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Abstract
Introduction: Although males and females have the same prevalence of COVID-19, a variation in the
severity of symptoms between males and females has been observed. We hypothesize that this variation can
partly be explained by the effect of androgens on the infectious activity of the SARS-Cov2 virus.
Aims: This study investigated the effect of sex and two androgenic drugs testosterone and oxandrolone
on the mMRNA expression of several SARS-Cov2 entry genes: angiotensin-converting enzyme 2
(ACEZ2), transmembrane protease serine 2 (TMPRSS2), and cathepsin | (CatL) in mouse lungs.
Methods: Twenty-eight BALB/c mice were divided into four groups; the first three groups (all male
mice) were treated with the vehicle, testosterone, and oxandrolone, respectively, while the fourth group
consisted of untreated female mice. The androgenic drugs were administered for 21 days in doses
equivalent to the human one. Accordingly, the expressions of ACE2, TMPRESS2, and CatL genes were
measured using real-time PCR assay. In addition, the histopathological alterations in the lungs and the
levels of total serum testosterone were analyzed.
Results: We found that the expression of ACE2 was significantly upregulated in the lungs of the
testosterone-treated group by 2.5 times. The expression of TMPRSS2 was also significantly upregulated
in the lungs of oxandrolone-treated mice by 6.6 times. Moreover, these molecular alterations were
associated with a high elevation of the serum testosterone and the induction of inflammation and
oxidative stress. In addition, we found that the mRNA levels of ACE2, TMPRSS2, and CatL were
significantly higher in the lungs of the female compared to male mice.
Conclusion: We found several significant differences between the mRNA expression of ACE2,
TMPRSS2, and CatL genes in the lungs of male and female mice. We showed how the administration
of testosterone and oxandrolone to male mice upregulated the lungs’ mRNA expression of ACE2 and
TMPRSS2, respectively. These results can expand our molecular understanding of the roles of sex and
androgenic drugs on the expression of SARS-Cov2 entry genes.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is
caused by the severe respiratory syndrome
coronavirus 2 (SARS-Cov2) [1-2]. The SARS-
Cov2 virus mainly infects the respiratory
system but can spread and affect many vital
organs causing numerous symptoms, such as
dyspnea, dry cough, high fever, headache,
vomiting, and diarrhea [3]. The symptoms can
vary in degree, ranging from no symptoms
(asymptomatic) to mild, moderate, or severe
symptoms that lead to hospitalization [1, 3].

The SARS-Cov2 is a single-strand RNA
virus enveloped in a spherical shape with
crown-like antigens on its surface. It mainly
consists of four structural proteins: a spike,
membrane, envelope, and nucleocapsid

proteins, with the spike proteins facilitating the
viral entry inside the host cells (Figure 1) [4].
The human angiotensin-converting enzyme 2
(ACEZ2) receptor is the targeted receptor for the
SARS-Cov2 virus on the host cell surface [4],
and the lung is the most affected organ in the
body, partly due to the high expression of the
human ACE?2 receptors on the lung’s epithelial
cells [5]. SARS-Cov2 attaches to the human
ACE2 receptor through its spike, and the
activation of the spike protein is triggered by a
two-step cleavage process mediated by human
transmembrane protease serine 2 (TMPRSS2)
and cathepsin | (CatL) [4, 6]. Accordingly,
human ACE2, TMPRSS2, and CatL are the
major proteins involved in the SARS-Cov2
entry into the host cells.
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Figure 1. The role of spike proteins in SARS-Cov-2 entry mechanism. Adapted from
BioRender.com (2022)

Epidemiological data suggest a significant
sex difference in the severity of COVID-109.
According to Klein et al., the incidence of the
disease between females and males is the same,
but the outcomes of the disease in males are
much worse in comparison to females [7].
Moreover, it has been seen that the mortality
rate is higher in males compared to females
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among SARS-Cov2 infected patients [8], and
males and females may develop different
outcomes from COVID-19 due to the
differences in their hormonal levels and the
function of their immune system [9].

In this study, we decided to focus on the
effect of anabolic-androgenic steroids as they
are a large group of synthetic derivatives of
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testosterone, used to increase anabolic effects,
such as masculinization [10]. One of the most
widely used synthetic anabolic-androgenic
steroids is oxandrolone [11-13], an orally
administered drug approved by the Food and
Drug Administration to restore weight after
disease-induced weight loss, surgery, chronic
infections, and severe trauma [13]. There is a
lack of in-vivo studies regarding the influence
of sex and androgens on the expression of
SARS-Cov2 entry genes in the lung. We
hypothesized that there are differences in the
expression of SARS-Cov2 entry genes ACEZ2,
TMPRSS2, and CatL in the lung among males
and females and that some anabolic drugs, such
as oxandrolone, can alter the expression of
these genes. Therefore, we investigated the
influence of sex and androgenic drug
administration on the mRNA expression of the
mouse ACE2, TMPRSS2, and CatL genes in
the lung.

MATERIALS AND METHODS

Chemicals

Testosterone, 250 mg/ml injection under the
brand name Sustanon was obtained from Sabbagh
Drug store (Amman, Jordan). Oxandrolone, a
10 mg tablet under the brand name Anavar was
purchased from Pharmacom Labs (Chisinau,
Moldova). Polyethylene glycol 400 was obtained
from Guangdong Guanghua Sci-Tech Co., Ltd.
(Guangdong, China). TRIzol solution (CAT
number: 15596026) and a cDNA synthesis kit
(CAT number: K1612) were obtained from
Thermo Fisher Scientific (Massachusetts, USA).
Luna® Universal gPCR Master Mix was brought
from New England Biolabs (Massachusetts,
USA). Lastly, the PCR primers were obtained
from Integrated DNA Technologies (Coralville,
lowa, USA).

Experimental animals

Twenty-eight BALB/c mice (Mus musculus)
of the same age (7—8 weeks old) and weights of
20-35 g were obtained from the animal house
of Al-Zaytoonah University (Amman, Jordan).
All mice were handled according to the ethics
of animal laboratories as in Canadian guidelines
[14]. They were kept in a temperature-
controlled setting (23+£1°C) with a 12-hour
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light/12-hour dark cycle and free access to
specific animal feed pellets.

Experimental protocol

Before drug administration, the mice were
housed for a 7-day period for acclimation. Then,
they were separated into four groups, according to
their sex and the type of drug they would receive.
Each group contained seven mice, as follows:

i. The first group was the control, in which
male mice received 50% polyethylene
glycol 400, the vehicle used to dissolve the
androgenic drugs;

ii. The second group of male mice received
3.5 mg/kg oxandrolone, which was
dissolved in 50% polyethylene glycol 400;

iii. The third group of male mice received a
therapeutic dose of testosterone 45 mg/kg
dissolved in 50% polyethylene glycol 400;

iv. The fourth group of female mice received
no medications.

All mice were given the drugs as bi-weekly
intraperitoneal route (IP) injections for three
weeks, with an injection volume of 0.2mL. The
usual human maintenance dose of the testosterone
injection is one injection of 250 mg/1mL every 3
weeks [15]. However, the intervals between the
doses and the number of doses administrated in
comparison with the human dose were adjusted in
consideration of the shorter lifecycle of mice. The
doses of the drugs used in this research are similar
to the human equivalent dose and adjusted based
on the surface area of the animal’s body [16].
After 21 days of drug administration, the mice
were euthanized and the lung samples isolated for
molecular and histological analyses. Blood
samples were also collected once on the last day
of the experiment, from each male mouse, for
further biochemical analyses.

Physical observation

We conducted daily follow-ups to check on
the animals and record whether there had been
deaths or any major changes. The weight of the
mice was measured twice, first at the beginning
of the study and then following the full course
of treatment (day 21 of IP injections) just before
the mice were euthanized. The weight gain of
the mice was calculated as the difference in the
weights between the second (21 days) and first
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time points.

Histological analysis

The lung tissues were dissected and washed
in 0.9 percent normal saline before being
immersed in a 10% formalin solution for days.
The samples were then passed through a graded
series of alcohol washes followed by xylene
washes to achieve the appropriate dehydration
before being preserved in pure paraffin wax.
For the staining of the lung sections,
hematoxylin and eosin were used, and the
prepared sections were photographed by a
Leica® microscope.

Serum testosterone measurement

The level of free serum testosterone for each
male mouse was measured by enzyme-linked
immunosorbent assays (ELISA) (IDS, Tyne &
Wear, UK) (CAT number: 1S-5300) with a
minimum detection limit of 0.1 ng/ml. The
testosterone level for each mouse was analyzed
on the last day of administration of androgenic
drugs and after animal scarification.

RNA extraction and cDNA synthesis

Total RNA extraction started with the
isolation of about 200 mg of fresh lung tissue,
followed by the addition of 1 mL of triazole
solution, 200 L of 20% chloroform, 500 L of
isopropyl alcohol, 500 L of 75 percent ethanol,
and 10 L of nuclease-free water to the isolated
lung samples, as instructed by the
manufacturer. The extracted mMRNA was then

converted to cDNA using the cDNA Synthesis
Kit®. One ng total RNA was added to a reaction
mixture  containing 100 pmol oligo
deoxythymine, 2.5 mM dNTP, 0.1 M DTT, 1X
reverse transcriptase buffer, and 100 units of
Moloney murine leukemia virus reverse
transcriptase, and incubated for 60 minutes at
37 °C.

Gene expression analysis

The mRNA expressions of mouse ACE2,
TMPRSS2, and CatL genes were examined in
this research. The primer sequence, the
annealing temperature, and the amplicon size
for each amplified gene are summarized in
Table 1. The quantitative real-time polymerase
chain reaction was used to measure the
expression of these targeted genes (RT-PCR),
as prescribed [17-18]. Briefly, 80 ng of the
synthesized cDNA was mixed to a reaction
mixture of Luna® Universal Master Mix and 10
pmols of forward and reverse primers. The PCR
conditions used were as follows: denaturation at
95 °C for 3 minutes followed by 40 cycles of
denaturation at 95 °C for 10 seconds and
annealing at 53-58 °C for 30 seconds (Table 1).
The housekeeping gene in this study was
glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH), and the expressions of the genes
were determined using the AACT method [19].
The experiments were performed in triplicate
and repeated twice.

Table 1. The primer sequence, the amplicon size, and the annealing temperature of ACE2, CatL,
TMPRSS?2, and GAPDH genes

Gene Forward Reverse Size Annealing

name temp
ACE2 ATTCACCCAACACTTGAGCC $GTCCATCGAGTCATAAGGG 213 55
CatL ¢GGAAAATGGAGGTCTGGAC GCAACAGAAATAGGCCCCAC | 205 58
TMPRSS2 | CGTTCCCGTATACTCCAGGT CGTTCCCGTATACTCCAGGT 221 58
GAPDH ACCACAGTCCATGCCATCAC | TCCACCACCCTGTTGCTGTA 450 53

In-silico analysis of the
sequence

The androgen receptor binding elements
(ARES) and estrogen receptor binding elements

were predicted in the promoter sequences of

promoter
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mouse ACE2 and TMPRSS2 and human ACE2
using the PROMO online tool (v. 8.3 of
TRANSFAC, Spain) [20]. The DNA sequence
of the promoter region of mouse ACE2, mouse
TMPRSS2, and human ACE2 was obtained
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from  Eukaryotic = Promoter  Database
(https://epd.epfl.ch//index.php)  [21]. The
promoter DNA sequence used in this in-silico
prediction, was 1,000 nucleotides before the
transcriptional start site in the 5’-flanking
region of human ACE2, mouse ACE2 and
mouse TMPRSS2 genes. The alignment of the
promoter sequences of human ACE2 with
mouse ACE2 was performed with MultAlin
(http://multalin.toulouse.inra.fr/multalin/) [22].

Statistical analysis

A one-way ANOVA test and then a post hoc
Tukey HSD analysis were used for the
comparison of the numerical data between the
groups. The results were considered significant
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when the p-value was less than 0.05.

Results

Physical observation

Figure 2 shows the change in mice weight of all
tested groups between day 1 and day 21 using a
two-way ANOVA test. It is evident from Figure 2
that there is a significant increase in the weight of
the mice in both the testosterone and the
oxandrolone treated groups (p-value<0.05). The
average weight gain of the mice treated with
testosterone and oxandrolone increased by 3.5 and
8.1 mg, respectively. Finally, we did not notice a
significant difference (p-value>0.05) in the weight
gain between female and control male mice.

*

=

Oxandroloe Female

Figure 2. The average weight gain of the experimental mice. Data are presented as mean +
standard deviation of 7 mice in each group. * indicates a statistical alteration (p<0.05, one-way
ANOVA test). The weight gain of the mice was calculated as the difference in the weights between
days 1 and 21

Histological analysis

The histological sections of the mouse lung
after the administration of testosterone and
oxandrolone are shown in Figures 3 A-D. No
histological alterations in the lungs of the
control male mice were observed (Figure 3 A),
but in the groups which received exogenous
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testosterone some pathohistological alterations
were observed in the appearance of
inflammatory cells (Figures 3 B and C). In
addition, the lungs of the mice that received
oxandrolone showed more accumulation of
inflammatory cells (Figure 3 D) in comparison
to the testosterone group.
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Analysis of testosterone level

It is clear from Figure 4 that there was a
significant increase in the serum levels of
testosterone hormone of the mice after
administration of the androgenic drugs,
exogenous testosterone, and oxandrolone. The
serum level of the testosterone hormone increased
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Figure 3. Histopathologic lungs
analysis of animals after drug
administration. A: control lung
section shows the normal structure of
the bronchiole and adjacent alveoli.
B and C: testosterone-administrated
mice representative lung section
showing pathohistological alteration
represented as inflammations. D:
oxandrolone-administrated mice
lung  tissue  showing more
accumulation of inflammatory cells
in the lung epithelium tissue. Tissue
sections were stained with H&E
(scale bar = 100 pm) and
photographed at 40X magnification

significantly  (p-value<0.05) in both the
testosterone- and oxandrolone-treated mice by
17785 and 15.16 times, respectively, in
comparison with the control mice. Furthermore,
the level of testosterone was significantly (p-
value<0.05) higher among the testosterone group
compared to the oxandrolone-treated mice.

Figure 4. The level of testosterone
hormone between the three male mice
groups. The testosterone level for each
mouse was analyzed on the last day of
administration of androgenic drugs and
after animal scarification. Data are
presented as mean + standard deviation.
*indicates a statistical alteration
(p<0.05, One-way ANOVA test), while #
indicates a significant difference
between oxandrolone and testosterone-
treated mice

i

Oxandrolone
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MRNA levels of SARS-Cov-2 entry genes

In this study, we found that the gene
expression of SARS-Cov2 genes was affected
significantly by the sex of the mice as well as the
administration of the androgenic drugs. The
expression of SARS-Cov2 entry genes was
significantly higher in the lungs of females
compared to males. The expressions of ACE2,
TMPRSS2, and CatL were significantly higher in
female lungs by 3.2, 3, and 2.5 times, respectively
(Figures 5A-C). Moreover, the testosterone
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treatment  significantly  upregulated  (p-
value<0.05) the expression of the ACE2 gene by
more than two times, but it did not affect the
expression of TMPRSS2 and CatL genes (Figures
5A-C). Oxandrolone treatment significantly
upregulated (p-value<0.05) the expression of the
TMPRSS2 gene by more than six times (Figure
5B), but it did not affect the expression of ACE2
and CatL genes (Figures 5A & C).
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Figure 5. Relative fold change in mRNA expression of ACE2 (A), TMPRESS2 (B), and CatL
(C) in the mouse lungs. Data are presented as mean + standard deviation of 7 mice in each
group. * indicates a statistically significant alteration (p<0.05, one-way ANOVA test).
Experiments were performed in triplicate and repeated twice

In-silico prediction of AREs in the
promoter sequences

Table 2 presents the prediction of ARES in
the promoter sequence of mouse ACE2 and
TMPRSS2 genes. Different sequences of AREs
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(CTGTTCT, GGTGAACA, and
AAGGAACA) were identified in the promoter
of ACE2, while only one ARE (AGAACTG)
was identified in position -981 to -987 of the
DNA promoter sequence of TMPRSS2 gene.
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Table 2. Prediction of AREs in the promoter sequence of mouse ACE2 and TMPRSS2 genes

Gene Position of ARE in the promoter # | Sequence of ARE
-880 to -886 CTGTTCT
Mouse ACE2 -695 to -702 AAGGAACA
-311to0 -318 GGTGAACA
Mouse TMPRSS?2 | -981 to -987 AGAACTG
# The position of AREs in the promoter sequence is relative to the transcriptional start site in ACE2 and
TMPRSS2 genes
DISCUSSION administrated with exogenous testosterone

COVID-19 is continually spreading and
mutating around the world, and many
researchers are investigating the differences in
the incidence and severity of the symptoms;
moreover, sex is considered a contributing factor
to these differences. Klein et al. [7] found that the
incidence of COVID-19 in females and males
was the same, but other studies reported men
having a higher incidence of the disease than
females [8-9]. These previous studies also
pointed out that sex hormones might affect the
infectious activity of SARS-Cov2 and ultimately
the severity of the COVID-19 infection. In this
study, we have investigated the expression of
ACE2, TMPRSS2, and CatL genes, which play
major roles in the entry of the SARS-Cov2 into
the epithelial cells of the lungs. We also
investigated the effect of the administration of
exogenous testosterone and oxandrolone on the
expression of these genes in the lungs of male
mice. The results showed that female mice had
higher expression of SARS-Cov2 entry genes in
comparison to male mice. Additionally,
administration of androgenic drugs to the male
mice upregulated the mRNA expression of
ACE2 and TMPRSS2 genes, which were
associated with induction of inflammation in the
lungs and elevation of serum testosterone levels.
These results help explain, at least partly, the
molecular influence of androgens on the SARS-
Cov2 entry genes.

Wang et al. suggested that increased
expression of TMPRSS2 and ACE2 genes can
enhance the entry of the SARS-Cov2 virus into
the epithelial cells in the lung and hence
increase the severity of COVID-19 symptoms
[23]. In this study, we found that mRNA
expression of the ACE2 gene was significantly
upregulated in the lungs of male mice
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hormone. In addition, the expression of the
TMPRSS2 gene was significantly upregulated
in the lungs of male mice after the
administration of oxandrolone. Accordingly, it
can be suggested that androgenic drugs
upregulate the expression of ACE2 and
TMPRSS2 genes and hence increase the ability
of SARS-Cov2 to enter the pulmonary cells and
the risk of COVID-19 infection. For example,
one report showed that the severity of COVID-
19 symptoms was increased in a patient who
was on oxandrolone treatment [24].
Furthermore, through using in-silico and in-
vitro assays, it has been found that androgens
can upregulate, while estrogens downregulate,
the expression of human ACE2 and TMPRSS2
[1, 25-26]. Our results are consistent with these
previous studies, which indicate that both
androgenic drugs upregulated the expression of
mouse ACE2 and TMPRSS2. However, we
found that female mice had higher expression
of ACE2, TMPRSS2, and CatL compared to
males. This finding is inconsistent with the
results of Stelzig et al. [26], a study which
reported that estrogens downregulate the
mMRNA expression of human ACE2 using in-
vitro assays. This might be due to an inter-
species difference in the regulation of mMRNA
expression of human ACE2 and mouse ACE2
by estrogens or due to other factors that need
further investigation. We analyzed 1,000 base
pairs of the promoter sequence of human ACE2
and mouse ACE2 genes, using MultAlin
software

(http://multalin.toulouse.inra.fr/multalin/), and
found that there are differences in the promoter
sequences (Supplementary Figure 1) and hence
the binding elements of the transcriptional
factors of both genes. Interestingly, the binding
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sites of estrogen receptor alpha and beta were
identified in the promoter sequence of human
ACE2 but were not found in the promoter
sequence of mouse ACE2 using in-silico
prediction by PROMO software
(Supplementary Table 1). Therefore, it might be
speculated that there is a difference in the
regulation of mRNA expression by estrogens
between human ACE2 and mouse ACE2 genes.

Cattrini et al. suggested that using anti-
androgenic drugs may have a protective role
against COVID-19 [1]. It can be speculated from
the results of this study that anti-androgenic drugs
might ameliorate the androgenic induced changes
of the expression of ACE2 and TMPRSS2. The
molecular mechanism of how androgenic drugs
upregulate the mRNA expression of ACE2 and
TMPRSS?2 is still not fully understood. Therefore,
we analyzed, in this study, the promoter regions
of mouse ACE2 and TMPRSS2 genes using
PROMO software and found multiple binding
sites for androgen receptor in these regions. This
further suggests that the activation of androgen
receptors in the pulmonary cells by androgenic
drugs might play a role in the upregulation of
ACE2 and TMPRSS2 genes. Further experiments
are still needed to determine how androgens can
upregulate the expression of ACE2 and
TMPRSS2 genes.

There is a difference in the chemical
structure between oxandrolone and testosterone
which affect the pharmacokinetics and efficacy
of both drugs. Oxandrolone is more lipophilic,
less metabolized in the liver, and has more

anabolic than androgenic  activity, in
comparison with testosterone [27]. This
chemical difference in the structure of

oxandrolone and testosterone might also affect
the interaction between both drugs with the
transcriptional factors, or other regulatory
factors of mouse ACE2 and TMPRSS2 genes;
it could also explain, at least in part, the gene-
specific regulation of the mouse ACE2 and
TMPRSS2 genes by androgens.

The present study showed that both
testosterone and oxandrolone significantly (p-
value<0.05) increased the average weight gain
of the treated subjects. However, oxandrolone
had a stronger influence on weight gain than the
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administration of exogenous testosterone. This
can be explained in terms of the ratio of the
anabolic to androgenic effect of oxandrolone
being more than three times higher than the
anabolic/androgenic ratio of testosterone [21,
28]. Moreover, histological examinations
showed that the administration of both
testosterone  and  oxandrolone  caused
pathological alterations in the mouse lungs.
Both androgenic drugs in this study induced
inflammatory responses in the epithelial cells
that might be a response against the oxidative
stress of oxandrolone and exogenous
testosterone on the lung cells [29]. These
findings are supported by previous studies
which showed that androgens can cause
oxidative stress on different organs, including
the lungs [30-31], conflicting with another
study which reported that testosterone and
oxandrolone have anti-inflammatory effects on
the lungs [32]. Accordingly, it might be
suggested that the administration of
oxandrolone and testosterone to SARS-Cov2
infected patients is a potential risk factor for
lung toxicity and may worsen the pulmonary
symptoms of COVID-19 [22].

Finally, it is important to note that one of the
limitations of our study is that we used BALBI/c
mice that were not infected by SARS-Cov2.
However, we focused on the molecular
influence of androgenic drugs on mouse ACE2,
TMPRSS2, and CatL genes, which have close
nucleic and amino acid sequences to the human
ones, and we found molecular relationships that
could link androgens to COVID-19 severity.
This in-vivo study opens the door for further
experiments on humanized ACE2, and
TMPRSS2 mouse models [33] to confirm our
findings and provide a better understanding and
extrapolation of the effects of androgens on
human SARS-Cov2 entry genes.

CONCLUSION

We investigated the influence of sex and
some androgenic drugs on the expression of
ACE2, TMPRSS2, and CatL genes and
correlated the expression with the pathological
alterations in mice lungs. The results showed
significant differences in the lung MRNA
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expression of ACE2, TMPRSS2, and CatL mechanism of sex and androgenic drugs on the
genes between male and female mice. In ACE2 receptor and proteases involved in the
addition,  testosterone and  oxandrolone entry of SARS-Cov2 into host cells.
upregulated the mRNA expression of ACE2 Funding

and TMPRSS2 genes and induced oxidative
stress in the mouse lungs. These findings

increase our understanding of the molecular 2020.
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Supplementary Figure 1. The alignment of 1,000 nucleotides of the promoter sequences of

human ACE2 and mouse ACE2 genes. The alignment was performed using MultAlin software

(http://multalin.toulouse.inra.fr/multalin/). The red color indicates that there is a similarity
while the black and blue colors of the nucleotides indicate a difference in the promoter

seqguences
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Supplementary Table 1. Prediction of estrogen receptor o and p binding elements in the
promoter sequence of human ACE2 and mouse ACE2 genes

Position of Position of
Sequence of Sequence of
G estrogen receptor- estrogen receptor-
ene A o . estrogen receptor g o . estrogen receptor
o binding site in binding site B binding site in binding site
the promoter # 9 the promoter # 9
-108 to -115 TTGACCTG -109 to -117 TGACCTGTG
Human | -241 to -248 AAGGTCAG -239 to -247 ACAAGGTCA
ACE2 -673 to -680 TTGGTCAC -671to -679 CTTTGGTCA
Mouse Not found | ----- Not found
ACE2

# The position of AREs in the promoter sequence is relative to the transcriptional start site in human
ACE2 and mouse ACE2 genes
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