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ARTICLE INFO ABSTRACT
Keywords: The Chiehyuan herbal oral protection solution (GB-2) is a herbal mixture commonly utilized in
SARS-CoV-2 Taiwan for combating severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as per

Spike protein

ACE2 traditional Chinese medicine practices. This study assessed the clinical impact of GB-2 through

_ . prospective clinical trials. With twice-daily use for a week, GB-2 was shown to diminish the
Omicron variant . . . . .

Mouth washing expression of angiotensin-converting enzyme 2 (ACE2) in oral mucosal cells. Moreover, after two

TMPRSS2 weeks of use, it could reduce transmembrane protease, serine 2 (TMRPSS2) expression in these

cells. Additionally, in vitro experiments demonstrated that GB-2 lessened the entry efficiency of

the Omicron, L452R-D614G, T478K-D614G, and L452R-T478K-D614G variants of the SARS-

CoV-2 pseudotyped lentivirus. It also impeded the interaction between ACE2 and the receptor-

binding domain (RBD) presenting N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R and

L452R-T478K mutations. Glycyrrhizic acid, a major compound in GB-2, also hindered the entry

of the Omicron variant (BA.1) of the SARS-CoV-2 pseudotyped lentivirus by obstructing the

binding between ACE2 and the RBD presenting the

N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R mutation. To sum up, these findings sug-

gest that GB-2 can decrease ACE2 and TMPRSS2 expression in oral mucosal cells. Both glycyr-

rhizic acid and GB-2 were found to reduce the entry efficiency of the Omicron variant (BA.1) of

the SARS-CoV-2 pseudotyped lentivirus and block the binding between ACE2 and the RBD with
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the N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation. This evidence implies that
GB-2 might be a potential candidate for further study as a preventative measure against SARS-
CoV-2 infection.

Abbreviations

ACE2 angiotensin converting enzyme 2

TMPRSS2 Transmembrane protease, serine 2

SARS-CoV-2 The severe acute respiratory syndrome coronavirus 2
COVID-19 coronavirus disease 2019

RBD receptor binding domain

T3G Theaflavin 3-gallate

GB-2 Chiehyuan herbal oral protection solution
SEM standard error of mean

HPLC High-performance Liquid Chromatography
293T-ACE2 cells 293T cells with over-expression of ACE2
IHC assay immunohistochemistry assay

PBS phosphate buffered saline

BSA bovine serum albumin

1. Introduction

COVID-19 has globally affected more than 576 million individuals, leading to 6.4 million fatalities. The responsible pathogen,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is characterized by a spike protein on its envelope that facilitates host
cell infection [1]. The receptor-binding domain (RBD) within this spike protein directly engages with the peptidase domain of the
angiotensin-converting enzyme 2 (ACE2) on host cells [2,3]. Once bound to ACE2, transmembrane proteases, serine 2 (TMPRSS2), and
furin within host cells cleave and activate the spike protein, allowing SARS-CoV-2 to invade the host cells [1-4].

SARS-CoV-2, an RNA virus, holds a higher mutation rate leading to a steadily increasing number of variants [5-7]. The World
Health Organization has identified variants such as Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529) as variants of concern due to their increased transmissibility and resistance to neutralizing antibodies [8]. The Omicron
and Delta variants have gained global dominance owing to their enhanced transmissibility [9-13]. In the Omicron variant, 30 mu-
tations in the spike protein, predominantly located in the RBD, have been discovered [11,14]. These mutations in the Omicron variant
relate to increased infectivity and a certain level of evasion from therapeutic antibodies [15-17]. In contrast, the Delta variant carries
spike protein mutations T19R, L452R, T478K, D614G, P681R, D960N, and deletions at positions 157 and 158 [18]. The L452R
mutation increases transmissibility and infectivity and reduces susceptibility to antibody neutralization [19-25]. These findings
suggest that these variants threaten the protective effects of existing SARS-CoV-2 vaccines and treatments [26].

Various traditional medicinal herbs have been employed to mitigate COVID-19 via their immunomodulatory properties [27-29].
Chiehyuan herbal oral protection solution (GB-2), sourced from Tian Shang Sheng Mu of Chiayi Puzi Peitian Temple in Taiwan (Z#&4h
FHRXE-K LER), is a prevalent herbal formulation in Taiwan and comprises Glycyrrhiza uralensis Fisch. and Camellia sinensis var.
assamica (J.W.Mast.) Kitam. The therapeutic benefits of these herbal formulations have been highlighted in past traditional Chinese
medicine studies, including the “Supplement to Compendium of Materia Medica” [30] in the context of infectious diseases. As stated in
the Brush Records of Chouchi, oral rinsing with C. sinensis was employed to manage oral diseases [31]. Past research showed that GB-2
decreased both ACE2 and TMPRSS2 protein expression in cellular and animal models [32]. Moreover, a report detailed the inhibitory
effect of GB-2 on the ACE2 and RBD binding with K417N-E484K-N501Y, K417N, N501Y, and L452R mutations [33]. However, the
therapeutic impact of GB-2 remains undetermined. There is also ambiguity regarding how GB-2 interacts with various variants,
including the Omicron and Delta variants. This research scrutinized the clinical implications of GB-2 on the expression of ACE2 and
TMPRSS2 in oral mucosal cells via a clinical trial. Additionally, this investigation analyzed the suppressive effect of GB-2 and its
principal compound on the entry competence of the Omicron variant (BA.1) and the L452R-D614G, T478K-D614G, and
L452R-T478K-D614G variants of the SARS-CoV-2 pseudotyped lentivirus, alongside the interaction of ACE2 and RBD with
N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R and L452R-T478K mutations.

2. Methods and materials
2.1. Preparation of Chiehyuan herbal oral protection solution (GB-2)

The Chiehyuan herbal oral protection solution, sourced from the Tian Shang Sheng Mu of Chiayi Puzi Peitian Temple in Taiwan (35
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FEAMFEXRE-X_EEHR), was procured from the Chinese pharmacy department of Chiayi Chang Gung Memorial Hospital. To briefly
describe the process, 10 g of Glycyrrhiza uralensis Fisch., originating from Hangjinqi, Inner Mongolia (voucher reference: No.7H-E014,
obtained from Chang Gung Memorial Hospital), and 25 g of Camellia sinensis var. assamica (J.W. Mast.) Kitam., originating from Chiayi
city, Taiwan (voucher reference: No.7H-Y059, acquired from Chang Gung Memorial Hospital and Qingheyu Biological Technology
Co., Ltd), were measured. Dr. Yu-Shih Lin, a pharmacist at the Chinese pharmacy department of Chiayi Chang Gung Memorial Hos-
pital, authenticated all herbs. These raw herbs were then immersed in 2000 mL of water and boiled for 25 min in thermal flasks. The
resulting water extracts (1500 mL) were then filtered using filter paper to eliminate any particulate matter, before being packaged for
the clinical trial. For the in vitro experiments, the water extracts (1500 mL) were subjected to pressure reduction to create a viscous
mass (6 g), which was then stored at —80 °C. For all experiments, the final concentrations of the tested compound were obtained by
diluting the stock with water.

2.2. Quality control of GB-2

The Agilent 1100 High-performance Liquid Chromatography (HPLC) system was utilized to conduct the quality control of GB-2.
The fingerprint chromatography for the approved formulation was performed using an HPLC method with a C18 column (4.6 mm
x 150 mm, 5 pM, Discovery®). Mobile phase A consisted of 0.3% phosphoric acid, while mobile phase B was 100% acetonitrile. The
mobile phase was programmed as follows: 90:10 at 0 min, 80:20 at 16.2 min, 40:60 at 23.4 min, and returning to 90:10 at 23.76 min.
The flow rate was set at 0.7 mL/min with a detection wavelength of 278 nm and a column temperature of 30 °C. Theaflavin 3-gallate
(acquired from ChromabDex, Irvine, CA, USA, Lot Number: 000258-841) and (+)-catechin (obtained from Sigma-Aldrich, Batch
Number: BCCC3128) were employed as index compounds. For glycyrrhizic acid (sourced from ChromaDex, Irvine, CA, USA), a C18
column (4.6 mm x 150 mm, 5 pM, Discovery®) was used. The mobile phase for detection constituted 100% acetonitrile and 2% acetic
acid in a ratio of 36% and 64% respectively, with a flow rate of 0.6 mL/min, detection wavelength of 278 nm, and column temperature
of 25 °C.

2.3. Ethical approval and consent to participate

This forward-looking clinical study adhered to both ethical principles and the standards established for carrying out medical
research in Taiwan. Approval for the study protocol was granted by the Chang Gung Memorial Hospital’s research ethics review
committee, located in the Chia-Yi Branch in Taiwan, with Ethics Code: 202001919A3. The study has been recorded on the
ClinicalTrials.gov site under trial number NCT05010928. All participants voluntarily joined the study and provided written informed
consent prior to any data collection. Compliance with the Declaration of Helsinki and Tokyo guidelines for human research was
ensured in all conducted experiments.

2.4. Subject enrollment and protocol of clinical trial

A total of 35 participants were engaged in the clinical trial from September 1, 2021, to October 31, 2021. Healthy adults, aged 20
years and above, were consecutively enrolled from the outpatient clinic of Otolaryngology-head and neck surgery at Chiayi Chang
Gung Memorial Hospital. To minimize confounding factors, individuals with unhealed oral trauma, laceration, or wounds from recent
oral surgery, as well as those undergoing radiotherapy or chemotherapy for oral tumors, were excluded from the study. Participants
voluntarily chose to join either the experimental group, who used GB-2, or the control group, who used water as mouthwash. All
participants underwent oral mucosal cell collection at the time of enrollment and again at one week, two weeks, and four weeks, to
analyze the expression levels of ACE2 and TMPRSS2.

2.5. The protocol for using Chiehyuan herbal oral protection solution

The clinical impact of the Chiehyuan herbal oral protection solution was evaluated by implementing a modified version of the
previously described clinical trial protocols [34,35]. Each time, one week of Chiehyuan herbal oral protection solution (14 packs in
total, two packs per day, 100 mL per pack) was prepared to be sent to the patients, and the subjects were asked to store them in the
refrigerator at 4 °C, and took them out of the refrigerator at 4 °C every day. Used mouthwash twice a day, one pack each morning and
evening. The subjects followed the following steps: Pour the mouthwash into the mouth, fully gargle up and down, left, right, and left
for 30-60 s, then spit out the mouthwash.

2.6. Oral mucosal cell collection and immunohistochemistry (IHC) assessment of ACE2 and TMPRSS2

To examine the effect of GB-2 on the expression of ACE2 and TMPRSS2 in human oral mucosal cells, these cells were collected and
tested via IHC assessment. The process for mucosal cell collection was conducted as outlined in earlier works [36,37], while the IHC
assessment followed procedures from a previous study [32,38]. Dr. Ming-Shao Tsai performed all mucosal collection and followed the
steps below: a. Subject did not eat within 30 min before sampling. b. Rinsed mouth with boiling water for 10 s before sampling and
vomited dry as much as possible. c. Used the sterile cotton swab in the package, lightly touched the inner wall of the cheek. d. Scraped
the oral mucosa cells in a rotating manner and wiped them repeatedly for more than 20 times. e. Put the oral mucosal cell sample on the
cotton stick on the glass slide f. Waited for the oral mucosal cells to dry naturally, soaked the slide in 95% alcohol, and let it rest for 5
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min to fix. g. Washed the slide with 1xPBS for three times. h. Took 200 pl blocking buffer and gently dropped it on the slide, put it in a
dark box and let it stand for 1 h in the dark. i. Took out the slide and wash three times with 1xPBS. j. Stained with ACE2 primary
antibody (1:100 dilution; Bioss Antibodies, bs-1004R) or TMPRSS2 primary antibody (1:500 dilution; Abcam, ab92323). k.
Peroxidase-linked goat anti-rabbit secondary antibodies were used. Photomicrographs were observed using Nikon TE3000 micro-
scope. ImageJ (1.50d, USA) system was used to quantify integrated optical density per stained area (I0D/area) for ACE2 and TMPRSS2
staining.

2.7. Statistical analyses for clinical trial

All values were the means + standard error of mean (SEM) (experimental group (n = 20) and control group (n = 13)). Differences
between experimental group and control group were assessed using the unpaired two-tailed Student’s t-test. For testing the signifi-
cance of pairwise group comparisons, the Tukey test was used. For all comparisons, P values of <0.05 were considered statistically
significant. SPSS version 13.0 (SPSS Inc., Chicago, IL, USA) was used for all calculations.

2.8. Cell culture and treatment

293T cells (human embryonic kidney cell line) were obtained from the Bioresource Collection and Research Center, Taiwan. 293T
cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Invitrogen Corp., Carlsbad, Cat. Number: 11965-048), supple-
mented with 10% FBS at 37 °C and 5% CO2. pCEP4-myc-ACE2 plasmid was a gift from Erik Procko (Addgene plasmid # 141185;
http://n2t.net/addgene:141185;RRID:Addgene_141185). pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmid was a gift from Erik Procko
(Addgene plasmid # 141184; http://n2t.net/addgene:141184;RRID:Addgene_141184) [39]. pLENTI_.hACE2 PURO was a gift from
Raffaele De Francesco (Addgene plasmid # 155295; http://n2t.net/addgene:155295;RRID:Addgene_155295). psPAX2 was a gift from
Didier Trono (Addgene plasmid # 12260; http://n2t.net/addgene:12260; RRID:Addgene_12260). pLV-eGFP was a gift from Pantelis
Tsoulfas (Addgene plasmid # 36083; http://n2t.net/addgene:36083;RRID:Addgene_36083). HDM_SARS2 Spike_del21 _D614G was a
gift from Jesse Bloom (Addgene plasmid # 158762; http://n2t.net/addgene:158762; RRID:Addgene_158762) [40].
pTwist-SARS-CoV-2 A18 B.1.1.529 was a gift from Alejandro Balazs (Addgene plasmid # 179907; http://n2t.net/addgene:179907;
RRID:Addgene_179907) [41]. Before treatment, 293T cells were cultured to 60-70% confluence. Then, cultured medium was replaced
with fresh medium containing indicated compounds in water at the indicated concentrations. 293T cells treated with water were used
as controls. 293T cells without treatment were used as blank control.

2.9. XTT assay (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide assay)

293T cells or 293T-ACE2 cells were propagated in DMEM supplemented with 10% FBS at a concentration of 1 x 1 03 cells per well in
a 96-well plate. Post attachment, the culture medium was refreshed with new DMEM medium containing 10% FBS. Subsequently, the
cells underwent treatment with specified drugs for a period of 24 h. The resultant absorbance was measured utilizing an XTT assay kit
(Roche, catalog number: 11465015001) as directed by the manufacturer. The XTT formazan complex was quantified at 492 nm using
an ELISA reader from Bio-Rad Laboratories, Inc.

2.10. Site-directed mutagenesis

Amino acid substitutions (G339D, K417N, L452R, T478K, E484K, Q493R, G496S, Q498R or N501Y) were induced in the pcDNA3-
SARS-CoV-2-S-RBD-sfGFP plasmid or the HDM_SARS2_Spike_del21_D614G plasmid using the QuikChange Lightning Site-Directed
Mutagenesis kit (Agilent Technologies Inc., Santa Clara, CA, Cat. Number: 210519). This was accomplished following the in-
structions provided by the manufacturer.

2.11. Flow cytometry analysis of ACE2-spike protein binding

ACE2-Spike protein binding analysis via flow cytometry was conducted as outlined in prior studies [33,39,42]. A schematic dia-
gram of this dual-color flow cytometry analysis is presented inFig. 6A. Initially, 293T cells were transfected with pCEP4-MYC-ACE2 or
pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmids with specific mutations (500 ng DNA per mL of culture at 2 x 106/mL) using lipofect-
amine 2000 (ThermoFisher, Cat. Number: 11668-019). The medium containing RBD-sfGFP with specific mutations was gathered from
293T cells transfected with the pcDNA3-SARS-CoV-2-S-RBD-sfGFP plasmid with respective mutations after a 48-hour period. Sub-
sequent to a 24-hour pretreatment with certain drugs, 293T cells transfected with the pCEP4-MYC-ACE2 plasmid were rinsed with
ice-cold PBS-BSA and incubated for 30 min on ice with a medium composed of RBD-sfGFP and anti-MYC Alexa 647 (clone 9B11, Cell
Signaling Technology, Cat. Number: 2233S). Lastly, the cells were washed twice with PBS-BSA and analyzed by a flow cytometer BD
FACSCanto (Becton Dickinson) as described in prior research [39] (Fig. 6A).

2.12. Creation of 293T cells with over-expression of ACE2 (293T-ACE2 cells) and Western’s blotting assay

Lentivirus carrying the human ACE2 was synthesized by co-transfecting 293T cells with the pLENTI hACE2_PURO plasmid and
lentiviral assistant plasmids (psPAX2). Produced lentivirus was utilized to infect 293T cells in the presence of 5 pg/mL polybrene. The
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transduced cells underwent selection via 3 pg/mL puromycin for 7 days. The clone demonstrating high ACE2 expression was further
developed and named as 293T-ACE2 cells. Thereafter, the expression of ACE2 in 293T-ACE2 cells was confirmed using Western
blotting, following the procedures described previously [32,38]. Protein extracts from 293T-ACE2 or 293T cells were prepared as
indicated in past studies [43,44]. Proteins of equal amounts were separated on a 10% SDS-PAGE gel and transported to polyvinylidene
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difluoride membranes. These membranes were then blocked with 5% nonfat dried milk followed by a 12-hour incubation with primary
antibodies at room temperature. The enlisted primary antibodies included: anti-ACE2 antibody (1:1000, Cell Signaling, #4355) and
anti-GAPDH antibody (1:10000, GeneTex, GTX100118). Both primary and secondary antibodies were diluted in 1% nonfat dried milk
in Tris-buffered saline with 0.1% Tween 20 detergent. Subsequently, the membranes were rinsed with 0.1% Tris-Buffered Saline
Tween-20 and incubated with horseradish peroxidase-conjugated secondary anti-mouse or anti-rabbit antibodies (Santa Cruz, ratio:
1:5000) for 1 h at room temperature. Following this, the membranes were washed and protein signal was detected through chem-
iluminescence using the SuperSignal West Pico PLUS chemiluminescent substrate (Pierce, catalog number: 34087).

2.13. Generation of SARS-CoV-2 pseudotyped lentivirus

The production of SARS-CoV-2 pseudotyped lentivirus was conducted following established methods [40]. Twenty-four hours
post-seeding, 293T cells were transfected with lentiviral backbone-pLV-eGFP plasmids (9 pg DNA per ml of culture at 2 x 106/ml),
viral entry protein—either pTwist-SARS-CoV-2 A18 B.1.1.529 (Omicron variant) or HDM_SARS2_Spike_del21_D614G (3 pg DNA per ml
of culture at 2 x 106/ml) with L452R-D614G, T478K-D614G or L452R-T478K-D614G mutations, pMD.G plasmid (VSV-G, positive
control, supplied by Core Facility for Manipulation of Gene Function by RNAi, miRNA, miRNA sponges, and CRISPR, Academia Sinica,
GB-2) and helper plasmids-psPAX2 (6 pg DNA per ml of culture at 2 x 106/ml) utilizing lipofectamine 2000 (ThermoFisher). After 24
h of transfection, the culture medium was refreshed. The virus was gathered 48 h post-transfection by procuring the supernatant and
filtering it through a 0.45 pm low protein-binding filter. Subsequently, the virus could be stored at 4 °C for immediate application.

2.14. SARS-CoV-2 pseudotyped lentivirus infectivity assay

The infectivity assay of pseudotyped SARS-CoV-2 lentivirus was carried out following previously established methods [40].
293T-ACE2 cells were exposed to the specified compounds for a duration of 24 h before the infection process. The supernatants that
contained SARS-CoV-2 pseudotyped lentivirus were combined with these specified compounds for 30 min. Subsequently, an equiv-
alent volume of supernatants encompassing SARS-CoV-2 pseudotyped lentivirus was introduced to the 293T-ACE2 cells, allowing for a
3-hour incubation period. The culture medium was then substituted with a fresh one, inclusive of the indicated drugs. Following a
48-hour incubation at 37 °C, the treated 293T-ACE2 cells underwent a double rinse process with PBS (phosphate buffered saline) - BSA
(bovine serum albumin). Centrifugation of the treated 293T-ACE2 cells took place at 300 x g for 4 min, followed by a double rinse with
3% BSA in PBS. Post final rinse, these cells were resuspended in 1% BSA in PBS. Quantification of 293T-ACE2 cells infected by the GFP
backbone SARS-CoV-2 pseudotyped lentivirus was achieved through enumeration of green cells, made possible by the flow cytometer
BD FACSCanto (Becton Dickinson).

2.15. Statistical analyses

All reported values represent the means + standard error of mean (SEM) from replicate samples (n = 3, based on the experiment).
These experiments were conducted a minimum of three times. The unpaired two-tailed Student’s t-test was employed to examine
differences between two groups. The Tukey test was utilized to assess the significance of pairwise group comparisons. A P value of
<0.01 was deemed statistically significant in all comparisons. All computations were carried out using SPSS version 13.0 (SPSS Inc.,
Chicago, IL, USA).

3. Results
3.1. Identification of reference compounds in GB-2 by HPLC analysis

Glycyrrhizic acid (Fig. 1A), theaflavin 3-gallate (Fig. 1B), and (+)-Catechin (Fig. 1C) were utilized as reference standards to confirm
the primary components within GB-2. The approved GB-2 fingerprint chromatography identified (+)-catechin as a reference com-
pound in GB-2 using high-performance liquid chromatographic analysis (Fig. 1D). The concentration of (+)-catechin in GB-2 was
recorded as 23.278 % (wt/wt) (Fig. 1G). Theaflavin 3-gallate was identified within Camellia sinensis var. assamica (J.W.Mast.) (Fig. 1E).
Additionally, glycyrrhizic acid, present in Glycyrrhiza uralensis Fisch., was validated as a reference compound in GB-2 through high-
performance liquid chromatographic analysis (Fig. 1F), and its concentration in GB-2 was determined to be 4.4672 % (wt/wt)
(Fig. 1G).

3.2. The expression ratio of ACE2 and TMPRSS2 in oral mucosal cells after treated with GB-2

The prior research has indicated that GB-2 can suppress ACE2 mRNA expression along with ACE2 and TMPRSS2 protein expression
in cellular and animal models [32]. To explore the clinical effects of GB-2, a prospective clinical trial was carried out. This trial
involved 35 consecutive participants. However, due to the development of oral ulcers and bacterial infections, two participants were
excluded. Hence, 33 participants, 20 in the experimental group using GB-2 and 13 in the control group not using any mouthwash, were
included in the study (Fig. 2). The experimental group had 9 males and 11 females, aged between 24 and 56 years (average: 39.8,
standard error [SEM]: 3.4). The control group consisted of 7 males and 6 females, aged between 20 and 50 years (average: 31.5, SEM:
2.2). No significant difference in age and gender distribution was found between the two groups.
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The outcome of the study showed a significant decrease in ACE2 expression in oral mucosal cells in the experimental group in weeks
1, 2, and 4 following the use of GB-2, as compared to the baseline (week 0, without GB-2). Conversely, ACE2 expression in oral mucosal
cells of the control group remained virtually unchanged from baseline to weeks 1, 2, or 4 (Fig. 3B, C). After using the mouthwash, the
TMPRSS2 ratio in the experimental group significantly reduced in weeks 2 and 4 compared to the baseline (week 0, without GB-2). The
TMPRSS2 ratio in the control group showed no notable change from baseline at weeks 1, 2, or 4 (Fig. 4A, B). These findings indicate
that gargling with GB-2 might inhibit the protein expression of ACE2 and TMPRSS2.

3.3. Effect of GB-2 on entry efficiency of Omicron variant (BA.1) of SARS-CoV-2 pseudotyped lentivirus

The impact of GB-2 on the entry efficiency of the Omicron variant (BA.1) was studied using 293T cells as the experimental model.
An initial XTT assay was performed to determine the cytotoxicity of GB-2 on these cells. The findings indicated that within a con-
centration range of 100-300 pg/mL, GB-2 didn’t significantly hinder the proliferation of 293T cells after 24 h (Fig. 5A). This suggested
that these concentrations of GB-2 do not induce notable cytotoxicity on 293T cells. Subsequently, the anti-infectivity of GB-2 on the
Omicron variant of SARS-CoV-2 was examined using a SARS-CoV-2 pseudotyped lentivirus [40] in the model. 293T cells over-
expressing ACE2 (293T-ACE2 cells) were included in the SARS-CoV-2 pseudotyped lentivirus infectivity test (Fig. 5B). It was observed
that GB-2, in the range of 100-300 pg/mL, didn’t restrict the growth of the 293T-ACE2 cells after a 24-hour period (Fig. 5C). Finally,
the influence of GB-2 on the entry efficiency of the Omicron variant (BA.1) of SARS-CoV-2 pseudotyped lentivirus was assessed using
the infectivity assay. Following the outlined treatment, the inhibitory effect of GB-2 at concentrations between 100 and 300 pg/mL on
the quantity of 293T-ACE2 cells infected with the Omicron variant (BA.1) was observed (Fig. 5C, D D and E). These observations imply
that GB-2 has the ability to decrease the entry efficiency of the Omicron variant (BA.1) of SARS-CoV-2 pseudotyped lentivirus without
causing substantial cytotoxicity.

3.4. Effect of GB-2 on the interaction between ACE2 and RBD with the N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R mutation

Previous research has identified significant mutations (N501Y, K417N, and E484A) in the Omicron variant [11]. A docking analysis

35 participants were enrolled into the study.
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oral cavity that have not healed

*with oral tumors who are undergoing
radiotherapy or chemotherapy or
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have obvious wound infections in the
oral cavity that have not cured.

A 4
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(n=33)

l
: !
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(n=20) (n=13)

using GB-2 twice a -using water twice a
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Fig. 2. Disposition of the subjects in this study.
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Fig. 3. Effect of GB-2 on ACE2 expression of oral mucosal cells on clinical trial. (A) the oral mucosa cells on both sides of the buccal areas were
collected, fixed and stained, and the results were analyzed. (B) Quantitative results of IHC staining, which were presented as IOD/area and were
proportional to the level of ACE2 in oral mucosal cells. (C) Representative IHC staining photomicrographs of oral mucosal cells. (n = 20 in the
experimental group and n = 13 in the control group, Error bars = mean + S.E.M. Asterisks (*) mark samples significantly different from control
group with p < 0.01).

has also indicated that mutations Q493R, N501Y, and Q498R exhibit a heightened binding affinity to human ACE2, and mutations
K417N, Q493R, and Q498R can enhance disease susceptibility in the Omicron variant [45]. An earlier study showed that GB-2 can
impede the interaction between ACE2 and RBD with mutations K417N-E484K-N501Y, K417N, N501Y, and L452R in a
dose-responsive manner [33]. The study subsequently examined the influence of GB-2 on the ACE2-mutated spike protein interaction
in 293T cells, utilizing dual-color flow cytometry [39]. The schematic diagram of this dual-color flow cytometry analysis can be seen in
Fig. 6A. 293T cells, expressing MYC-tagged ACE2, were incubated in a medium that contained the RBD fused with the superfolder
green fluorescent protein and bearing the N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation. Following treatment with
specified concentrations of GB-2, the investigation examined cell populations expressing MYC-tagged ACE2 on the cell surface, which
exhibited high or low binding to the RBD with the N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation, using
fluorescence-activated cell sorting. The analysis revealed a significant rise in the number of 293T cells with low binding to the RBD in
both ACE2-positive and top cell populations post treatment with 200 pg/mL of GB-2 (Fig. 6B, C). These findings suggest that GB-2
inhibits the interaction between ACE2 and the RBD harboring the N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R mutation.
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Fig. 4. Effect of GB-2 on TMPRSS2 expression of oral mucosal cells on clinical trial. (A) Quantitative results of IHC staining, which were presented
as IOD/area and were proportional to the level of TMPRSS2 in oral mucosal cells. (B) Representative IHC staining photomicrographs of oral mucosal
cells. (n = 20 in the experimental group and n = 13 in the control group, Error bars = mean + S.E.M. Asterisks (*) mark samples significantly
different from control group with p < 0.01).

3.5. Effect of GB-2 on the entry efficiency of the L452R-D614G, T478K-D614G, and L452R-T478K-D614G variants of the SARS-CoV-2
pseudotyped lentivirus

The Delta variant has been reported to exhibit greater infectivity and immune evasion capabilities [8], with L452R and T478K
identified as the two critical mutations in the variant’s RBD [8]. Subsequently, the effect of GB-2 on the entry efficiency of
L452R-D614G, T478K-D614G, and L452R-T478K-D614G variants of the SARS-CoV-2 pseudotyped lentivirus was examined by
utilizing the SARS-CoV-2 pseudotyped lentivirus infectivity assay. It was observed that 200-300 pg/mL of GB-2 lessened the number of
cells infected with the L452R-D614G (F. 7A, B) or T478K-D614G variants (Fig. 7C, D). Additionally, 300 pg/mL of GB-2 diminished
the number of cells infected with the L452R-T478K-D614G variant (Fig. 7E, F). These observations suggest that GB-2 decreased the
entry efficiency of the L452R-D614G, T478K-D614G, and L452R-T478K-D614G variants of the SARS-CoV-2 pseudotyped lentivirus.

3.6. Effect of GB-2 on the interaction between ACE2 and RBD with the L452R-T478K mutation

Observing that GB-2 reduces the entry efficiency of the L452R-T478K-D614G variant of the SARS-CoV-2 pseudotyped lentivirus
prompted an investigation into GB-2’s ability to inhibit the interaction between ACE2 and the RBD with the L452R-T478K mutation.
This investigation was conducted using dual-color flow cytometry. The findings showed a substantial increase in the number of 293T-
ACE2 cells displaying low binding to the RBD, seen in both the ACE2-positive and top cell populations, with this effect increasing in a
dose-dependent manner (Fig. 8A, B). This provides evidence that GB-2 inhibits the binding between ACE2 and RBD with the
L452R-T478K mutation.

3.7. Effect of glycyrrhizic acid on the entry efficiency of the Omicron (BA.1) and L452R-T478K-D614G variants of the SARS-CoV-2
pseudotyped lentivirus

Glycyrrhizic acid (Fig. 1A), a principal compound in the G. uralensis Fisch. extract of GB-2, has been demonstrated to inhibit the
interaction between ACE2 and the RBD with Wuhan strain of SARS-CoV-2, as the earlier findings [42]. To investigate further, the
influence of glycyrrhizic acid on the entry efficiency of the Omicron (BA.1) and L452R-T478K-D614G variants of the SARS-CoV-2
pseudotyped lentivirus was assessed by performing the SARS-CoV-2 pseudotyped lentivirus infectivity assay. The assay revealed
that 25-50 pg/mL of glycyrrhizic acid decreased the quantity of cells infected with the Omicron variant (Fig. 9A, B). In addition, it was
observed that a concentration of 50 pg/mL of glycyrrhizic acid minimally reduced the number of cells infected with the
L452R-T478K-D614G variant (Fig. 9C, D).
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Fig. 5. Effect of GB-2 on entry efficiency of Omicron variant (BA.1) of SARS-CoV-2 pseudotyped lentivirus. (A) 293T cells were measured by XTT
assay after 24 h of culturing in the presence of GB-2. (B) Total cell extracts of 293T-ACE2 or 293T cells were harvested. The protein was immu-
noblotted with polyclonal antibodies specific for ACE2. GAPDH was used as an internal loading control. (C) 293T-ACE2 cells were measured by XTT
assay after 24 h of culturing in the presence of GB-2. (D) The entry efficiency of the GFP-backbone Omicron variant of SARS-CoV-2 pseudotyped
lentivirus were quantified by counting 293T-ACE2 cells with GFP expression (blue spot) via flow cytometry analysis. (E) Quantitative results of
293T-ACE2 cells infected by Omicron variant of SARS-CoV-2 pseudotyped lentivirus. (Error bars = mean + S.E.M. Asterisks (*) mark samples
significantly different from control group with p < 0.01, n = 3).

3.8. Effect of glycyrrhizic acid on interaction between ACE2 and the RBD with the
N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation

The prior research highlighted the ability of glycyrrhizic acid to hinder the interaction between ACE2 and the RBD of the SARS-
CoV-2 Wubhan strain, as evidenced by flow cytometry results [42]. The outcomes of the research showed that glycyrrhizic acid had
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The schematic diagram of this dual-color flow cytometry analysis. (B) Flow cytometry analysis of ACE2-Spike protein binding. 293T cells with
pCEP4-MYC-ACE2 plasmid were incubated with RBD (N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R)-sfGFP-containing medium and co-
stained with anti-MYC Alexa 647 to detect surface ACE2 by flow cytometry. During analysis, the top population were chosen from the ACE2-
positive population. Then, two subsets of the ACE2-positive population were collected: the top population (nCoV-S-High sort, red gate) and the
bottom population (nCoV-S-Low sort, green gate) based on the fluorescence of bound RBD-sfGFP relative to ACE2 surface expression. (C) Quan-
titative results of nCoV-S-High sort and nCoV-S-low sort, which were presented as ratio compared with blank, in the top population or ACE2-positive
population. All the results are representative of at least three independent experiments. (Error bars = mean + S.E.M. Asterisks (*) mark samples
significantly different from control group with p < 0.01, n = 3).
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Fig. 7. Effect of GB-2 on entry efficiency of L452R-D614G, T478K-D614G and L452R-T478K-D614G variants of SARS-CoV-2 pseudotyped
lentivirus. (A, C, E) The entry efficiency of the GFP-backbone L452R-D614G (A), T478K-D614G (C) and L452R-T478K-D614G (E) variants of SARS-
CoV-2 pseudotyped lentivirus were quantified by counting 293T-ACE2 cells with GFP expression (blue spot) via flow cytometry analysis. (B, D, F)
Quantitative results of 293T-ACE2 cells infected by L452R-D614G (B), T478K-D614G (D) and L452R-T478K-D614G (F) variants of SARS-CoV-2
pseudotyped lentivirus. (Error bars = mean + S.E.M. Asterisks (*) mark samples significantly different from control group with p < 0.01, n = 3).

a substantial inhibitory impact on the entry efficiency of the Omicron variant (BA.1). Further investigation was carried out to
determine the effect of glycyrrhizic acid on the interaction between ACE2 and the RBD with the
N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation using dual-color flow cytometry [33,42]. The data indicated an in-
crease in the number of 293T-ACE2 cells displaying low binding to the RBD in both the ACE2-positive and top cell populations
following treatment with 25 pg/mL of glycyrrhizic acid (Fig. 10A, B). This infers that glycyrrhizic acid plays a role in the inhibition of
the entry efficiency of the Omicron variant of the SARS-CoV-2 pseudotyped lentivirus. Furthermore, the interaction between ACE2 and
RBD with the N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation was found to be blocked by glycyrrhizic acid.

4. Discussion

Numerous researches have established that airborne transmission via aerosols is a critical pathway for SARS-CoV-2 infection
[46-48]. One proposed method of safeguarding healthcare providers who carry out aerosol-generating procedures is to have patients
perform pre-procedural rinses or mouthwashes to diminish the viral load in their saliva [49,50]. Compounds like povidone-iodine,
chlorhexidine, and cetylpyridinium chloride have been demonstrated in several studies to have significant virucidal capabilities
against SARS-CoV-2 in the saliva of COVID-19 patients [48,51-56]. Prophylactic rinses or mouthwashes for healthcare providers,

12



C.-Y. Wu et al. Heliyon 9 (2023) e17701

A Duration: GB-2 GB-2
24 hours Blank 200 pg/ml 300 pg/ml

ACEZ postive cells ACEZ postive cells

FSC.A  (1000)
0 200 25

100

¥ 10 [ N T 10 w00 1wt 0 LT S N
© Alexa Fluor 647-A Alexa Fluor B47-A Alexa Fluor 647-A
~
< i) “a “a “a
[ =
+ [}
gl © <= <2 <2
oNfjw o ¢ & i
wlo > G, G Bery
< = - - -
213 . 4 ; .
=) 8_ 2 & nCov-5-LOW = P Cov-s-Low ?  NCoV-S-LOW
m 0w w0t LT S TS T R 10 0’ 10t 0
14 Alexa Fluor B47-A Alexa Fluor 647-A Alexa Fluor 647-A
c
o “e “a ‘e
=
s . .
=1 < @ < 2 <2
[= T e &
o) Eer, Ger, Sy
S =} =
o o 2 5 . o
|2 = NCoV-5-LOWHL nCoV-5-LOWAL nCOV-5-LOWH!L
10 w0 w0t 10’ w0t 0?0t 0 0 w0’ ot
Alexa Fluor 647-A Alexa Fluor 647-A Alexa Fluor 647-A
B RBD-L452R+T478K
ACE2 positive cells Top population
X 15007 ncov-s X 30.007 ncov-s
g PAHigh E PAHigh *
° Siow K} Siow N
o g 10.00 o g 20.00]
k= 2 = 3
T T T T
x o xo
© ]
2 500 2 10.00
£ £
[} o
C2 K
.00 =" nn——ZN =
Duration: Blank GB-2 GB-2 Duration: Blank GB-2 GB-2
24 hours 200 pg/mi300 pg/ml 24 hours 200 pg/ml 300 pg/ml

Fig. 8. Effect of GB-2 on interaction between ACE2 and SARS-CoV-2 spike with L452R-T478K mutation. (A) Flow cytometry analysis of ACE2-Spike
protein binding. 293T cells with pCEP4-MYC-ACE2 plasmid were incubated with RBD (L452R-T478K)-sfGFP-containing medium and co-stained
with anti-MYC Alexa 647 to detect surface ACE2 by flow cytometry. During analysis, the top population were chosen from the ACE2-positive
population. Then, two subsets of the ACE2-positive population were collected: the top population (nCoV-S-High sort, red gate) and the bottom
population (nCoV-S-Low sort, green gate) based on the fluorescence of bound RBD-sfGFP relative to ACE2 surface expression. (B) Quantitative
results of nCoV-S-High sort and nCoV-S-low sort, which were presented as ratio compared with blank, in the top population or ACE2-positive
population. All the results are representative of at least three independent experiments. (Error bars = mean + S.E.M. Asterisks (*) mark samples
significantly different from control group with p < 0.01, n = 3).

however, are still lacking. Previous studies have shown that GB-2 can inhibit ACE2 and TMPRSS2 protein expression in human cellular
models and decrease ACE2 expression levels in lung and kidney tissues in animal models [32]. This study found that GB-2, when used
twice daily for 1 week, can reduce ACE2 expression in oral mucosal cells. After 2 weeks of use, it can also reduce TMPRSS2 expression
in oral mucosal cells. This suggests that GB-2 might be beneficial in reducing the risk of SARS-CoV-2 infection in healthcare providers
over the long term.

The Omicron variant (B.1.1.529 variant) was designated as a variant of concern by the World Health Organization on November 26,
2021. This variant, with its increased transmissibility and potential for reinfection, has spread to over 80 countries worldwide. Some
clinical antibodies and vaccines may be less effective against this variant due to its mutations [41,57]. A docking study indicated that
Q493R, Q498R, T478K, and N501Y mutations play a crucial role in the variant’s high binding affinity to human ACE2 [45]. This study
shows that both GB-2 and glycyrrhizic acid can inhibit the binding between ACE2 and the RBD with the
N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation. This may explain the capacity of GB-2 and glycyrrhizic acid to
reduce the entry efficiency of the Omicron variant (BA.1) of the SARS-CoV-2 pseudotyped lentivirus. The impact of GB-2 and gly-
cyrrhizic acid on the other mutations of the Omicron variant is still unclear, warranting further investigation.

In 2021, the Delta variant spread to over 100 countries. The key mutations in the RBD of this variant are L452R and T478K [8]. The
L452R mutation has shown increased resistance to various neutralizing monoclonal antibodies (mAbs) and convalescent and vaccine
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Fig. 9. Effect of glycyrrhizic acid on entry efficiency of Omicron (BA.1) or L452R-T478K-D614G variants of SARS-CoV-2 pseudotyped lentivirus.
(A, C) The effect of glycyrrhizic acid on the entry efficiency of the GFP-backbone Omicron (A) or L452R-T478K-D614G (B) variants of SARS-CoV-2
pseudotyped lentivirus were quantified by count-ing 293T-ACE2 cells with GFP expression (blue spot) via flow cytometry analysis. (B, D) Quan-
titative results of glycyrrhizic acid on 293T-ACE2 cells infected by Omicron (B) or L452R-T478K-D614G (D) variants of SARS-CoV-2 pseudotyped
lentivirus. (Error bars = mean + S.E.M. Asterisks (*) mark samples significantly different from control group with p < 0.01, n = 3).

plasma samples [22-25]. Nonetheless, most mAbs and convalescent and vaccine plasma samples still show susceptibility to the T478K
mutation [58-60]. SARS-CoV-2 pseudoviruses carrying the L452R mutation showed an increased entry efficiency into lung organoids
compared to other SARS-CoV-2 pseudoviruses carrying the D614G mutation [19]. The D614G mutation started spreading in 2020,
achieving global prevalence within several months [61]. In animal and cellular models, the virus with the D614G mutation enhanced
SARS-CoV-2 infectivity and transmission [62]. Given that T478K-L452R-D614G mutations are the key mutations in the Delta variant,
this study investigated the effect of GB-2 on these mutations. Results showed that 200-300 pg/mL of GB-2 reduced the entry efficiency
of the L452R-D614G and T478K-D614G variants of the SARS-CoV-2 pseudotyped lentivirus. Nevertheless, only a concentration of
300 pg/mL of GB-2 had a significant inhibitory effect on the entry efficiency of the L452R-D614G and T478K-D614G variants of the
SARS-CoV-2 pseudotyped lentivirus. The influence of GB-2 on viral entry efficiency might be affected by conformational alterations in
the L452R-T478K-D614G variant.

The G. uralensis Fisch. extract is renowned for its medicinal uses across several nations. Different viruses, including the vesicular
stomatitis virus from the Rhabdoviridae family, Epstein-Barr virus, Newcastle disease virus from the Paramyxoviridae family, human
respiratory syncytial virus, herpes simplex virus 1, pseudorabies, and varicella zoster virus, have been shown to be susceptible to
glycyrrhizin and licorice extracts [63-66]. According to a docking study, glycyrrhizic acid could interact with the binding pocket of the
SARS-CoV-2 spike glycoprotein (Protein Data Bank identifier 6VSB), suggesting its potential in preventing SARS-CoV-2 entry [67].
Additionally, glycyrrhizic acid was found to obstruct SARS-CoV-2 lentivirus infection by hindering the binding of the spike protein to
host cells [68]. Previous findings also revealed that glycyrrhizic acid could disrupt the interaction between ACE2 and the RBD of the
SARS-CoV-2 Wuhan strain as determined by flow cytometry [42]. It was also found that glycyrrhizic acid could be compatible with the
RBD of both the Wuhan strain and Omicron variant [69]. The evidence in this study suggests that glycyrrhizic acid could limit the entry
of the Omicron variant of the SARS-CoV-2 pseudotyped lentivirus and inhibit the binding of ACE2 with the RBD featuring the
N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R mutation. These findings contribute to understanding the mechanism behind
the anti-SARS-CoV-2 effect of glycyrrhizic acid. However, it was noted that only a partial inhibition of the entry of the
L452R-T478K-D614G variant of the SARS-CoV-2 pseudotyped lentivirus was achieved with 50 pg/mL of glycyrrhizic acid. Confor-
mational changes in these variants could potentially affect the impact of glycyrrhizic acid on viral entry efficiency.

The extract of C. sinensis var. assamica (J.W. Mast.) Kitam is a major component of GB-2. It was previously found that theaflavin-3-
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Fig. 10. Effect of glycyrrhizic acid on interaction between ACE2 and SARS-CoV-2 spike with N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R
mutation. (A) Flow cytometry analysis of ACE2-Spike protein binding. 293T cells with pCEP4-MYC-ACE2 plasmid were incubated with RBD
(N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R)-sfGFP-containing medium and co-stained with anti-MYC Alexa 647 to detect surface ACE2 by
flow cytometry. During analysis, the top population were chosen from the ACE2-positive population. Then, two subsets of the ACE2-positive
population were collected: the top population (nCoV-S-High sort, red gate) and the bottom population (nCoV-S-Low sort, green gate) based on
the fluorescence of bound RBD-sfGFP relative to ACE2 surface expression. (B) Quantitative results of nCoV-S-High sort and nCoV-S-low sort, which
were presented as ratio compared with blank, in the top population or ACE2-positive population. All the results are representative of at least three
independent experiments. (Error bars = mean + S.E.M. Asterisks (*) mark samples significantly different from control group with p < 0.01, n = 3).

gallate, a compound of C. sinensis var. assamica (J.W. Mast.) Kitam, could interrupt the interaction between ACE2 and the RBD of the
Wuhan-type SRAS-CoV-2 [33]. Another docking study indicated that theaflavin, another compound in C. sinensis var. assamica (J.W.
Mast.) Kitam, could attach to SARS-CoV-2 RNA-dependent RNA polymerase with a low binding energy [70]. Catechin has been
demonstrated to inactivate SARS-CoV-2 in vitro [71,72] and in silico studies [73,74]. These results suggest that the extract of C. sinensis
var. assamica (J.W. Mast.) Kitam or its reference compounds might have a virucidal effect. Prior research has indicated that numerous
traditional medicinal herbs containing potent bioactive compounds could prevent COVID-19 disease progression [27]. Future in-
vestigations should focus on the anti-infective capability of the extract of C. sinensis var. assamica (J.W. Mast.) Kitam and its reference
compounds against different SARS-CoV-2 variants.
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5. Conclusions

To sum up, using GB-2 as an oral rinse markedly diminished the expression of both ACE2 and TMPRSS2 in human oral mucosa cells
without any adverse effects. GB-2 has demonstrated the ability to disrupt the binding between ACE2 and the RBD with
N501Y-K417N-E484A-G339D-Q493R-G4965-Q498R and L452R-T478K mutations. It has also shown potential in decreasing the
entry efficiency of the Omicron (BA.1) and L452R-D614G, T478K-D614G, and L452R-T478K-D614G variants of the SARS-CoV-2
pseudotyped lentivirus. Furthermore, glycyrrhizic acid has been found to inhibit the entry of the Omicron variant (BA.1) of the
SARS-CoV-2 pseudotyped lentivirus and to block the interaction between ACE2 and the RBD with the
N501Y-K417N-E484A-G339D-Q493R-G496S-Q498R mutation.
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