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Purpose: Coronavirus disease 2019 (COVID-19) poses a global health challenge with widespread transmission. Growing concerns
about vaccine side effects, diminishing efficacy, and religious-based hesitancy highlight the need for alternative pharmacological
approaches. Our study investigates the impact of the ethanol extract of Antrodia cinnamomea (AC), a native medicinal fungus from
Taiwan, on COVID-19 in both in vitro and in vivo contexts.

Methods: We measured the mRNA and protein levels of angiotensin-converting enzyme-2 (ACE2) in human lung cells using real-
time reverse transcriptase-polymerase chain reaction and Western blotting, respectively. Additionally, we determined the enzymatic
activity of ACE2 using the fluorogenic peptide substrate Mca-Y VADAPK(Dnp)-OH. To assess the impact of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) infection, we used SARS-CoV-2 pseudovirus infections in human embryonic kidney 293T
cells expressing ACE2 to measure infection rates. Furthermore, we evaluated the in vivo efficacy of AC in mitigating COVID-19 by
conducting experiments on hamsters infected with the Delta variant of SARS-CoV-2.

Results: AC effectively decreased ACE2 mRNA and protein levels, a critical host receptor for the SARS-CoV-2 spike protein, in
human lung cells. It also prevented the spike protein from binding to human lung cells. Dehydrosulphurenic acid, an isolate from AC,
directly inhibited ACE2 protease activity with an inhibitory constant of 1.53 uM. In vitro experiments showed that both AC and
dehydrosulphurenic acid significantly reduced the infection rate of SARS-CoV-2 pseudovirus. In hamsters infected with the Delta
variant of SARS-CoV-2, oral administration of AC reduced body weight loss and improved lung injury. Notably, AC also inhibited IL-
1B expression in both macrophages and the lung tissues of SARS-CoV-2-infected hamsters.

Conclusion: AC shows potential as a nutraceutical for reducing the risk of SARS-CoV-2 infection by disrupting the interaction
between ACE2 and the SARS-CoV-2 spike protein, and for preventing COVID-19-associated lung inflammation.

Keywords: coronavirus disease 2019, angiotensin-converting enzyme-2, severe acute respiratory syndrome coronavirus 2, Antrodia
cinnamomea, the intracellular sensor NACHT, LRR, PYD domain-containing protein 3 inflammasome, cytokine

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the COVID-19 pandemic since 2019,
shares a common cell entry receptor known as angiotensin converting enzyme II (ACE2) with the SARS-CoV virus from
2002." Research has shown that the initial step in viral infection involves the binding of the viral spike protein to ACE2.?
Studies have revealed that individuals with hypertension, diabetes, or chronic obstructive lung disease exhibit signifi-
cantly elevated levels of ACE2 expression in their lung tissues compared to those without these conditions. These
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findings offer a plausible explanation for the heightened severity of Coronavirus disease 2019 (COVID-19) in patients
with these underlying health issues.® Additionally, in COVID-19 patients with heart failure, there was a notable increase
in ACE2 expression within myocardial tissues, indicating that these individuals were more susceptible to SARS-CoV-2
infection in the heart, which could lead to severe complications.* These results suggest that reducing ACE2 expression
might decrease an individual’s susceptibility to SARS-CoV-2 infection and improve disease outcomes. However, it is
essential to be mindful of potential side effects associated with downregulating ACE2.”

Vaccination stands out as the primary strategy for managing the COVID-19 pandemic, garnering significant attention
from researchers and the pharmaceutical industry in the quest to develop effective SARS-CoV-2 vaccines.® Nevertheless,
issues such as vaccine side effects, diminishing vaccine efficacy over time, and vaccine hesitancy driven by religious
convictions have hindered comprehensive vaccination coverage.” ® Consequently, an urgent imperative exists to devise
additional therapeutic or preventive measures. The concept of repurposing approved drugs against SARS-CoV-2 has
captured the scientific community’s interest, mainly due to its potential to expedite the availability of medications and
reduce costs. Notably, Teriflunomide, a disease-modifying agent initially sanctioned for the treatment of multiple

sclerosis;'® Forodesine, a nucleoside analogue proven effective against T-cell malignancies;'"'?

and Didanosine,
a purine nucleoside analogue and reverse transcriptase inhibitor employed in the management of HIV/AIDS," have
all exhibited promise in combating SARS-CoV-2 by targeting the RNA-dependent RNA polymerase. Furthermore,
synthetic compounds like Taroxaz-104, belonging to the 1,3,4-oxadiazoles class,'* and Ensitrelvir, an orally active
noncovalent nonpeptidic agent,'® alongside antioxidant compounds of the 1,3,4-oxadiazole or 1,3,4-thiadiazole type,'®!”
and SLL-0197800, an isoquinoline derivative,'® have all demonstrated potential against SARS-CoV-2 by targeting the
RNA-dependent RNA polymerase. Moreover, natural products such as Cordycepin, a recognized natural adenosine
analogue of fungal origin,'” as well as compounds like ananas 26 from pineapple and zingiberenol and zingiberol from
ginger,”” have shown promise in countering SARS-CoV-2 by targeting the RNA-dependent RNA polymerase. In addition

to antiviral compounds targeting SARS-CoV-2 enzymes,”' there is considerable interest in disrupting the protein-protein
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interaction between ACE2 and the SARS-CoV-2 spike protein or targeting ACE2 using small molecules as novel
approaches to reduce the incidence of SARS-CoV-2 infections.***

While reducing the incidence of SARS-CoV-2 infections remains the primary strategy in combating COVID-19, it is
equally crucial to minimize damage in patients post-infection. A growing body of evidence underscores the pivotal role
played by cytokine storms in the deterioration and fatality of COVID-19 patients.***> The intracellular sensor NACHT,
LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome, a protein complex containing caspase-1, serves as
a regulator for the maturation and release of proinflammatory cytokines, namely interleukin (IL)-1p and IL-18.%¢ This
inflammasome holds significant relevance in the development of diseases associated with inflammation.?” Both the
N protein and single-stranded RNA of SARS-CoV-2 have been identified as critical pathogenic factors that trigger the
activation of the NLRP3 inflammasome, thereby inducing an excessive inflammatory response.”®*’ Notably, the degree
of NLRP3 inflammasome activation has been linked to the severity of COVID-19 in patients.*® IL-1 inhibitors, in
particular the recombinant IL-1a/p receptor antagonist anakinra, have been shown in observational studies to reduce
mortality in both severe and critical COVID-19.*'** These findings strongly suggest that targeting the NLRP3 inflam-
masome offers innovative therapeutic strategies for addressing COVID-19.* Notably, NLRP3 inflammasome-derived IL-
1B promotes the expression of IL-6, which has been recognized as an important mediator in COVID-19.?* It has been
demonstrated that IL-6 levels in the bronchoalveolar lavage fluid of patients with COVID-19 progressively increase with
higher viral load, disease severity and poor prognosis.*>*® Therefore, Therapeutic blockade of IL-1p and IL-6 may
represent an effective strategy to reduce severity and prevent mortality in COVID-19 patients.*”-*®

Antrodia cinnamomea, also known as Taiwanofungus camphoratus, is an indigenous medicinal mushroom characterized
by its orange/red fruiting bodies. This unique fungus thrives exclusively within the inner recesses of the native tree species
Cinnamomum kanehirae Hayata, a member of the Lauraceae family.*® A. cinnamomea has a rich history in ethnomedicine,
often utilized for its wide-ranging health benefits, including immune modulation, liver protection, neuroprotection, anticancer
properties, anti-inflammatory effects, and assistance in managing diabetes.** One of the key bioactive components found in
A. cinnamomea is a group of well-defined ergostane-type triterpenoids known as antcins. These antcins have shown promise in
reducing ACE2 expression in epithelial cells, suggesting a potential therapeutic role in the context of COVID-19.*' In this
research study, we delve deeper into the therapeutic and preventive potential of the ethanol extract from A. cinnamomea (AC)
and its pure compounds (Figure 1) in the context of COVID-19. Our investigation encompasses several aspects, including the
impact of 4. cinnamomea on ACE2 expression in human lung cells, the interaction between ACE2 and the SARS-CoV-2 spike
protein, in vitro experiments involving SARS-CoV-2 pseudotyped lentivirus infection, and in vivo assessments using a SARS-
CoV-2 infected hamster model.

Antcin A (1) Antcin C (3) Antcin H (4)

Antcin K (5) Dehydrosulphurenic acid (6) Dehydroeburicoic acid (7)

Figure | Chemical structure of pure compounds identified in AC. Antcin A (1), Antcin B (2), Antcin C (3), Antcin H (4), Antcin K (5), Dehydrosulphurenic acid (6), and
Dehydroeburicoic acid (7).
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Materials and Methods

Reagents

Antibodies targeting human ACE2 (21115-1-AP) and the His-Tag (HRP-66005) were procured from Proteintech Group, Inc.
(Rosemont, IL). The SARS-CoV-2 spike S1-His recombinant protein (40591-VO8H) was obtained from Sino Biological US Inc.
(Houston, TX). Recombinant proteins for human ACE-2 (933-ZN) and the Mca-Y VADAPK(Dnp)-OH fluorogenic peptide
substrate (ES007) were sourced from R&D Systems (Minneapolis, MN). We utilized the Bright-Glo Luciferase Assay System,
which was acquired from Promega (Wisconsin, USA). The real-time polymerase chain reaction (PCR) primers were purchased
from Genomics (Taipei, Taiwan). Adenosine triphosphate (ATP) (tlrl-atpl) was obtained from InvivoGen (San Diego, CA).
Lipopolysaccharide (LPS) (L2630) was procured from Sigma—Aldrich (St. Louis, MO). The CytoScan LDH Cytotoxicity Assay
kit (786-210) was purchased from G-Bioscience (St. Louis, MO). Lastly, we employed an IL-1 ELISA kit purchased from
Affymetrix eBioscience (San Diego, CA). Remdesivir was procured from Cayman Chemical (Ann Arbor, Michigan).

Preparation of A. cinnamomea Ethanol Extract (AC)

The fruiting body of A. camphorata was purchased from the Ruei-Sen Biotechnology Corporation in New Taipei City, Taiwan.
A voucher specimen (AC-003) was deposited in National Ilan University and identified by China Medical University. Ethanol,
with a concentration of 95%, was added to 50 grams of A. cinnamomea fruiting body dry powder, resulting in a total volume of 1
liter. This solution was allowed to sit at room temperature for 24 hours. The extraction process was repeated three times.
Subsequently, the extracts were decanted and filtered through Whatman No. 1 paper. The solvent was then removed under
reduced pressure using a rotary evaporator at 50°C. The resulting extract was redissolved in dimethyl sulfoxide (DMSO) and
stored at —18°C for use in bioassay experiments and high performance liquid chromatography (HPLC) analysis. For the
identification of active compounds in AC, an HPLC system was employed, consisting of a vacuum degasser, autosampler,
and quaternary pump with a maximum pressure capacity of 400 bar (Agilent-Technologies 1100 series), along with an ultraviolet
diode-array-detector. A 4.6x150 mm reversed-phase C18 analytical column with a particle size of 2.5 pm (ACE UltraCore 2.5
SuperC18 column) was utilized. The column was maintained at a temperature of 35°C, and the injected sample volume was 5 pL.
The mobile phase B consisted of Milli-Q water containing 0.1% acetic acid, while mobile phase A was composed of acetonitrile.
A linear gradient from 35:65 (A:B) to 100:0 (A:B) was employed over a 45-minute period, followed by a return to its initial
condition. The flow rate utilized was 1.0 mL/min. The wavelength for detection was set to 248 nm, and UV spectra ranging from
190 to 400 nm were recorded for peak characterization. Each HPLC run was completed within 70 minutes. Antcin A, antcin B,
antcin C, antcin H, antcin K, DA, and dehydroeburicoic acid were isolated from A. cinnamomea as described previously.“z’43 The
purity of these compounds above 98%, as confirmed by HPLC and nuclear magnetic resonance (NMR) analysis.

Cell Culture

Human lung CL1-5 cells were sourced from Prof. Huei-Wen Chen at the Graduate Institute of Toxicology, College of
Medicine, National Taiwan University.** Human lung MRC-5 cells, mouse J774A.1 macrophages and human embryonic
kidney-293T (HEK-293T) cells were procured from the Bioresource Collection and Research Center (Hsinchu, Taiwan).
All these cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), and they were
cultured at 37°C in a 5% CO, incubator.

ACE2 mRNA and Protein Expression

For the dose-response study, we exposed human lung cancer CL1-5 cells to concentrations of 12.5, 25, or 50 pg/mL of
AC or 0.1% DMSO (used as a vehicle control) for a duration of 24 hours. Human lung MRC-5 cells were similarly
incubated with concentrations of 25, 50, or 100 pg/mL of AC or the vehicle for 24 hours. In the time course study, human
lung cancer CL1-5 cells were treated with either 50 pg/mL of AC or the vehicle for 3, 6, 12, or 24 hours. The protein
levels of ACE2 in the cell lysates were assessed through Western blotting. Briefly, cells were lysed using a protease
inhibitor cocktail in radioimmunoprecipitation assay (RIPA) lysis buffer. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was employed to separate the proteins in each sample (30 pg/sample). These separated proteins were
subsequently transferred to polyvinylidene difluoride membranes. The membranes were incubated with 5% nonfat milk
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in phosphate buffered saline (PBS) buffer with 0.1% Tween 20 (blocking buffer) for 2 hours at room temperature. This
was followed by incubation with primary and corresponding secondary antibodies in the blocking buffer for 2 hours and
1 hour, respectively. The membranes were then washed three times with PBS containing 0.1% Tween 20 and developed
using enhanced chemiluminescence (ECL) Reagent. Signals were captured using the GE Healthcare Life Sciences
Amersham Imager 600 image system (Chicago, IL). To determine ACE2 mRNA expression, human lung cancer CLI1-
5 cells were exposed to 50 pg/mL of AC or the vehicle for 1, 2, or 3 hours. RNA was extracted from treated cells using
TRIzol reagent and subsequently real time reverse transcriptase (RT)-polymerase chain reaction (PCR) analysis using the
StepOne real-time PCR system from Applied Biosystems (Foster City, CA). The ACE2 mRNA expression data are
presented as relative expressions normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
primers used were as follows: ACE2, forward: 5’-CATTGGAGCAAGTGTTGGATCTT-3’; ACE2, reverse: 5’-GAGC
TAATGCATGCCATTCTCA-3’; GAPDH, forward: 5’-TGAAGGGTGGAGCCAAAAGG-3’; GAPDH, reverse: 5’-GAT
GGCATGGACTGTGGTCA-3".

Effect of AC on Lactate Dehydrogenase (LDH) Release

To evaluate the potential cytotoxicity of AC, we exposed either human lung cancer CL1-5 cells or mouse J774A.1
macrophages to AC, a lysis buffer (representing maximum LDH release), or 0.1% DMSO (representing spontaneous
LDH release) for a duration of 24 hours. The levels of LDH in the supernatants were analyzed using the CytoScan LDH
Cytotoxicity Assay kit following the manufacturer’s instructions. The LDH release percentage was calculated using the
formula: LDH release % = 100 x (sample optical density (O.D.) - spontaneous O.D.) / (maximum O.D. - spontaneous
0.D.).

Interaction Between the Spike Protein and Human Lung Cells

CL1-5 cells, with a seeding density of 2x10° cells per dish, were exposed to 50 pg/mL of AC, 20 pg/mL of DA, or the
vehicle (0.1% DMSO) for a 24-hour incubation period. Subsequently, the cells were transferred to tubes at a concentration
of 2x10° cells per tube. They were then fixed with 4% paraformaldehyde at 4°C for 1 hour and subsequently blocked with
1% BSA at 4°C for another 1 hour. Following the blocking step, the cells were incubated with His-tagged spike protein at
a concentration of 1 pg/mL for 1 hour. This was followed by an incubation step with anti-His antibody at 2 pg/mL and anti-
IgG HRP at 1 pg/mL. After thorough washing, the cells were treated with 50 pL of 3,3”,5,5’-Tetramethylbenzidine (TMB)
for 15 minutes in the dark. The resulting signals were detected at an O.D. of 450 nm using an ELISA reader.

ACE2 Enzyme Activities

The enzymatic activities of ACE2 were assessed using a Mca-Y VADAPK(Dnp)-OH fluorogenic peptide substrate. In a 96-
well plate, we incubated 10 ng of recombinant human ACE2 protein with 1 pg of a pure test compound isolated from
A. cinnamomea for 15 minutes at room temperature. This reaction was carried out in a total volume of 50 pL within an assay
buffer containing 75 mM Tris and 1 M NaCl. Subsequently, the fluorogenic peptide substrate was introduced into the wells
at a final concentration of 20 uM. The plate was then immediately read at excitation and emission wavelengths of 320 nm
and 405 nm, respectively, followed by continuous monitoring in fluorescence kinetic mode at 1-minute intervals for
a duration of 1 hour. To determine the inhibitory constant (K7) of DA on ACE2, we incubated 10 ng of recombinant human
ACE2 protein with varying concentrations of DA ranging from 0 to 2 mg/mL for 15 minutes at room temperature. This
reaction also took place in a 96-well plate and in an assay buffer consisting of 75 mM Tris and 1 M NaCl. The fluorogenic
peptide substrate was subsequently added to the wells at final concentrations ranging from 0 to 40 uM. The plate was
immediately subjected to reading at excitation and emission wavelengths of 320 nm and 405 nm, respectively, and then
continuously monitored in fluorescence kinetic mode at 1-second intervals for a duration of 1 minute.

SARS-CoV-2 Pseudotyped Lentivirus Neutralization Assay

This study was conducted at the RNAi Core of Academia Sinica in Taipei, Taiwan. In the virus neutralization assay, heat-
inactivated sera were serially diluted to the desired concentration and then mixed with 250 TU of SARS-CoV-2
pseudotyped lentivirus in DMEM (supplemented with 1% FBS and 100 U/mL penicillin/streptomycin). This mixture
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was incubated for 1 hour at 37°C. Subsequently, the inoculated mixture was added to HEK-293T cells (10,000 cells per
well) that stably expressed the human ACE2 gene. These cells were plated in a 96-well plate that had been preincubated
with either 50 pg/mL of AC or 10-30 pg/mL of DA for 1 hour. At 16 hours post-infection, the culture medium was
replaced with fresh complete DMEM (supplemented with 10% FBS and 100 U/mL penicillin/streptomycin), and the cells
were continuously cultured for an additional 48 hours before the luciferase assay was performed. To conduct the
luciferase assay, the expression levels of the luciferase gene were assessed using the Bright-Glo luciferase assay system.
The relative light unit (RLU) values were measured using the Tecan i-control (Infinite 500). The percentage of inhibition
was calculated as the ratio of RLU reduction in the presence of diluted serum to the RLU value of the no-serum control,
as shown in the following formula:

Percentage of Inhibition = (RLU Control - RLU Serum) / RLU Control

Effect of AC on IL-1p Production in Macrophages

J774A.1 macrophages were initially incubated with 1 pg/mL of LPS for 4 hours. Following this pre-incubation period,
the cells were treated with 3-30 pg/mL of AC or the vehicle (0.1% DMSO) for 0.5 hours. Subsequently, the cells were
activated by exposure to 5 mM ATP for an additional 0.5 hours. The IL-1 concentration in the supernatants was then
analyzed using an ELISA assay to determine the levels of this cytokine.

Hamster Model of SARS-CoV-2 Delta-Variant Infection

The SARS-CoV-2 delta variant used in these animal experiments was sourced from the Taiwan Centers of Disease
Control (TCDC#1144, lot: GRC20210717) at a concentration of 1.0x10° plaque-forming unit (PFU)/mL. Syrian hamsters
were acquired from the National Laboratory Animal Center in Taipei, Taiwan. They were housed in a controlled
environment where the temperature was maintained at 23 + 3°C, and relative humidity was kept between 40% to
60%. An automatic lighting system provided a 12-hour light and 12-hour dark cycle for the hamsters. The animals were
provided with Altromin 1314 (Altromin GmbH, Lage, Germany) for their food and supplied with distilled water. The
Syrian hamsters were randomly divided into four groups for the experiment: Group 1: Hamsters received oral admin-
istrations of distilled water five times daily, starting 48 hours before infection. Group 2: Hamsters received oral
administrations of 100 mg/kg AC five times daily, starting 48 hours before infection. Group 3: Hamsters received oral
administrations of 500 mg/kg AC five times daily, starting 48 hours before infection. Group 4: Hamsters received
intraperitoneal (i.p.) injections of 15 mg/kg remdesivir twice daily, starting 24 hours after infection. The Syrian hamsters
were anesthetized and challenged intranasally with 1.0x10* plaque-forming units of the SARS-CoV-2 delta variant in
a 100-pL volume. All procedures involving the animals were conducted with a focus on minimizing any discomfort,
distress, or pain experienced by the animals. The weights of the hamsters were monitored daily following the challenge
with the SARS-CoV-2 delta variant. After the completion of the experiment, surviving hamsters were euthanized using
carbon dioxide, and lung tissues were collected during the animal sacrifice. These Syrian hamster challenge experiments
were rigorously reviewed and approved by the Institutional Animal Care and Use Committee of Academia Sinica,
Taiwan, under approval number 20-06-1483, with approval granted on August 13, 2021.

Lung Histopathology

The left lung of each hamster was collected and fixed in 4% paraformaldehyde. After fixation for one week, the lung
tissue was trimmed, processed, embedded, sectioned, and stained with Hematoxylin and Eosin (H&E), followed by
microscopic examination. The lung section was evaluated with a lung histopathological scoring system. Each section was
divided into 9 areas. Lung tissue of each area was scored using the scoring system as shown below. The average scores of
these 9 areas are used to represent the histopathological score of the animal. Lung tissue of every area is scored using the
scoring system: 0, Normal, no significant finding; 1, Minor inflammation with a slight thickening of alveolar septa and
sparse monocyte infiltration; 2, Apparent inflammation, alveolus septa thickening with more interstitial mononuclear
inflammatory infiltration; 3, Diffuse alveolar damage, with alveolus septa thickening, and increased infiltration of
inflammatory cells; 4, Diffuse alveolar damage, with extensive exudation and septa thickening, shrinking of alveoli,
the restricted fusion of the thick septa, obvious septa hemorrhage, and more cell infiltration in alveolar cavities; 5,
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Diffuse alveolar damage, with massive cell filtration in alveolar cavities and alveoli shrinking, sheets of septa fusion, and
hyaline membranes lining the alveolar walls.

Quantification of Viral Titers in Lung Tissue by Cell Culture Infectious Assay

The right lobes of hamster lung tissue were collected and then homogenized in 4 mL of DMEM with 2% FBS and 1% penicillin/
streptomycin using a homogenizer known as the Omni Bead Ruptor. After homogenization, tissue homogenates were subjected
to centrifugation at 6000 rpm for 10 minutes, and the resulting supernatants were collected for the purpose of live virus titration.
To perform the live virus titration, a series of 10-fold dilutions was prepared for each sample. These dilutions were then added to
Vero E6 cell monolayers in sextuplicate within 96-well plates, followed by an incubation period of 4 days. Subsequently, the cells
were fixed using 10% formaldehyde and stained with a 0.5% crystal violet solution for a duration of 20 minutes. Following
staining, the plates were rinsed with tap water and examined for signs of cytopathic infection. The fifty percent tissue culture
infectious dose (TCID50)/mL was then calculated using the Reed and Muench method.*® This method is commonly employed to
determine the concentration of infectious agents, in this case, the live virus, within a given sample.

Real-Time RT-PCR for SARS-CoV-2 RNA Quantification

TagMan real-time RT-PCR was performed following established protocols.*® To quantify the levels of SARS-CoV-2
RNA, specific primers targeting the 26,141 to 26,253 region of the envelope (E) gene of the SARS-CoV-2 genome were
employed. These primers consisted of the forward primer E-Sarbeco-F (5’-ACAGGTACGTTAATAGTTAATAGCGT
-37), the reverse primer E-Sarbeco-R (5’-ATATTGCAGCAGTACGCACACA-3’), and the probe E-Sarbeco-P (5’-FAM-
ACACTAGCC-ZEN-ATCCTTACTGCGCTTCG-3TABKFQ-3"). To extract total RNA from each sample, 30 microlitres
of RNA were collected using an RNeasy Mini Kit (QIAGEN, Germany, Cat. No. 74136) in accordance with the
manufacturer’s instructions. Subsequently, 5 microlitres of RNA sample at a concentration of 200 ng/ulL were combined
with a 20-pL mixture of the SuperScriptTM III PlatinumTM One-Step qRT-PCR system (Thermo Fisher Scientific,
USA, Cat. No. 11732088). The final reaction mixture comprised 400 nM forward and reverse primers, 200 nM probe, 0.2
mM deoxyribonucleoside triphosphate, 3.8 mM magnesium sulfate, 50 nM ROX reference dye, and 1 pL of enzyme
mixture. The PCR cycling conditions followed a one-step protocol: initial incubation at 55°C for 10 minutes for first
strand cDNA synthesis, followed by 1 minute at 95°C, and then 45 amplification cycles at 95°C for 10 seconds and 58°C
for 30 seconds. Data were collected and analyzed using the Applied Biosystems QuantStudio 5 (Thermo Fisher
Scientific, USA). To quantify the copy numbers of the viral genome, a synthetic 113-bp oligonucleotide fragment was
employed as a qPCR standard. This oligonucleotide was synthesized by Integrated DNA Technologies Pte. Ltd.

Statistical Analysis

In the animal study, Prism 6.01 (GraphPad) was used for statistical analysis. Body weight change, lung viral RNA titer
and TCID50 are presented as bar plots with mean value. Differences between groups were analyzed by one-way and two-
way ANOVA, with either Tukey’s multiple comparison test or Kruskal-Wallis with corrected Dunn’s multiple compar-
isons test used to calculate significance, as noted in respective figure descriptions. *p < 0.05, **p < 0.01, ***p < 0.001,
**F%p < 0.0001. In the in vitro studies, statistical analysis was conducted using two-tailed t-tests for comparisons
between two groups and ANOVA with Dunnett’s multiple comparisons test for comparisons involving three or more
groups. The error bars in the graphs represent the standard deviations calculated from three independent experiments.
Significance levels were indicated as follows: ***and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively. These
symbols were used to denote the level of statistical significance.

Results
AC Reduces ACE2 Expression in Human Lung Cells and Inhibits SARS-CoV-2 Spike

Protein Binding to Cells
ACE?2 serves as the critical entry receptor for SARS-CoV-2 infection. To investigate the potential impact of AC, human lung
cancer CL1-5 cells were exposed to AC concentrations ranging from 12.5 to 50 pg/mL for a duration of 24 hours. Our findings
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indicate that AC led to a reduction in ACE2 protein expression (Figure 2A). In our time course study, we observed that ACE2
protein expression in CL1-5 cells continued to decrease after 24 hours of AC treatment (Figure 2B). Additionally, AC had
a suppressive effect on ACE2 mRNA expression, with a noticeable reduction after only 1 hour of treatment (Figure 2C). It is
important to note that a LDH release test was conducted to confirm the absence of any cytotoxic effects on CL1-5 cells when
exposed to AC concentrations of up to 50 pg/mL (Figure 2D). Furthermore, AC exhibited a similar reduction in ACE2 protein
expression in MRC-5 human lung fibroblast cells (Figure 2E). Lastly, when CL1-5 cells were treated with AC for 24 hours,
there was a noticeable decrease in the binding between these cells and the SARS-CoV-2 spike protein (Figure 2F). These
findings collectively suggest that AC may have a potential inhibitory effect on ACE2 expression and interaction with the
SARS-CoV-2 spike protein.

DA from AC Inhibits ACE2 Protease Activity

To identify the active compounds present in AC, we conducted HPLC analysis to examine the triterpenoid profiles of
AC. Our analysis led to the identification and isolation of seven compounds, namely antcin A (1), antcin B (2), antcin
C (3), antcin H (4), antcin K (5), dehydrosulphurenic acid (DA) (6), and dehydroeburicoic acid (7), as illustrated in
Figure 3A. Subsequent experiments revealed that several of these compounds exhibited inhibitory effects against ACE2
protease activity, with DA demonstrating greater potency compared to the other compounds (Figure 3B). Furthermore,
the Ki of DA against ACE2 protease activity was calculated to be 1.53 pM (Figure 3C). Moreover, when CL1-5 cells
were incubated with DA for a period of 24 hours, we observed a reduction in the binding between these cells and the
SARS-CoV-2 spike protein (Figure 3D). These findings suggest that DA, among the compounds identified in AC, may
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(F) Effect of AC on the binding between the SARS-CoV-2 spike protein and CLI-5 cells. The mRNA data and binding assay are expressed as the means + SDs of the three
separate experiments, and the Western blot images show representative results. * and *** indicate significant differences at levels of p<0.0l and p<0.001, respectively,
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possess notable inhibitory properties against ACE2 protease activity and the interaction between cells and the SARS-
CoV-2 spike protein.

AC and DA Reduce SARS-CoV-2 Infections in a Pseudovirus Infection Cell Model

A pseudovirus is a non-infectious viral surrogate employed in experiments to replicate the behavior of the
authentic virus without instigating an actual infection. In order to delve further into whether AC and its active
compound, DA, diminish SARS-CoV-2 infection in cells, a pseudovirus infection cell model was employed.
Human HEK-293T cells, expressing the ACE2 receptor critical for SARS-CoV-2 entry, were subjected to
a l-hour incubation with either AC or DA before exposure to the SARS-CoV-2 pseudovirus (Figure 4A). The
results revealed that both AC and DA exerted a notable impact in reducing SARS-CoV-2 pseudovirus infection
within the cells (Figure 4B). In summary, the experiment implies that both AC and DA possess potential inhibitory
effects on SARS-CoV-2 infection in this cell model, as evidenced by their ability to mitigate the infection induced
by the pseudovirus.

AC Reduces Body Weight Loss and Improves Lung Injury in SARS-CoV-2

Delta-Variant-Infected Hamsters
The administration of A. cinnamomea extract at a daily dosage of 100 mg/kg to mice over a period of 10 consecutive days has
been shown to mitigate non-alcoholic steatohepatitis by effectively suppressing the NLRP3 inflammasome.*” Consequently,
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in this study, we employed 4. cinnamomea at two distinct dosages: 100 mg/kg, representing the low dose, and 500 mg/kg,
representing the high dose. We conducted an in vivo study to assess the prophylactic effects of AC using a hamster model
infected with SARS-CoV-2, which mirrors the COVID-19 disease characterized by swift weight loss and severe lung damage
(Figure 5A).** In our investigation, we observed that hamsters infected with the SARS-CoV-2 delta variant through
intranasal exposure and orally administered a vehicle solution experienced a 5.1% = 0.9% (mean + SD) reduction in body
weight. In contrast, those hamsters that received oral doses of 500 mg/kg AC or 100 mg/kg AC twice prior to virus exposure
exhibited reduced weight loss at 72 hours post-infection (hpi), with losses of 3.0% + 1.1% (p = 0.0067 compared to the
vehicle) and 4.9% + 1.4% (p = 0.7531 compared to the vehicle), respectively (Figure 5B). Additionally, the dosage of
remdesivir, an antiviral drug against SARS-CoV-2, utilized in this study was derived from a prior investigation which utilized
15 mg/kg.*” Hamsters treated with remdesivir at a dose of 15 mg/kg twice after virus challenge showed a weight loss of 3.1%
+2.0% (p = 0.0523 compared to the vehicle) (Figure 5B). These results indicate that hamsters receiving AC at a dosage of
500 mg/kg experience a significant reduction in body weight loss when infected with the SARS-CoV-2 delta variant.
However, hamsters receiving AC at 100 mg/kg or remdesivir at 15 mg/kg did not show a significant reduction in body weight
loss. Furthermore, we conducted histopathological analyses of the lung tissues of infected hamsters (Figures 5C and D). The
lungs of vehicle-treated hamsters sacrificed at 72 hpi exhibited typical histopathological indications of necrotizing pneumo-
nia, including interstitial inflammatory infiltration with mononuclear cells, mild to moderate diffuse congestion, hemorrhage,
thickening of alveolar septa, alveolar shrinkage, fibrin thrombus, epithelial necrosis, and inflammatory exudates in bronch-
ioles. Interestingly, one out of six vehicle-treated hamsters displayed an unusually low lung pathology score. Conversely,
hamsters administered with 500 mg/kg AC displayed reductions in COVID-19-related histopathological signs in comparison
to those receiving the vehicle (*p < 0.05). However, hamsters given 100 mg/kg AC or 15 mg/kg remdesivir did not exhibit
significant reductions in lung pathology scores compared to the hamsters that received the vehicle (Figures 5C and D). In
summary, our findings suggest that oral administration of AC at 500 mg/kg significantly reduces body weight loss and
improves lung injury in hamsters infected with the SARS-CoV-2 delta variant. However, it’s important to note that the

clinical significance of these results remains uncertain at this time.

AC Reduces IL-1P3 Expression in vivo and in vitro

IL-1B is the final product of the NLRP3 inflammasome, a critical player in the context of COVID-19.2*7%3% In the case
of SARS-CoV-2 delta variant-infected hamsters, those treated with AC or remdesivir exhibited notable reductions in IL-
1B expression within their lung tissues (Figure 6A). Furthermore, when examining LPS-primed macrophages, AC
demonstrated a decrease in ATP-induced IL-1 production (Figure 6B). It is important to note that AC did not exert
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any cytotoxic effects under the experimental conditions, as indicated in Figure 6C. These findings strongly suggest that
AC effectively inhibits the NLRP3 inflammasome both in vitro and in vivo.

AC Did Not Reduce the Presence of SARS-CoV-2 in the Lungs of SARS-CoV-2

Delta-Variant-Infected Hamsters

To investigate the impact of AC on the presence of SARS-CoV-2 particles in the lungs, we conducted an analysis of viral
genomic RNA copy numbers in lung tissues collected 72 hours after SARS-CoV-2 delta-variant infection using real-time RT-
PCR. Our findings revealed that neither AC nor remdesivir led to a reduction in the viral genomic RNA copy numbers in the
lung tissues (Figure 7A). Additionally, we assessed the functional SARS-CoV-2 particle titers in the lungs through a cell culture
infectious assay. We observed that the TCID50/mL (median tissue culture infectious dose per milliliter) from lung homogenates
collected at 72 hours post-SARS-CoV-2 delta-variant infection remained unaltered in response to AC or remdesivir treatment
(Figure 7B). These results collectively suggest that AC and remdesivir did not significantly decrease virus replication.

Discussion

In addition to vaccines, researchers and pharmaceutical companies have invested significant efforts into developing
effective drugs to combat SARS-CoV-2. They have explored various inhibitors previously used to treat severe acute
respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and other viral infections as potential
treatments for COVID-19.°° Among these tested inhibitors, Remdesivir and Favipiravir, which target the RNA-
dependent RNA polymerase, have emerged as the most promising repurposed drugs for COVID-19 treatment.’'+>
Recent studies have also identified clinically used drugs such as Teriflunomide, Forodesine, and Didanosine as having

the potential to combat SARS-CoV-2 by targeting the RNA-dependent RNA polymerase.'®' In addition to targeting the
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Figure 7 Effect of AC on viral replication in the lungs of SARS-CoV-2 delta-variant-infected hamsters. (A) Viral genomic RNA copy numbers in lung tissues. (B) Functional
SARS-CoV-2 particle titers in the lungs are expressed as TCIDgo/mL.

RNA-dependent RNA polymerase, researchers have identified the SARS-CoV-2 main protease (MP™) and papain-like
protease (PLP™) as promising targets for inhibitory action against the virus.>> While numerous compounds have shown
promise as potential inhibitors of SARS-CoV-2 in vitro, only a few have demonstrated effectiveness in vivo.
Molnupiravir (EIDD-2801), a ribonucleoside prodrug that targets the viral RNA polymerase of SARS-CoV-2, and
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nirmatrelvir (PF-07321332), a selective inhibitor of SARS-CoV-2 MP™, are two orally available SARS-CoV-2 inhibitors
that have exhibited antiviral activity in animal models and have been validated through clinical trials.’** Furthermore,
a recent development includes S-217622 (ensitrelvir), a small-molecule inhibitor for SARS-CoV-2 MP™, which has
demonstrated favorable bioavailability and tolerability in healthy adults during a Phase 1 clinical trial and is currently
progressing through a Phase 3 clinical trial.>®

In addition to inhibitors directly targeting viral particles, drugs or antibodies that focus on ACE2, thereby blocking
SARS-CoV-2 from entering cells, represent another vital strategy against COVID-19. Chloroquine, an inhibitor of haem
polymerase in malarial trophozoites, or its less toxic counterpart, hydroxychloroquine, has been shown to disrupt the
protein-protein interaction between ACE2 and the SARS-CoV-2 spike protein. This disruption results in a reduced
number of SARS-CoV-2 infections, achieved by binding to sialic acids and gangliosides on ACE2 with high affinity.”’~®
In our study, we demonstrated that AC reduces ACE2 expression and interferes with the interaction between the SARS-
CoV-2 spike protein and ACE2-expressing lung cells by directly binding to ACE2. This finding may partially explain
why AC reduces SARS-CoV-2 infection in a pseudovirus infection cell model. However, it’s worth noting that ACE2
inhibition has been reported to have adverse effects, including increased inflammation and the promotion of lung and
cardiovascular injury.’>*%® ACE2 also plays a protective role by converting angiotensin II into angiotensin-(1-7), which
activates the Mas receptor, triggering anti-inflammatory, anti-fibrotic, anti-oxidant, anti-hypertrophic, and anti-diabetic
responses.®’ Crucially, our research indicates that AC significantly, though not completely, reduces the expression and
activity of ACE2. This suggests that AC may reduce the incidence of SARS-CoV-2 infections without causing severe
adverse effects associated with complete ACE2 blockade.’®®® However, potential side effects resulting from AC-
mediated ACE2 down-regulation warrant further investigation. Alternatively, neutralizing the SARS-CoV-2 spike protein
with soluble ACE2 analogs can block SARS-CoV-2 infection without impacting cellular ACE2 activity.®

While drug repositioning approved by the FDA remains the predominant strategy in COVID-19 drug development,
there is growing scientific interest in traditional Chinese medicine and natural products.®>** SARS-CoV-2 infections
involve several crucial proteins within both the virus and host cells. This complexity underscores the limitations of
relying solely on single-structure molecular drugs that target a single protein. Natural products are distinguished by their
highly diverse chemical structures, making them potential multi-target agents. This diversity serves as a valuable
wellspring of inspiration for the development of SARS-CoV-2 inhibitors.®> For example, certain natural compounds
like holyrine A, alotaketal C, and bafilomycin D have demonstrated effectiveness against SARS-CoV-2 Omicron
subvariants BA.5 and BA.2, as well as the highly pathogenic Delta variant, in human Calu-3 lung cells.®® Moreover,
natural products, particularly those derived from microbes, offer rich sources of lead compounds for drug discovery.
Notably, aurasperone A, neochinulin A, as well as aspulvinone D, M, and R, isolated from Aspergillus niger, Aspergillus
fumigatus, and Cladosporium sp., respectively, have demonstrated potent in vitro anti-SARS-CoV-2 activity.®’
Furthermore, the “cytokine storm” represents one of the primary pathogenic mechanisms in COVID-19. Thus, interven-
tions aimed at modulating the body’s cytokine response hold the potential to reduce the severity and mortality rate among
COVID-19 patients. While some herbal medicines or natural products may not directly target SARS-CoV-2, their anti-
inflammatory properties suggest their potential for preventing and treating COVID-19.7

A. cinnamomea is a valuable medicinal fungus with a long history of use, and one of its well-recognized biological
applications is its anti-inflammatory activity.”""’* In the context of severe COVID-19, systemic hyperinflammation, often
referred to as a cytokine storm, is a primary driver of acute respiratory distress syndrome. This underscores the
importance of anti-inflammatory therapy in managing severe COVID-19.”>""> SARS-CoV-2 infection triggers an over-
production of IL-1f by activating the NLRP3 inflammasome, a process strongly associated with COVID-19 severity and
clinical recovery in patients.*® IL-1pB, induced by SARS-CoV-2 infection, promotes the secretion of tumor necrosis
factor-o (TNF-a)) and IL-6, along with other proinflammatory mediators, emphasizing the potential of blocking IL-1f as
a valid COVID-19 treatment strategy.”® Our research found that AC significantly inhibited the NLRP3 inflammasome in
macrophages, evidenced by a reduction in IL-1f production when stimulated by LPS and ATP. However, to strengthen
the case, testing the effect of AC by directly stimulating macrophages with SARS-CoV-2 to activate the NLRP3
inflammasome would be more convincing. Due to safety concerns, such infection experiments should be conducted in
a biosafety level 3 laboratory. Alternatively, instead of using the live SARS-CoV-2 virus, ssRNA and N-protein of SARS-
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CoV-2 can be employed to activate the NLRP3 inflammasome in macrophages, making it feasible in a regular laboratory
setting.”®?° We plan to use ssRNA- or N-protein-stimulated macrophages in our future investigations to study AC’s anti-
NLRP3 inflammasome activity. This study, along with prior work, establishes that 4. cinnamomea and its bioactive
components have the potential to inhibit the NLRP3 inflammasome under various pathophysiological conditions.*”-”” 5
We propose that AC’s ability to reduce body weight loss and mitigate lung injury in SARS-CoV-2-infected hamsters is
primarily attributed to its inhibition of the NLRP3 inflammasome. Recent studies have shown that colchicine, one of the
oldest anti-inflammatory drugs, can reduce the risk of hospitalization and mortality among COVID-19 patients by
targeting the NLRP3 inflammasome to alleviate hyperinflammation.’**' Interestingly, although AC was effective in
reducing body weight loss and ameliorating lung injury in SARS-CoV-2-infected hamsters, it did not significantly reduce
virus replication. Similarly, the widely recognized anti-COVID-19 drug, remdesivir, also did not show a significant
reduction in virus replication in our study. It’s worth noting that a previous study administered remdesivir at a dosage of
15 mg/kg daily for four days, starting simultaneously with infection, and observed significant reductions in body weight
loss, infectious viral progeny, and viral genomic RNA copy numbers in lung tissues.*’ However, in our current study,
administering 15 mg/kg remdesivir twice daily, with treatment initiated 24 hours after infection, did not result in
a significant reduction in infectious viral progeny or viral genomic RNA copy numbers in lung tissues. This difference
in results may be attributed to variations in the remdesivir treatment protocol employed in our study.

Several potential targets for COVID-19 drug development have been explored, including the inhibition of the viral
replication cycle by targeting SARS-CoV-2 protease and RNA-dependent RNA-polymerase.*>** However, the effectiveness
of drugs targeting specific viral proteins may vary depending on SARS-CoV-2 variants and could lose efficacy due to viral
mutations. Additionally, as SARS-CoV-2 continues to mutate rapidly, the number of vaccinations administered increases, but
the protection conferred by vaccines weakens, and the risk of side effects rises.”® In comparison to vaccines and drugs
designed to target SARS-CoV-2 proteins, AC, which targets ACE2, offers easy administration and is less reliant on the virus
strain, providing broad-range protective activity. The advantage of AC against COVID-19 lies in its ability to improve lung
injuries in the host by reducing inflammation. These findings suggest that AC offers broad protection against COVID-19, not
limited to specific SARS-CoV-2 variants. Given AC’s ACE2-targeting and anti-inflammatory properties, there is a rationale
for its use against SARS-CoV-2 infections to mitigate severe outcomes in COVID-19 patients. However, this study has
certain limitations. Firstly, our investigation focused on evaluating AC’s effectiveness in hamsters infected with the Delta
variant of SARS-CoV-2. We did not assess its efficacy against the Omicron variant, which is known for its high resistance to
antibody-mediated neutralization.** Another limitation is the absence of an assessment of AC’s impact on IL-6 expression in
SARS-CoV-2-infected hamsters. IL-6 plays a crucial role in COVID-19.%-® Previous studies have shown that AC inhibited
IL-6 expression in LPS-activated myoblast cells, and its bioactive compounds Antcin A and Antcin K demonstrated the
ability to suppress IL-6 expression in LPS-activated macrophages and reduce serum IL-6 levels in collagen-induced arthritis
mice, respectively.®*® However, further research is needed to investigate AC’s effect on SARS-CoV-2-induced IL-6
expression. Finally, this study did not include measurements of DA levels in plasma or tissue samples, which could have
provided additional insights into the mechanisms at play. These limitations highlight potential avenues for future research
and the expansion of our understanding in this field. The current observations in the functional and mechanistic experiments
we conducted in cell and hamster models represent a novel finding, indicating that A. cinnamomea is an orally bioavailable
natural product that is beneficial in COVID-19 by interfering with the interaction between ACE2 and the SARS-CoV-2 spike
protein in vitro and reducing lung inflammation in COVID-19 in vivo.

Conclusion

The recent findings from our functional and mechanistic experiments conducted in cell and hamster models reveal
a novel discovery: 4. cinnamomea is beneficial in the context of COVID-19. It interferes with the interaction between
ACE2 and the SARS-CoV-2 spike protein, effectively reducing lung inflammation associated with COVID-19. These
results strongly suggest that A. cinnamomea can potentially serve as a functional food or nutritional supplement in the
future. Such utilization could enhance the effectiveness of COVID-19 vaccines and reduce the risk of severe disease

among patients.
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cinnamomea ethanol extract; DA, dehydrosulphurenic acid; ACE2, angiotensin-converting enzyme-2; IL, interleukin;
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