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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
SARS-CoV-2 2) and has led to the most severe global pandemic, which began in Wuhan, China. Angiotensin-converting
ACE2 enzyme 2 (ACE2) combines with the spike protein of SARS-CoV-2, allowing the virus to cross the membrane
Elwnz’}j:szgpom sanghuang and enter the cell. SARS-CoV-2 is modified by the transmembrane protease serine 2 (TMPRSS2) to facilitate
Hispidin access to cells. Accordingly, ACE2 and TMPRSS2 are targets of vital importance for the avoidance of SARS-CoV-2

infection. Sanghuangporus sanghuang (SS) is a traditional Chinese medicine that has been demonstrated to have
antitumor, antioxidant, anti-inflammatory, antidiabetic, hepatoprotective, neuroprotective and immunomodu-
latory properties. In this paper, we demonstrated that SS decreased ACE2 and TMPRSS2 expression in cell lines
and a mouse model without cytotoxicity or organ damage. Liver and kidney sections were confirmed to have
reduced expression of ACE2 and TMPRSS2 by immunohistochemistry (IHC) assessment. Then, hispidin, DBA,
PAC, PAD and CA, phenolic compounds of SS, were also tested and verified to reduce the expression of ACE2 and
TMPRSS2. In summary, the results indicate that SS and its phenolic compounds have latent capacity for pre-
venting SARS-CoV-2 infection in the future.

3,4- dihydroxybenzalacetone
Protocatechuic acid
Protocatechualdehyde
Caffeic acid

1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and has led to the
most severe global pandemic, which began in Wuhan, China [1,2]. The
symptoms of infection in adults include a high temperature, continuous
cough, muscle pain and tiredness. The symptoms of infection in younger
people include headache, fainting and diarrhea. Pulmonary inflamma-
tion with severe lung injury and systemic immune dysregulation are the
main components of the COVID-19 pathogenesis [3].

Angiotensin-converting enzyme 2 (ACE2) combines with the spike
protein of SARS-CoV-2, allowing the virus to cross the membrane and
enter the cell [4]. SARS-CoV-2 is modified by the transmembrane pro-
tease serine 2 (TMPRSS2) to facilitate access to cells [5]. When
SARS-CoV-2 enters cells, it causes a strong innate immune response,
producing inflammatory cytokines that cause cellular damage and a
procoagulant state [6-8]. In a previous study, ACE2 was detected in the
brain, heart, lung, colon, kidney and other organs. TMPRSS2 was
detected in lung, intestines, kidney, liver and other tissues and organs
[9-12]. A major factor in determining the transmissibility of

Abbreviations: 293T, human embryonic kidney cell line; ACE2, Angiotensin-converting enzyme 2; AKI, acute kidney injury; ANOVA, one-way analysis Variance;
CA, caffeic acid; COVID-19, Coronavirus disease; DBA, 3,4- dihydroxybenzalacetone; H&E, hematoxylin-eosin staining; HepG2, human hepatocellular carcinoma cell
line; HRP, horseradish peroxidase; IHC, Immunohistochemistry; PAC, Protocatechuic acid; PAD, Protocatechualdehyde; S.E.M, standard error of the mean; SARS-
CoV-2, Severe acute respiratory syndrome coronavirus 2; SS, Sanghuangporus sanghuang; TMPRSS2, Transmembrane proteases serine 2.
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SARS-CoV-2 was found to be related to the efficiency of ACE2 and
TMPRSS2 [13,14]. The expression of ACE2 and TMPRSS2 in organs,
may play a key role in SARS-CoV-2 prevention or treatment [15-17].

Macrofungi, such as “Donchong Xiacao” (Ophiocordyceps sinensis)
and “Lingzhi” (Ganoderma lingzhi), are traditional Chinese medicines
that have been used for more than 6000 years and can be traced back to
Shen Nong Material Medica [18,19]. Sanghuangporus sanghuang (SS) is a
well-known medicinal polypore with a long history in China, Japan and
Korea [19]. In previous pharmacological studies, SS has been demon-
strated to have antitumor, antioxidant, anti-inflammatory, antidiabetic,
hepatoprotective, neuroprotective and immunomodulatory properties
[20-27]. In this article, we investigated the impact of SS and its phenolic
compounds on the protein expression of ACE2 and TMPRSS2 in vivo and
in vitro.

2. Materials and methods
2.1. Materials

S. sanghuang mycelium was provided by Grape King Bio Ltd.,
Taoyuan, Taiwan. Dried SS powders were macerated in 70 % ethanol for
5 days and filtered. Then, the samples were concentrated under reduced
pressure to remove the solvent in the filtrate. The above steps were
repeated 4 times each concentrate was stored at — 80 °C for subsequent
experiments [28]. In a previous study, we had determined the phenolic
compounds of SS with HPLC. Protocatechuic acid (PAC), proto-
catechualdehyde (PAD), caffeic acid (CA), 3,4- dihydroxybenzalacetone
(DBA) and hispidin were used for the subsequent experiments [28].

2.2. Cell culture and treatment

We purchased the human hepatocellular carcinoma cell line (HepG2)
and human embryonic kidney cell line (293 T) from the Bioresource
Collection and Research Center in Taiwan. Cells were grown in DMEM
supplemented with 10 % FBS and cultured at 37 °C and 5 % CO2. The
concentration of the compounds used in the follow-up experiments was
diluted with medium. Cells were seeded at 2.5 x 10* cells per well in 6-
well plates. After the designated treatment for 24 h, the collection was
lysed with RIPA buffer. The supernatant was then purified by refriger-
ated centrifugation at 15,000 (xg) and 4 °C for 15 min. It was kept at —
20 °C and used for subsequent experiments.

2.3. MTT assay

We seeded cells in 96-well plates at a density of 2.5 x 10* cells per
well in DMEM containing 10 % FBS. When the cells were attached, we
replaced the waste medium and added fresh medium consisting of 10 %
FBS. The medium was supplemented with the drugs at the respective
concentrations for 24 h. After using an MTT assay kit (MedChemExpress,
HY-15924) based on the descriptions of the manufacturer and incu-
bating for at least 3 h, the ELISA reader (Molecular Devices) was used to
calculate the cell viability by absorbance values at 570 nm.

2.4. Western blot analysis

After treatment with the designated concentration of drugs for 24 h,
the cells were extracted and collected. RIPA buffer, the extraction buffer,
was purchased from GENESTAR (Kaohsiung, Taiwan). A Bio-Rad pro-
tein assay kit (BioRad, Hercules, CA) was used to measure the concen-
tration of total protein. For electrophoresis, 20 ug/well of the proteins
was separated within a gel and transferred to a membrane. After a series
of treatments, including primary (ACE2: GTX101395, 1:1500;
TMPRSS2: GTX100743, 1:1500; Genetex, San Antonio, TX, USA) and
secondary antibodies (goat anti-rabbit IgG antibody (HRP): ARG65351,
1:5000; Arigo, Hsinchu, Taiwan), horseradish peroxidase (HRP) conju-
gate and ECL substrate (201765; Merck, Branchburg, NJ, U.S.), the
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signals were identified by using Kodak Gel Logic 1500 Imaging Software
(East-man Kodak Company, Rochester, NY, U.S.).

2.5. Mouse model

We purchased 12 C57BL/6 female mice aged 6-8 weeks and
weighing 18-20 g from BioLASCO Taiwan Co. The two groups of mice
(n = 6) were divided at random. The administration group was treated
with 100 mg/kg SS by oral gavage for 10 days, and the control group
was treated as usual. Mouse weights were measured on Day 0, Day 5 and
Day 10. After 10 days, whole blood was collected from the mice, and
they were sacrificed.

2.6. Histopathological analysis

Visceral tissues were embedded in paraffin, cut into 3 um sections
and subjected to hematoxylin-eosin staining (H&E) to stain the target.
Liver and kidney tissue sections were observed with a microscope
(Nikon, ECLIPSE, TS100, Japan) and photographed with a photomi-
crographic camera (Jenoptik, ProgRes CF Scan, CA).

2.7. Immunohistochemistry (IHC)

Visceral tissues were embedded in paraffin, cut into 3 um sections
and subjected to immunohistochemistry to stain the target. Liver and
kidney tissue specimens from mice were stained with ACE2 primary
antibody (bs-1004R, Bioss Inc, dilution 50x) or TMPRSS2 primary
antibody (ab214462, Abcam, dilution 200x). A Polink-2 Plus HRP DAB
Rabbit Bulk kit (D39, GBI LABS) was used for IHC assessment based on
the descriptions of the manufacturer, observed with a microscope
(Nikon, ECLIPSE, TS100, Japan) and photographed with a photomi-
crographic camera (Jenoptik, ProgRes CF Scan, CA).

2.8. Statistical analyses

All data are shown as the mean =+ standard error of the mean (S.E.
M.). Data were analyzed by SPSS software 21.0 (SPSS, Inc., Chicago, IL,
USA). Two different groups were analyzed by unpaired two-tailed Stu-
dent’s t test; more than two groups were analyzed by one-way analysis of
variance (ANOVA) and Scheff’e test. The asterisk (*) represents the p
value, the grade of significance according to < 0.05, < 0.01 and < 0.001.

3. Result
3.1. Effect of SS on the growth of HepG2 and 293T cell lines

ACE2 combines with the spike protein of SARS-CoV-2, allowing the
virus to cross the membrane and enter the cell [4]. SARS-CoV-2 is
modified by TMPRSS2 to facilitate access to cells [5]. To research the
effects of SS on ACE2 and TMPRSS2, we added each drug concentration
(25-200 pg/mL) to HepG2 and 293T cells for the study. We performed
an MTT assay to study the cytotoxicity of SS on cells for subsequent
experiments. The results showed that 25, 50, and 100 pg/mL SS were not
toxic to HepG2 and 293T cells, so we chose 50 and 100 pg/mL for
subsequent experiments (Fig. 1).

3.2. Effect of SS on ACE2 and TMPRSS2 expression in HepG2 and 293T
cell lines

The effect of SS on cell lines was investigated. Subsequently, we
demonstrated the role of SS on ACE2 and TMPRSS2 protein expression.
These outcomes showed that SS significantly decreased ACE2 and
TMPRSS2 protein expression in a dose-dependent manner in HepG2
cells and 293T cells after 24 h (Fig. 2).
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Fig. 1. Effect of SS on HepG2 cells and 293T cells. (A) HepG2 cells and (B) 293T cells. SS (25-200 pg/mL) were added into the cells for 24 h and measured by MTT
assay. All the data were performed at least 3 independent examinations and mean + S.E.M. **p < 0.01 and ***p < 0.001 were contrasted with control group.
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Fig. 2. Effect of SS on ACE2 and TMPRSS2 expression in HepG2 cells and 293T cells. In (A) HepG2 cells and (B) 293T cells were added SS (50 and 100 pg/mL) and
cultured for 24 h and analyzed ACE2 and TMPRSS2 expression by western blot. After densitometric analysis, the results were expressed as a ratio (SS/control). p-actin

was chosen as an inner control.

3.3. Effect of phenolic compounds on the growth of HepG2 and 293T cell
lines

Hispidin, DBA, PAC, PAD and CA are phenolic compounds that are
extracted from SS. To investigate the effect of phenolic compounds on
different cells, we added each drug concentration to HepG2 and 293T
cells for the study. HepG2 cells were treated with hispidin
(31.25-250 pg/mL), DBA (31.25-250 pg/mL), PAC (62.5-500 pg/mL),
PAD (6.25-50 pg/mL), and CA (31.25-250 pg/mL). 293T cells were
treated with Hispidin (12.5-100 pg/mL), DBA (12.5-100 pg/mL), PAC
(62.5-500 pg/mL), PAD (6.25-50 pg/mL), and CA (31.25-250 pg/mL).
We performed an MTT assay to measure the cytotoxicity of phenolic
compounds on cells and confirmed the concentration of each compound
for subsequent experiments (Fig. 3). Hispidin (62.5, 125 pg/mL), DBA
(62.5, 125 pg/mL), PAC (250, 500 pg/mL), PAD (12.5, 25 pg/mL) and
CA (62.5, 125 pg/mL) were chosen for HepG2 cells. Hispidin (25, 50 pg/
mL), DBA (25, 50 pg/mL), PAC (250, 500 pg/mL), PAD (12.5, 25 pg/
mL) and CA (62.5, 125 pg/mL) were chosen for 293T cells.(Fig. 4).

3.4. Effect of phenolic compounds on ACE2 and TMPRSS2 expression in
HepG2 and 293T cell lines

The effect of phenolic compounds on HepG2 and 293T cell lines was
investigated. Subsequently, we investigated the role of phenolic com-
pounds on ACE2 and TMPRSS2 protein expression. These outcomes
showed that ACE2 and TMPRSS2 protein expression were significantly
decreased in HepG2 cells and 293T cells.

3.5. The effect of SS in a mouse model

To investigate the effects of SS within living organisms, a mouse
model experiment was conducted. The mice were treated with 100 mg/
kg SS for 10 days. The body weight of the mice did not change much
after ten days (Fig. 5A).

3.6. Assessment of ACE2 and TMPRSS2 expression by
immunohistochemistry (IHC) in a mouse model

As shown in Fig. 5, the control group showed many cells stained by
IHC assessment, and the SS (100 mg/kg) group had significantly
decreased expression of ACE2 and TMPRSS2 in the kidney (Fig. 5C) but
slightly decreased expression in the liver (Fig. 5B). These studies
demonstrated that SS could block the expression of ACE2 and TMPRSS2
in the liver and kidney without liver toxicity, renal toxicity or pulmo-
nary toxicity.

3.7. ACE2 and TMPRSS2 expression by Western blot in a mouse model

To further confirm whether SS reduces ACE2 and TMPRSS2 protein
expression, we performed Western blotting. As shown in Figs. 5D and
5E, SS significantly decreased the protein expression of ACE2 and
TMPRSS2 in a mouse model, especially the ACE2 expression in the
kidney.
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Fig. 3. Effect of phenolic compounds on HepG2 cells and 293T
cells. (A) The structure of phenolic compounds. The cell growth of
(B) hispidin, (C) DBA, (D) PAC, (E) PAD and (F) CA in HepG2 and
293T cells. The concentration of the respective phenolic com-
pounds was added into the cells for 24 h, and measured by MTT
assay. All the data were performed at least 3 independent exam-
inations and mean =+S.EM. *p<0.05, **p<0.01 and
***p < 0.001 were contrasted with control group. (DBA: 3,4-
dihydroxybenzalacetone; PAC: protocatechuic acid; PAD: proto-
catechualdehyde; CA: caffeic acid.).
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A.

D.

Fig. 4. Effect of phenolic compounds on ACE2 and TMPRSS2 expression in HepG2 cells and 293T cells. In different cell lines, (A) hispidin, (B) DBA, (C) PAC, (D) PAD
and (E) CA were added and cultured for 24 h and analyzed ACE2 and TMPRSS2 expression by Western blot. After densitometric analysis, the results were expressed
as a ratio (SS/control). p-actin was chosen as an inner control. (DBA: 3,4- dihydroxybenzalacetone; PAC: protocatechuic acid; PAD: protocatechualdehyde; CA:

caffeic acid.).
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Fig. 5. Effect of SS on mouse model. (A) The mice were measured weight and counted after fed with 100 mg/kg SS by oral gavage. The images captured from IHC
stained in (B) liver and (C) kidney tissue. Representative histological sections after IHC staining were zoomed in at 200 x and photographed for documentation. The
results were presented as I0D/area (%). The values are reported as the mean + S.E.M (n = 6). *p < 0.05, **p < 0.01 and ***p < 0.001 contrast with the control
group. Arrows show the expression of ACE2 or TMPRSS2; scale bar = 100 um. Protein levels of ACE2 and TMPRSS2 protein expression in the (D) liver and (E) kidney
tissues were analyzed by Western blot after treated with 100 mg/kg SS. After densitometric analysis, the results were expressed as a ratio (SS/control). B-actin was
chosen as an inner control.
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4. Discussion

It was originally discovered in 2003 that the spike protein of SARS-
CoV-2 could enter target cells by directly binding with ACE2 [29]. In
late 2019, a mysterious outbreak of atypical pneumonia emerged in
Wuhan, China [30]. To date, SARS-CoV-2 has infected 509,531,232
people, of whom 6,230,357 have died (last update: 28 April 2022).
Pulmonary inflammation with severe lung injury and systemic immune
dysregulation are the main components of the COVID-19 pathogenesis
[3]. A common complication in gravely ill patients is acute kidney injury
(AKI), which shows significant incidence and fatality [31-33]. ACE2
protein expression is one of the mechanisms that affects AKI in
COVID-19 patients [31].

In a previous study, ACE2 was detected in the brain, heart, lung,
colon, kidney and other organs. TMPRSS2 was detected in lung, intes-
tinal enteroids, kidney, liver and other tissues and organs [9-12]. A
major factor in determining the transmissibility of SARS-CoV-2 was
found to be related to the efficiency of ACE2 and TMPRSS2 [13,14]. The
expression of ACE2 and TMPRSS2 in organs may play a key role in the
prevention or treatment of SARS-CoV-2 infection [15-17]. The HepG2
cell line is used extensively in cytotoxicity experiments [34]. In fact,
HepG2 cells are more predictive of human than animal cell lines,
including CHO-k1 and ECC-1 [35,36]. HepG2 cells are rapidly dividing
and retain the genotypic and phenotypic characteristics of normal cells
even if they are cancer cells [37]. It was found that 93% of the com-
pounds could be tested for toxicity by HepG2 because of the low
metabolic capacity of HepG2 [36]. Human embryonic kidney 293T cells
have been used in experiments to study apoptosis, glucose transporters,
mitochondria, and antiviral drugs [38-41]. Therefore, we chose these
two cell lines for the subsequent experiments.

S. sanghuang is a traditional medicine that has been used to treat
gastrointestinal, digestive, and gynecological diseases, cancer, and other
diseases in Asian countries for many years [20,42,43]. In previous
pharmacological studies, SS has been demonstrated to have antitumor,
antioxidant, anti-inflammatory, antidiabetic, hepatoprotective, neuro-
protective and immunomodulatory properties [20-27]. ACE2 is the
primary receptor of the COVID-19 virus, and its binding to the spike
protein plays a critical role in viral entry into host cells and subsequent
infection. Blocking this binding event reduces viral receptivity to the
ACE2 receptor and represents a strategy to prevent infection with
COVID-19 [44].

The function of ACE2 in a tissue or organ is a determinant of the
maintenance of its activity and effect on the renin-angiotensin system
(RAS) and thus the homeostasis of vasoconstriction, blood pressure, and
heart, lung and kidney physiology [45]. Therefore, reducing the
expression of ACE2 may be a strategy to reduce the entry of SARS-CoV-2.
ACE2 downregulation may have beneficial effects prior to SARS-CoV-2
infection, as it may inhibit the cellular entry and replication of
SARS-CoV-2. However, upon infection with SARS-CoV-2, the expression
of ACE2 decreases [46], which may subsequently lead to elevated
angiotensin II (Angll) levels and worsen clinical outcomes. Indeed, a
small cohort of COVID-19 patients had significantly elevated circulating
Ang II concentrations compared with healthy controls, which was
associated with high viral load and lung injury, such as severe acute
respiratory distress syndrome (ARDS) or severe acute respiratory syn-
drome(SARS) [47].

In addition, alveolar cells such as type 2 pneumocytes and macro-
phages express ACE2 abundantly and are particularly susceptible to
SARS-CoV-2, and this combined with loss of ACE2 activity appears to be
the most worrisome feature of COVID-19 in the respiratory system.
These effects lead to pneumonia and pulmonary fibrosis [48]. The
findings suggest that the virus can stimulate a terrible storm of cyto-
kines, such as IL-6 and TNFa, in the lungs, followed by edema, air ex-
change dysfunction, acute respiratory distress syndrome, acute cardiac
injury, and secondary infection [49], which may cause death. Therefore,
avoiding cytokine storms may be the key to treating patients with
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COVID-19 infection. Several articles have suggested the use of ACE2
inhibitors to block viral infection of cells expressing this enzyme, but
given their relevance for maintaining different organ functions, espe-
cially lung function, eliminating or reducing its physiological role does
not seem to be a good idea [50]. In our previous study, the mycelium of
S. sanghuang showed potential in the treatment and/or prevention of
inflammation-related diseases such as acute lung injury [28,51].

In vitro, this study showed that SS and its phenolic compounds
(hispidin, DBA, PAC, PAD and CA) significantly decreased ACE2 and
TMPRSS2 expression in a dose-related manner, except ACE2 of PAC
treated 293T cells and TMPRSS2 of PAD and ACE2 of CA treated HepG2
cells. In vivo, there were no significant differences in body weight or
H&E staining between the control and SS groups. The IHC staining data
showed high expression of ACE2 and TMPRSS2 in the control group in
the kidney, and both significantly decreased in the SS group in the liver
and kidney. The data from the animal model showed that SS signifi-
cantly decreased the expression of ACE2 and TMPRSS2 in liver and
kidney tissue. The findings offer a justification that SS could be used as a
possible therapeutic agent to inhibit COVID-19 infection.

5. Conclusion

In this article, we showed that S. sanghuang and its phenolic com-
pounds (Hispidin, DBA, PAC, PAD, CA) can decrease the expression of
ACE2 and TMPRSS2 in both cell lines and a mouse model. Thus, SS and
its phenolic compounds have a latent capacity to prevent SARS-CoV-2
infection.
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