Received: 14 December 2020

Revised: 25 January 2021

Accepted: 4 February 2021

DOI: 10.1111/0br.13225

COVID-19/OBESITY COMORBIDITY

OBESITY WI LEY

Dual role for angiotensin-converting enzyme 2 in Severe Acute
Respiratory Syndrome Coronavirus 2 infection and cardiac fat

Brendin Flinn? |
Nalini Santanam?

Department of Biomedical Sciences, Joan C
Edwards School of Medicine, Huntington,
West Virginia, USA

2Research Service, Hershel “Woody” Williams
VA Medical Center, Huntington, West
Virginia, USA

3Department of Cardiovascular and Thoracic
Surgery, St. Mary's Heart Center, Huntington,
WV, USA

Correspondence

Nalini Santanam, Department of Biomedical
Sciences, Joan C Edwards School of Medicine,
Marshall University, 1700 3rd Ave,
Huntington, WV 25755, USA.

Email: santanam@marshall.edu

Funding information

West Virginia Space Grant Consortium, Grant/
Award Number: NNX15AI01H; National
Institute on Aging, Grant/Award Number:
1R15AG051062-01

1 | INTRODUCTION

Nicholas Royce! |

Todd Gress> | Nepal Chowdhury® |

Summary

Angiotensin-converting enzyme 2 (ACE2) has been an increasingly prevalent target
for investigation since its discovery 20 years ago. The finding that it serves a
counterregulatory function within the traditional renin-angiotensin system,
implicating it in cardiometabolic health, has increased its clinical relevance. Focus on
ACE2's role in cardiometabolic health has largely centered on its apparent functions
in the context of obesity. Interest in ACE2 has become even greater with the
discovery that it serves as the cell receptor for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), opening up numerous mechanisms for deleterious
effects of infection. The proliferation of ACE2 within the literature coupled with its
dual role in SARS-CoV-2 infection and obesity necessitates review of the current
understanding of ACE2's physiological, pathophysiological, and potential therapeutic
functions. This review highlights the roles of ACE2 in cardiac dysfunction and
obesity, with focus on epicardial adipose tissue, to reconcile the data in the context
of SARS-CoV-2 infection.
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on the X chromosome of rats.} 2 Not much later, it was hypothesized

that ACE2 countered ACE's effect on blood pressure as well as

Angiotensin-converting enzyme 2 (ACE2), a homolog of angiotensin-
converting enzyme (ACE), was first discovered from a cDNA library in
2000 and was shortly thereafter mapped to a quantitative trait locus
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2; ACE2KO, angiotensin-converting enzyme 2 knockout; ACEi, angiotensin-converting
enzyme inhibitor; Ang |, angiotensin I; Ang II, angiotensin II; Ang-(1-7), angiotensin-(1-7);
Ang-(1-9), angiotensin-(1-9); ARB, angiotensin receptor blockers; ARDS, Acute respiratory
distress syndrome; AT1R, angiotensin Il type 1 receptor; AT2R, angiotensin Il type

2 receptor; BAT, brown adipose tissue; BMI, body mass index; COVID-19, coronavirus
disease 2019; DIO, diet-induced obesity; EAT, epicardial adipose tissue; HFmrEF, heart
failure with mid-range ejection fraction; HFpEF, heart failure with preserved ejection
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pulmonary arterial hypertension; RAS, RENIN-angiotensin system; rhACE2, recombinant
human angiotensin-converting enzyme 2; SARS-COV, severe acute respiratory syndrome
associated coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2;
UCP1, uncoupling protein 1; WAT, white adipose tissue.
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cardiovascular function more broadly.*° The physiological relevance
of ACE2 in comparison to previously discovered ACE is yet to be fully
understood. The current coronavirus disease 2019 (COVID-19)
pandemic and the outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) shifted the focus back on ACE2 and its
role in infectious and cardiometabolic diseases. ACE2 is essential for
SARS-CoV-2 to enter the host cell.® Recent clinical evidence links
obesity to elevated risk for COVID-19 infection and consequent
poorer outcomes.”® SARS-CoV-2 has piqued interest in understand-
ing the role of ACE2 in adipose depots, especially cardiac fat
(Figure 1). With the spotlight on ACE2, it is prudent to review the
current understanding of its role in adipose tissue as well as possible

links to COVID-19 infection. The major focus of this review is to
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FIGURE 1 Timeline of important ACE2 discoveries: ACE2 was identified in 2000 as a homologue of ACE. This figure highlights the key
discoveries made over the past 20 years that is attributed to the function of ACE2 in health and disease. ACE, angiotensin-converting enzyme;
ACE2, angiotensin-converting enzyme 2; ADAM17, A disintegrin and metalloproteinase 17; Ang 1-7, angiotensin-(1-7); EAT, epicardial adipose
tissue; HFpEF, heart failure with preserved ejection fraction; rhACE2, recombinant human angiotensin-converting enzyme 2; SARS, severe acute
respiratory syndrome; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; QTL, quantitative trait locus

highlight the roles of ACE2 in (i) cardiometabolic disease, (ii) cardiac
fat inflammation, and (iii) in the transdifferentiation of adipose depots.

1.1 | ACEandACE2

The renin-angiotensin system (RAS) plays a key role in the regulation
of blood pressure. Renin, produced by the kidneys, cleaves
angiotensinogen to angiotensin | (Ang 1), which is then converted to
angiotensin Il (Ang I1) by ACE.X®! Through activation of the angioten-
sin Il type 1 receptor (AT1R), Ang Il promotes inflammation, salt and

water 12,13

reabsorption, oxidative stress, and vasoconstriction.
Angiotensin Il type 2 receptors (AT2R) are believed to play a role in
the protective arm of the RAS by exhibiting antihypertensive
effects.2*1> AT2R stimulation has been linked to increased production
of vasodilators such as bradykinin, nitric oxide, and cyclic Guanosine
monophosphate (GMP) and therefore aids in decreasing blood
pressure.®=2° Hence, agents such as angiotensin receptor blockers
(ARB) and ACE inhibitors (ACEi) exhibit antihypertensive effects in
humans.?22% ARBs act by stopping the downstream effects of Ang Il
by blocking AT1R, and the mechanism of ACEi is inhibition of the
conversion of Ang | to Ang 11.2*

ACE2, though functionally different from ACE, shares several net-
work protein partners with ACE (Figure 2).242> ACE2 acts by conver-
ting Ang Il to angiotensin-(1-7) (Ang-(1-7)) as well as Ang | to
angiotensin-(1-9) (Ang-(1-9)).2¢ Ang-(1-7) acts on the G-protein
coupled Mas receptor (MasR), which signals through the PISK-Akt
pathway, to generate vasodilators such as nitric oxide, bradykinin, and
prostaglandins.2”-2® Ang Il induces the action of tumor necrosis factor

alpha converting enzyme (TACE or ADAM17), which causes shedding

of catalytically active ACE2 from tissue into the plasma.?’~3! The
resulting soluble ACE2 can influence the cardiac remodeling process
by altering integrin signaling.3>3?2 ACE2 and Ang-(1-7) have anti-
inflammatory effects that counteract the Ang Il and tumor necrosis
factor alpha converting enzyme response in the heart and vasculature,
effectively protecting the cardiovascular system from damage.*® Thus,
ACE2 plays a vital role in the RAS by exerting a protective effect on
the cardiovascular system.?® ACE2 is expressed ubiquitously and is
highest in the small intestine, kidneys, heart, and adipose tissue, mod-
erate in the lungs, liver, and colon, and lowest in the blood, bone mar-
row, and brain.3*%> Though ACE2 tissue expression does not appear
to vary greatly between sexes, races, or ages,>* recent studies do cau-
tion that ACE2 expression in the nasal epithelium was lower in chil-
dren compared to adults.3® ACE2 levels are altered in renal, heart, and
other disease states.3”*® Thus, Ang II, ACE, ACE2, and Ang-(1-7) are
all significant components of the RAS and involved in regulating blood

pressure, electrolyte balance, and vascular resistance.*’

1.2 | SARS-CoV-2and ACE2

The current interest in ACE2 piqued with the knowledge that it serves
as the key receptor for SARS-CoV-2 infection in humans.3%*° The
entry of SARS-CoV-2 and SARS-CoV into cells is facilitated by an
interaction between the viral spike protein and the extracellular
domains of transmembrane ACE2 in type Il alveolar cells.**~*® ACE2
in type Il alveolar epithelial cells of the lungs seem to play a protective
role by preventing polarization towards inflammatory status.#%44
Infection with SARS-CoV-2, however, can lead to pulmonary edema

and development of hyaline membranes in the lungs that lead to acute
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FIGURE 2

Protein-protein interaction network of ACE and ACE2: ACE and ACE2 have opposing physiological functions. The figure

represents some of their protein network partners. Network pathway was developed using STRING database in CytoScape v3.8.0. (a) ACE or

(b) ACE2 was used as the seed to identify interacting proteins. The protein interaction network is visualized in the form of a graphical network
with the protein molecules forming the nodes and the interactions forming the edges. Some interactions that are connected by multiple lines
between two nodes indicate interactions that are derived from more than one source of information. Proteins shared by both ACE and ACE2 are
MME, membrane mettaloendopeptidase; REN, renin; AGTR1, angiotensin |l receptor type 1; AGTR2, angiotensin Il receptor type 2; AGT,
angiotensinogen. Network genes unique to ACE are NOS3, nitric oxide synthase 3, INS, insulin, SERPINE1, serpin family E member 1; MDK,
midkine; KNG1, kininogen-1. Network genes unique to ACE2 are DPP4, dipeptidyl peptidase 4; MEP1A, meprin A subunit A; MEP1B, meprin A
subunit B; PRCP, lysosomal pro-X carboxypeptidase precursor; XPNPEP2, X-prolyl aminopeptidase 2

lung injury and acute respiratory distress syndrome (ARDS).*>~*”

These results could be worse in individuals with obesity as a result of
reduced lung compliance, increased vascular permeability, and
increased inflammatory mediators.”#8=° The binding affinity of
SARS-CoV-2 with ACE2 appears to be stronger than SARS-CoV,
which may explain the larger global impact of SARS-CoV-2 infection
compared to SARS-CoV.>»®2 The binding interaction between
SARS-CoV-2 and transmembrane ACE2 leads to decreased ACE2
expression.*>>® Earlier rodent studies have shown Ang Il infusion
downregulated surface ACE2 expression in murine myocardial tissue
leading to myocardial injury.>* Also, a recent small case study
(12 patients) reported elevated plasma Ang Il levels strongly associ-
ated with viral load in SARS-CoV-2 patients with pneumonia. Though
ACE2 expression or activity was not assessed in this study, the
authors suggested the elevation in Ang Il was attributed to imbalances
in RAS.>® Thus, it may be hypothesized that tissue ACE2 down-
regulation and RAS imbalance might contribute to the development of
multiorgan damage attributed to SARS-CoV-2 infections.”® A
decreased level of ACE2 secondary to SARS-CoV-2 infection followed
by an increase in Ang Il can exacerbate cardiovascular disease symp-
toms or promote further disease complications.?”>® Nearly all of the
most common comorbidities associated with severe outcomes due to
SARS-CoV-2 infections are conditions in which ACE2 is known to be
involved, such as diabetes, hypertension, and obesity.>?"¢! Because
ACE2 is greatly expressed in the heart and lungs, this infection has
deleterious effects in these organs, including heart failure and
ARDS.6%¢2 Despite tissue expression of ACE2 not varying between
sex or age,>* men and the elderly have increased risk of severe disease
resulting from SARS-CoV-2 infection.®* Further, patients using ACEi
and ARB medications, which have been shown to increase ACE2

expression in the heart, liver, and kidneys,?%®>% do not appear to
have increased risk for developing SARS-CoV-2 infection, nor do they
seem to have an increased risk for severe disease.®”"*® The lack of a
correlation between initial ACE2 expression and disease severity
coupled with the known largest comorbidities associated with SARS-
CoV-2 suggests that reduced ACE2 activity may play a key role in
increasing disease severity rather than the initial high levels of ACE2
expression leading to worsened prognosis. However, these findings
do not rule out the possibility that some conditions which produce
elevated ACE2 expression could result in increased viral proliferation
and thus more severe infection. For instance, with recent studies indi-
cating differing levels of ACE2 expression in nasal epithelium between
children and adults,®®
needed to further understand the tissue/cell distribution of ACE2 and

its influence on SARS-CoV-2 infection. There are several emerging

more studies at the level of single cells are

therapeutic measures being proposed targeting ACE2 to combat
SARS-CoV-2. Some examples of the studies include using soluble
recombinant human ACE2 (rhACE2) or ARBs targeting cardiac and
kidney tissues to counteract the effects of Ang 11.3%¢%70

2 | ACE2AND CARDIOVASCULAR
DISEASE

2.1 | Heart failure and ACE2

Heart failure affects at least 26 million people worldwide and 5.7 mil-
lion residents of the United States.”! This syndrome has been classi-

fied into three subtypes: heart failure with altered ejection fractions,

abnormal natriuretic peptide levels, and the presence of structural
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heart disease and diastolic dysfunction.”* Heart failure with altered
ejection fractions can be further classified into heart failure with
reduced ejection fraction (HFrEF), heart failure with preserved ejec-
tion fraction (HFpEF), and heart failure with mid-range ejection frac-
tion (HFmrEF).”? Though not proven in humans, ACE2, Ang II, and
Ang-(1-7) have been determined to play a significant role in the
pathology of both HFpEF and HFrEF in murine models and may also
have potential therapeutic effects.>*”2 These positive effects corre-
spond to degradation of Ang Il leading to reduced cardiac remodeling

that is seen in heart failure.>*”3

2.2 | HFpEF and ACE2/Ang-(1-7)

HFpEF accounts for up to 54% of heart failure patients in western
populations.”* HFpEF is usually associated with diastolic filling abnor-
malities.”> Several studies have shown loss or downregulation of
ACE?2 leads to greater diastolic dysfunction as well as cardiac dysfunc-
tion, cardiac hypertrophy, and fibrosis due to increased presence of
Ang 11.7¢ A downregulation of ACE2 may occur secondary to a viral
infection, such as SARS-CoV-2, or from genetic variations.”””® If an
individual is infected with SARS-CoV-2, a serious complication could
be HFpEF, resulting from the redirection of ACE2 from its normal
physiological function to serve as the SARS-CoV-2 viral receptor.*!
With lower ACE2 levels secondary to SARS-CoV-2 infection, Ang Il
levels would be expected to rise in the patient. Elevated Ang Il leads
to hypertension and worsened cardiovascular function that could
induce harmful effects to the cardiac health and overall health of the
individual. A recent study concluded that ACE2 in the form of recom-
binant ACE2 affecting murine hearts helps to mediate and resolve
several pathologic changes attributed to Ang Il; recombinant ACE2
reduced myocardial hypertrophy and fibrosis and corrected diastolic
dysfunction.’*”? This finding is significant and demonstrates that
ACE2 plays a major role as a cardioprotective enzyme in healthy indi-
viduals. Therefore, recombinant ACE2 may be a potential therapeutic
treatment for HFpEF when endogenous ACE2 levels are diminished.
These results, however, have been obtained using murine models, and
further investigations are required to prove the translatability of
recombinant ACE2's potential therapeutic benefits in human HFpEF.
Additionally, the possibility of rhACE2 to act as a decoy to scavenge
viral particles in patients with HFpEF infected with SARS-CoV-2
patients also warrants further investigations.

2.3 | HFrEF and ACE2/Ang-(1-7)

HFrEF, sometimes called “systolic dysfunction,” is not as prevalent as
HFpEF; however, it remains a significant type of heart failure in the
United States.”* HFrEF is defined as left ventricular ejection fraction
<40%.8° Ang Il can have detrimental effects on the heart, including
cardiomyocyte toxicity, that can lead to development of HFrEF.8!
Serum ACE2 levels increase significantly in patients with hypertension

and HFrEF but do not increase in HFpEF.®? This suggests serum

F.82 The most

ACE2 is a biomarker for systolic dysfunction and HFrE
widespread approach currently utilized to treat HFrEF is neurohor-
monal control through a combination of ACEi or ARBs with a beta
blocker.?° It was demonstrated that using pulmonary artery pressure
guided management, in conjunction with the recommended ACEi/
ARB with beta blocker administration, decreased hospitalizations and
mortality in patients with HFrEF.2° Because Ang Il is detrimental in
patients experiencing HFrEF, a study may be warranted examining
rhACE2 administration for possible benefits. The future study could
investigate if rhACE2 possesses therapeutic effects in combination
with pulmonary artery pressure guided management to decrease
patient usage of ACEi/ARBs with beta blockers or utilize ACE2's pre-
viously known cardioprotective function in individuals with HFrEF.

24 | Protective arm of the RAS and sex
differences in obesity-induced hypertension

ACE2 has also been implicated in sex differences observed in obesity-
induced hypertension which may be attributed to differential expres-
sion of either adipose ACE2 or MasR. ACE2 deficiency in adipose
tissue augments increased systolic blood pressure in high-fat diet fed
female mice but not male mice.®® This protection in female mice is
postulated to involve the promoter upregulation of ACE2 by 17-f-
estradiol binding to estrogen-receptor-a.8* Other studies have shown
that MasR deficiency augments obesity-induced hypertension in male
mice and abolishes protection from obesity-induced hypertension in
female mice.®>8¢ This was because male obese mice had increased
plasma Ang Il levels which could be suppressed by ARBs such as
losartan, whereas obese females had higher ACE2 expression in the
adipose tissue and a higher plasma Ang-(1-7). Hence, the MasR antag-
onist, D-Ala-Ang-(1-7), was shown to abolish the protection against
increased systolic blood pressure in obese female mice.®® Thus, it
seems that the ACE2/Ang-(1-7)/MasR axis of the RAS provides
protection from obesity-induced hypertension in a sex-dependent
manner, something that should not be ignored in the context of
SARS-CoV-2 infection.

3 | ACE2 AND CARDIAC FAT

3.1 | Epicardial adipose tissue and the heart

In humans, epicardial adipose tissue (EAT) can surround the myocar-
dium and be present in relatively large quantities. This is in contrast to
murine EAT which is localized to the atrioventricular groove and is
present in relatively small quantities.®” EAT is contiguous with the
myocardium, making it sensible to think that EAT may influence car-
diac function,®® an effect that would be prominent in cases of obesity
as a result of increased EAT thickness.8%?° This thought is strength-
ened by the fact that EAT and the myocardium share the same micro-
circulation, providing an easy mechanism for EAT secretions to be

transferred to the myocardium.®® Furthermore, it has recently been
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shown that EAT adipocytes can release exosomes that can enter car-
diac cells via endocytosis.”2~2 This opens up numerous mechanisms
for EAT-mediated effects on cardiac function, particularly via the
transfer of microRNAs from EAT to the myocardium.88%4 Of interest
are the metabolic differences between EAT and other adipose tissue
depots. EAT primarily stores saturated fatty acids, whereas other adi-
pose tissues primarily store unsaturated fatty acids.”®> EAT is also
more inclined towards lipolysis, resulting in a larger release of free
fatty acids in comparison to other adipose tissue depots.?® It has been
hypothesized that this function provides EAT the advantage of sup-
plying free fatty acids to the myocardium during times of high energy
demand, though the evidence of this is presently lacking. EAT's prox-
imity to the heart as well as its mechanisms for cardiac interactions
indicate that EAT likely plays a critical role in the pathophysiology of
cardiometabolic diseases.””

3.2 | ACE2, EAT inflammation, and link to SARS-

CoV-2

The role of ACE2 in obesity and adipose tissue inflammation and its
resulting cardiac effects has become a pressing topic because of the
outbreak of SARS-CoV-2 and the knowledge that adipocytes can
express ACE2 in a diet-dependent manner.”® There is a current inter-
est in understanding the critical role for the ACE2/Ang-(1-7)/MasR
axis in EAT inflammation. It has been seen that ACE2 knockout
(ACE2KO) mice have greater EAT inflammation than wild-type mice
with diet-induced obesity (DIO), indicating that the ACE2/Ang-(1-7)/
MasR axis is essential in preventing EAT inflammation in response to
DIO.?? There was an increase in macrophage count as well as a polari-
zation of macrophage phenotype towards proinflammatory status in
EAT of both ACE2KO-DIO mice and patients with obesity who suf-
fered HFpEF.”? The mechanism by which EAT inflammation led to
HFpEF was attributed to increased insulin resistance coupled with
increased glucose intolerance.’® Although adipose tissue inflammation
was already known to be associated with obesity-induced insulin

resistance,1%°

it was found that despite having less severe obesity, the
ACE2KO-DIO mice had greater insulin resistance in comparison to
wild-type DIO mice.”>1°? This indicates that the ACE2/Ang-(1-7)/
MasR axis itself plays a role in the regulation of insulin sensitivity,
independent of the severity of obesity. The most critical finding is that
the administration of Ang-(1-7) prevented the observed EAT inflam-
mation and insulin resistance that was characteristic of the HFpEF
phenotype.”® This points towards Ang-(1-7) having therapeutic poten-
tial as a cardioprotective treatment in obesity.

The high prevalence of comorbidities related to EAT inflamma-
tion, particularly obesity, in SARS-CoV-2 infected cases raises the
possibility that cardiac injury is in part a result of the suppression
ACE2/Ang-(1-7)/MasR

axis.60:61:102.103 Thjg js partially supported by the observation of cyto-

of anti-inflammatory action by the
kine storms in patients with severe cases of SARS-CoV-2.104105 Fac-
tors indicative of systemic inflammation such as interleukin 6, tumor

necrosis factor alpha, and interleukin 10 are all part of cytokine storm

in patients with SARS-CoV-2 as well as elevated in EAT during DIO,
especially EAT without ACE2.79'194197 Obesity induces EAT inflam-
mation, an effect that is ameliorated by Ang-(1-7) action on MasR.??
The downregulation of ACE2 resulting from SARS-CoV-2 infection
reduces this action due to reduced conversion of Ang Il to Ang-(1-7)
by ACE2.5%°7 This leads to the possibility of EAT-mediated cardiac
injury.1°® Interestingly, it was also shown that DIO leads to greater
ACE2 expression in EAT.?? This opens up the possibility for EAT in
patients with obesity to serve as a hub for viral infection that could
mediate infection of the heart, although this remains a speculation.
Although risk factors for EAT-mediated cardiac injury are greater in
SARS-CoV-2 patients with obesity, this result is not limited to patients
with obesity; present data show that visceral adiposity, although mod-
erately associated with BMI (body mass index), can vary greatly within
a BMI class while also serving as a better predictor of cardiometabolic
risk.1%% For instance, Asian American women have been shown to
have comparatively larger stores of visceral adipose tissue even after
adjustments made for age and total adiposity.*®” Computed tomo-
graphic (CT) imaging of the EAT of patients with SARS-CoV-2 showed
lower CT threshold attenuation values for the EAT in severe cases of
SARS-CoV-2.1%1 This indicates that EAT inflammation itself is
associated with severity of disease. Overall, patients assessed as non-
obese by BMI measures may still have increased visceral adiposity
which increases the risk of EAT inflammation. Further, EAT's sharing
of a microcirculation with the heart and its capability to release
exosomes that can enter cardiac cells open up numerous mechanisms
by which EAT may contribute to/mediate SARS-CoV-2's entry into
the heart, causing direct cardiac effects.%1%% Interestingly, the cyto-
kine levels observed in SARS-CoV-2 cytokine storm have also been
shown to be negatively correlated with T cell counts and positively
correlated with T cell exhaustion measures.%® This raises the possibil-
ity that patients with a predisposition to heightened inflammatory
cytokine levels, such as individuals with larger EAT depots, could suf-
fer worsened outcomes which result from T cell depletion and
exhaustion. Some have suggested that this could mean that vaccines
for SARS-CoV-2 could be less effective in individuals with obesity due
to a weakened immune response.® Importantly, this thought may also
apply to individuals assessed as nonobese by BMI measures who still
have increased visceral adiposity such as Asian American women.
Although there is evidence that the ACE2/Ang-(1-7)/MasR axis is
involved in the pathophysiology of EAT-mediated cardiac dysfunction
and that its regulation has therapeutic potential, there are still signifi-
cant questions that necessitate further studies. First, whereas the
team responsible for the previously mentioned study acknowledged
the necessity of determining whether the inflammatory effects of
ACE2 deletion in obesity extend to other adipose tissue depots,99
others have pointed out that it is possible that ACE2 deletion could
result in cardiac dysfunction stemming from myocardial inflammation
independent of EAT inflammation.''%1*® Determination of the inde-
pendence of the two is critical for determining the extent to which
ACE2/Ang-(1-7) action in EAT specifically is responsible for
cardioprotection. The second major question is whether Ang-(1-7)

administration is the best option in the pursuit of developing a
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therapeutic approach to EAT-mediated cardiac dysfunction in obesity.
A potential candidate to replace Ang-(1-7) treatment is rhACE2, an
alternative that recent study has shown to reduce markers of adipose
tissue inflammation.?** The added benefit of treatment with rhACE2
would be the reduction of Ang Il levels, an effect that has also already
been observed.>*11* The limitations of the current data on using
rhACE2 as a treatment for EAT inflammation are that it is not specific
to EAT, a tissue that has characteristics which generally differentiate
it from other adipose tissues, and that it only measured molecular
markers of inflammation as opposed to the actual inflammatory status
of the tissue. Garnering a more complete understanding of the treat-
ment is especially pertinent for SARS-CoV-2 infected individuals.
Treatment using soluble rhACE2 has been raised as a potential thera-
peutic option that has the potential to redirect SARS-CoV-2 binding
away from membrane-bound ACE2; binding of SARS-CoV-2 to the
soluble rhACE2 would allow membrane-bound ACE2 to continue
functioning within tissue, avoiding detrimental effects stemming from
reduced ACE2/Ang-(1-7)/MasR axis action.®” Considering that
rhACE2 has been suggested for treating both obesity-induced cardiac
dysfunction and SARS-CoV-2 infection independent of each other, it
may serve as a valuable route towards treatment of the severe cases
of SARS-CoV-2 infection that are more common in patients with obe-
sity.” However, one of rhACE2's chief limitations presently is the lack
of knowledge regarding its effects on adipose tissue, particularly its
potential to induce the browning of white adipose tissue (WAT) which
could negatively affect cardiac function.}*4

.‘
Vi ;

Regulates vascular
permeability and

protect from lung
and fibrosis

3.3 | rhACE2's role in adipose tissue
transdifferentiation

Interest in brown adipose tissue (BAT) stems primarily from its expres-
sion of uncoupling protein-1 (UCP1), which bypasses the electron
transport chain in a mechanism that results in less adenosine triphos-
phate production, more substrate oxidation, and greater thermogene-
sis.1?> Of growing interest is the presence of UCP1-expressing
adipocytes that are heterogeneously embedded in WAT depots which
are referred to as beige (or brite) adipocytes. EAT is one such depot,
now being characterized as largely beige in type.r*¢**” The adminis-
tration of rhACE2 has been shown to seemingly induce the trans-
differentiation of WAT to BAT.!* There is little quantification of the
extent of rhACE2-induced browning of WAT, leaving the possibility
that prolonged treatment in SARS-CoV-2 infected individuals could
result in heightened fever resulting from increased UCP1-instigated
thermogenesis, though the role of BAT in immune-induced hyperther-
mia is now debated in the literature.**® Hence, although rhACE2 use
may potentially be therapeutically beneficial as a treatment for obe-
sity, its use in SARS-CoV-2 infected patients may be a cause for
concern.

Considering that EAT is inclined towards the release of free fatty
acids,”® and that the myocardium utilizes free fatty acids as its primary
source of energy,119 the proliferation of beige tissue around the myo-
cardium could have adverse effects on myocardial function stemming

from hampered metabolic activity. Such a result could be catastrophic
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FIGURE 3 Consequences of SARS-CoV-2 infection on ACE2 function in lean and obese individuals. ACE2 plays a key role in the entry of the
SARS-CoV-2 in humans. This figure represents predicted changes in ACE2 function in normal and infected individuals. ACE2 function is
modulated by the patient's obesity status. (a) Normal function of ACE2 in the lungs, heart, and EAT. (b) Deleterious effects of SARS-CoV-2 in the
lungs, heart, and EAT. ACE2, angiotensin-converting enzyme 2; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; EAT, epicardial
adipose tissue; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2
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in patients with SARS-CoV-2 infection because it would add to the
observed impairment of cardiac function in these patients.t?°
Although rhACE2 has been studied in humans since 2009,'?! studies
in the context of SARS-CoV-2 infection have not yet been investi-
gated. The currently ongoing clinical trial being conducted in Austria,
Germany, and Denmark will hopefully elucidate the cardiac effects of

rhACE2 treatment in the context of SARS-CoV-2 infection.??

4 | CONCLUSIONS

ACE2 is a critical mediator of both cardiometabolic health and the
entry of SARS-CoV-2 into human cells. These two functions of
ACE2 are not independent of each other; the former serves as an
explanation of the observed detrimental effects resulting from the
latter. ACE2 has physiological and pathophysiological roles in both
cardiac dysfunction and obesity, both of which can be linked to
ACE2's functions in EAT (Figure 3). This understanding is crucial as
therapeutic approaches to treating SARS-CoV-2 infection move for-
ward. Mitigation of the altered RAS balance stemming from infec-
tion is a valuable method to reduce the severity of disease, one that
may serve the added benefits of diverting viral binding away from
membrane-bound, catalytically active ACE2 as well as elucidating
the potential for such treatment in cardiometabolic diseases in the
future. In such situations, the role of ACE2 in obesity, particularly in
epicardial fat, as well as observed sex differences in the RAS should

not be ignored.
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