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Abstract

Throughout the world, including the United States, men have worse outcomes from COVID-19
than women. SARS-CoV-2, the causative virus of the COVID-19 pandemic, uses angiotensin-con-
verting enzyme 2 (ACE2) to gain cellular entry. ACE2 is a member of the renin-angiotensin system
(RAS) and plays an important role in counteracting the harmful effects mediated by the an-
giotensin type 1 receptor. Therefore, we conducted Ovid MEDLINE and Embase database searches
of basic science studies investigating the impact of the biological variable of sex on ACE2 expres-
sion and regulation from 2000, the year ACE2 was discovered, through December 31, 2020. Out of
2,131 publications, we identified 853 original research articles on ACE2 conducted in primary
cells, tissues, and/or whole mammals excluding humans. The majority (68.7%) of these studies
that cited the sex of the animal were conducted in males, while 11.2% were conducted solely in fe-
males; 9.26% compared ACE2 between the sexes, while 10.8% did not report the sex of the ani-
mals used. General findings are that sex differences are tissue-specific and when present, are de-
pendent upon gonadal state. Renal, cardiac, and adipose ACEZ2 is increased in both sexes under
experimental conditions that model co-morbidities associated with worse COVID-19 outcomes in-
cluding hypertension, obesity, and renal and cardiovascular diseases; however, ACE2 protein was
generally higher in the males. Studies in AceZ knockout mice indicate ACE2 plays a greater role in
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protecting the female from developing hypertension than the male. Studying the biological vari-
able of sex in ACE2 research provides an opportunity for discovery in conditions involving RAS
dysfunction and will shed light on sex differences in COVID-19 severity.

Keywords: angiotensin, gonadectomy, heart, kidney, ovariectomy

INTRODUCTION

Angiotensin-converting enzyme 2 (ACE2) is a key component of the renin-angiotensin system
(RAS), which controls blood pressure and water and electrolyte homeostasis in both sexes (Fig. 1
). The decapeptide angiotensin (Ang)-[1-10] is cleaved from the protein angiotensinogen by renin.
The dicarboxypeptidase angiotensin-converting enzyme (ACE), removes two amino acids from the
carboxy terminus of the precursor peptide Ang-[1-10] to form the octapeptide hormone Ang-[1-
8] (also known as ANG II). Two G protein-coupled receptors mediate the effects of Ang-[1-8].
Excessive Ang-[1-8] activity at the angiotensin type 1 receptor (AT;{R) leads to hypertension, in-
flammation, atherogenesis, and tissue fibrosis (1, 2). The angiotensin type 2 receptor (AT,R) plays
a counter-regulatory role in AT{R actions, especially in the females (3, 4).

ACE2 is a membrane-bound monocarboxypeptidase that is expressed in most organs and blood
vessels. While ACE2 can catabolize various peptides including des-Arg-bradykinin, apelins, and
dynorphins, its primary substrate is Ang-[1-8] (5). ACE2 removes one amino acid from the car-
boxy terminal of Ang-[1-8] to form the heptapeptide Ang-[1-7] (Fig. 1).

Studies have demonstrated Ang-[1-7] has vasodilatory and anti-inflammatory effects (6-8).
However, peptide concentrations used in these studies are 1,000-1,000,000 times higher than the
circulating levels in rats (9) and humans (10) measured by a highly sensitive liquid chromatogra-
phy-tandem mass spectrometry method (11). While there is an extensive literature attributing the
MAS oncogene to be the cognate receptor for Ang-[1-7] (12), the International Union of Basic and
Clinical Pharmacology determined that MAS did not “rise to the level of acceptance” as the recep-
tor for Ang-[1-7] “because pharmacology and signaling are not rigorously established” (13).
Furthermore, dynamic mass redistribution assays showed that Ang-[1-7] had no effect on MAS
signaling and that radiolabeled Ang-[1-7] did not bind to human embryonic kidney-293 cells
transfected with recombinant MAS (14). Other investigators have postulated that Ang-[1-7] exerts
anti-Ang-[1-8] effects by acting as a biased agonist at the AT{R (15), whereas still others suggest
that Ang-[1-7] exerts antihypertensive actions as an AT,R agonist (16).

In addition, ACE2 can form Ang-[1-9] from Ang-[1-10], though less efficiently than the formation
of Ang-[1-7] from Ang-[1-8] (17, 18). Some investigators suggest Ang-[1-9] acts as an AT, recep-
tor agonist based on studies showing AT, R antagonists attenuate the effects of Ang-[1-9] adminis-
tration, albeit at pharmacological doses of Ang-[1-9] (19). Clearly, more research is needed to de-
termine the extent to which the beneficial physiological effects of ACE2 are due to reducing Ang-
[1-8] through enzymatic catabolism, versus generating the hepta- and nonapeptides. Investigating
the physiological and pathophysiological role of ACE2 is an essential area of research in diseases
involving dysregulation of the RAS such as in hypertension, obesity, and cardiovascular and renal
diseases (20-24).
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The (COronoVIrus Disease-2019) (COVID-19) pandemic has generated great interest in ACE2 be-
cause this enzyme is what SARS-CoV-2 (Severe Acute Respiratory Syndrome Corona-Virus)-2 (25,
26), the virus underlying the current pandemic, uses to enter the cells. Similar to SARS-CoV-1 (27),
SARS-CoV-2 gains cellular entry through the binding of its spike protein to ACE2 (25, 26). In addi-
tion to binding ACE2 in the lungs, the spike protein also binds to ACE2 on arterial and venous en-
dothelial cells resulting in dispersal of the virus throughout the circulatory system (28).

While the incidence of COVID-19 is similar between men and women, disease severity is worse in
men (29). Therefore, understanding how ACE2 is regulated in both sexes is a critically important
area of COVID-19 research. This review focuses on what is known regarding the impact of biologi-
cal sex on ACE2 expression and regulation in nonhuman mammals, the gaps in knowledge and the
implications for conditions and diseases involving the RAS and COVID-19.

METHODS

Literature Search

Comprehensive searches of online databases including Ovid MEDLINE and Embase were con-
ducted in journals through December 31, 2020. All languages were included, and no start date
was imposed in the search. We included all original research studies involving primary cells, tis-
sue, and whole animals. Two separate searches were performed before Boolean logic (1) and (2)
were applied: 1) (“angiotensin-converting enzyme 2” or ACE2 or “ACE 2” or “angiotensin-convert-
ing enzyme II” or “angiotensin converting enzyme two”) and 2) all mammals except humans. All
systematic reviews, meta-analysis, editorials, commentaries, and letters to the editor were ex-
cluded. We also excluded candida, candidiasis, fungal, fungus, fungi, saccharomyces, yeast, yeasts,
antifungal, fungicidal, and aceZ2p. Five individuals (B.M.S,, S.M,, HJ.,, AM.A.dS., and K.S.) indepen-
dently reviewed the original research articles and stratified these publications based on the sex of
the animals studied. In addition to reviewing the methods, figure legends, and table legends for
each publication, the entire article was electronically searched for the terms male, female, sex, and
gender. All articles investigating both sexes were assessed for major findings (B.M.S. and S.M.).

ACE2 Enzyme Activity

ACE2 activity was measured in lung and kidney membranes obtained from male and female Long-
Evans rats (2-4 mo old, Charles River Laboratories, Wilmington, MA). These animals had been
used in behavioral studies with an elevated Y maze. They were also used as breeders with three of
the females having given birth to and completed weaning of one litter of pups before euthanasia.
Upon euthanasia with CO,, the lungs and kidneys were frozen on dry ice and stored at -80°C. A
section of kidney cortex and lung were dissected from the frozen tissue and mechanically homog-
enized (Tissumizer) in ice-cold 100 mM NaCl, 10 uM ZnAc, 50 mM Tris-buffer, pH 7.5 at 22°C. The
homogenate was centrifuged at 20,000 g for 20 min at 4°C. The pellet was resuspended in the
same buffer and used to assess ACE2 activity, using a fluorescent substrate Mca-APK(dnp) (BML
P163, Enzo Life Sciences, Farmingdale, NY) at a concentration of 50 uM in a volume of 50 pL in 96-
well plates at 37°C (pH = 7.2), for 30 min in a Biotek Synergy plate reader. Metabolism of the fluo-
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rogenic substrate was monitored by formation of Mca-AP, measured as relative fluorescent units
(RFU) at 393 nm with excitation at 328 nm. Mca-AP formation in the presence of a 1 uM concen-
tration of the specific ACE2 inhibitor MLN-4760 (30) was subtracted from total Mca-AP formation
to define ACE2 activity. The data were expressed as relative fluorescence units (RFU)/mg tissue
wet weight.

Western Blot

Kidney cortex was isolated from wild-type (C67BL/6]) and Ace2 knockout mice of both sexes us-
ing isolation solution including 10 mM triethanolamine, 250 mM sucrose, and Halt Protease
Inhibitor Cocktail (Cat. No. 87785, Thermo Fisher Scientific, Waltham, MA). The protein concentra-
tion was determined using the Bradford coumassie blue method (Bio-Rad Laboratories Inc,,
Hercules, CA). Six identical sets of protein samples (40 pg from wild-type or Ace2 knockout mice
and 60 pg of recombinant mouse ACE2 protein (Cat. No. 3437-ZN-010, R&D Systems, Minneapolis,
MN) were electrophoresed on two 4%-20% Criterion TGX Precast Midi Protein Gels (Bio-Rad, Cat.
No.5671094) and blotted onto polyvinylidene difluoride membranes (Trans-Blot Turbo Midi 0.2-
um PVDF Transfer Packs, Cat. No. 1704157, Bio-Rad Laboratories Inc.).

These two membranes were cut into six identical sections and each piece was incubated overnight
at 4°C with one of six different sources of ACE2 antibodies including: R&D Systems anti-mouse
polyclonal (Cat. No. AF3437) at 0.4 pg/mL; Abcam (Cambridge, MA) anti-mouse monoclonal (Cat.
No.ab108252) at 1:1,000 dilution; Novus Biologicals (Centennial, CO) rabbit anti-human mono-
clonal (Cat. No. NBP2-67692) at 1:1,000 dilution; Proteintech Group, Inc. (Rosemont, IL) rabbit
anti-human polyclonal (Cat. No. 21115) at 1:1,000 dilution; Cell signaling Technology (Danvers,
MA) rabbit anti-human polyclonal (Cat. No. 4355) at 1:1,000 dilution; and, Santa Cruz
Biotechnology (Dallas, TX) anti-mouse monoclonal (Cat. No. sc-390851) at 1:200 dilution. Note:
antibody dilutions are based on company recommendations as well as pilot studies. After three
washes with Tris-buffered saline with Tween 20 (Sigma Aldrich, St. Louis, MO), membranes were
incubated with rabbit anti-goat (Cat. No. 14-1306) or goat anti-rabbit (Cat. No. 074-1506) antibod-
ies 1:10,000 dilution (Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD); and, mouse
IgGx light chain binding protein conjugated to horseradish peroxidase (Cat. No. sc-516102, Santa
Cruz Biotechnology, Inc.) at 1:10,000 dilution.

Bands were visualized by SuperSignal West Pico PLUS Chemiluminescent Substrate (Cat. No.
PI34580) and SuperSignal West Femto Maximum Sensitivity Substrate (Cat. No. PI34096) (Thermo
Fisher Scientific) and quantified by densitometry (Amersham Imager 600 Systems, GE Healthcare,
Chicago, IL) using recombinant mouse ACE2 (Cat. No. 3437-ZN-010, R&D Systems) as the positive
control. Nonspecific binding was blocked with nonfat dry milk (5%). Membranes were stripped
and then incubated with (-actin (Cat. No. A5441, Sigma Aldrich) to control for protein loading.

MALE BIAS IN ACE2 BASIC SCIENCE RESEARCH

Male bias is a common finding in basic science research. Ten years ago, an analysis of journal arti-

cles across diverse biological fields demonstrated that the majority of published research in ex-

perimental animals was conducted in males (31). This male bias has continued throughout this
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past decade, as evidenced by our analyses of articles published in this journal (32) as well as in
the hypertension (17) and renal physiology (33) fields.

Basic science research on ACE2 exhibits a similar male bias. As of December 31, 2020, we identi-
fied 2,131 articles from Ovid MEDLINE and Embase databases published on ACE2 since its initial
discovery in 2000 (34) (Fig. 2). After excluding reviews, commentaries, letters, and editorials,
there were 853 original research articles on primary cells, tissues, and/or whole animal experi-
ments from nonhuman mammals. Studies conducted solely in cells transfected with ACE2 cDNAs
were excluded. Only 79 (9.26%) of these 853 articles reported data in both sexes. Only 25 (2.9%)
analyzed the data by sex. The majority (68.7%) of basic science studies on ACE2 used male ani-
mals exclusively whereas 11.2% were conducted solely in females (Fig. 34). This 6:1 ratio of
male:female studies is similar to the 5:1 ratio that has been observed in the fields of neuroscience
and immunology (31).

Over this past decade (2011-2020), there has been an improvement in the percentage of articles
citing the sex of the animal studied (Fig. 3B). Whereas 20.4 + 3.1% of publications did not report
the sex of the animal studied in the first decade (2000-2010; n = 8), by the second decade (n =
10), this percentage dropped to 8.56 + 0.64% (P < 0.001 vs. first decade) (Fig. 3B). There was no
change, however, in the proportion of articles that included both sexes from the first to the second
decade [(%/yr): first decade, 10.8 + 4.8 vs. second decade, 9.1 + 2.9; P = 0.4]. It is likely that these
earlier studies of unreported sex were predominantly conducted in male animals. When the per-
centage of studies reporting the sex of the animal increased, there was also an increase in the pro-
portion of studies conducted solely in male animals [(% of male only out of the total number of
studies): first decade, 52.8 + 12 vs. second decade, 72.6 £ 5.9; P < 0.005].

As of March 1, 2021, the COVID-19 pandemic has claimed the lives of well over 2.5 million men
and women globally (https://coronavirus.jhu.edu/, accessed March 1, 2021). A review of sex-dis-
aggregated data from New York City, as of April 11, 2020, showed there were nearly twice as
many hospitalizations, admissions to the intensive care unit, and deaths due to COVID-19 in men

compared with women (29). These findings of worse outcomes in men with COVID-19 compared
with women are also observed globally. A recent single-arm meta-analysis of clinical characteris-
tics, discharge rate, and fatality rate of COVID-19 from online databases including PubMed,
Embase, Web of Science, WanFang Data, and CNKI from December 2019 to February 2020,
showed that males had worse COVID-19 outcomes than women (35).

Given that SARS-CoV-2 uses ACE2 as the vehicle to enter the cells, this past year saw a marked in-
crease (1.6-fold) in the number of basic science papers published on ACE2 compared with the
prior year (2019) (Fig. 3B). The proportion of ACE2 basic science studies conducted solely in
males compared with females, however, remained disproportionately high (Fig. 3B). The clinical
findings that men have worse COVID-19 disease than women warrants the need for COVID-19 ba-
sic science research into sex differences in the receptor the virus uses to infect cells. To under-
stand what is known and not known regarding the impact of biological sex on ACE2 expression
and regulation, we reviewed the 79 articles that investigated ACE2 mRNA, protein, or enzyme ac-
tivity in both sexes.
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ACE2 METHODOLOGY

Not all of the 79 studies identified through the literature search used optimal conditions for mea-
suring ACE2. Thus, results from some of these studies need to be confirmed using authenticated
methods. Furthermore, it is important to consider the caveats associated with ACE2 assays in the
interpretation of the data. We address these points throughout the review.

ACE2 enzyme assays, like all enzyme assays, need to be measured in the linear range of a protein
concentration curve and conducted under nonsubsrate limiting conditions to ensure ACE2 activity
is dependent upon the amount of sample and not inhibited by the lack of substrate. These condi-
tions are tissue-specific. We show that nonsubstrate limiting conditions occur between 30 and 60
uM Mca-APK(dnp) for hamster heart (Fig. 4B) and 30 pM for hamster lung (Fig. 44). Substrate in-
hibition must also be considered as many enzymes are inhibited by their own substrate (36). In
the hamster heart, substrate inhibition starts to occur at 120 uM with significant inhibition ob-
served at 180 uM (Fig. 4B). In comparison, at the same tissue concentration (150 ng/pL), signifi-
cant substrate inhibition in the hamster lung occurs at 60 uM (Fig. 44). Tissue-specific ACE2 sub-
strate inhibition is an area worthy of investigation as substrate inhibition often has important
physiological functions (36).

Authentication of ACE2 antibodies is another critical component of accurate ACE2 measurements
by immunoblot (37). When we compared three commercially available anti-mouse ACE2 antibod-
ies in kidney tissue from female C57BL/6 mice, we found R&D (Fig. 54) and Abcam (Fig. 5B) rec-
ognized a band of ~100 kDa in size, which ran with the same mobility as the positive control
(mouse recombinant ACE2). Furthermore, this immuno-reactive band was specific for ACE2 be-
cause it was present in the kidney of wild-type but not ACE2 knockout mice (Fig. 5, 4 and B). In
contrast, the antibody from Santa Cruz did not recognize mouse recombinant ACE2 with either the
Pico Plus substrate (Fig. 5C) or the even more sensitive Femto Maximum-Sensitivity Substrate (
Fig. 5D). Antibodies are also species-specific. Antibodies against human ACE2 poorly recognized
mouse recombinant and renal ACE2 (Fig. 5, E and F), if at all (Fig. 5G).

AceZ2 mRNA is easily measured by reverse transcriptase PCR. However, it is important to note that
mRNA expression does not necessarily reflect protein levels or enzyme activity due to posttran-
scriptional and posttranslational regulatory mechanisms. For example, Gupte et al. (20) demon-
strated that adipose AceZ mRNA is posttranscriptionally regulated by a high-fat diet in male mice.
After 4 mo on a high-fat diet, AceZ mRNA expression tripled whereas ACE2 enzyme activity was no
different from the low-fat controls.

IMPACT OF BIOLOGICAL SEX ON ACE2 EXPRESSION AND REGULATION

Kidney

Many publications on ACE2 in experimental animals have focused on the kidney, where it is local-
ized in the tunica media of the renal arterioles (38). Studies of ACE2 in male animals have shown
that Ace2 mRNA expression and ACE2 protein levels and/or ACE2 enzyme activity are increased in
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the kidney by hypertension (21), diabetes (39, 40), and acute (41) and chronic (42) kidney injury.
These studies suggest upregulation of ACE2 is a compensatory response to renal injury, reducing
the Ang-[1-8]-AT{R-mediated increases in blood pressure, inflammation, and tissue fibrosis.

Less is known regarding how ACE2 is regulated in the female kidney. Our laboratory has shown
that MF-1 (43) and C57BL/6 (21) female mice have half the amount of ACE2 enzyme activity than
their male littermates. ACE2 protein abundance mirrors enzyme activity. Female mice have half the
amount of renal ACE2 protein than male mice. Similar sex differences in renal ACE2 enzymatic ac-
tivity were reported by Gupte et al. (44). They showed ACE2 activity was significantly lower in the
kidneys of C57BL/6 female mice compared with male mice fed either a low-fat or high-fat diet.

Findings from our laboratory (43) and others (44) suggest the lower levels of renal ACE2 enzyme
activity are due, in part, to the presence of 17f3-estradiol (E;). We found ovariectomy increased re-
nal ACE2 activity in MF-1 mice whereas orchiectomy had no effect (43). The four core genotype
mouse model can discriminate sex chromosome effects from gonadal hormone effects (45). The
Sry testis-determining gene was spontaneously deleted from the Y chromosome, thereby creating
the XY~ female mouse. By inserting the Sry gene onto an autosome, the XXg, male mouse was gen-
erated. Therefore, XX and XY~ females can be compared with XXg,,, and XY~g;,, males. Using this
model, we showed ACE2 activity was downregulated by E, independently of the sex chromosome
complement (43). Administration of E, prevented the ovariectomy-induced upregulation of renal
ACEZ activity in both XX and XY~ females and E; reduced renal ACE2 activity in XXs,, and XY~ g,
males. If E, can also downregulate human ACE2 regardless of the sex chromosome complement,
then E; is a potential therapeutic intervention for men and women with COVID-19. In fact, an on-
going clinical trial is investigating the ability of E; to reduce the severity of COVID-19 symptoms in
both men and women (46).

Renal ACE2 enzyme activity is also lower in the female rat kidney compared with the male. Female
Long-Evans rats had half as much renal ACE2 activity than the males (Fig. 64), which is in contrast
to the fact that ACE2 activity was found to be markedly higher in the kidney of female sponta-
neously hypertensive rats (SHR) compared with male SHR (47). Furthermore, gonadectomy had
opposite effects in the SHR kidney compared with what we observed in normotensive mice (43).
Gonadectomy markedly increased renal ACE2 activity in the male SHR while reducing the activity
of this enzyme in the female SHR. Thus, it will be interesting to determine if this discrepancy be-
tween Long-Evans rats and SHR in renal ACE2 expression is due to differences in blood pressure.

Heart and Vasculature

In the heart, ACE2 is found in cardiac myocytes and in the endothelium and smooth muscle cells of
most intramyocardial vessels, including capillaries, venules, and medium-sized coronary arteries
and arterioles (48). We did not observe sex differences in ACE2 protein abundance or activity in
whole heart homogenates from normotensive MF-1 mice (43). These findings contrast with sex
differences in the kidney and illustrate how the RAS is regulated in a tissue-specific manner.
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Most preclinical studies of ACE2 in cardiovascular disease have been conducted in male experi-
mental animals (141 publications conducted in males only vs. 25 conducted exclusively in fe-
males). These studies have found that ACE2 is increased in cardiac tissue during heart failure, my-
ocardial infarction, ischemia-reperfusion, and hypertension (23). The few studies that were con-
ducted in both male and female animals (18 publications) suggest that biological sex impacts age
effects on ACE2. ACE2 protein levels were higher in the aorta from young (2 mo) C57BL/6 mice
compared with old (27 mo) female mice, whereas this effect of age was not observed in male mice
(49).

Sex also impacts the pathophysiological regulation of cardiac ACE2 activity. ACE2 activity was
higher in the left ventricle of male SHR compared with their female littermates (50, 51). A longitu-
dinal study of the effect of myocardial infarction on the RAS in male and female Wistar rats
showed that AceZ mRNA was upregulated in the left ventricular penumbra in both sexes; however,
the time course of changes in AceZ mRNA were distinctly different between the sexes. AceZ mRNA
was increased 2 wk after infarction to a much greater degree in female compared with male rats,
while at 3-wk postinfarction, this sex difference was reversed (52). Thus, sex differences in cardiac
ACE2 regulation may be dependent upon blood pressure and time course of cardiac injury.

As observed in the normotensive mouse kidney, ovariectomy increased (1.5-fold) ACE2 activity in
the left ventricle of the SHR (50, 51). However, in contrast to observing no change in the nor-
motensive mouse kidney, orchiectomy markedly decreased the activity of ACE2 in the left ventricle
by sevenfold. Gonadal regulation of left ventricular ACE2 activity differentially correlated with ef-
fects of hypertension on cardiomyocyte hypertrophy; orchiectomy decreased the degree of car-
diomyocyte hypertrophy whereas ovariectomy increased the number of hypertrophied cardiomy-
ocytes. Additional studies are needed to determine if these differences in the ability of orchiec-
tomy to modulate ACE2 are species-dependent (mice vs. rats), tissue-dependent (kidney vs. heart),
and/or blood pressure dependent (normotensive vs. hypertensive).

ACE2 also protects the vasculature. ACE2 deficiency augmented the magnitude of atherosclerosis
and abdominal aortic aneurysm (AAA) formation induced by Ang-[1-8] in hypercholesterolemic
mice (53). Furthermore, administration of the ACE2 activator, diminazene aceturate, markedly re-
duced AAA incidence and aortic diameters in these rodents (54). This protective effect of ACE2
was specific to Ang-[1-8]-dependent AAA formation. Ace2 knockout had no effect on elastase-in-
duced AAA. The protective effects of ACE2 may, in part, be mediated by the enzyme product, Ang-
[1-7]. Infusion of Ang-[1-7] at 24 pg/kg/h into mice reduced Ang-[1-8]-induced atherosclerosis
(55). However, the heptapeptide dose in these mouse studies was pharmacologic rather than
physiological; circulating Ang-[1-7] levels are reported in the pM range (56). These studies of
ACE2 in AAA were all conducted in male mice. Therefore, it is unclear what role ACE2 plays in AAA
formation in females.

Adipose Depots

Gupte et al. (20) demonstrated that 3T3-L1 adipocytes and epididymal and subcutaneous adipose
tissue express AceZ mRNA and ACE2 enzyme activity. The authors also showed that adipose ACE2
expression was regulated in a tissue-specific manner by a high-fat diet; whereas adipose ACE2 ac-
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tivity did not change, and plasma ACE2 activity was increased by 1.7-fold.

Adipose ACEZ2 regulation in the female mouse is distinctly different from the male. Gupte et al. (44)
showed that ACE2 activity was higher in adipose tissue from male compared with female mice
maintained on a low-fat diet. On a high-fat diet, ACE2 activity increased in adipose tissue in female
mice, as did plasma Ang-[1-7] levels. The upregulation of adipose ACE2 activity was due to E; be-
cause ovariectomy diminished the ACE2 upregulation induced by the high-fat diet whereas E, re-
placement prevented this effect of ovariectomy.

The activity of the RAS contributes to and modulates metabolic syndrome and obesity, which are
major risk factors for cardiovascular disease (57) and COVID-19 severity (58). Thus, investigating
mechanisms of adipose ACE2 regulation in both sexes, in context of the RAS and obesity, will im-
prove our understanding of major risk factors for cardiovascular disease and COVID-19 severity
in both men and women.

Lung

ACE2 is present in type Il bronchoalveolar cells in the pulmonary parenchyma, alveolar
macrophages, and epithelial cells in the lungs (59, 60). Although not the highest ACE2 expressing
tissue in the body (61-63), a systematic review of the histopathological observations associated
with COVID-19 reveal the lungs to be the most affected tissue (64). Entry of the virus into the host
cells induces a hyperimmune response, dramatically elevating inflammatory cytokine release (27,
65,66). The rapid expression of these inflammatory mediators following infection leads to acute
respiratory distress with multiple organ failure.

Lung ACEZ is the portal the virus uses to gain entry and wreak havoc within cells. However, ACE2
also has a protective role in lung pathophysiology. In preclinical models of pulmonary damage,
lung ACE2 defends the tissue from injury. Imai et al. (67) showed that AceZ knockout mice had
more severe lung injury induced by acid aspiration than wild-type mice. Furthermore, the addition
of recombinant ACE2 rescued these knockout mice from the pulmonary injury exacerbated by
AceZ deletion. The protective effects were likely due to the ability of ACE2 to catabolize Ang-[1-8]
since the lung injury observed in the AceZ knockout mice was reversed by deleting Ace, the en-
zyme that synthesizes Ang-[1-8] (Fig. 1). Recombinant ACE2 also attenuated lung injury induced
by lipopolysaccharide in male and female piglets (68). While the authors of these studies in mice
and pigs included both male and female animals, unfortunately, neither study analyzed their data
by sex. Therefore, it is unknown to what extent biological sex impacts the magnitude of these
effects.

In another model of lung injury, Rey-Parra et al. (69) showed that bleomycin caused far less lung
damage in female compared to male wild-type mice. While male mice exhibited marked fibrotic
changes, loss in lung function, and exercise capacity, no fibrosis or loss of lung function was ob-
served in the females. Furthermore, female AceZ knockout mice exhibited far less bleomycin-in-
duced architectural distortions, collagen and hydroxyproline accumulation compared with their
male counterparts. While administration of recombinant ACE2 rescued male Ace2 knockout mice
from the lung injury, few effects from ACE2 administration were observed in the female. This
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study demonstrates the value of analyzing data by sex because combining male and female data
would have led to excessive variability in the results due to marked sex differences in the magni-
tude of injury. Furthermore, these marked sex differences in the degree of lung damage would
have confounded male-female comparisons of individual genes and pathways contributing to the
injury. In other words, the role of ACE2 in pulmonary dysfunction cannot be effectively assessed
in the female using this model of bleomycin-induced lung injury.

Studies in other models of lung injury further support a protective role for ACE2 in pulmonary
disease. Treatment of male rats with diminazene aceturate, an ACE2 activator, attenuated the de-
velopment of pulmonary hypertension induced by monocrotaline administration in Sprague-
Dawley rats (70). Furthermore, administration of encapsulated recombinant ACE2 was able to at-
tenuate the progression of pulmonary hypertension in this rat model (71). Therefore, efforts to
reduce lung ACE2 expression as a potential COVID-19 therapeutic must take into account the pos-
sible adverse effects of losing the pulmonary vasodilatory arm of the RAS that serves to counter
the proinflammatory and fibrotic axis of the RAS (63, 72, 73).

Only 13 publications have compared lung ACE2 expression and regulation in male and female ani-
mal models. We previously showed that ACE2 enzyme activity was not significantly different in the
lung of male and female MF-1 mice (43). Our recent studies show lung ACE2 enzyme activity is
also similar between male and female Long-Evans rats (Fig. 6B). SARS-CoV-2 first enters the body
through the lungs and swabs from the nasal pathway are most commonly used to test for SARS-
CoV-2 positivity. Therefore, the lack of sex difference in lung ACE2 supports the clinical finding
that the incidence of COVID-19 is similar between men and women
(https://globalhealth5050.0rg/the-sex-gender-and-covid-19-project/, accessed March 1, 2021).

In contrast, a study of AceZ mRNA in the lung of old (15-17 mo) hamsters showed males had over
threefold higher levels of ACE2 than the old females (74). The authors also found AceZ mRNA was
37-fold higher in old male hamsters compared with young (2-4 mo) males. It is not known if the
observed sex difference in lung AceZ mRNA was also observed at younger ages since they did not
measure ACE2 in young females. Furthermore, these sex and age differences in Ace2Z mRNA may
not correspond to enzyme activity since ACE2 protein levels do not tightly correlate with mRNA
expression due to posttranscriptional and/or posttranslational regulatory mechanisms (20, 75).

Sarver and Wong (76) reported diet-induced obesity increased lung AceZ mRNA in male C57BL/6]
mice but had no effect in females. Thus, higher lung expression of the receptor the virus uses to
enter the body in obese males could contribute to why obesity and male sex are risk factors for
severe COVID-19. Given that the primary pathology associated with SARS-CoV-2 occurs in the lung,
it is especially important to understand the physiological and pathophysiological regulation of
ACE?2 in this organ in both sexes. Many questions remain and require further research to deter-
mine if biological sex impacts mechanisms of SARS-CoV-2 pathogenesis as a function of age and
underlying comorbidities that are associated with worse outcomes including obesity, hyperten-
sion, cardiovascular, renal disease as well as response to treatment.
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SEX-SPECIFIC EFFECTS OF ACEZ2 ON BLOOD PRESSURE REGULATION

ACE2 contributes to blood pressure regulation in a sex-specific manner. We found that ACE2 plays
a greater role in attenuating blood pressure in female compared with male mice in the Ang-[1-8]-
infusion model of hypertension (21). These studies showed ACE2 exerted greater protection in
the female by lowering renal AT{Rs to compensate for the hypertension-induced by Ang-(1-8) (
Fig. 1).

ACE2 also serves as a protective mechanism against obesity-associated hypertension. Shoemaker
etal. (77) showed that a high-fat diet increased systolic blood pressure in male and female mice
compared with low-fat-diet-fed controls; however, adipose-specific ACE2 deficiency augmented

the high-fat-diet-induced elevations in systolic blood pressures only in female mice. The authors
also demonstrated that administration of E; to high-fat-diet-fed ovariectomized mice decreased
day-time systolic blood pressure. Further studies in adipose-specific AceZ knockout mice showed
that this E, depressor effect was dependent upon the presence of adipose ACE2 (77). In contrast,
E; had no effect on blood pressure in male mice fed the same diet (78). These studies indicate that
upregulation of adipose ACE2 contributes to the antipressor activity of E; in obese female mice.
These findings suggest that ACE2 plays a larger role in protecting female mice from obesity-associ-
ated hypertension compared with male mice.

When diabetes was induced in the hypertensive mREN(2) Lewis rat using streptozotocin, systolic
blood pressure increased to a greater extent in the males (to 224 mmHg) compared with the fe-
males (164 mmHg) (79). Under these conditions, the induction of diabetes increased circulating
ACE?2 activity by ninefold in the diabetic females but only threefold in the diabetic males when
compared with their respective nondiabetic controls. These findings suggest that ACE2 is a more
active player in combatting the diabetes pressor effect in female hypertensive rats compared with
male rats.

Further evidence that ACE2 plays a greater role in controlling blood pressure in females is found
in the studies of offspring from mothers subjected to in utero, undernutrition/intrauterine growth
retardation. An antenatal maternal low-protein diet in pregnant mice reduced ACE2 protein levels
in the lungs of female but not in male offspring (80). Furthermore, the low-protein diet increased
systolic blood pressure in the female, but not in the male mice offspring. The capillary blood ves-
sels of the lung are a major site of Ang-[1-8] production by ACE. Therefore, this research suggests
that the reduction in ACE2 increased the activity of the vasoconstrictor arm of the RAS in the lung,
thereby contributing to the rise in blood pressure in the female offspring.

Hypertension is a major risk factor for morbidity and mortality in COVID-19 (81). Early in the pan-
demic, controversy emerged over whether or not ACE inhibitors (ACEis) or ATR blockers (ARBs)
would be beneficial or harmful in patients with COVID-19 (23). This controversy arose because
ACEIs and ARBs increased ACE2 in the rodent kidney (38) and heart (82, 83). Recent studies have
shed light on the effects of these antihypertensives in COVID-19. A retrospective review of patients
with COVID-19 and hypertension found that those receiving ACEi or ARB therapy had milder dis-
ease and lower levels of circulating inflammatory markers (84). This finding was reproduced in a
larger-scale retrospective study of patients with COVID-19; the number of deaths in hospitalized
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patients with hypertension and coronary artery disease were less in those treated with ACEi or
ARBs (85). However, these studies did not disaggregate the data by sex. Basic science findings that
ACE2 plays a greater role in regulating female blood pressure have implications for COVID-19
therapeutics targeting ACE2. Not only these current and future therapeutics have different effica-
cies in men and women, they may also have sex-specific outcomes and side effects depending
upon their interaction with ACE2.

SARS-COV-2 REGULATION OF ACE2

Research suggests that upon binding the coronavirus spike protein, ACE2 is downregulated. Prior
studies with SARS-CoV-1-infected Vero E6 cells showed that the spike protein reduced membrane
bound ACE2 as a result of ACE2 shedding from the cell surface through proteolytic cleavage of its
extracellular domain (86). A recent report in human embryonic kidney cells cotransfected with the
SARS-CoV-2 spike protein and human ACE2 showed that the spike protein can also trigger ACE2
internalization (87). Thus, it is possible that the vasoconstrictor arm of the RAS could be upregu-
lated by SARS-CoV-2 infection through inhibition of the vasoconstrictor arm, as a result of ACE2
downregulation (Fig. 1).

This possibility was examined in a small human study, which showed no changes in circulating
Ang-[1-8], Ang-[1-7] or plasma ACE2 activity in 12 patients with moderate COVID-19 compared
with controls (n = 9) (88). Although this human study suggests that the circulating RAS is not af-
fected by moderate disease, studies are needed to expand upon these findings to larger popula-
tions so that the biological variable of sex can be assessed on the course and severity of COVID-
19. In a non-COVID-19 population, plasma ACE2 protein levels were measured using a mass-spec-
trometry-based method in 86 healthy individuals over four visits during one year. This study
showed that the average plasma concentration of ACE2 protein was slightly higher in men com-
pared with women (75).

The relationship between SARS-CoV-2 infectivity and tissue-specific regulation of ACE2 is not well
understood in either sex. Although the mouth and nose are considered to be the major entry
pathways of the virus into the lungs, studies now show COVID-19 pathogenesis in the heart, kid-
neys, and brain (6, 21, 86). The gold standard to prove the existence and cellular location of an in-
fectious unit is electron microscopy. Therefore, it will be imperative to study tissue-specific regula-
tion of ACE2 in the presence of SARS-CoV-2 infection along with expert diagnostic electron mi-
croscopy to avoid the growing problem of misconstruing nonviral structures as viral particles (89,
90).

SPECIES DIFFERENCES IN ACE2

ACE2 homologs in mice and rats are poor receptors for the spike protein of SARS-CoV-2, making
these species resistant to COVID-19 (91). To circumvent this problem, investigators have devel-
oped mouse models that express human ACE2 (92, 93). While these mice exhibit varying degrees
of COVID-19 pathology, the expressed human ACEZ gene is not under normal physiological con-
trol. Thus, investigating ACE2 regulation in the pathophysiology of SARS-CoV-2 infection is limited
using these animal models.
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As of December 31, 2020, only a few studies of ACE2 (13 publications) have been conducted in
mammalian species susceptible to COVID-19. Although five of these publications included males
and females, only one of these studies analyzed the data by sex. Rosenke et al. (94) showed that
biological sex had no major impact on viral load or infectious titers in the lungs of young adult
hamsters infected with SARS-CoV-2. Thus, far more research on ACE2 is needed in these COVID-19
susceptible animal models. Considering the biological variable of sex in future studies will ensure
we understand the mechanisms underlying SARS-CoV-2 pathogenesis throughout all the affected
tissues in the body as well as the mechanisms underlying the response to therapeutics in both
males and females.

Species differences in ACE2 protein levels and enzyme activity exist. Although ACE2 protein is
highly abundant in human (75) and mouse (95) kidney, this enzyme is expressed at far lower lev-
els (only 7.3% of mouse renal activity) in the rat kidney (95). Species-specific effects of biological
sex also exist. In contrast to mice and rats, female hamsters had 1.5-fold higher levels of renal
ACE2 enzyme activity compared with their male counterparts (Fig. 7A). Similar to mice, no sex dif-
ference was observed in hamster ACE2 activity in the lung (Fig. 7B) and heart (Fig. 7C).

There are also species-specific differences in ACE2 substrate specificity. Although Ang-[1-8] is the
preferred substrate for ACE2 and turnover rates are similar in both mice and humans, the mouse
ACE2 turnover rate for Ang-[1-10] to Ang-[1-9] conversion is less than 10% of the respective
turnover rate for human ACE2 (11). In contrast, human ACE2 can generate Ang-[1-9] at physio-
logical peptide concentrations. This is particularly important given that inhibitors of ACE, which
are widely used clinically to treat hypertension, increase the levels of Ang-[1-10] by preventing
the catabolism to Ang-[1-8] (Fig. 1). Therefore, species-specific regulation of Ang peptides is an
important consideration when studying ACE2 physiology and pathophysiology.

CONCLUSIONS

The 6:1 ratio of publications in male to female studies on ACE2 in preclinical animals is striking
and representative of male bias in other basic science fields. It is also notable that less than 9.3%
of these published studies were conducted in both sexes and that even less (2.9%) analyzed the
data by sex. Of the few studies that have compared the sexes, ACE2 expression and regulation
were shown to be impacted by sex in models of hypertension, obesity, cardiovascular, and renal
disease. Emerging research suggests gonadal hormones rather than sex chromosomes are re-
sponsible for these sex differences though far more research is needed to fully understand the
mechanisms of these sex differences in various tissues and models of disease. These observations
emphasize that the inaccuracy of assuming mechanisms of ACE2 regulation elucidated in male ani-
mals occurs identically in females. Therefore, it remains imperative that basic research on ACE2
also be conducted in female models, not just males. Not appreciating the impact of sex on ACE2
expression and regulation will lead to missed opportunities for drug discovery in treating the
myriad of diseases involving dysregulation of the RAS and also for COVID-19.

Perspectives and Significance
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The disproportionately low level of research on ACE2 in females and the lack of substantive
change in this ratio over the past two decades provides strong justification for re-examining the
effectiveness of efforts by NIH (96) and others (97) to promote consideration of the biological
variable of sex in basic science research. Understanding sex differences in ACE2 expression and
regulation would have better positioned the field for discovering and developing therapeutic tar-
gets for COVID-19 (98). Apparently, more effective educational efforts are needed to encourage
research in female animal models and to combat the false belief that physiological measurements
are intrinsically more variable in females compared with males because of the estrous cycle (99).
This myth is often cited as to why investigators avoid studying female animals. In addition to edu-
cating scientists, funding agencies should expand funding opportunities for research in female ani-
mal models to combat the male bias in basic science research. The dearth of studies in females
contributes to irreproducibility in science and negatively impacts drug discovery, which harms
both men and women through missed opportunities for unearthing novel drug targets through
sex-specific findings (96, 100).
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The renin-angiotensin system (RAS). The decapeptide angiotensin (Ang)-[1-10] is cleaved from the protein angiotensino-
gen by renin. Angiotensin-converting enzyme (ACE) removes two amino acids from the carboxy terminus of the precursor
peptide Ang-[1-10] to form the octapeptide hormone Ang-[1-8] (also known as ANG II). Ang-[1-8] exerts its physiological
effects by binding to the angiotensin type 1 and type 2 receptors (AT1R and AT;R). Overactivity of the Ang-[1-8]-AT R path-
way leads to hypertension, inflammation, and tissue fibrosis, which is counter regulated by the actions of the AT,R.
Angiotensin-converting enzyme 2 (ACE2) attenuates Ang-[1-8] activity primarily by removing one amino acid from the car-

boxy terminal to form Ang-[1-7].
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Literature search on angiotensin-converting enzyme 2 (ACE2). A database search of Ovid MEDLINE and Embase led to the
identification of 2,131 published articles on ACE2 through December 31, 2020. Inclusion and exclusion criteria led to the
identification of 853 original research articles on nonhuman mammalian primary cells, tissues, or whole animals; studies
conducted solely in cells transfected with ACE2 cDNAs were excluded. Note the original paper describing the discovery of
ACE2 in 2000 (34) was not included because it did not meet our inclusion criterion. The article reported on ACE2 expres-
sion in human tissues and in cells transfected with ACE2 cDNAs. Only 79 of the 853 original articles included data in both

sexes and of those, only 25 compared the data by sex. The number of articles as a function of species studied is also shown.

Figure 3.

B Male only
(68.7%)

[0 Female only
(11.3%)

[ Both sexes
(9.26%)

I Unknown
(10.8%)

0
Total=100% & I S P

Year

ACE2 publications (%) 0

Sex of nonhuman mammals reported in angiotensin-converting enzyme 2 (ACE2) publications over the past two decades.
Shown is the proportion of original research articles on nonhuman mammalian primary cells, tissues or whole animals
that are conducted in male only, female only, both sexes or studies in which the sex is unknown (i.e., not reported) as a
function of the total number of articles as a pie chart (A) or number of articles published each year since ACE2 was discov-
ered (B).
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Figure 4.

Substrate dependence of angiotensin-converting enzyme 2 (ACE2) activity in the hamster lung and heart. Substrate depen-

dence of ACE2 enzyme activity in 0.5 pg/pL of lung (n =2) (A) and heart (n=4) (B) tissue from male 11-wk-old hamsters.
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The data are presented as the means * SE.

Figure 5.

Commercial angiotensin-converting enzyme 2 (ACE2) antibody sensitivity and specificity. Shown are representative
Western blots from two gels with 16 wells each. After protein transfer, the PVDF membranes contained protein markers (M;
lanes 1, 6, and 13), mouse recombinant ACE2 protein (RA; lanes 2, 8, and 14), and renal tissue from ACE2 knock out (KO;
lanes 3, 9, and 15) and wild-type (WT; lanes 4, 10, and 16) female C57BL/6 mice. Membranes were cut into three pieces
each and blotted with either anti-mouse ACE2 antibodies from: R&D (4), Abcam (B), and Santa Cruz (C) or anti-human ACE2
antibodies from: Cell Signaling (E), Novus (F), and, Proteintech (G). Super Signal West Pico Plus substrate was used to de-
tect ACE2 immunoreactive protein in A-C and E-G. D shows membrane exposed to the Santa Cruz antibody (C) re-probed

with the Femto maximum sensitivity substrate. After probing with ACE2 antibodies, all membranes were stripped and incu-
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bated with antibodies to 3-actin to control for differences in protein loading.
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Figure 6.
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Impact of biological sex on angiotensin-converting enzyme 2 (ACE2) activity in the rat kidney and lung. Shown is ACE2 en-
zyme activity in kidney (A4) and lung tissue (B) from female (circle) and male (square) 2-4 mo-old Long-Evans rats at a
substrate concentration of 50 pM. The data are presented as a scatter plot showing individual data points (n=5-6) with the
means and SE indicated by horizontal and vertical bars, respectively. The data were analyzed by an unpaired t test with

Welch’s correction, *P < 0.05 vs. male.

Figure 7.
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Impact of biological sex on angiotensin-converting enzyme 2 (ACE2) activity in the hamster kidney, lung, and heart. Shown
is ACE2 enzyme activity from 10 ng/pL of kidney tissue (4) and 50 ng/pl of lung (B) and heart (C) from female (circle) and
male (square) 11-wk-old Syrian golden hamsters at 30 pM substrate concentration. The data are presented as a scatter plot
showing individual data points (n =6) with the means and SE indicated by horizontal and vertical bars, respectively. The

data were analyzed by an unpaired ¢t test with Welch'’s correction, *P < 0.05 vs. male.
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