diabetic bone marrow. Endocrinology 153, 2189–2197. doi: 10.1210/en.2011-2031

Mori, J., Oudit, G. Y., and Lopaschuk, G. D. (2020). SARS-CoV-2 perturbs the renin-angiotensin system and energy metabolism. Am. J. Physiol. Endocrinol. Metab. 319, E43–E47. doi: 10.1152/ajpendo.00219.2020

Muñoz-Durango, N., Fuentes, C. A., Castillo, A. E., González-Gómez, L. M., Vecchiola, A., Fardella, C. E., et al. (2016). Role of the renin-angiotensin-aldosterone system beyond blood pressure regulation: molecular and cellular mechanisms involved in end-organ damage during arterial hypertension. Int. J. Mol. Sci. 17:797. doi: 10.3390/ijms17070797

Ocaranza, M. P., and Jalil, J. E. (2012). Protective role of the ACE2/Ang-(1-9) axis in cardiovascular remodeling. Int. J. Hypertens. 2012:594361. doi: 10.1155/2012/594361

Ocaranza, M. P., Michea, L., Chiong, M., Lagos, C. F., Lavandero, S., and Jalil, J. E. (2014). Recent insights and therapeutic perspectives of angiotensin-(1-9) in the cardiovascular system. Clin. Sci. (Lond) 127, 549–557. doi: 10.1042/CS20130449

Oreshkova, N., Molenaar, R. J., Vreman, S., Harders, F., Oude Munnink, B. B., Hakze-van der Honing, R. W., et al. (2020). SARS-CoV-2 infection in farmed minks, the Netherlands, April and May 2020. Euro Surveill. 25:2001005. doi: 10.2807/1560-7917.ES.2020.25.23.2001005

Panigada, M., Bottino, N., Tagliabue, P., Grasselli, G., Novembrino, C., Chantarangkul, V., et al. (2020). Hypercoagulability of COVID-19 patients in intensive care unit: a report of thromboelastography findings and other parameters of hemostasis. J. Thromb. Haemost. 18, 1738–1742. doi: 10.1111/jth.14850

Panza, J. A., Quyyumi, A. A., Brush, J. E. J., and Epstein, S. E. (1990). Abnormal endothelium-dependent vascular relaxation in patients with essential hypertension. N. Engl. J. Med. 323, 22–27. doi: 10.1056/NEJM199007053230105

Paul, M., Poyan Mehr, A., and Kreutz, R. (2006). Physiology of local renin-angiotensin systems. Physiol. Rev. 86, 747–803. doi: 10.1152/physrev.00036.2005

Peiris, J. S. M., Guan, Y., and Yuen, K. Y. (2004). Severe acute respiratory syndrome. Nat. Med. 10, S88–S97. doi: 10.1038/nm1143

Radzikowska, U., Ding, M., Tan, G., Zhakparov, D., Peng, Y., Wawrzyniak, P., et al. (2020). Distribution of ACE2, CD147, CD26 and other SARS-CoV-2 associated molecules in tissues and immune cells in health and in asthma, COPD, obesity, hypertension, and COVID-19 risk factors. Allergy 75, 2829–2845. doi: 10.1111/all.14429

Ragab, D., Salah Eldin, H., Taeimah, M., Khattab, R., and Salem, R. (2020). The COVID-19 cytokine storm; what we know so far. Front. Immunol. 11:1446. doi: 10.3389/fimmu.2020.01446

Rico-Mesa, J. S., White, A., and Anderson, A. S. (2020). Outcomes in patients with COVID-19 infection taking ACEI/ARB. Curr. Cardiol. Rep. 22:31. doi: 10.1007/s11886-020-01291-4

Rogier van der Velde, A., Meijers, W. C., and de Boer, R. A. (2015). “Chapter 3.7.1 - Cardiovascular biomarkers: translational aspects of hypertension, atherosclerosis, and heart failure in drug development,” in Principles of Translational Science in Medicine, 2nd Edn. ed. M. Wehling (Boston, MA: Academic Press), 167–183. doi: 10.1016/B978-0-12-800687-0.00018-9

Rothan, H. A., and Byrareddy, S. N. (2020). The epidemiology and pathogenesis of coronavirus disease (COVID-19) outbreak. J. Autoimmun. 109:102433. doi: 10.1016/j.jaut.2020.102433

Ruan, Q., Yang, K., Wang, W., Jiang, L., and Song, J. (2020). Clinical predictors of mortality due to COVID-19 based on an analysis of data of 150 patients from Wuhan, China. Intensive Care Med. 46, 846–848. doi: 10.1007/s00134-020-05991-x

Santos, R. A. S., Sampaio, W. O., Alzamora, A. C., Motta-Santos, D., Alenina, N., Bader, M., et al. (2017). The ACE2/Angiotensin-(1–7)/MAS axis of the renin-angiotensin system: focus on angiotensin-(1–7). Physiol. Rev. 98, 505–553. doi: 10.1152/physrev.00023.2016

Scalia, R., Gong, Y., Berzins, B., Freund, B., Feather, D., Landesberg, G., et al. (2011). A novel role for calpain in the endothelial dysfunction induced by activation of angiotensin II type 1 receptor signaling. Circ. Res. 108, 1102–1111. doi: 10.1161/CIRCRESAHA.110.229393

Schauer, C., Janko, C., Munoz, L. E., Zhao, Y., Kienhöfer, D., Frey, B., et al. (2014). Aggregated neutrophil extracellular traps limit inflammation by degrading cytokines and chemokines. Nat. Med. 20, 511–517. doi: 10.1038/nm.3547

Schiffrin, E. L., Flack, J. M., Ito, S., Muntner, P., and Webb, R. C. (2020). Hypertension and COVID-19. Am. J. Hypertens. 33, 373–374. doi: 10.1093/ajh/hpaa057

Shimizu, M. (2019). “Clinical features of cytokine storm syndrome,” in Cytokine Storm Syndrome, eds R. Q. Cron and E. M. Behrens (Cham: Springer International Publishing), 31–41. doi: 10.1007/978-3-030-22094-5_3

Skiba, D. S., Nosalski, R., Mikolajczyk, T. P., Siedlinski, M., Rios, F. J., Montezano, A. C., et al. (2017). Anti-atherosclerotic effect of the angiotensin 1–7 mimetic AVE0991 is mediated by inhibition of perivascular and plaque inflammation in early atherosclerosis. Br. J. Pharmacol. 174, 4055–4069. doi: 10.1111/bph.13685

South, A. M., Shaltout, H. A., Washburn, L. K., Hendricks, A. S., Diz, D. I., and Chappell, M. C. (2019). Fetal programming and the angiotensin-(1-7) axis: a review of the experimental and clinical data. Clin. Sci. (Lond) 133, 55–74. doi: 10.1042/CS20171550

Sparks, M., Crowley, S., Gurley, S., Mirotsou, M., and Coffman, T. (2014). Classical renin-angiotensin system in kidney physiology. Compr. Physiol. 4, 1201–1228. doi: 10.1002/cphy.c130040

Spiezia, L., Boscolo, A., Poletto, F., Cerruti, L., Tiberio, I., Campello, E., et al. (2020). COVID-19-related severe hypercoagulability in patients admitted to intensive care unit for acute respiratory failure. Thromb. Haemost. 120, 998–1000. doi: 10.1055/s-0040-1710018

Steckelings, U. M., Kaschina, E., and Unger, T. (2005). The AT2 receptor–a matter of love and hate. Peptides 26, 1401–1409. doi: 10.1016/j.peptides.2005.03.010

Su, S., Wong, G., Shi, W., Liu, J., Lai, A. C. K., Zhou, J., et al. (2016). Epidemiology, genetic recombination, and pathogenesis of coronaviruses. Trends Microbiol. 24, 490–502. doi: 10.1016/j.tim.2016.03.003

Sundar, U. M., Ugusman, A., Chua, H. K., Latip, J., and Aminuddin, A. (2019). Piper sarmentosum promotes endothelial nitric oxide production by reducing asymmetric dimethylarginine in tumor necrosis factor-α-induced human umbilical vein endothelial cells. Front. Pharmacol. 10:1033. doi: 10.3389/fphar.2019.01033

Tanaka, T., Narazaki, M., and Kishimoto, T. (2014). IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 6:a016295. doi: 10.1101/cshperspect.a016295

Tang, N. (2020). Response to “Lupus anticoagulant is frequent in patients with Covid-19” (JTH-2020-00483). J. Thromb. Haemost. 18, 2065–2066. doi: 10.1111/jth.14890

Tisoncik, J. R., Korth, M. J., Simmons, C. P., Farrar, J., Martin, T. R., and Katze, M. G. (2012). Into the eye of the cytokine storm. Microbiol. Mol. Biol. Rev. 76, 16–32. doi: 10.1128/MMBR.05015-11

Verdecchia, P., Cavallini, C., Spanevello, A., and Angeli, F. (2020). The pivotal link between ACE2 deficiency and SARS-CoV-2 infection. Eur. J. Intern. Med. 76, 14–20. doi: 10.1016/j.ejim.2020.04.037

Vieira, C., Nery, L., Martins, L., Jabour, L., Dias, R., Simões, E., et al. (2021). Downregulation of membrane-bound angiotensin converting enzyme 2 (ACE2) receptor has a pivotal role in COVID-19 immunopathology. Curr. Drug Targets 22, 254–281. doi: 10.2174/1389450121666201020154033

Wan, Y., Shang, J., Graham, R., Baric, R. S., and Li, F. (2020). Receptor recognition by the novel coronavirus from Wuhan: an analysis based on decade-long structural studies of SARS coronavirus. J. Virol. 94:e00127-20. doi: 10.1128/JVI.00127-20

Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020a). Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus–infected pneumonia in Wuhan, China. JAMA 323, 1061–1069. doi: 10.1001/jama.2020.1585

Wang, K., Chen, W., Zhou, Y.-S., Lian, J.-Q., Zhang, Z., Du, P., et al. (2020b). SARS-CoV-2 invades host cells via a novel route: CD147-spike protein. bioRxiv [Preprint]. doi: 10.1101/2020.03.14.988345

Wang, J. J., Edin, M. L., Zeldin, D. C., Li, C., Wang, D. W., and Chen, C. (2020c). Good or bad: application of RAAS inhibitors in COVID-19 patients with cardiovascular comorbidities. Pharmacol. Ther. 215:107628. doi: 10.1016/j.pharmthera.2020.107628

World Health Organization (2020). Coronavirus Situation Report-1. Geneva: WHO.

Wösten-van Asperen, R. M., Bos, A. P., Bem, R. A., Dierdorp, B. S., Dekker, T., van Goor, H., et al. (2013). Imbalance between pulmonary angiotensin-converting enzyme and angiotensin-converting enzyme 2 activity in acute respiratory distress syndrome. Pediatr. Crit. Care Med. 14:e438-41. doi: 10.1097/PCC.0b013e3182a55735

Wu, C., Chen, X., Cai, Y., Xia, J., Zhou, X., Xu, S., et al. (2020). Risk factors associated with acute respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern. Med. 180, 934–943. doi: 10.1001/jamainternmed.2020.0994

Xie, M., and Chen, Q. (2020). Insight into 2019 novel coronavirus &#x2014; an updated interim review and lessons from SARS-CoV and MERS-CoV. Int. J. Infect. Dis. 94, 119–124. doi: 10.1016/j.ijid.2020.03.071

Xu, X., Chen, P., Wang, J., Feng, J., Zhou, H., Li, X., et al. (2020). Evolution of the novel coronavirus from the ongoing Wuhan outbreak and modeling of its spike protein for risk of human transmission. Sci. China Life Sci. 63, 457–460. doi: 10.1007/s11427-020-1637-5

Yang, J., Zheng, Y., Gou, X., Pu, K., Chen, Z., Guo, Q., et al. (2020). Prevalence of comorbidities and its effects in patients infected with SARS-CoV-2: a systematic review and meta-analysis. Int. J. Infect. Dis. 94, 91–95. doi: 10.1016/j.ijid.2020.03.017

Yuki, K., Fujiogi, M., and Koutsogiannaki, S. (2020). COVID-19 pathophysiology: a review. Clin. Immunol. 215:108427. doi: 10.1016/j.clim.2020.108427

Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D. M. E., and Fouchier, R. A. M. (2012). Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N. Engl. J. Med. 367, 1814–1820. doi: 10.1056/NEJMoa1211721

Zhang, C., Shi, L., and Wang, F.-S. (2020a). Liver injury in COVID-19: management and challenges. Lancet Gastroenterol. Hepatol. 5, 428–430. doi: 10.1016/S2468-1253(20)30057-1

Zhang, J., Xie, B., and Hashimoto, K. (2020b). Current status of potential therapeutic candidates for the COVID-19 crisis. Brain. Behav. Immun. 87, 59–73. doi: 10.1016/j.bbi.2020.04.046

Zhang, J.-J., Dong, X., Cao, Y.-Y., Yuan, Y.-D., Yang, Y.-B., Yan, Y.-Q., et al. (2020c). Clinical characteristics of 140 patients infected with SARS-CoV-2 in Wuhan, China. Allergy 75, 1730–1741. doi: 10.1111/all.14238

Zhang, W., Zhao, Y., Zhang, F., Wang, Q., Li, T., Liu, Z., et al. (2020d). The use of anti-inflammatory drugs in the treatment of people with severe coronavirus disease 2019 (COVID-19): the perspectives of clinical immunologists from China. Clin. Immunol. 214:108393. doi: 10.1016/j.clim.2020.108393

Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., et al. (2020). Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet (London, England) 395, 1054–1062. doi: 10.1016/S0140-6736(20)30566-3

Ziegler, C. G. K., Allon, S. J., Nyquist, S. K., Mbano, I. M., Miao, V. N., Tzouanas, C. N., et al. (2020). SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene in human airway epithelial cells and is detected in specific cell subsets across tissues. Cell 181, 1016–1035.e19. doi: 10.1016/j.cell.2020.04.035


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Muhamad, Ugusman, Kumar, Skiba, Hamid and Aminuddin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fphys-12-665064-g001.jpg
B sl
«_ Receptor
S

—— —

Aldosterone Release
Vasoconstriction
Sympathetic Activation
Hypertrophy, Inflammatory,
Fibrosis

Reduced Nitric Oxide
Release

Increased Blood Pressure

Vasodilation
Antihypertrophy, Anti-
Inflammatory, Antifibrotic
Increased Nitric Oxide Release
Reduced Blood Pressure






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		COVID-19 and Hypertension: The What, the Why, and the How



		INTRODUCTION



		SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS-2



		RENIN-ANGIOTENSIN SYSTEM



		ROLE OF ACE2 IN SARS-COV-2 INFECTION



		HYPERTENSION AS A RISK FACTOR FOR SEVERE COVID-19 OUTCOME



		ENDOTHELIAL DYSFUNCTION AS A LINK BETWEEN HYPERTENSION AND SARS-COV-2 INFECTION



		SARS-COV-2 AND RAS DYSREGULATION IN HYPERTENSIVE PATIENTS



		CONCLUSION AND FUTURE DIRECTIONS



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fphys-12-665064-g002.jpg
SARS-(;OV-Z

TMPRSS2 ACE2

Lifecycle of SARS-CoV-2

S Proteins

ACE2

l

@—00\1-2 RNA

NN

Release

Cellular entry via endocytosis

Endosome

Assembly of new
SARS-Cov-2

Membrane fusion
and viral RNA release

Transcription and translation
of RNA using host organelles

o &

ff./f

Formation of virion parts
® o
LY °






OPS/images/fphys-12-665064-g003.jpg
Attachment of SARS-CoV-2
to ACE2 in lung pneumocytes

SARS-CoV-2
Cell Membrane

TMPRSS 2 |

.

SARS-CoV-2 enters the cell
with ACE2 (Viral endocytosis)

ACE2

Immune response

&
.

4 ADAM17 activity
Tshedding of ACE2 from cell’s surface

v

 ACE2 availability due to
shedding and internalization

v

Inhibits ACE2/Ang 1-7/Mas axis
Stimulates ACE/AngI/AT;R axis

v

. TAIdosterone release

. Sympathetic activation
. Vasoconstriction

. Diminished NO release
. Hypertrophy

. Fibrosis

. Inflammation

N wn s BN e

* Blood pressure <






OPS/images/cover.jpg
, frontiers
in Physiology










OPS/images/logo.jpg
, frontiers
in Physiology





