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The severe acute respiratory syndrome corona virus-2 (SARS-CoV-2) has resulted in almost 28 million cases of
COVID-19 (Corona virus disease-2019) and more than 900000 deaths worldwide since December 2019. In the
absence of effective antiviral therapy and vaccine, treatment of COVID-19 is largely symptomatic. By making use
of its spike (S) protein, the virus binds to its primary human cell receptor, angiotensin converting enzyme 2
(ACE2) which is present in the pulmonary epithelial cells as well as other organs. SARS-CoV-2 may cause a
downregulation of ACE2. ACE2 plays a protective role in the pulmonary system through its Mas-receptor and
alamandine-MrgD-TGR7 pathways. Loss of this protective effect could be a major component of COVID-19
pathogenesis. An attractive strategy in SARS-CoV-2 therapeutics would be to augment ACE2 either directly by
supplementation or indirectly through drugs which increase its levels or stimulate its downstream players. In this
semi-systematic review, we have analysed the pathophysiological interplay between ACE and ACE2 in the car
diopulmonary system, the modulation of these two proteins by SARS-CoV-2, and potential therapeutic avenues
targeting ACE-Ang II and ACE2-Ang (1–7) axes, that can be utilized against COVID-19 disease progression.

1. Introduction
The novel corona virus, Severe acute respiratory syndrome-corona
virus-2 (SARS-CoV-2), that originated in China in November 2019, has
spread worldwide affecting 213 countries. Disease caused by this virus
(Corona virus disease-2019, COVID-19) has transformed into a feared
global pandemic with 28.6 million confirmed cases and 917000 deaths
as of September 13, 2020 (“Coronavirus Update”). In the absence of
effective antiviral therapy and vaccine, treatment of COVID-19 is largely
symptomatic. The primary receptor for SARS-CoV-2 in humans is the
protein angiotensin converting enzyme-2 (ACE2), widely expressed in
different tissues including epithelial cells of respiratory tract and
gastrointestinal tract. The virus binds to ACE2 by making use of its spike
(S) protein which has two functional domains S1 and S2; S1 contains
receptor binding domain (RBD) which interacts with ACE2, and S2 is

needed for membrane fusion (Hoffmann et al., 2020; Zhou et al., 2020).
Compared to SARS-CoV, the RBD of SARS-CoV-2 binds to ACE2 with
greater affinity as indicated by X-ray crystallographic studies and
protein-protein binding assays using surface plasmon resonance, and it
appears that the RBD of SARS-CoV-2 differs from that of SARS-CoV by
several amino acid substitutions which actually stabilize the binding of
SARS-CoV-2 with ACE2 (Shang et al., 2020). The fusion of SARS-CoV-2
with the host cell however requires a priming, in which a serine protease
(TMPRSS2) present on the host cell membrane makes two proteolytic
cleavages on the S protein, and this is followed by the internalization of
the virus along with ACE2 (Hoffmann et al., 2020). Recently, several
reviews have highlighted renin angiotensin aldosterone system (RAAS)
blockers and anti-inflammatory drugs like ibuprofen as double-edged
swords in COVID-19 progression. These drugs are known to increase
the expression of ACE2, theoretically having a facilitatory role on the
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entry of the virus into host cells (Gurwitz, 2020; Kakodkar et al., 2020;
Magrone et al., 2020; Rothuizen et al., 2020; Verdecchia et al., 2020;
Zolk et al., 2020). On the other hand, there is a strong experimental
evidence that ACE2 is protective in acute lung injury and that down
regulation of ACE2 exacerbates lung inflammation (Imai et al., 2005;
Kuba et al., 2005). Hence, drugs augmenting ACE2 may have a benefi
cial effect once viral damage has started.
While most reviews have focused on the beneficial or deleterious
effects of ACE-inhibitors or angiotensin (Ang) receptor blockers, we
decided to focus on the protective role of ACE2. We conducted a PubMed
search on possible therapies that could activate or up regulate ACE2
directly or indirectly and further explored the relationship, if any, be
tween known anti-inflammatory drugs and ACE2/ACE pathways. Since
many patients with COVID-19 mortality suffer from underlying comorbidities such as ischemic heart disease, hypertension, asthma and
diabetes, the authors also conducted a PubMed search focusing on in
dividual drugs prescribed in these conditions and their possible inter
play with ACE2. In this review, we analyse the pathophysiological
interplay between ACE and ACE2, their role in cardiopulmonary he
modynamics, the modulation of these two proteins by SARS-CoV-2, and
potential therapeutic avenues targeting ACE-Ang II and ACE2-Ang (1–7)
axes, that can be utilized against COVID-19 disease progression.

channels (ENaC) (Deng et al., 2012). Further, the activation of NADPH
oxidases (NOX1, NOX2, NOX4 and NOX5) by Ang II in cardiovascular
tissues produces a state of oxidative stress, which then activates a
multitude of inflammatory cytokines through mitogen activated protein
kinase (MAPK) and nuclear factor-kappa beta (NF-Kβ) signalling
(Nguyen Dinh Cat et al., 2013). Activation of tissue factor and endo
thelial dysfunction by Ang II promotes a thrombosis prone state in blood
vessels. Ang II can also activate the angiotensin AT2 receptor, the sig
nalling cascade of which is still not fully delineated. Angiotensin AT2
receptors are widely present in foetal tissues including lung, but their
expression decreases drastically after birth with limited expression in
endothelial cells, vascular smooth muscle cells, brain, adrenal gland,
kidney, and reproductive tissues in adults. The expression of angio
tensin-AT2 receptors increases on activated fibroblasts in fibrotic disease
states of lung and limited expression has also been noticed on bronchial
epithelial cells of lung cancer patients (Bullock et al., 2001; Jones et al.,
2008). Angiotensin AT2 receptors in heterodimerization with bradyki
nin receptors (BK-2) activate nitric oxide synthase, resulting in vasodi
latation. Activation of angiotensin-AT2 receptors has also been linked
with decreased MAPK activity and decreased NF-κB signalling inside
cells (Arendse et al., 2019; Nguyen Dinh Cat et al., 2013).
The normal physiological role of ACE2 in the lungs is not clear at
present but under conditions of uncontrolled activation of the RAAS
axis, ACE2 serves to counteract the actions of Ang II. High expression of
ACE2 protein has been shown in cardiomyocytes, tubular epithelial cells
of kidney and lung epithelial cells (Hamming et al., 2004). The protein
expression has also been profiled in diverse other cell types such as
enterocytes of the small intestine, endothelial cells, neurons and arterial
smooth muscle cells of various visceral organs (Hamming et al., 2004).
Unlike ACE which is a dipeptidase, ACE2 is a mono-carboxypeptidase
and has higher affinity for Ang II compared to Ang I. Activation of
ACE2 results in the production of the heptapeptide, Ang (1–7). The latter
acts on multiple receptors such as Mas which is a Gs-linked G-protein
coupled receptor (GPCR), the angiotensin-AT1 receptor, the angio
tensin-AT2 receptor and MrgD which is a Mas related GPCR. Though
ACE2 by acting on Ang II decreases the levels of Ang II, which is also a
ligand of angiotensin-AT2 receptors, the production of Ang (1–7) by
ACE2 seems to counteract the effect of AT2 deficiency in cardiopulmo
nary tissues. Another peptide produced through the ACE2 arm is ala
mandine which is a decarboxylated form of Ang (1–7) and acts primarily
through the MrgD receptors (Arendse et al., 2019). Activation of Mas
and MrgD receptors increases cAMP in endothelial cells, enhances
phosphatidyl-inositol-3-kinase (PI3K) activity and decreases MAPK ac
tivity. Overall, the ACE2 arm through Ang (1–7)-Mas or
alamandine-MrgD axis, is a major physiological regulator of the
ACE-Ang II-AT1 receptor axis and protects cardiovascular, renal and
pulmonary systems from the devastating effects of uncontrolled Ang II
(Arendse et al., 2019; Schleifenbaum, 2019). Fig. 1 shows the various
pathways mediated by ACE and ACE2 in the pulmonary system.

2. Search methodology for the review
A PubMed search was carried out using the keywords (ACE2 OR ACE2) AND lung in Title/Abstract which yielded 270 results. Similarly, we
searched PubMed using keywords (ACE2 OR ACE-2) AND pulmonary in
Title/Abstract (29 results); using keywords Ang (1–7) AND lung in Title/
Abstract (116 results); and using keywords Ang (1–7) AND pulmonary in
Title/Abstract (88 results). Searches were carried out for individual
drugs known to have some effect on the ACE-pathway or in lung injury.
An expansive list of keywords used in these searches and the results
obtained is provided in Supplementary Table 1. We also performed a
search on ClinicalTrials.gov using the keywords ACE2 and COVID-19;
and Ang (1–7) and COVID-19, to identify individual trials being car
ried out in this domain. The abstracts of the articles obtained were
scrutinized by the primary author (UK) assisted by the second author
(KA), and full texts were analysed in case the abstracts were found
relevant. For articles without abstract or with less detailed abstracts, the
full text was directly analysed. Once the findings were compiled, they
were reviewed by the two corresponding authors (SSC and SC).
3. ACE, Ang II and ACE2 in the cardiopulmonary system
ACE is present in the vascular endothelium, predominantly of the
lungs and converts angiotensin-I to the octapeptide angiotensin-II (Ang
II). Levels of Ang II depend on many factors. These include ACE and non
ACE enzymes such as chymase and cathepsin, renin and angiotensi
nogen, systemic blood pressure, renal blood flow, renal levels of ATP,
prostaglandins and adenosine, systemic and renal sympathetic activity,
plasma aldosterone levels and levels of ACE2, aminopeptidase A and
neprilysin. Factors causing upregulation of ACE and downregulation of
ACE2 and neprilysin would result in increments in Ang II levels (Arendse
et al., 2019; Chappell, 2016). Ang II via the Gq type of angiotensin-1
(AT1) receptor, causes generalized vasoconstriction, increased periph
eral vascular resistance, ventricular remodelling, and vascular and car
diac fibrosis. In lungs, Ang II mediated contraction of pulmonary
endothelial cells increases the leaky space between these cells. Pulmo
nary smooth muscle contraction and fibrosis leads to pulmonary arterial
hypertension. In conjunction with prostaglandin E2 (PGE2), prostacy
clin (PGI2), and leukotriene C4 (LTC4), it also causes enhancement of
pulmonary vessel permeability, leading to diffuse lung inflammation
and injury (Imai et al., 2008). Ang II has been shown to impair airway
fluid clearance (AFC) via the angiotensin AT1 receptor-mediated
downregulation of the beta and gamma subunits of epithelial sodium

3.1. ACE2 and its interplay with other peptides-apelin and bradykinin
Apart from the substrate Ang II, ACE2 is involved in the metabolism
of many other peptides like bradykinin, des-Arg-bradykinin (DABK),
apelin and dynorphin (Arendse et al., 2019). The physiological conse
quences of ACE2 mediated inhibition of kinins and apelin cannot be
underestimated. Whereas kinins are known for their inflammatory ac
tions, apelin is thought to exert vasodilatory and anti-inflammatory
actions such as endothelial nitric oxide synthase (eNOS) dependent
vasodilatation, NF-Kβ inhibition and amelioration of mitochondrial
dysfunction in endothelial and vascular smooth muscle cells (Andersen
et al., 2011; Yan et al., 2020). Apelin, in cross-talk between its receptor
APJ and the angiotensin-AT1 receptor, suppresses AT1 signalling and
upregulates ACE2. As such, degradation of kinins may contribute to the
anti-inflammatory actions of ACE2. However, the cardiopulmonary ef
fects of ACE2 mediated metabolism of apelin may be overshadowed by
2
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Fig. 1. ACE and ACE2 in the pulmonary system and the tentative role of SARS-CoV-2
The top right part of the figure shows the activation of the Spike (S)-protein of SARS-CoV-2 by predominantly TMPRSS2 and also other host proteases such as trypsin
and furin. The activated S-protein aids the virus to enter the host cells, mainly pulmonary epithelial cells, after it has bound to its cellular receptor- ACE2. SARS-CoV2 on internaliz
ation into the host cells may bring about a downregulation of ACE2 expression, similar to SARS-CoV and other respiratory viruses.
The middle and top left part of the figure demonstrate the natural pathophysiologic role of the interdependent ACE and ACE2 pathways in the pulmonary system,
including the vasculature and cytokine response. Normally, ACE converts Angiotensin I to Angiotensin II which exerts effects through both AT1 and AT2 receptors. In
various disease states, the AT1 receptor pathway (Gq-receptor mediated) is the dominant pathway (bold black arrow) which brings about vasoconstriction, increase in
alveolar capillary permeability and multiple other deleterious pulmonary effects (blue box). The AT1 receptor also stimulates leukotrienes and prostaglandins which
increase alveolar capillary permeability. It also stimulates NOX (NADPH oxidase) in the endothelial cells, phagocytes and vascular smooth muscle cells which results
in an increase in deleterious free radicals and an inflammatory cytokine storm (top left part of figure). A minor role is played by the protective AT2-receptor mediated
pathway which in association with bradykinin, brings about an increase in endothelial nitric oxide synthase and causes vasodilatation. Angiotensin II is also con
verted to Angiotensin III by APA (aminopeptidase A) which is the predominant molecule acting on the AT2 receptor.
ACE2 normally plays a protective role in pulmonary pathophysiology by converting Ang I to Ang (1–
9) and Ang II to Ang (1–
7). Ang (1–
9) is also converted to Ang (1–
7) by ACE. Ang (1–
7) acts through the Mas-receptor (Gs) pathway and results in an increase in endothelial nitric oxide synthase (eNOS) and a decrease in MAPK (mitogen-activated
protein kinase), resulting in protective vasodilatation. The Mas-receptor also has an inhibitory effect on the deleterious effects of Ang II on the pulmonary system
(blue
box). Ang (1–
7) also acts through the Alamandine- MrgD-TGR7 (Gs)- pathway which increases cyclic adenosine monophosphate (cAMP) in endothelial cells, resulting in protective
vasodilatation. Ang (1–
7) participates in cross-talk with AT2 receptor (dashed arrow), and is also inactivated by ACE. The balance between the ACE and ACE2 mediated actions determines
the end result in disease states. SARS-CoV-2, by presumptively downregulating ACE2, may shift the balance towards the deleterious effects of the ACE pathway. On
the other hand, it may be hypothesized that several drugs which act as direct and indirect activators of ACE2, may favourably shift the balance towards the Masreceptor and Alamandine mediated protective pathways.

Ang (1–7) generation by the enzyme. This is particularly important as
Ang (1–7) infusion has shown reversal of apelin deficiency induced
deleterious effects on cardiovascular system (Sato et al., 2013). Also,
therapies enhancing ACE2 are being tried enthusiastically in cardio
pulmonary diseases which are subsequently discussed.

(DIC) especially of the pulmonary vasculature, are the major contribu
tors to mortality due to SARS-CoV-2 (Chen C, Yan JT, Zhou N, Zhao JP,
2020; Guo et al., 2020; McGonagle et al., 2020; Xie and Chen, 2020).
Pulmonary invasion by SARS-CoV-2 leads to diffuse alveolar damage,
pulmonary interstitial inflammation, microvascular thrombosis and a
cytokine storm like state. Cardiac involvement may be the result of these
secondary manifestations, precipitation of underlying cardiovascular
diseases by viral attack, direct viral mediated myocardial injury or in
direct, viral mediated cardiac ACE/ACE2 disturbance. Myocardial injury

4. Cardiopulmonary involvement in COVID-19
ARDS, myocardial injury, disseminated intravascular coagulation
3
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estimated by raised levels of troponin-T (TnT) has been seen in around
28% patients with confirmed COVID-19. Around 8.5% patients can have
elevated TnT levels in the absence of underlying cardiovascular disease.
Elevated TnT levels are associated with high levels of creatine kinase,
N-terminal pro-brain type natriuretic peptide (NT-pro BNP), high
sensitivity C-reactive protein (hs-CRP), as also with elevated D-dimers
(Guo et al., 2020). Further, the elevated cardiac enzymes are associated
with higher chances of ICU admission, frequent need of mechanical
ventilation, glucocorticoid use, development of arrythmias and overall
mortality. Microvascular thrombosis seen in SARS-CoV-2 is believed to
be an unfavourable outcome of a pulmonary specific pathology which
now has been termed as diffuse pulmonary intravascular coagulopathy
(DPIC) (McGonagle et al., 2020). Pulmonary hypertension produced by
the action of Ang II on pulmonary vasculature and microvascular
thrombosis produced as a consequence of DPIC can respectively lead to
acute right ventricular dilatation and precipitation of cardiac events in
patients with underlying diseases such as coronary artery disease, hy
pertension, diabetes mellitus and obesity (McGonagle et al., 2020).
While SARS-CoV genome has been observed in myocardium of 35%
SARS patients, the cardiac invasion of SARS-CoV-2 and evidence of viral
myocarditis, confirmation of which requires endomyocardial biopsy or
post mortem autopsy has not been demonstrated conclusively so far
(Oudit et al., 2009).

mediating the damaging actions of ACE or Ang II, whereas the angio
tensin-AT2 receptor is protective against lung inflammation induced by
potential threats. Supplementation of recombinant ACE2 and down
regulation of ACE have been shown to attenuate the lung injury both in
wild mice and ACE2 knock out mice exposed to deleterious stimuli (Imai
et al., 2008, 2005).
Thus, it seems that ACE2 action in lung becomes more important
under conditions of lung injury and overactivation of the renin-Ang II
axis when it protects the pulmonary system from the hypoxic and in
flammatory attacks of Ang II. As mentioned above, the cleaved and
internalized ACE2 facilitates further viral signalling inside host cells. It
may not be wrong to hypothesize that once viral infection has occurred,
approaches restoring the soluble ACE2 levels or activity of ACE2 can
competitively interfere with viral entry and at the same time offer car
diopulmonary protection. These can be novel weapons in the arma
mentarium against SARS-CoV-2. Tentative therapies would include the
use of recombinant ACE2, viral mediated delivery of ACE2, Ang (1–7)
based peptides, and agents augmenting the expression or activity of
ACE2. Fig. 1 represents how SARS-CoV-2 has differential effects on the
pathways mediated by ACE and ACE2 in the cardiopulmonary system.

5. SARS-CoV-2, respiratory viruses and ACE/ACE2 axis

6.1. ACE inhibitors & angiotensin receptor blockers

SARS-CoV and SARS-CoV-2 bind to ACE2 on pulmonary epithelial
cells through the S1 subunit of their S protein. ACE2 knock out mice
show reduced susceptibility to SARS and anti-ACE2 antibody reduces
the entry of SARS-CoV and SARS-CoV-2 in cultured Vero E6 cells
(Hoffmann et al., 2020; Kuba et al., 2005; Li et al., 2003; Zhou et al.,
2020). For SARS, some other receptors such as liver/lymph
node-specific ICAM3-grabbing nonintegrin (L-SIGN) and dendritic cell
specific ICAM3-grabbing nonintegrin (DC-SIGN) have been identified in
the liver, lymph nodes, dendritic cells as also on pneumocytes and
endothelial cells (Jeffers et al., 2004; Marzi et al., 2004). As of now, the
alternate binding sites of SARS-CoV-2 are unknown although preprints
have mentioned both L-SIGN and DC-SIGN.
Mice infected with SARS-CoV demonstrate a reduced expression of
ACE2 in the lungs (Kuba et al., 2005). This is partly because SARS-CoV
via certain proteases such as TMPRSS2 and ADAM-17 (A disintegrin and
metalloproteinase-17), mediates ACE2 cleavage and shedding respec
tively (Heurich et al., 2014; Lambert et al., 2005). The reduced
expression of ACE2 in turn enhances S protein mediated viral signalling
and viral infectivity (Haga et al., 2008; Heurich et al., 2014).
Preclinical studies of H5N1, H1N1, RSV and H7N9 infections in an
imal models and human cell lines have also shown decreased levels of
ACE2 and elevated levels of Ang II (Gu et al., 2016; Liu et al., 2014; Yang
et al., 2014; Zou et al., 2014). Treatment with rACE2 or angiotensin-AT1
receptor blockers significantly attenuates lung injury in animals.
Downregulation of ACE2, evident by elevated levels of Ang II has also
been demonstrated in the plasma of patients of RSV, H7N9, H5N1, and
SARS-CoV-2 (Gu et al., 2016; Liu et al., 2020; Yang et al., 2014; Zou
et al., 2014). ACE2 gets reduced in established animal models of acute
lung injury such as acid aspiration model, caecal ligation and perfora
tion model and endotoxin challenge model (Imai et al., 2005). The
mortality as well as the histopathological changes in lungs such as de
gree of inflammation, oedema, stiffness and hyaline membrane deposi
tion are markedly high in ACE2 knock out mice subjected to potential
stimuli of lung injury compared to wild type mice exposed to similar
insults (Gu et al., 2016; Imai et al., 2005; Yang et al., 2014; Zou et al.,
2014). The levels of Ang II have been found to be elevated in the plasma
and lungs of ACE2 knockout mice and mice subjected to potential agents
of lung injury. Considerably high levels of Ang II are observed in the
lungs when ACE2 knock out is coupled with lung insulting stimuli like
acid aspiration. The angiotensin-AT1 receptor is responsible for

ACE inhibitors (ACEIs) such as ramipril, lisinopril and angiotensinAT1 receptor blockers (ARBs) such as olmesartan, losartan, by sup
pressing the RAAS-Ang II-AT1 axis, shift Ang I and Ang II metabolism to
the ACE2-Ang (1–7)-Mas/MrgD axis. ACE inhibitors decrease the con
version of Ang I to Ang II. Ang I thereby is shifted by neprilysin to Ang
(1–7) pathway. ACE through its N domain is also involved in the
metabolism and inactivation of Ang (1–7). Angiotensin-AT1 receptor
blockers, by increasing the levels of Ang II stimulate the angiotensin-AT2
receptor, activation pathway of which is unclear but resembles that of
Mas receptor of Ang (1–7). Ang (1–7) levels are also increased by ARBs
but the increase is less as compared to ACEIs (Arendse et al., 2019;
Chappell, 2016). The use of angiotensin-AT1 receptor blockers increases
the expression of cardiac ACE2 in spontaneously hypertensive rats
(SHR) and animal models of myocardial infarction (Agata et al., 2006;
Ishiyama et al., 2004). Likewise, treatment with eprosartan in a rat
model of heart failure has been found to significantly increase the car
diac expression of ACE2 by more than 100% (Karram et al., 2005). A
retrospective study assessing the impact of using ACEI/ARBs in hyper
tensive in-patients of COVID-19 observed a lower all-cause mortality in
users of ACEI/ARBs compared to non-users. Adjusted hazard ratio for
all-cause mortality was 0.42 with ACEI/ARB use. Also, a reduced
adjusted hazard ratio of 0.3 was observed with ACEI/ARB group of
antihypertensives compared to other anti-hypertensives (Zhang et al.,
2020).
ACEI/ARBs may thus have a dual role in SARS-CoV-2 infection. Pa
tients on chronic ACE inhibitor or angiotensin-AT1 receptor blocker
therapy might be hypothetically at increased risk of infection by SARSCoV-2 due to overexpression of ACE2. In contrast, once infection has
been established, discontinuation of such agents would eliminate the
protective role of ACE2-Ang (1–7) axis and can lead to a severe or
potentially fatal course. Confirmation of both hypotheses, however,
requires head to head comparison trials of patients on ACEIs/ARBs and
controls with respect to differences in SARS-CoV-2 infection rate,
symptoms, severity, and mortality. One prospective observational study
is evaluating the impact of previous treatment with ARBs on outcome
and severity of disease in SARS-CoV-2 patients (NCT04337190).
Another trial is investigating the effect of continuation or discontinua
tion of ACEIs/ARBs on clinical features and mortality in patients hos
pitalized with COVID-19 (NCT04351581). The effect of
supplementation of telmisartan and valsartan in COVID-19 patients is

6. Existing approved drugs with experimental evidence of
modulating RAAS/ACE2
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also being evaluated in randomized controlled clinical settings
(NCT04335786, NCT04355936).

model of congestive heart failure (Goltsman et al., 2019). In a rat model
of hypertension, rosiglitazone was shown to improve vascular reactivity,
lower blood pressure and increase the antioxidant activity in blood
vessels. This was accompanied by an increase in ACE2, Ang (1–7),
Mas-receptor and angiotensin-AT2 receptor expression and was medi
ated via PPARγ stimulation (Sánchez-Aguilar et al., 2019). High fat diet
(HFD) is known to increase plasma angiotensin II and blunt ACE2 ac
tivity in adipose tissue. It alters the tissue expression of ACE2 via
ADAM-17 (Gupte et al., 2008). Pioglitazone has been shown to upre
gulate the expression of ACE2 in hepatocytes of rats maintained on HFD
in addition to bringing improvement in blood glucose and lipid profile
(Gupte et al., 2008). The drug also improved cardiac fibrosis, increased
Ang (1–7) and ACE2 and reduced ACE/ACE2 ratio in the heart in an
animal model of streptozotocin induced diabetes (Qiao et al., 2015).

6.2. Aldosterone antagonists: spironolactone and eplerenone
Aldosterone causes upregulation of ACE and downregulation of
ACE2 in cardiac and renal tissues (Bernardi et al., 2015; Yamamuro
et al., 2008). Treatment with spironolactone has been shown to reduce
cardiac collagen, decrease cardiac ACE by 41% and increase ACE2 ac
tivity in the heart by 42%, in an animal model of heart failure (Karram
et al., 2005). Another study assessed the effect of spironolactone on
expression and activity of ACE and ACE2 enzymes in macrophages of
congestive heart failure patients. Spironolactone treatment for one
month reduced ACE activity by 47% and increased ACE2 activity by
300%. The study also analysed the effect of eplerenone administration in
mice on cardiac and macrophage ACE2 activity. Eplerenone was found
to increase the ACE2 activity by more than 2.5 times (Keidar et al.,
2005).

6.4.2. Insulin
Insulin administration has also been shown to reduce urinary ACE2,
renal ADAM-17 and renal ACE2 in various mouse models of type-1
diabetes (Riera et al., 2014; Salem et al., 2014). Insulin has additional
immunomodulatory and anti-inflammatory roles such as blunting NF-Kβ
signalling, reducing the levels of TNF-α and interfering with neutrophil
chemotaxis (Honiden and Gong, 2009).

6.3. Other anti-hypertensives
Calcium channel blockers such as amlodipine and cilnidipine, when
combined with valsartan induce higher elevations in Ang (1–7) levels
and greater reductions in NOX-1 gene expression in vascular tissues
compared to valsartan alone in stroke prone SHRs. In this study, ACE
gene expression was observed to be the lowest and ACE2 gene expres
sion maximum in the valsartan-cilnidipine group (Takai et al., 2013).
Apart from amlodipine and cilnidipine, nifedipine also shows a protec
tive effect on ACE2 as assessed in human aortic endothelial cells under
mechanical stress setting (Iizuka et al., 2009). Low dose hydrochloro
thiazide has been seen to reduce plasma Ang II/Ang I ratio and plasma
ACE in SHR strains. In normotensive and non-SHR rats, hydrochloro
thiazide increases cardiac ACE2. No difference was however observed in
cardiac angiotensin-AT1 and Mas-receptor expression between SHR and
normotensive rats following hydrochlorothiazide treatment (Jessup
et al., 2008). The new drug valsartan-sacubitril combination, compared
to valsartan alone, has shown better results with respect to blood pres
sure lowering and cardiac upregulation of ACE2 and angiotensin-AT2
receptor mRNA in SHRs (Zhao et al., 2019).

6.4.3. Drugs acting through GLP-1 receptor
Liraglutide, a glucagon-like peptide-1 (GLP-1) agonist which is
approved for both diabetes and obesity, was found to improve lung
development in pups of food deprived mother rats via ACE2-Ang (1–7)Mas axis (Fandiño et al., 2018). The drug has also shown reversal of
diabetes induced surfactant protein deficiency in lungs, and suppression
of right ventricular hypertrophy, by augmenting ACE2 and Ang (1–7)
levels in lungs and circulation (Romaní-Pérez et al., 2015). Liraglutide is
also used in hepatic steatosis and non-alcoholic fatty liver disease
(NAFLD). In animal models of NAFLD, potentiation of the ACE2-Ang
(1–7)-Mas arm of RAAS, suppression of Ang II and activation of PI3K
have been recently demonstrated as proposed mechanisms of the hep
atoprotective action of liraglutide (Yang et al., 2020). Because of the
wide distribution of GLP-1 receptors in lungs, GLP-1 agonists and
DPP-IV inhibitors such as linagliptin and sitagliptin known to elevate the
levels of GLP-1 should be explored in preclinical studies of acute lung
injury. Linagliptin, like liraglutide, potentiates ACE2 activity, angio
tensin-AT2 receptor expression and viability of myocardium in animals
subjected to Ang II induced cardiac fibrosis (Zhang et al., 2015). Some
DPP-4 inhibitors such as sitagliptin can also inhibit ACE. Whether they
stimulate ACE2 too is yet to be deciphered (Abouelkheir and
El-Metwally, 2019). Clinical trials evaluating the role of linagliptin in
COVID-19 patients are ongoing (NCT04371978 and NCT04341935).
Since liraglutide has been shown to improve cardiovascular outcomes in
diabetic patients and carries a minimal risk of causing hypoglycaemia,
its supplementation can be investigated in diabetic patients with
COVID-19 illness (Marso et al., 2016). Exendin-4 has also been shown to
stimulate ACE2-Ang (1–7)-Mas axis. Levels of intrarenal ACE and Ang II
show a decline while those of ACE2 and Ang (1–7) increase with
intraperitoneal administration of exendin in a mouse model of ureteric
obstruction (Le et al., 2016).

6.4. Antidiabetic drugs
Hyperglycaemia is known to augment the RAAS axis. In turn, the
latter through unopposed Ang II and suppressed Ang (1–7) pathway
contributes to the development of diabetes and its complications. RAAS
blockers are known to prevent the development of new-onset diabetes
(Bindom and Lazartigues, 2009). Thus, hyperglycaemia and RAAS share
a vicious bidirectional relationship. Increased urinary ACE2 excretion is
seen in patients with diabetes and is associated with deterioration of
renal function, poor glycaemic control, and increased serum inflam
matory markers (Gilbert et al., 2019). A hospital database study of
SARS-CoV patients observed hyperglycaemia in as high as 50% patients
in the absence of previous history of diabetes, chronic liver or kidney
disease and steroid use. Since ACE2 is expressed on pancreatic beta cells,
the authors proposed SARS mediated direct beta cell dysfunction as a
probable cause of the new onset diabetes (Yang et al., 2010). Viral stress
mediated hypothalamic-pituitary activation and cortisol production also
leads to elevated blood sugar levels necessitating the need for
anti-diabetic medications. We therefore performed a search for antidi
abetic therapies that can possibly modulate the RAAS/ACE2 arms.

6.4.4. Other antidiabeticsAmong other antidiabetic drugs, metformin and glyburide have been
shown to be protective in animal models of acute lung injury through
anti-inflammatory and antioxidant action, and inhibitory action on
neutrophil migration. Whether these drugs or the newer class of SGLT-2
inhibitors can intervene in the ACE2 or renin-Ang II axis is also worth
studying (Nakhleh and Shehadeh, 2020).

6.4.1. PPARγ agonists
Rosiglitazone stabilizes urinary ACE2, decreases renal ADAM-17,
improves glycaemic control, and reduces urinary albumin excretion in
diabetic mice models (Chodavarapu et al., 2013). The drug improves the
response to natriuretic peptide and upregulates renal ACE2 in animal
5
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6.5. Other approved drugs

ACE2, ACE and angiotensin-AT2 receptor mRNAs (Brosnihan et al.,
2008). Thus, oestrogen might exert a protective role against SARS-CoV-2
induced ACE2 suppression. This may also explain lower mortality trends
observed in female patients of COVID-19 compared to males.

6.5.1. Resveratrol
Resveratrol upregulates ACE2, increases Ang (1–7), stimulates Masreceptors, decreases Ang II levels and downregulates angiotensin-AT1
receptor expression in the ageing kidney and also in animal models of
cardiac hypertrophy (Dorri Mashhadi et al., 2017; Jang et al., 2018).
Similar changes have been observed in aortic tissues of ageing animals
where the drug exerted anti-inflammatory, anti-fibrotic and antioxidant
actions (Kim et al., 2018). Resveratrol has been found to increase ACE2
and reduce the development of abdominal aortic aneurysm in APOE
knock out mice exposed to HFD and Ang II infusion (Moran et al., 2017).
Sirtuin-6 attenuates Ang II mediated cardiac fibrosis in rats by activating
AMP kinase and the ACE2 pathway (Zhang et al., 2017).

6.5.7. All trans retinoic acid (ATRA)
ATRA increases the cardiac and renal expression of ACE2, reduces
blood pressure and myocardial damage in SHRs (Zhong et al., 2004).
ATRA has been shown to enhance ACE2, SOD and glutathione (GSH)
protein levels and negatively regulate ACE, Ang I and Ang II levels in
renal tubular epithelial cells subjected to hypoxia and reoxygenation
(Zhou et al., 2014). Improvement in renal morphology, increase in renal
ACE2 protein and decrease in Ang I and Ang II are produced by ATRA
treatment in glomerulosclerosis model of rats (Zhou et al., 2013). ATRA
also ameliorates cardiac fibrosis induced by aortic constriction of rats
through enhanced cardiac expression of ACE2 and decline in ACE, Ang II
and angiotensin-AT1 receptor (Choudhary et al., 2008).

6.5.2. Lipid lowering drugsRosuvastatin was found to reduce Ang II, upregulate ACE2 and in
crease Ang (1–7) in rats exposed to vascular balloon injury compared to
controls not receiving statins (Li et al., 2013). Fluvastatin reduces dia
betic cardiac fibrosis, improves cardiac function and enhances ACE2
expression in glucose-controlled diabetic rats (Shin et al., 2017). Similar
findings with cardiac ACE2 preservation have been observed for pra
vastatin (Min et al., 2018). Likewise, atorvastatin inhibits TNF-α medi
ated suppression of ACE2 and upregulation of ACE in cultured vascular
smooth muscle cells. ACE2 and Ang (1–7) levels improve after ator
vastatin treatment (Suski et al., 2014). Among other lipid lowering
drugs, fibrates such as fenofibrate have been shown to produce antiox
idant action through blunting of Ang II/NOX4 signalling in animal
model of myocardial ischemia and metabolic syndrome (Ibarra-Lara
et al., 2016b). Clofibrate via PPAR-α stimulation reduces blood pressure
and coronary vascular resistance in rats with coarctated aorta. Cardiac
ACE2, AT2 receptors, eNOS and superoxide dismutase (SOD) increased
after clofibrate treatment (Ibarra-Lara et al., 2016a).

6.5.8. Activated protein C (APC)
APC deficiency seen in animal models of sepsis potentiates lung
injury via activation of ACE, elevation of Ang II and downregulation of
the ACE2 pathway. Supplementation of activated protein C improves
pulmonary pathology by increasing ACE2. Recombinant activated pro
tein C, drotrecogin alfa is already approved for sepsis associated multi
inflammatory response. The same can be tried in patients of SARS-CoV-2
(Richardson et al., 2008). APC has demonstrated nephroprotective effect
in lipopolysaccharide (LPS) model of acute renal injury in rats. mRNA
expression levels of ACE, iNOS and levels of Ang II peptide was seen to
decline while the expression of ACE2 was upregulated in renal tissues
after APC treatment (Gupta et al., 2007).
6.5.9. The vitamin D analogue, calcitriol
Calcitriol has been observed to decrease LPS inflammation in pul
monary vascular endothelial cells as well as in vivo in rats by reducing
the expression of ACE, angiotensin-AT1 receptor, renin and Ang II, and
by increasing ACE2 (Xu et al., 2017). Compared to wild type mice,
vitamin D receptor (VDR) knock out mice show increased severity and
mortality with LPS induced acute lung injury (Kong et al., 2013). Cal
citriol also attenuates diabetes induced downregulation of renal tubular
ACE2 and upregulation of ACE by modulating MAPK/ERK pathways
(Lin et al., 2016). A clinical trial assessing the immunomodulator role of
vitamin D supplementation in prevention and treatment of COVID-19
illness is going on (NCT04334005). Considering diverse other roles of
vitamin D supplementation in the elderly who are the major victims of
COVID mortality, supplementation can be an attractive option.

6.5.3. Rho kinase inhibitors
Rho kinase inhibitors like fasudil have also been shown to upregulate
ACE2 and increase Ang (1–9) in animal model of hypertension (“Fasudil
hydrochloride hydrate,” 2020). Fasudil is approved in Japan for the
treatment of cerebral vasospasm and is being tested for unstable angina,
pulmonary hypertension and peripheral vascular disease (“Fasudil hy
drochloride hydrate,” 2020).
6.5.4. Drugs amplifying the levels of intracellular NO
Drugs such as nitrates, sodium nitroprusside and nitroso acetyl
penicillamine have been shown to reduce the expression of Ang II re
ceptors in vascular smooth muscle cells of rats in vitro (Cahill et al.,
1995). In this regard, inhalation of NO may also be useful, as NO in
addition to being a vasodilator and bronchodilator, also exerts direct
anti-viral effect on SARS-CoV replication in vitro (Ignarro, 2020).

6.5.10. Ibuprofen
Ibuprofen has been shown to reduce diabetes induced cardiac
fibrosis by activation of the ACE2-Mas axis and downregulation of ACEAng II in animal models of type 1 diabetes (Qiao et al., 2015). A clinical
trial is evaluating the effect of ibuprofen supplementation on severity of
SARS-CoV-2 illness (NCT04383899). Ang II induced hypertension, NOX
activity and oxidative stress has also been shown to be ameliorated by
other anti-inflammatory drugs such as rofecoxib, nimesulide and aspirin
(Wu et al., 2005). RAAS balance is disturbed in inflammation, with a
decrease in ACE2 levels in various organs. NSAIDS such as rofecoxib,
celecoxib, meloxicam and flurbiprofen have been shown to increase
ACE2 and Ang (1–7) levels in the heart and kidney in animal models of
adjuvant arthritis (Asghar et al., 2017). A family study assessed the
predictors of ACE and ACE2 in circulation. Aspirin users were observed
to have lower levels of circulating ACE. A further lowering of ACE levels
was seen with combined use of ACEI and aspirin compared to ACEI
alone. This suggests a negative association between aspirin use and ACE
levels in circulation. The study also observed that higher percentage of
patients (20%) with measurable ACE2 were using aspirin compared to
those without measurable ACE2 (3.2%), pointing towards an aspirin

6.5.5. Sildenafil
Sildenafil, a drug used in erectile dysfunction and pulmonary hy
pertension, modulates renin-Ang II axis in the myocardium and im
proves survival in pigs in induced model of ischemia-recovery. Reduced
Ang II levels and reduced expression of angiotensin-AT1 receptors was
seen in the myocardium of animals after treatment with sildenafil. Like
nitrates, this suppressive action of sildenafil on Ang II receptors comes
via NO production inside the cells as eNOS and inducible nitric oxide
synthase (iNOS) enzyme levels are increased in myocardium with sil
denafil treatment (Wang et al., 2015).
6.5.6. Oestrogen
Oestrogen has a stimulatory effect on ACE2 of adipose tissue,
endothelial cells and heart (Bukowska et al., 2017; Gupte et al., 2012;
Mompeón et al., 2016). Oestrogen has also been shown to down regulate
angiotensin-AT1 receptor mRNA in lungs while having no effect on
6
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guided ACE2 regulation. Whether the observations can be explained by
direct inhibition of ACE or stimulation of ACE2 by aspirin is yet to be
explored (Rice et al., 2006).

Recombinant ACE2 is also being evaluated in pulmonary arterial hy
pertension patients (NCT01884051, NCT03177603). B38-CAP is an
ACE2 like enzyme derived from Paenibacillus species. B38-CAP decreases
Ang II and increases Ang (1–7). The enzyme has been shown to reduce
Ang II induced hypertension and cardiac fibrosis in mice (Minato et al.,
2020). B38-CAP is being investigated as a promising strategy in trials
involving COVID-19 patients (NCT04375046).

6.5.11. Etanercept
A TNF-α blocker used in rheumatoid arthritis has also been shown to
reduce brain ACE-AT1 receptor axis & NOX activity and stimulate ACE2Mas and AT2 receptors in Ang II induced hypertension in rats (Sriramula
et al., 2013).

9. Conclusion

7. Unapproved compounds with experimental evidence of
modulating RAAS/ACE2

In this review, we have tried to compile the available literature on
medical therapies that could possibly activate the ACE2/Mas-receptor
pathway. Drugs used in diverse cardiopulmonary diseases and dia
betes are especially relevant, as a greater fraction of patients succumb
ing to COVID-19 suffer from these co-morbidities. Among drugs used in
cardiovascular diseases, experimental evidence for ACE2 upregulation is
high for ACEIs and ARBs. Aldosterone antagonists like spironolactone
and eplerenone have also shown the ability to upregulate ACE2. Other
antihypertensives such as low dose hydro-chlorothiazide, calcium
channel blockers and valsartan/sacubitril too have limited evidence of
ACE2 upregulating properties. These and multiple other drugs such as
lipid lowering agents, resveratrol etc may be easily tried in COVID-19
patients who have already been prescribed these drugs for underlying
cardiovascular diseases. As far as anti-diabetes medications are con
cerned, experimental evidence for an ACE2 regulatory role is at present
strong for GLP-1 agonists such as liraglutide. PPARγ agonists such as
rosiglitazone and pioglitazone upregulate ACE2 in conditions such as
diabetes, obesity, hypertension, and heart failure. Some ACE2 upregu
lating action has also been observed with linagliptin. Although insulin is
the standard anti diabetic therapy during any acute illness, liraglutide
and DPP4 inhibitors may be tried in diabetic patients with SARS-CoV-2
infection. Chances of hypoglycaemia are less with these medications and
liraglutide is already known to improve cardiovascular outcomes in
diabetic patients. Rosiglitazone and pioglitazone, however, have a
propensity to induce fluid retention; hence should be best avoided in
heart failure. Insulin exerts anti-inflammatory effects mainly via mod
ulation of NF-Kβ signalling and whether cardiac or pulmonary ACE2 is
affected by insulin administration has not been proven yet.
Among NSAIDS, ibuprofen, rofecoxib, celecoxib, flurbiprofen and
meloxicam have been shown to correct the ACE2 imbalance of inflam
mation. Some of these agents are being explored in clinical trials of
COVID-19 patients. The ACE2 expression-enhancing effects of celecoxib
and rofecoxib should however be balanced with their propensity to
induce vascular thrombosis and ischemic events. Although aspirin exerts
anti-inflammatory and anti-platelet actions and blunts AT1 receptor
signalling, its direct interaction with ACE/ACE2 pathways needs to be
deciphered.
Calcitriol, the active form of vitamin D, has shown upregulation of
ACE2 in acute lung injury. While the results of clinical trials on vitamin
D supplementation are awaited, it may be added to standard of care in
COVID-19 patients who have baseline vitamin D insufficiency or defi
ciency, along with careful monitoring of serum calcium and phosphate.
Because of the favorable effects of oestrogen on ACE2 in various tissues,
brief supplementation of this hormone can also be tried at least in postmenopausal women or women with premature menopause and COVID19 illness.
Finally, potential direct activators of the ACE2/Mas-receptor system
and unapproved drugs with the ability to increase ACE2 in experimental
models may open therapeutic strategies for COVID-19 and even related
viral illnesses with a similar pathogenesis. Compounds such as xanthe
none, resorcinol naphthalene, DIZE, lipoxin A4, curcumin, beta caso
morphin, catestatin, AUDA, TBTIF, FGF-21 and multiple traditional
Chinese herbal compounds come in this category. These and direct
participants in the ACE2 axis such as rACE2, B38-CAP and Mas-receptor
agonists like Ang (1–7) and AVE0991 should be explored in controlled
clinical trials. In the absence of effective anti-viral therapy and in the

Several other compounds have been shown in experimental models
to have RAAS/ACE2 modulating properties. These are yet to gain drug
regulatory approval and range from traditional Chinese medicinal
products to novel molecules, herbal extracts, and repurposed com
pounds. A list of these compounds with their effects on ACE/ACE2 is
provided in Table 1 (Castardeli et al., 2018; Chang et al., 2018; Q.-F.
Chen et al., 2019; Chen et al., 2018; Y. Chen et al., 2019; Guo et al.,
2010; Haber et al., 2014; Kadakol et al., 2015; Lee et al., 2015; Li et al.,
2018; Liao et al., 2019; Lin et al., 2017; Liu et al., 2018; Lv et al., 2017;
de Macedo et al., 2015; Martínez-Aguilar et al., 2016; Prata et al., 2017;
Qaradakhi et al., 2020; Shi et al., 2013; Syed et al., 2016; Tain et al.,
2016; Tikellis and Thomas, 2012; Wang et al., 2016, 2018; 2012; Q.
Wang et al., 2015; Wei et al., 2015; Wu et al., 2014; Ye et al., 2008;
Zhang et al., 2013; Zhao et al., 2015).
8. Candidate drugs which directly affect the ACE2 arm
Considering the protective role of ACE2 in cardiopulmonary hemo
dynamics, Mas-receptor agonists such as Ang (1–7) have been hypoth
esized by many as important weapons in SARS-CoV-2 armamentarium
(Magalhaes et al., 2020; Peiró and Moncada, 2020). Ang (1–7), glyco
sylated Ang (1–7) and a nonpeptide based compound AVE0991, have
given successful results in preclinical studies testing their efficacy in
cardiopulmonary diseases and diabetes (Patel et al., 2012; Pinheiro
et al., 2004). Ang (1–7) peptide and its cyclodextrin-hydroxy propyl
based oral formulation improve neurological outcomes in animal
models of stroke (Bennion et al., 2018). Topical application of the Ang
(1–7) analogue, DSC127 has given successful results in clinical trials
enrolling diabetic foot ulcer patients (NCT00796744). Some Phase 2
clinical trials aim to elucidate the role of intravenous Ang (1–7) peptide
on mortality and clinical outcomes in COVID-19 patients
(NCT04375124, Status: Recruiting patients, NCT04332666 and
NCT04401423, Status: Not yet recruiting). Certain cyclized derivatives
of Ang (1–7) with introduction of a thioether ring have advantages such
as better in vivo stability, increased resistance to degradation by ACE
and higher magnitude of vasorelaxation compared to the natural Ang
(1–7) peptide (Kluskens et al., 2009; Rink et al., 2010). AVE0991, a
non-peptide Mas-receptor agonist, is being evaluated for various car
diovascular diseases (Pinheiro et al., 2004). The ACE2 axis can also be
stimulated in vivo by administering recombinant ACE2. Soluble ACE2
administration has been shown to block the entry of SARS-CoV in sen
sitive cells (Li et al., 2003). Human recombinant soluble form of ACE2
(hrsACE2) has been shown to reduce SARS-CoV-2 infection in Vero-E6
cells by a factor of 1000–5000. The study also showed reduced
SARS-CoV-2 infection of human blood vessel organoid and kidney
organoid in the presence of hrsACE2 (Monteil et al., 2020). Very
recently, ACE2 supplementation has been shown to reduce lung
inflammation in mouse model of LPS-induced inflammation. LPS-TLR4
pathway of inflammation was attenuated with ACE2 supplementation
through activation of Mas-receptors (Ye and Liu, 2020). ACE2 based
therapies are novel candidates that can be explored in clinical trials of
COVID-19 patients. Their safety and tolerability have already been
assessed adequately in healthy individuals (NCT00886353).
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Table 1
Novel compounds with experimental evidence of modulating RAAS/ACE2.
Compound

Model of assessment

Properties

Modulation of ACE/ACE2

Reference

Adamantan ureido
dodecanoic acid
(AUDA)
Astragali radix

Offspring of high fructose fed maternal rats

Anti-hypertensive and reno-protective property.
Increases renal PGE2.

Activates renal ACE2.

Tain YL, 2016

High fat diet induced metabolic syndrome
in rats

Increases antioxidant enzymes in renal tissue.

Wang QY, 2015

Baicalin

HUVEC

Upregulates PI3K/eNOS.

Beta- Casomorphin-7

Diabetic rats

Hypoglycemic, antioxidant, and cardio protective.

Biejiajian Oral Liquid

CCl4 induced hepatic fibrosis in rats

BML-111
Catestatin

LPS induced ALI in mice
Cultured endothelial cells

Curcumin
Diminazene aceturate
(DIZE)

Cardiac fibrosis and hypertension in rats
Bleomycin induced lung fibrosis in mice;
MI-left ventricular dysfunction in rats;
animal models of hypertension, diabetes &
atherosclerosis; healthy animals

Decreases Ang II. Suppresses mRNAs of renin, ACE,
and AT1 receptor.
Decreases ACE activity.
Anti-hypertensive and anti-atherosclerotic action.
Inhibits production of inflammatory cytokines.
Tissue fibrosis attenuated.
Anti-trypanosomal drug in veterinary use.
Improves functional capacity, metabolic profile.
Reduces adipogenesis.
However, neurological toxicity reported.

Activates ACE2 and Masreceptor expression in
renal tissue.
Upregulates ACE2 and Ang
(1–7).
Activates renal and
cardiac ACE2-Ang (1–7)Mas axis.
Activates ACE2-Ang (1–7)Mas axis.
ACE2 activator.
ACE2 activator.

Esculetin
FGF-21

Metabolic syndrome associated vascular
dysfunction in diabetic rats
Ang II treated mice

IRW

SHR

Lipoxin A4

LPS induced ALI in mice

Magnolol

Monocrotaline/pneumonectomy induced
pulmonary hypertension in rats

NaHS

Carotid artery ligation animal model

Anti-inflammatory, antioxidant, anti-hypertensive,
and antiplatelet property.
Inhibits ACE, AT1 receptor, and ETA.
Upregulates eNOS in lungs.
Inhibits atherosclerosis.

Osthole

LPS induced ALI in mice

Decreases levels of IL-6 and TNF-⍺.

Panax notoginseng
Puerarin

MI rat model
SHR

Qishenyiqi (QSYQ)

Coronary heart disease rat model

Decreases cardiac TNF-⍺.
Cardioprotective, neuroprotective, antiinflammatory, antioxidant, vasodilatory, and
metabolic regulatory properties.
Increases cardiac AT1 receptor mRNA.
Decreases intracardiac renin and Ang II.

Red Liriope
platyphylla
(ethanol extract)
Sini decoction (SND)

SHR

Up-regulates ACE, ACE2, eNOS, and SOD in aorta.

E. coli induced ALI in mice

Suppresses ACE-Ang II-AT1 receptor pathway.
Anti-inflammatory.

Taurine

Bleomycin induced pulmonary fibrosis,
paraquat induced ALI in rats
Stress induced hypertension in rats

TBTIF

SHR

Ulmus wallichiana
Planchon
Xanthenone,
Resorcinol
naphthalene

Isoprenaline induced animal model of
cardiac hypertrophy
Animal models of cardiovascular &
pulmonary diseases

Tanshinone

ACE2 enhancer.
ACE2 expression enhancer
or independent of ACE2.

Wei X, 2015
Zhang W, 2013;
Wang K, 2016
Li X, 2018
Chen QF, 2019
Chen Y, 2019
Pang XF, 2015
Prata LO, 2017;
Castardeli C, 2018;
de Macedo SM,
2015;
Qaradakhi T 2020;
Haber PK, 2014; Qi
Y 2013; Ruebush TK
1979
Kadakol A, 2015

Decreases Ang I receptor expression in aorta.

Preserved ACE2.

Inhibits Ang II induced hypertension, has favorable
effect on glucose metabolism, and stimulates PPARγ
mediated actions of thiazolidinediones
Reduces blood pressure by activation of Mas
receptor. Upregulation of ACE2. Decreases IL-6 and
MCP-1.
Decreases TNF-α, IL-1β, NF- Kβ.

Stimulates ACE2 in
adipocytes and renal cells

Pan X, 2018

ACE2 activator.

Liao W, 2019

Increases ACE2-Ang (1–7)Mas pathway.
Activates ACE2 in lungs.

Chen QF, 2018

Activates ACE2 and Ang
(1–7).
Stabilization of ACE2 and
Ang (1–7) in lungs.
Activates ACE2.
Activates cardiac ACE2.

Lin Y, 2017

Down-regulates ACE of hypothalamic-pituitaryadrenal axis.
Decreases blood pressure and abrogates
vasoconstrictor response of Ang II in aortic rings.
Decreases expression of IL-6 and TNF-⍺.
Decreases plasma ACE and Ang II levels.
Blood pressure lowering, anti-inflammatory, cardio
protective & antithrombotic actions.

Chang H, 2018

Shi Y, 2013
Guo JW, 2010
Ye XY, 2008

Increases intracardiac
ACE2.
Activates ACE2 in aorta.

Wang Y, 2012

Upregulates ACE2-Ang
(1–7)-Mas axis.
Enhanced myocardial
ACE2-Ang (1–7)-Mas axis.
Activates ACE2 in
hypothalamic-pituitaryadrenal axis.
Increases ACE2 mRNA in
aortic rings.
Activates cardiac ACE2
and Mas receptor.
ACE2 activators.

Liu J, 2018

Lee YJ, 2015

Wu H, 2014;
Wang Y, 2018
Lv Q, 2017
Martínez-Aguilar L,
2016
Syed AA, 2016
Tikellis C; 2012.

[Abbreviations; ACE: Angiotensin converting enzyme, ALI: Acute lung injury, Ang: Angiotensin, BP: Blood pressure, CCl4: Tetrachloromethane, eNOS: Endothelial
nitric oxide synthase, ETA: Endothelin receptor A, HUVEC: Human umbilical vein endothelial cells, IL-1β: Interleukin-1-beta, IL-6: Interleukin-6, LPS: Lipopolysac
charide, MCP-1: Monocyte chemoattractant protein-1, MI: Myocardial infarction, mRNA: messenger ribonucleic acid, NF-kB: Nuclear factor kappa beta, PGE2:
Prostaglandin E2, PI3K: Phosphoinositide-3-kinase, PPARγ: peroxisome proliferator activated receptor gamma, SHR: Spontaneously hypertensive rats, SOD: Super
oxide dismutase, TBTIF: Tert-butyl-thiomorpholinyl-methylphenol, TNFα: Tumor Necrosis Factor alpha].
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face of the continuing SARS-CoV-2 pandemic and its potential to
transform into an endemic disease, drug repurposing seems a reasonable
and time saving option, worthy to be explored.
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Pastelín-Hernández, G.S., Oidor-Chan, V.H., Zarco-Olvera, G., Sánchez-Mendoza, A.,
2016a. Peroxisome proliferator-activated receptor-α stimulation by clofibrate favors
an antioxidant and vasodilator environment in a stressed left ventricle. Pharmacol.
Rep. 68, 692–702. https://doi.org/10.1016/j.pharep.2016.03.002.
Ibarra-Lara, L., Sánchez-Aguilar, M., Sánchez-Mendoza, A., Del Valle-Mondragón, L.,
Soria-Castro, E., Carreón-Torres, E., Díaz-Díaz, E., Vázquez-Meza, H., GuarnerLans, V., Rubio-Ruiz, M., 2016b. Fenofibrate therapy restores antioxidant protection
and improves myocardial insulin resistance in a rat model of metabolic syndrome
and myocardial ischemia: the role of angiotensin II. Molecules 22, 31. https://doi.
org/10.3390/molecules22010031.
Ignarro, L.J., 2020. Inhaled NO and COVID-19. Br. J. Pharmacol. bph. 15085 https://doi.
org/10.1111/bph.15085.
Iizuka, K., Kusunoki, A., Machida, T., Hirafuji, M., 2009. Angiotensin II reduces
membranous angiotensin-converting enzyme 2 in pressurized human aortic
endothelial cells. J. Renin-Angiotensin-Aldosterone Syst. JRAAS 10, 210–215.
https://doi.org/10.1177/1470320309343710.
Imai, Y., Kuba, K., Penninger, J.M., 2008. The discovery of angiotensin-converting
enzyme 2 and its role in acute lung injury in mice. Exp. Physiol. 93, 543–548.
https://doi.org/10.1113/expphysiol.2007.040048.
Imai, Y., Kuba, K., Rao, S., Huan, Y., Guo, F., Guan, B., Yang, P., Sarao, R., Wada, T.,
Leong-Poi, H., Crackower, M.A., Fukamizu, A., Hui, C.-C., Hein, L., Uhlig, S.,
Slutsky, A.S., Jiang, C., Penninger, J.M., 2005. Angiotensin-converting enzyme 2
protects from severe acute lung failure. Nature 436, 112–116. https://doi.org/
10.1038/nature03712.
Ishiyama, Y., Gallagher, P.E., Averill, D.B., Tallant, E.A., Brosnihan, K.B., Ferrario, C.M.,
2004. Upregulation of angiotensin-converting enzyme 2 after myocardial infarction
by blockade of angiotensin II receptors. Hypertens. 43, 970–976. https://doi.org/
10.1161/01.HYP.0000124667.34652.1a.
Jang, I.-A., Kim, E., Lim, J., Kim, M., Ban, T., Yoon, H., Park, C., Chang, Y., Choi, B.,
2018. Effects of resveratrol on the renin-angiotensin system in the aging kidney.
Nutrients 10, 1741. https://doi.org/10.3390/nu10111741.
Jeffers, S.A., Tusell, S.M., Gillim-Ross, L., Hemmila, E.M., Achenbach, J.E., Babcock, G.J.,
Thomas, W.D., Thackray, L.B., Young, M.D., Mason, R.J., Ambrosino, D.M.,
Wentworth, D.E., DeMartini, J.C., Holmes, K.V., 2004. CD209L (L-SIGN) is a
receptor for severe acute respiratory syndrome coronavirus. Proc. Natl. Acad. Sci.
Unit. States Am. 101, 15748–15753. https://doi.org/10.1073/pnas.0403812101.
Jessup, J.A., Brosnihan, K.B., Gallagher, P.E., Chappell, M.C., Ferrario, C.M., 2008.
Differential effect of low dose thiazides on the Renin Angiotensin system in
genetically hypertensive and normotensive rats. J. Am. Soc. Hypertens. 2, 106–115.
https://doi.org/10.1016/j.jash.2007.10.005.
Jones, E.S., Vinh, A., McCarthy, C.A., Gaspari, T.A., Widdop, R.E., 2008. AT2 receptors:
functional relevance in cardiovascular disease. Pharmacol. Ther. 120, 292–316.
https://doi.org/10.1016/j.pharmthera.2008.08.009.
Kadakol, A., Malek, V., Goru, S.K., Pandey, A., Bagal, S., Gaikwad, A.B., 2015. Esculetin
attenuates alterations in Ang II and acetylcholine mediated vascular reactivity
associated with hyperinsulinemia and hyperglycemia. Biochem. Biophys. Res.
Commun. 461, 342–347. https://doi.org/10.1016/j.bbrc.2015.04.036.
Kakodkar, P., Kaka, N., Baig, M.N., 2020. A comprehensive literature review on the
clinical presentation, and management of the pandemic coronavirus disease 2019
(COVID-19). Cureus 12, e7560. https://doi.org/10.7759/cureus.7560.
Karram, T., Abbasi, A., Keidar, S., Golomb, E., Hochberg, I., Winaver, J., Hoffman, A.,
Abassi, Z., 2005. Effects of spironolactone and eprosartan on cardiac remodeling and
angiotensin-converting enzyme isoforms in rats with experimental heart failure. Am.

J. Physiol. Heart Circ. Physiol. 289, H1351–H1358. https://doi.org/10.1152/
ajpheart.01186.2004.
Keidar, S., Gamliel-Lazarovich, A., Kaplan, M., Pavlotzky, E., Hamoud, S., Hayek, T.,
Karry, R., Abassi, Z., 2005. Mineralocorticoid receptor blocker increases angiotensinconverting enzyme 2 activity in congestive heart failure patients. Circ. Res. 97,
946–953. https://doi.org/10.1161/01.RES.0000187500.24964.7A.
Kim, E.N., Kim, M.Y., Lim, J.H., Kim, Y., Shin, S.J., Park, C.W., Kim, Y.-S., Chang, Y.S.,
Yoon, H.E., Choi, B.S., 2018. The protective effect of resveratrol on vascular aging by
modulation of the renin–angiotensin system. Atherosclerosis 270, 123–131. https://
doi.org/10.1016/j.atherosclerosis.2018.01.043.
Kluskens, L.D., Nelemans, S.A., Rink, R., de Vries, L., Meter-Arkema, A., Wang, Y.,
Walther, T., Kuipers, A., Moll, G.N., Haas, M., 2009. Angiotensin-(1-7) with
thioether bridge: an angiotensin-converting enzyme-resistant, potent angiotensin-(17) analog. J. Pharmacol. Exp. Therapeut. 328, 849–854. https://doi.org/10.1124/
jpet.108.146431.
Kong, J., Zhu, X., Shi, Y., Liu, T., Chen, Y., Bhan, I., Zhao, Q., Thadhani, R., Li, Y.C., 2013.
VDR attenuates acute lung injury by blocking ang-2-tie-2 pathway and reninangiotensin system. Mol. Endocrinol. 27, 2116–2125. https://doi.org/10.1210/
me.2013-1146.
Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B., Huan, Y., Yang, P., Zhang, Y.,
Deng, W., Bao, L., Zhang, B., Liu, G., Wang, Z., Chappell, M., Liu, Y., Zheng, D.,
Leibbrandt, A., Wada, T., Slutsky, A.S., Liu, D., Qin, C., Jiang, C., Penninger, J.M.,
2005. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS
coronavirus-induced lung injury. Nat. Med. 11, 875–879. https://doi.org/10.1038/
nm1267.
Lambert, D.W., Yarski, M., Warner, F.J., Thornhill, P., Parkin, E.T., Smith, A.I.,
Hooper, N.M., Turner, A.J., 2005. Tumor necrosis factor-alpha convertase
(ADAM17) mediates regulated ectodomain shedding of the severe-acute respiratory
syndrome-coronavirus (SARS-CoV) receptor, angiotensin-converting enzyme-2
(ACE2). J. Biol. Chem. 280, 30113–30119. https://doi.org/10.1074/jbc.
M505111200.
Le, Y., Zheng, Z., Xue, J., Cheng, M., Guan, M., Xue, Y., 2016. Effects of exendin-4 on the
intrarenal renin-angiotensin system and interstitial fibrosis in unilateral ureteral
obstruction mice: exendin-4 and unilateral ureteral obstruction. J. ReninAngiotensin-Aldosterone Syst. JRAAS 17. https://doi.org/10.1177/
1470320316677918.
Lee, Y.-J., Koh, E.-K., Kim, J.-E., Go, J., Song, S.-H., Seong, J.-E., Son, H.-J., Kang, B.-C.,
Hwang, D.-Y., 2015. Beneficial effects of ethanol extracts of Red Liriope platyphylla
on vascular dysfunction in the aorta of spontaneously hypertensive rats. Lab. Anim.
Res. 31, 13. https://doi.org/10.5625/lar.2015.31.1.13.
Li, W., Moore, M.J., Vasilieva, N., Sui, J., Wong, S.K., Berne, M.A., Somasundaran, M.,
Sullivan, J.L., Luzuriaga, K., Greenough, T.C., Choe, H., Farzan, M., 2003.
Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus.
Nature 426, 450–454. https://doi.org/10.1038/nature02145.
Li, X., Peng, Y., Bu, X., Yao, J., Yao, L., 2018. Balancing effect of biejiajian oral liquid (鳖
甲煎口服液) on ACE-ang II-AT1R Axis and ACE2-ang-(1–7)-mas Axis in rats with
CCl4-induced hepatic fibrosis. Chin. J. Integr. Med. 24, 853–859. https://doi.org/
10.1007/s11655-017-2909-7.
Li, Y.-H., Wang, Q.-X., Zhou, J.-W., Chu, X.-M., Man, Y.-L., Liu, P., Ren, B.-B., Sun, T.-R.,
An, Y., 2013. Effects of rosuvastatin on expression of angiotensin-converting enzyme
2 after vascular balloon injury in rats. J. Geriatr. Cardiol. 10, 151–158. https://doi.
org/10.3969/j.issn.1671-5411.2013.02.009.
Liao, W., Fan, H., Davidge, S.T., Wu, J., 2019. Egg white–derived antihypertensive
peptide IRW (Ile-Arg-Trp) reduces blood pressure in spontaneously hypertensive rats
via the ACE2/ang (1-7)/mas receptor Axis. Mol. Nutr. Food Res. 63, 1900063.
https://doi.org/10.1002/mnfr.201900063.
Lin, M., Gao, P., Zhao, T., He, L., Li, M., Li, Y., Shui, H., Wu, X., 2016. Calcitriol regulates
angiotensin-converting enzyme and angiotensin converting-enzyme 2 in diabetic
kidney disease. Mol. Biol. Rep. 43, 397–406. https://doi.org/10.1007/s11033-0163971-5.
Lin, Y., Zeng, H., Gao, L., Gu, T., Wang, C., Zhang, H., 2017. Hydrogen sulfide attenuates
atherosclerosis in a partially ligated carotid artery mouse model via regulating
angiotensin converting enzyme 2 expression. Front. Physiol. 8 https://doi.org/
10.3389/fphys.2017.00782.
Liu, J., Chen, Q., Liu, S., Yang, X., Zhang, Y., Huang, F., 2018. Sini decoction alleviates E.
coli induced acute lung injury in mice via equilibrating ACE-AngII-AT1R and ACE2Ang-(1-7)-Mas axis. Life Sci. 208, 139–148. https://doi.org/10.1016/j.
lfs.2018.07.013.
Liu, X., Yang, N., Tang, J., Liu, S., Luo, D., Duan, Q., Wang, X., 2014. Downregulation of
angiotensin-converting enzyme 2 by the neuraminidase protein of influenza A
(H1N1) virus. Virus Res. 185, 64–71. https://doi.org/10.1016/j.
virusres.2014.03.010.
Liu, Y., Yang, Y., Zhang, C., Huang, F., Wang, F., Yuan, J., Wang, Z., Li, Jinxiu,
Li, Jianming, Feng, C., Zhang, Z., Wang, L., Peng, L., Chen, L., Qin, Y., Zhao, D.,
Tan, S., Yin, L., Xu, J., Zhou, C., Jiang, C., Liu, L., 2020. Clinical and biochemical
indexes from 2019-nCoV infected patients linked to viral loads and lung injury. Sci.
China Life Sci. 63, 364–374. https://doi.org/10.1007/s11427-020-1643-8.
Lv, Q., Yang, Q., Cui, Y., Yang, J., Wu, G., Liu, M., Ning, Z., Cao, S., Dong, G., Hu, J.,
2017. Effects of Taurine on ACE, ACE2 and HSP70 Expression of HypothalamicPituitary-Adrenal Axis in Stress-Induced Hypertensive Rats, pp. 871–886. https://
doi.org/10.1007/978-94-024-1079-2_69.
Macedo, S., Guimarares, T., Andrade, J., Guimaraes, A., Paula, A., Ferreira, A., Santos, S.,
2015. Angiotensin converting enzyme 2 activator (DIZE) modulates metabolic
profiles in mice, decreasing lipogenesis. Protein Pept. Lett. 22, 332–340. https://doi.
org/10.2174/0929866522666150209125401.

10

U. Kaur et al.

European Journal of Pharmacology 887 (2020) 173545

Magalhaes, G.S., Rodrigues-Machado, M. da G., Motta-Santos, D., CampagnoleSantos, M.J., 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 https://doi.
org/10.3389/fphys.2020.00730.
Magrone, T., Magrone, M., Jirillo, E., 2020. Focus on receptors for coronaviruses with
special reference to angiotensin-converting enzyme 2 as a potential drug target - a
perspective. Endocr. Metab. Immune Disord. - Drug Targets. https://doi.org/
10.2174/1871530320666200427112902.
Marso, S.P., Daniels, G.H., Brown-Frandsen, K., Kristensen, P., Mann, J.F.E., Nauck, M.A.,
Nissen, S.E., Pocock, S., Poulter, N.R., Ravn, L.S., Steinberg, W.M., Stockner, M.,
Zinman, B., Bergenstal, R.M., Buse, J.B., 2016. Liraglutide and cardiovascular
outcomes in type 2 diabetes. N. Engl. J. Med. 375, 311–322. https://doi.org/
10.1056/NEJMoa1603827.
Martínez-Aguilar, L., Lezama-Martínez, D., Orozco-Cortés, N.V., González-Espinosa, C.,
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