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ARTICLE INFO ABSTRACT

Keywords: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection activates mast cells and induces a
SARS-CoV-2 cytokine storm, leading to severe Coronavirus disease in 2019 (COVID-19). SARS-CoV-2 employs angiotensin-
Mast cell converting enzyme 2 (ACE2) for cell entry. In the present study, the expression of ACE2 and its mechanism in
:(PEElz activated mast cells were studied utilizing the human mast cell line, HMC-1 cells and it was elucidated whether
Dexamethasone dexamethasone used as a treatment for COVID-19 could regulate ACE2 expression. Here we documented for the

first time that levels of ACE2 were increased by stimulation of phorbol 12-myristate 13-acetate and A23187
(PMACI) in HMC-1 cells. Increased levels of ACE2 were significantly diminished by treatment with Wortmannin,
SP600125, SB203580, PD98059, or SR11302. The expression of ACE2 was most significantly reduced by the
activating protein (AP)-1 inhibitor SR11302. PMACI stimulation enhanced the expression of the transcription
factor AP-1 for ACE2. In addition, levels of transmembrane protease/serine subfamily member 2 (TMPRSS2) and
tryptase were increased in PMACI-stimulated HMC-1 cells. However, dexamethasone significantly lowered levels
of ACE2, TMPRSS2, and tryptase generated by PMACI. Treatment with dexamethasone also reduced activation of
signaling molecules linked to ACE2 expression. According to these findings, levels of ACE2 were up-regulated
through activation of AP-1 in mast cells, suggesting that suppressing ACE2 levels in mast cells would be a
therapeutic approach to lessen the harm caused by COVID-19.

1. Introduction

Coronavirus disease in 2019 (COVID-19) is mostly caused by the
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that
invades the respiratory tract. As of right now, COVID-19 is in a pandemic
state due to asymptomatic infection, virus mutation, and reinfection by
breaching the immune system [1]. Since the COVID-19 outbreak, a va-
riety of vaccinations and antiviral medications have been utilized,
however allergic inflammatory reactions have been demonstrated to be
major adverse effects [2].

The principal entry receptor for SARS-CoV-2 is angiotensin-
converting enzyme 2 (ACE2), which the spike protein on the surface
of the virus binds to, and when priming occurs by trans-membrane
protease serine 2 (TMPRSS2), fusion with the cell membrane is pro-
moted and intracellular infection occurs [3]. Therefore, as a result of the
expression of ACE2 and TMPRSS2 in a variety of tissues, including the
nasal cavity, oral cavity, ear, respiratory tract, and lung, these organs

can become infected with SARS-CoV-2 [4]. Mast cells are present in
almost all tissues of the body, and are particularly concentrated in the
whole respiratory tract and the nasal cavity, and are the main causative
cells of allergic inflammatory reactions [5]. They can act as hosts for
SARS-CoV-2 because they express the enzymes ACE2 and tryptase,
which can facilitate the virus’s infection [2]. In addition, mast cells are
activated through the retinoic acid-inducible gene I, toll-like receptors
(TLR)3, TLR7, and TLR8 by RNA viruses such as SARS-CoV-2 [6].
Cytokine storm induced by infection of SARS-CoV-2 is mediated by
hyperinflammation via increasing inflammatory cytokine from mast
cells in severe COVID-19 [7]. The COVID-19 postmortem lung biopsies
in SARS-CoV-2 infections patients exhibit an enormously elevated
number of mast cells, indicating that SARS-CoV-2 infection may have
attracted mast cells to the alveolar septa [8]. Post-COVID syndrome may
progress in association with the development of mast cell activation
syndrome (MCAS) [9].

A glucocorticoid drug called dexamethasone is used to treat
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Fig. 1. Up-regulation of ACE2 in activated HMC-1 cells. (a) HMC-1 cells were
treated with PMACI for various times. The levels of ACE2 mRNA expression
were analyzed by qRT-PCR. (b) HMC-1 cells were treated with PMACI for
various times. ACE2 protein expression was analyzed by Western blotting.
Results are representative of three independent experiments. (c) The relative
densities were quantified by densitometry means ACE2/GAPDH. Values are
expressed as the means + SD (n = 3 experiments). (d) HMC-1 cells were treated
with PMACI for 24 h. ACE2 was stained by a primary antibody for 1 h and then
incubated with secondary TRITC-conjugated IgG for 30 min. Results are
representative of three independent experiments (Original magnification x
400, scale bar = 10 pm). *P < 0.05: significantly different from unstimu-
ljited cells.

rheumatic conditions, a number of severe allergies, asthma, brain
edema, chronic obstructive pulmonary disease, skin disorders, eye pain,
and croup [10]. It has a mast cell-stabilizing effects and inhibits
degranulation of mast cells [5]. Thus, corticosteroid therapy interferes
with mast cell activity in relation to inflammation [11].

Based on the above theories, it can be seen that mast cell is an
important cell in COVID-19. In the present study, the expression of ACE2
and its mechanism in activated mast cells were investigated using the
human mast cell line, HMC-1 and it was elucidated whether dexa-
methasone could regulate ACE2 expression.

2. Materials and methods
2.1. HMC-1 cells culture

HMC-1 cell (Cat# SCC067, RRID:CVCL_H206) was kindly provided
by Eichi Morri (Osaka University, Osaka, Japan). HMC-1 cells were
grown in IMDM supplemented with antibiotics (100 U/ml penicillin/
100 pg/ml streptomycin) and 10% heat inactivated fetal bovine serum
(FBS) at 37 °C, 5% CO2 and 95% humidity. HMC-1 cells were stimulated
with 5 pM phorbol 12-myristate 13-acetate and 100 nM A23187
(PMACI, Sigma-Aldrich, St. Louis, Mo, USA) on 24 or 6 well plate. The
following drugs were utilized to target phosphatidylinositide-3-kinase
(PI3K), c-Jun NH2-terminal kinases (JNK), p38, extracellular signal-
regulated kinase (ERK), activating protein (AP)-1, and nuclear factor
(NF)-kB: Wortmannin, SP600125, SB203580, PD98059, SR11302, and
pyrrolidine dithiocarbamate (PDTC). These drugs were obtained from
Sigma-Aldrich. This study utilized 500 ng/ml of dexamethasone (Sigma-
Aldrich) in accordance with the prior study [5].

2.2. Extraction of total RNA and analysis of mRNA expression using
quantitative real-time polymerase chain reaction (qRT-PCR)

The total RNA was extracted from HMC-1 cells using an easy-BLUE
RNA extraction kit (iNtRON Biotechnology, Kyunggi-do, Korea). The
concentration of total RNA was analyzed by Nanodrop spectrophotom-
etry (Thermo fisher scientific Inc., Waltham, MA, USA). Total RNA
sample (2.5 ug) was reverse-transcribed to cDNA using a power cDNA
synthesis kit (iNtRON Biotechnology, Sungnam, Republic of Korea). For
human ACE2, TMPRSS2, and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), qRT-PCR was performed using a SYBR Green master mix
with primers (ACE2: forward 5-GGG ATC AGA GAT CGG AAG AAG
AAA-3, reverse 5'- AGG AGG TCT GAA CAT CAT CAG TG-3', TMPRSS2:
forward 5'-ACT CTG GAA GTT CAT GGG CAG-3/, reverse 5'-TGA AGT
TTG GTC CGT AGA GGC-3', GAPDH: forward 5'- CCA AAG GGT CAT
CAT CTC TG-3/, reverse 5'-CCT GCT TCA CCA CCT TCT TG-3') and
expression of mRNA was analyzed using an ABI StepOne real-time PCR
System (Applied Biosystems, Foster City, CA, USA). All data were
analyzed using the AACT method.

2.3. Western blot analysis

Collected cell was rinsed twice with phosphate buffered saline (PBS)
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Fig. 2. Involvement of PI3K, MAPKs, AP-1, and NF-kB in ACE2 expression. (a)
HMC-1 cells were pre-treated with 1 yM Wortmann, 10 uM SP600125, 0.2 uM
SB203580, 1 uM PD98059, 10 uM SR11302, or 10 uM PDTC for 1 h, then
stimulated with PMACI for 5 h. The levels of ACE2 mRNA expression were
analyzed by qRT-PCR. (b-c) HMC-1 cells were treated with PMACI for various
times. The protein expression of c-jun and c-fos was analyzed by Western
blotting. (upper) Results are representative of three independent experiments.
(lower) The relative densities were quantified by densitometry means c-jun or
c-fos/GAPDH. Values are expressed as the means + SD (n = 3 experiments). #p
< 0.05; significantly different from unstimulated cells, *P < 0.05, significantly
éifferent from PMACI-stimulated cells.

and then lysed in ice-cold RIPA lysis buffer containing 1% protease in-
hibitors and phosphatase inhibitor). Total extracted proteins were
separated by electrophoresis, and protein bands were transferred to
nitrocellulose membranes by transfer. After blocking in 6% bovine
serum albumin for 2 h, membranes were reacted with an ACE2,
TMPRSS2, PI3K, phosphorylated (p)AKT, AKT, p-mitogen-activated
protein kinases (p-MAPKs; pJNK, p-p38, pERK), MAPKs (JNK, p38,
ERK), c-jun, c-fos, or GAPDH antibodies (Santa Cruz, CA, USA) diluted 1:
500 in PBS containing Tween-20 overnight at room temperature.
Membranes were washed and reacted for 30 min with horse radish
peroxidase-conjugated secondary antibody. Proteins were visualized
using an enhanced chemiluminescence kit (Amersham Corp. Newark,
NJ, USA).

2.4. Fluorescence microscopy

Collected were fixed with 10% formaldehyde. Sections were blocked
with 10% FBS and then reacted with an anti-mouse ACE2 or TMPRSS2
antibody diluted 1: 200 in 10% FBS. After washing, tetramethylrhoda-
min (TRITC)-conjugated secondary antibody (Invitrogen Co., Carlsbad,
USA) was reacted for 30 min. 4’, 6-diamidino-2-phenylinodole con-
tained mounting medium (Vector Laboratories, Burlingame, CA, USA)
was used to counterstain DNA. All stained sections were analyzed under
a fluorescence microscopy.

2.5. Tryptase assay

Tryptase from HMC-1 cells were measured using a Human Mast Cell
Tryptase ELISA Kits according to manufacturer’s protocols (MyBio-
source Co., San Diego, California, USA). Optical density (OD) was read
at 450 nm using an ELISA reader.

2.6. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) tetrazolium assay

An evaluation of cell viability was attained by the MTT (Sigma
Chemical Co., St. Louis, MO, USA) assay where a tetrazolium reagent is
reduced to insoluble purple formazan crystals by mitochondria of viable
cells. Absorbance was measured at OD 540 nm.

2.7. Statistical analysis

For the statistical analysis, SPSS statistics software (SPSS Inc., Chi-
cago, IL, USA) was utilized. Each experiment was performed at least
three times independently. The mean + standard deviations (SDs) was
used to express data. Independent t-test was used when there were 2
groups to compare (Blank and PMACI or PMACI and PMACI + dexa-
methasone). Each dataset as P < 0.05 was considered statistically sig-
nificant result.
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Fig. 3. Up-regulation of TMPRSS2 and tryptase in activated HMC-1 cells. (a) HMC-1 cells were treated with PMACI for 5 h. The levels of TMPRSS2 mRNA expression
were analyzed by qRT-PCR. (b) HMC-1 cells were treated with PMACI for various times. TMPRSS2 protein expression was analyzed by Western blotting. Results are
representative of three independent experiments. (c) The relative densities were quantified by densitometry means TMPRSS2/GAPDH. Values are expressed as the
means + SD (n = 3 experiments). (d) HMC-1 cells were treated with PMACI for 24 h. TMPRSS2 was stained by a primary antibody for 1 h and then incubated with
secondary TRITC-conjugated IgG for 30 min. Results are representative of three independent experiments (Original magnification x 400, scale bar = 10 pm). (e)
HMC-1 cells were pre-treated with 1 uM Wortmann, 10 uM SP600125, 0.2 uM SB203580, 1 uM PD98059, 10 uM SR11302, or 10 uM PDTC for 1 h, then stimulated
with PMACI for 5 h. The levels of TMPRSS2 mRNA expression were analyzed by qRT-PCR. (f) HMC-1 cells were treated with PMACI for 24 h. Levels of tryptase were
analyzed by Tryptase assay kit. “P < 0.05: significantly different from unstimulated cells.

3. Results
3.1. Up-regulation of ACE2 in activated HMC-1 cells

SARS-CoV-2 hit the innate immune system in order to cause infec-
tion, through TLR7 and TLRS8, and induces the degranulation of mast
cells [6]. Mast cell is used as a host cell for SARS-CoV-2 [2]. Resiquimod
is a small agonist of the endosome-located TLR7/8. PMACI is a mast cell
stimulator that activates the signaling process involved in mast cell
degranulation and inflammatory response [12]. In order to find out
whether ACE2 is expressed in activated mast cells, we treated a resi-
quimod or PMACI. First, to check if ACE2 mRNA was expressed in
activated HMC-1 cells, we applied qRT-PCR. As a result, it was discov-
ered that ACE2 mRNA expression peaked at 5 h after PMACI activation
and thereafter dropped (Fig. 1a). For a variety of time periods, resiqui-
mod did not boost the expression of ACE mRNA (data not shown).

Next, whether the protein levels of ACE2 were increased by PMACI
stimulation, Western blotting was performed for ACE2. After being
stimulated with PMACI for 8 h, ACE2 expression started to rise and
persisted for 24 h (Fig. 1b-c). Additionally, it was demonstrated by
fluorescence microscopy that PMACI stimulation increased the amounts
of ACE2 protein (Fig. 1d).

3.2. Involvement of PI3K, MAPKs, AP-1, and NF-kB in ACE2 expression

To identify the signaling mechanisms that contribute to the expres-
sion of ACE2, we used specific pharmacological inhibitors (Wortmannin,
SP600125, SB203580, PD98059, SR11302, and PDTC) targeting PI3K,
JNK, p38, ERK, AP-1 and NF-kB. The rise in ACE2 mRNA expression

caused by PMACI was considerably suppressed by Wortmannin (about
66% inhibition), SP600125 (about 67% inhibition), SB203580 (about
68% inhibition), PD98059 (about 91% inhibition), SR11302 (about
126% inhibition) or PDTC (about 57% inhibition) (Fig. 2a, P < 0.05).
Notably, AP-1 inhibitor SR11302 showed the best effect in the sup-
pression of ACE2 mRNA expression (Fig. 2a).

From the result of Fig. 2a, it was found that ACE2 mRNA expression
was mainly regulated by AP-1. So, we performed Western blotting on the
AP-1 components (c-jun and c-fos) to analyze whether the expression of
AP-1 is up-regulated in activated HMC-1 cells. At 2-4 h after PMACI
stimulation, the expression of c-jun was dramatically increased. How-
ever, the expression of c-jun decreased after 8 h of PMACI stimulation
(Fig. 2b). In addition, it was found that expression of c-fos peak at 2 h
after PMACI stimulation and tended to decreased after 4 h (Fig. 2c).

3.3. Up-regulation of TMPRSS2 and tryptase in activated HMC-1 cells

The engagement of the viral spike protein with ACE2 and the pro-
teolytic effect of a TMPRSS2 on the viral spike protein permit SARS-CoV-
2 to enter the target [1]. So, we used qRT-PCR and Western blotting to
investigate if PMACI activation raised the TMPRSS2 mRNA and protein
levels. As shown in Fig. 3a, PMACI stimulation significantly increased
the mRNA levels of TMPRSS2 (P < 0.05). Also, protein levels of
TMPRSS2 increased by PMACI stimulation persisted for up to 24 h
(Fig. 3b-c). At 8 h after PMACI stimulation, the protein expression of
TMPRSS2 was significantly increased compared with the unstimulated
cells (Fig. 3¢, P < 0.05). It was discovered using immunocytochemistry
that the mast cell surface had elevated TMPRSS2 expression (Fig. 3d).
Additionally, particular pharmacological inhibitors were employed in
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Fig. 4. Down-regulation of ACE2, TMPRSS2, and tryptase by dexamethasone. (a) HMC-1 cells were pretreated with dexamethasone (500 ng/ml) for 1 h and then
stimulated with PMACI for 5 h. The levels of ACE2 and TMPRSS2 mRNA expression were analyzed by qRT-PCR. (b) HMC-1 cells were pretreated with dexamethasone
(500 ng/ml) for 1 h and then stimulated with PMACI for 24 h. The protein expression of ACE2 and TMPRSS2 was analyzed by Western blotting. Results are
representative of three independent experiments. (c) The relative densities were quantified by densitometry means ACE2/GAPDH and TMPRSS2/GAPDH. Values are
expressed as the means + SD (n = 3 experiments). HMC-1 cells were pretreated with dexamethasone (500 ng/ml) for 1 h and then stimulated with PMACI for 24 h.
(d) Levels of tryptase were analyzed by Tryptase assay kit. (e) Cell viability was evaluated by MTT assay. P < 0.05; significantly different from unstimulated cells,
*P < 0.05, significantly different from PMACI-stimulated cells. Dexa, dexamethasone.

order to identify the signaling pathways involved in TMPRSS2 expres-
sion (Wortmannin, SP600125, SB203580, PD98059, SR11302, and
PDTC). As a result, Wortmannin, SP600125, SB203580, PD98059,
SR11302, or PDTC greatly reduced the rise in TMPRSS2 mRNA
expression brought on by PMACI (Fig. 3e, P < 0.05).

Tryptase can encourage SARS-CoV-2 infection, and when spike
protein binds to ACE2, it causes a fast degranulation of mast cells [13].
Tryptase is one of the most abundant serine proteases produced by
degranulation of mast cells. In the current investigation, PMACI stimu-
lation significantly boosted release of tryptase (Fig. 3f, P < 0.05).

3.4. Down-regulation of ACE2, TMPRSS2, and tryptase by
dexamethasone

The ACE2, TMPRSS2, and tryptase are important targets for SARS-
CoV-2 entry inhibitors. Dexamethasone is an inhibitor of mast cell
degranulation and has been shown to be helpful in a randomized clinical
trial with COVID-19 patients [11]. Thus, it was investigated whether
dexamethasone could control the expression of ACE2 and TMPRSS2 and
secretion of tryptase on PMACI-stimulated HMC-1 cells. As a result, it
was found that dexamethasone was shown to significantly lower the
protein levels of ACE2 and TMPRSS2 as well as the mRNA levels of ACE2
and TMPRSS2 (Fig. 4a-c, P < 0.05). Tryptase levels that were elevated
by PMACI stimulation were significantly diminished by dexamethasone
(Fig. 4d, P < 0.05). The MTT assay was used to evaluate whether
dexamethasone affects cytotoxicity. As shown in Fig. 4e, dexamethasone
had no discernible impact on cytotoxicity.

3.5. Blocking of PI3K, MAPKs, and AP-1 by dexamethasone

Finally, Western blotting was done on PI3K, pAKT, pJNK, p-p38,
PERK, c-fos, and c-jun to demonstrate the suppressive action of dexa-
methasone in the signaling pathways linked to the expression of ACE2.
The findings demonstrated showed that PMACI massively raised the
activation of PI3K, pAKT, pJNK, p-p38, pERK, c-fos, and c-jun, while
dexamethasone considerably suppressed the activation of PI3K, pAKT,
pINK, p-p38, pERK, c-fos and c-jun in the PMACI-stimulated HMC-1
cells (Fig. 5).

4. Discussion

The study’s findings demonstrated that expression of ACE2 gene was
up-regulated by activation of PI3K/MAPK/AP-1 signaling pathway in
the stimulated HMC-1 cells. Mast cell activation caused by PMACI
stimulation enhanced TMPRSS2 expression and tryptase secretion as
well. Dexamethasone, a mast cell stabilizer, prevented the PI3K/MAPK/
AP-1 signaling pathway from functioning in the activated HMC-1 cells,
hence reducing the expression of ACE2 and TMPRSS2 and production of
tryptase.

The SARS-CoV-2 is to blame for the COVID-19 pandemic, which has
been quickly spreading throughout many parts of the world since
December 2019 [14]. COVID-19 is mostly spread from person to person
by intimate interaction and respiratory secretions infected with SARS-
CoV-2 [15]. The spike protein of the coronavirus and the host cellular
ACE2 facilitate the infection and cellular entrance of SARS-CoV-2 [16].
TMPRSS2 is necessary to encourage SARS-CoV entrance by membrane
fusion in addition to ACE2 [17]. Lung epithelial carcinoma cells,
epidermal keratinocytes, and endothelial cells all consistently express
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Fig. 5. Blocking of PI3K, MAPKs, and AP-1 by dexamethasone. (a) HMC-1 cells were pretreated with dexamethasone (500 ng/ml) for 1 h and then stimulated with
PMACI for 30 min. The protein expression of PI3K and pAKT was analyzed by Western blotting. (upper) Results are representative of three independent experiments.
(lower) The relative densities were quantified by densitometry means PI3K/GAPDH and pAKT/AKT. (b) HMC-1 cells were pretreated with dexamethasone (500 ng/
ml) for 1 h and then stimulated with PMACI for 30 min. The phosphorylation of MAPKs was analyzed by Western blotting. (upper) Results are representative of three
independent experiments. (lower) The relative densities were quantified by densitometry means pJNK/JNK, p-p38/p38, and pERK/ERK. (c) HMC-1 cells were
pretreated with dexamethasone (500 ng/ml) for 1 h and then stimulated with PMACI for 2 h. The protein expression of c-jun and c-fos was analyzed by Western
blotting. (upper) Results are representative of three independent experiments. (lower) The relative densities were quantified by densitometry means c-jun or c-fos/
GAPDH. Values are expressed as the means + SD (n = 3 experiments). P < 0.05; significantly different from unstimulated cells, *P < 0.05, significantly different

from PMACI-stimulated cells. Dexa, dexamethasone.

the genes ACE2 and TMPRSS2, suggesting that the blood capillaries, the
skin, and the lungs are probable sites of SARS-CoV-2 infection [18].
Roughly 15% to 20% of COVID-19 patients who are infected through
these receptors develop a hyper-inflammatory cytokine storm and un-
dergo a severe acute infection [19]. In comparison to direct viral cyto-
toxicity, the mortality and morbidity rate caused by a cytokine storm is
higher [14]. The COVID-19 cytokine storm is defined by chemical me-
diators and inflammatory cytokines generated by immune/nonimmune
cells, as well as hyperactivation and accelerated proliferation of T cells,
natural killer cells, and macrophages [20]. Mast cells may be one of the
key players in this group of inflammatory cells since they are activated
and produce a variety of inflammatory mediators when they identify
viral particles [21]. Mast cell-induced proinflammatory cytokines pro-
mote the lung inflammation and cause fever [7]. The hallmark of
COVID-19 pathogenesis is the cytokine storm with elevated levels of
inflammatory cytokines including tumor necrosis factor-alpha (TNF-a),
interleukin (IL)-6, IL-1p, and TSLP [7,22-24]. TNF-a is released by mast
cells [25,26] and considered one of the leading mediators of acute
inflammation, the activation of which can also trigger IL-1 and IL-6
production [27]. High concentrations of TNF-a were reported in both
plasma and tissues of patients with COVID-19 [22]. Mast cells produce
IL-6 in response to viruses, and increased IL-6 is a biomarker for COVID-
19 [23]. Moreover, mast cells secrete IL-1 and TSLP, which cause mast
cells to release cytokines and chemokines that are inflammatory

chemical mediators [26,28,29]. Additionally, tryptase released by mast
cells causes vascular barrier failure, lung fibrosis, and airway inflam-
mation and encourages the spread of SARS-CoV-2 infection [21]. MCAS
caused by SARS-CoV-2 may elevate the incidence of developing severe
acute COVID-19 and chronic post-COVID-19 diseases [9]. Afrin et al.
[14] reported that MCAS targeted therapy can lessen the severity of the
disease as soon as the development of a COVID-19 disease is identified or
suspected. Theoharides [2] reported that mast cells have various
mechanisms of recognizing the virus, but they can also become hosts for
this virus by expressing ACE2, which has now been identified as the
major receptor for SARS-CoV-2. Mast cells express a variety of serine
proteases, including chymase and tryptase, which are essential for SARS-
CoV-2 infection [2]. Until far, several therapies have been created to
limit mast cell activation as a means of limiting the inflammatory me-
diators generated by virus-induced mast cells or of managing cytokine
storm and lung injury. In this study, we showed for the first time that
activated HMC-1 cells express ACE2 and TMPRSS2. Therefore, we sug-
gest that knowing how ACE2 and TMPRSS2 co-express on mast cells can
help one forecast whether or not the human body will become infected
with SARS-CoV-2.

Mast cells are activated by infections, antigen, medications, insect or
reptile venoms and produce inflammatory mediators through the release
of calcium and the activation of the protein kinase C (PKC), PI3K, MAPK,
or NF-kB signaling pathway [5]. Alveolar epithelia inflammation and
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lung damage are brought on by SARS-CoV-2-triggered mast cell acti-
vation and degranulation [13]. PMA is a specific activator of PKC. The
calcium ionophore (A23187) is an extremely selective calcium iono-
phore that can pass freely through cell membranes and form stable
complexes with Ca?", effectively raising intracellular Ca?t levels.
PMACI induces the degranulation of mast cells and increases expression
of various inflammatory mediator genes by the activation of PI3K/
MAPK/AP-1/NF-kB signaling pathways [30,31] In this study, PMACI
increased the expression of ACE2, whereas Wortmannin, SP600125,
SB203580, PD98059, SR11302, or PDTC reduced the PMACI-induced
ACE2 mRNA expression. Subsequently, it was found that PI3K/MAPK/
NF-xB play an imperative part within the expression of ACE2. Notably,
an AP-1 inhibitor (SR11302) in particular virtually completely reduced
ACE2 expression. According to Richard et al. [32], motif enrichments for
the AP-1 transcription factor binding site were found at the ACE2 locus,
indicating that AP-1 is a transcription factor that controls the expression
of ACE2. Therefore, these results suggest that expression of ACE2 was
regulated by PI3K/MAPK/AP-1/NF-kB signaling pathways in activated
mast cells.

A broad-spectrum immunosuppressant, dexamethasone is a syn-
thetic corticosteroid that the FDA approved in 1958. It alleviates the
generation and negative effects of inflammatory cytokines. Dexameth-
asone also acted as a mast cell stabilizer, controlling mast cell degran-
ulation and activation [5]. According to a study, dexamethasone
prevents COVID-19 patients from experiencing a mast cell-mediated
cytokine storm [33]. In patients with established moderate-to-severe
acute respiratory distress syndrome, early dexamethasone medication
may shorten the time spent on mechanical ventilation and general death
rate [11]. According to numerous earlier research, dexamethasone is
thought to reduce levels of inflammatory cytokines by blocking the
PI3K/MAPK/AP-1/NF-kB signaling pathways in activated mast cells
[5,34,35]. In the present study, dexamethasone regulated the expression
of ACE2 via regulating PI3K/MAPK/AP-1 signaling pathways in acti-
vated mast cells. Therefore, it is clear that dexamethasone beneficial to
COVID-19 through reducing ACE2 expression and stabilizing mast cells.

5. Conclusions

In COVID-19, directly/indirectly activated mast cells not only
accelerate the inflammatory response through a cytokine storm, but are
also usefully used for SARS-CoV-2 infection by increasing the expression
of ACE2. In the present study, these results suggest that activated mast
cells increase the expression of ACE2 through activating PI3K/MAPK/
AP-1, whereas dexamethasone inhibits the up-regulation of ACE2 by
inhibiting activation of mast cells. As a result of the findings of this
investigation, it is anticipated that a medication that reduces mast cell
activity and lowers the expression of ACE2 may significantly aid in the
treatment and prevention of COVID-19 by reducing SARS-CoV-2 infec-
tion and inflammatory response. However, there are limitations in
interpreting the results of ACE2 expression and its mechanism in mast
cells activated by SARS-CoV-2 because this study was only in vitro
without direct infection with SARS-CoV-2. So, further investigation is
necessary to determine whether mast cell stabilizers/regulators have
anti-inflammatory and anti-infective effects in animal and in vitro
models of SARS-CoV-2 infection.
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