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Abstract

The outbreak of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a serious threat to global public health. The emergence of SARS-CoV-2 variants is a significant concern regarding the continued
effectiveness of vaccines and antiviral therapeutics. Thus, natural products such as foods, drinks, and other compounds should be
investigated for their potential to treat COVID-19. Here, we examined the in vitro antiviral activity against SARS-CoV-2 of various
polyethylene terephthalate (PET)-bottled green Japanese teas and tea compounds. Six types of PET-bottled green tea were shown to
inhibit SARS-CoV-2 at half-maximal inhibitory concentrations (ICs) of 121- to 323-fold dilution. Our study revealed for the first
time that a variety of PET-bottled Japanese green tea drinks inhibit SARS-CoV-2 infection in a dilution-dependent manner. The tea
compounds epigallocatechin gallate (EGCG) and epicatechin gallate showed virucidal activity against SARS-CoV-2, with ICs, values
of 6.5 and 12.5 uM, respectively. The investigated teas and tea compounds inactivated SARS-CoV-2 in a dose-dependent manner, as
demonstrated by the viral RNA levels and infectious titers. Furthermore, the green teas and EGCG showed significant inhibition at the
entry and post-entry stages of the viral life cycle and inhibited the activity of the SARS-CoV-2 3CL-protease. These findings indicate

that green tea drinks and tea compounds are potentially useful in prophylaxis and COVID-19 treatment.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
causes coronavirus disease 2019 (COVID-19) with a high poten-
tial for transmissibility between humans and was first reported in
Wauhan, China. The World Health Organization (WHO) declared
this viral infection to be a public health emergency of interna-
tional concern on January 30, 2020 [1]. As of December 29,
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2021, the WHO disease situation dashboard showed that more
than 281 million confirmed cases and more than 5 million deaths
have been recorded in more than 220 countries. Infection with
SARS-CoV-2 can lead to a wide range of clinical presentations,
from asymptomatic infection in 1% of laboratory-confirmed
cases, to mild, severe, and critical infections in 81%, 14%, and
5% of symptomatic cases, respectively [2]. The betacoronavirus
SARS-CoV-2 (family Coronaviridae, order Nidovirales) is an
enveloped, positive-sense, single-stranded RNA virus. Infec-
tion is initiated by the binding of virus spike glycoprotein to its
receptor, angiotensin-converting enzyme 2 (ACE2), on the cell
membrane [3]. ACE2 is found in several tissue and cell types,
including alveolar lung cells, gastrointestinal tissue, and even the
brain [4], and SARS-CoV-2 also affects these organs.
Efficacious vaccines are being applied worldwide, and
54.8% of the world population has received at least one dose
of a COVID-19 vaccine [5]. Although a large fraction of the
global population remains unvaccinated, the expectation of a
continuously mutating virus that may come to exhibit at least
partial resistance to vaccines emphasizes that drug develop-
ment must proceed [6]. Clinical investigations have focused
on several approved antiviral drugs, including remdesivir [7]
and molnupiravir [8]. To mitigate the SARS-CoV-2 pandemic,
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effective measures should be taken to control infection. To
reduce the transmission of SARS-CoV-2, protective actions
have been implemented to encourage public health, including
regular hand washing, covering coughs, imposing lockdowns,
enacting social distancing measures, and encouraging safe food
practices. Natural products with antiviral activity would be
useful for reducing the spread of viruses in the population, as
they are inexpensive and easily obtained and used. Some foods
(including those derived from plants, animals, and fungi) have
antiviral and immune-boosting properties that can protect against
numerous viral infections, including coronavirus and other RNA
virus infections [9]. Several natural products, such as polysaccha-
rides from seaweed, abalone viscera, citrus fruits, black choke-
berry juice, and polyphenolic compounds in tea and green tea
herbal substances, have an antiviral effect against SARS-CoV-2
[10-14].

Several studies have shown that tea has health-promoting
properties and is protective against cancer, diabetes, and neu-
rological, cardiovascular, metabolic, and infectious diseases
[11]. Black tea is the most-consumed tea worldwide, followed
by green tea, oolong tea, and white tea; these teas have shown
beneficial effects in humans [15]. The catechin polyphenol
compounds present in green tea include (-) epigallocatechin gal-
late (EGCG) and (-) epicatechin gallate (ECG). Teas bottled in
polyethylene terephthalate (PET) bottles offer advantages such
as being lightweight, easily portable, sturdy, widely available,
and able to maintain product integrity. Here, we evaluated the
antiviral effect of various Japanese PET-bottled green teas and
tea compounds (EGCG, ECG) against SARS-CoV-2.

Materials and methods
Virus and cells

SARS-CoV-2 (TY/WK-521, Japan, 2020) was provided by the
National Institute of Infectious Disease, Japan, and was propa-
gated in Vero-E6 cells (African green monkey kidney cells) pro-
vided by ATCC, Ltd. and cultured in minimum essential medium
(MEM) supplemented with 10% fetal calf serum (FCS). The
supernatant was harvested 5 days after infection, centrifuged at
2,500 rpm for 10 min, and stored at -80 °C as virus stocks. All
experiments using infectious SARS-CoV-2 were performed in
a biosafety level 3 (BSL3) laboratory at Nagasaki University
according to standard BSL3 guidelines.
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Materials

Six brands of bottled Japanese green tea, green tea beverage (GTB)-
A to -F, were purchased from vending machines, supermarkets, and
convenience stores in Japan. The biochemical compounds present
in green tea (EGCG, ECG) were purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan).

Evaluation of antiviral activity

One day prior to infection, Vero E6 cells were seeded into 96-well
plates. The cells were treated with diluted tea or the compounds
for 1 h, after which the virus was added at a multiplicity of infec-
tion (MOI) of 0.02. The cells were then incubated for 2 h to allow
infection, and the inoculum was removed. The cells were washed
with phosphate-buffered saline (PBS), and fresh tea- or compound-
containing medium was added, after which the cells were incu-
bated further until 2 days postinfection (p.i.). Virus in the infected
cell supernatant was quantified using quantitative real-time reverse
transcription polymerase chain reaction (QRT-PCR). Remdesivir-
and virus-containing medium was used as a positive and negative
control (virus only), respectively.

Time-of-addition experiment

To evaluate the effects of teas and compounds on the entry or post-
entry steps of the SARS-CoV-2 life cycle, a time-of-addition assay
was performed. The time-of-addition studies were performed using
Vero E6 cells grown in 96-well plates. For experiments in which
the inhibitor was present at all stages of infection (full treatment),
cells were pre-treated with the teas or compounds for 1 h prior to
viral infection and infected with the virus for 2 h (MOI 0.1). The
supernatant containing a mixture of the virus and tea or compound
was then removed, and the cells were washed with PBS. The cells
were then incubated with tea or compound in fresh medium until 16
h p.i. To test the effect of inhibitors of viral entry, the procedure was
the same as above except that the cells were incubated without tea
or compound until 16 h p.i. For post-entry treatment, the cells were
infected with the virus for 2 h, after which the cells were washed
and incubated in fresh medium containing tea or compound until
16 h p.i. Dimethyl sulfoxide (DMSO)-treated cells were included as
a control in all experiments. Cell lysates were collected for western
blot (WB) analysis.
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Viral RNA extraction and quantitative real-time
RT-PCR

For viral RNA extraction, 100 mL of infected cell supernatant
was harvested using a Nextractor NX-48 robot and an NX-48S
Viral NA Kit (Genolution Inc., Seoul, South Korea) according
to the manufacturer’s instructions. A volume of 5 pL. of RNA
was used for qRT-PCR, and amplification of the nucleocapsid
(N) gene was performed using 20 uL of reaction mixture con-
sisting of 5 pL of TagMan master mix, 7 uL of nuclease-free
water, 1 uL each of 0.5 uM forward and reverse primers, 0.25
UM probe, SARS-CoV-2 N-gene-specific primers, and TagMan
Fast Virus 1-Step Master Mix (Life Technologies, CA, USA)
[16]. The SARS-CoV-2 primers and probes were described in a
previous report [17]. The half-maximal inhibitory concentration,
IC,, was calculated as follows: viral inhibition (%) = number of
virus copies in [(virus control —sample) / virus control] x 100.

Virus titration by focus assay

The virus titer was determined using a focus-forming assay in
96-well plates containing Vero E6 cells as described previously,
with some modifications [18]. Tenfold serial dilutions of infected
cell supernatants were added to a 96-well plate in duplicate.
After 1.5 h, 1.25% methylcellulose 4000 (Wako, Osaka, Japan)
in 2% FCS MEM was added, and the plates were incubated at
37 °C and 5% CO,. Immunostaining was performed using a
mouse monoclonal antibody against the SARS-CoV-2 N pro-
tein (ADTEC, Oita, Japan) as the primary antibody, followed
by horseradish peroxidase (HRP)-conjugated goat anti-mouse
immunoglobulin G (IgG)-106 PU (American Qualex, CA, USA)
as the secondary antibody. The bound conjugate was visualized
by adding 3,3’-diaminobenzidine tetrahydrochloride (Wako,
Tokyo, Japan) and hydrogen peroxide. Foci were counted, and
the virus titer was expressed as focus-forming units per milliliter
(FFU/mL).

Cell viability assay

To determine the concentration of inhibitor that caused a 50%
reduction in cell survival (CCsy), a cell viability assay was per-
formed in parallel with the antiviral assay, using 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT) according
to the manufacturer’s instructions (Promega, WI, USA). The opti-
cal density was measured at 570 nm using a microplate reader
(Synergy H1 M, Biotech). Cell viability was calculated as fol-
lows: cell viability (%) = [(sample ODs;)/(cell control ODsy,)
% 100.

Immunofluorescence assay (IFA)

Vero E6 cells on 8-well glass slides (Millipore, Massachusetts,
USA) were pre-treated with the teas or compounds for 1 h
prior to viral infection and infected with SARS-CoV-2 at an
MOI of 0.02 for 2 h. The inoculum was then removed, and
the cells were washed with PBS. Tea or compound was then
added, and after 2 days, the cells were fixed overnight with 4%
paraformaldehyde (Wako, Osaka, Japan), permeabilized with
1% NP-40, and blocked using BlockAce (Yukijirushi, Sapporo,
Japan) at room temperature. The cells were then stained with a
mouse antibody against the SARS-CoV-2 N protein (Gene Tex,
CA, USA) as the primary antibody and Alexa Fluor 488—con-
jugated goat anti-mouse IgG (Invitrogen, MA, USA) as the
secondary antibody. Nuclei were stained with Hoechst 33342
dye (Southern Biotech, AL, USA), and the cells were imaged
using a Keyence (BZ-X710) fluorescence microscope (Key-
ence, IL, USA) with a 10X lens.

Western blot (WB) analysis

Vero E6 cells were infected at an MOI of 0.1, harvested 16
h p.i., and lysed in RIPA buffer (Thermo Scientific, Illinois,
USA). Equal volumes of cell lysate and 2x sample buffer (4%
sodium dodecyl sulfate [SDS], 0.25 M Tris-HCl [pH 6.8], 2%
2-mercaptoethanol, 20% glycerol, and 0.01% bromophenol
blue) were mixed and boiled at 100 °C for 10 min. The proteins
in the sample were separated by 5%-20% SDS-polyacrylamide
gel electrophoresis and blotted onto a polyvinylidene fluoride
membrane. After blocking with 5% skim milk, the membrane
was stained with a rabbit antibody against the SARS-CoV-2 N
protein (Gene Tex, CA, USA; 1:500 dilution) as the primary
antibody, followed by horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG (102 PU, American Qualex, CA, USA).
The protein bands were detected by immersing the mem-
brane in 3,3’-diaminobenzidine tetrahydrochloride solution.
For molecular weight estimation on the WB, Precision Plus
Protein™ Dual Color Standards (Bio-Rad, California, USA)
were used. Imagel] software was used to measure the intensity
of protein bands.
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3CL protease (3CL P) inhibition assay

Inhibition of SARS-CoV-2 3CL P (main protease, M P*) by
the GTBs, ECG, and EGCG was measured using a fluorogenic
3CL Protease, MBP-tagged (SARS-CoV-2) Assay Kit (BPS
Bioscience, CA, USA). Briefly, 150 ng of recombinant SARS-
CoV-2 3CL was incubated with different concentrations of GTB,
EGCG, and ECG at room temperature for 30 min. The protease
inhibitor GC376 was used as a positive control, and MEM was
used as a negative control. After adding substrate, the reaction
mixture was incubated for 4 h at room temperature. Fluorescence
intensity was measured using a Synergy H1™ Hybrid Multi-
Mode Microplate Reader (Bio Tek Instruments, Inc., VT, USA)
at 360 nm excitation and 460 nm emission wavelength.

Statistical analysis

Data were analyzed using SPSS for Windows (version 16.0; IBM
Corp., Armonk, NY) and GraphPad Prism 9 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). Continuous variables are pre-
sented as mean values + standard deviation. Group comparisons
were performed using one-way analysis of variance. Student’s
t-test was used to compare continuous variables between groups.
For all calculations, a P-value less than 0.05 was considered sta-
tistically significant.

Results

Inhibition of SARS-CoV-2 by green tea beverage
and tea compounds measured by qRT-PCR

To evaluate the antiviral effect of the teas against SARS-CoV-2
infection, a qRT-PCR assay was carried out with different dilu-
tions of GTB-A, GTB-B, GTB-C, GTB-D, GTB-E, and GTB-F.
The PET-bottled green tea and compounds were diluted in MEM
with 2% FCS at different dilutions and concentrations.

The antiviral remdesivir was used as a positive control
(Fig. 1b), and the results showed that our assay was capable
of measuring antiviral activity. As shown in Figure 1a, the six
GTBs exhibited potent antiviral activity against SARS-CoV-2.
The ICs, values for GTB (A-F) were 323-, 226-, 121-, 280-,
200-, and 192-fold dilutions (Fig. 1a). There was no cytotoxic
effect in Vero E6 cells, and the CCy, values of the GTBs were <
25-fold dilution. To determine the virucidal activity of the natural
polyphenol pigment compounds EGCG and ECG, the inhibitor
treatment and infection procedures were performed as in the GTB
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experiments. The ICs, value for EGCG and ECG was 6.5 and
12.5 uM, respectively (Fig. 1b). The CCs, values for these two
compounds were all >1000 pM.

Inhibitory effect of green tea beverage and tea
compounds measured by virus titration assay

We measured virus titers using a focus assay and confirmed that
the GTBs, EGCG, and ECG inhibited the virus. Compared with
the virus control, treatment with GTB-A-F (200-fold dilution)
decreased inhibited the virus titer (p = 0.01-0.04) in Table 1.
Additionally, treatment with 25 uM EGCG and ECG (p = 0.01)
resulted in significantly reduced virus titers compared to virus
control (Table 1).

Confirmation of the antiviral effect by IFA

To corroborate the viral inhibition results, we randomly selected
three green teas (GTB-B, GTB-C, and GTB-E), as well as EGCG
and ECG, and investigated their antiviral effect using an IFA. The
viral N protein expression levels are shown in Fig. 2a and b accord-
ing to tea dilution (25-fold, 50-fold dilution) and compound con-
centration (50 pM, 25 uM). A SARS-CoV-2 MOI of 0.02 was used
in the assay. The virus was highly suppressed by treatment with
25- and 50-fold dilutions of GTB-B, GTB-C, and GTB-E and by
treatment with 50 uM EGCG and ECG.

Inhibition of virus entry measured by WB
and qRT-PCR

For WB analysis, we randomly selected three GTBs (GTB-B,
GTB-C, and GTB-E) at 50-fold dilution and EGCG and ECG at
50 uM, using DMSO as a control. The WB results showed that
changes in NP expression levels in infected cells resulted in protein
bands of different intensities (Fig. 3a and b) when inhibitors were
present throughout the experiment (full treatment) or only during
the post-entry or entry stage. Relative band intensities after normal-
izing to DMSO are shown in Fig. 3c and d). All substances exhib-
ited effective inhibition when present throughout the experiment.
Addition of inhibition at the post-entry and entry stages resulted in
less inhibition.

The qRT-PCR quantification showed the highest level of inhibi-
tion when the inhibitor was constantly present followed by the post-
entry and entry treatments with GTB-B, GTB-C, GTB-E, EGCG,
and ECG (Fig. 4a and b). After normalizing to the virus control, the
respective viral inhibition rates for the continuous (full treatment),
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Fig.1 Antiviral activity of GTB-A to -F (a) the tea compounds
EGCG and ECG, and remdesivir (b) against SARS-CoV-2 at 2 days
p-i. (MOI 0.02) and their cytotoxicity in Vero E6 cells. The blue and

post-entry, and entry treatments were as follows: GTB-B (99%,
94%, 88%), GTB-C (99%, 86%, 62%), GTB-E (97%, 90%, 63%),
EGCG (73%, 77%, 52%), ECG (42%, 17%, 4%). The proportions of
viral inhibition were significantly different among the continuous,
post-entry, and entry stages for the GTBs and EGCG.

red lines represent the CCs, and ICj,, respectively; the blue circles
represent cell viability (%), and the red squares represent % inhibition
of SARS-CoV-2 infection. The values are the mean + SD (N = 3).

Inhibitory effect of GTB and tea compounds
measured by 3CL protease assay

To investigate the reason for the higher virus inhibition rate in post-
entry treatment than entry treatment, we tested the inhibition of
SARS-CoV-2 MP® by randomly selected GTBs (GTB-B, GTB-C,
and GTB-E) and tea compounds, using a 3CL protease activity
kit. The data showed that GTB-B, GTB-C, and GTB-E inhibited
3CLP® activity with ICs, values of 10-, 15- and 18-fold dilution,
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Table1 SARS-CoV-2 titers at 2

o Virus titer (FFU/ml) Virus only

days p.i. in Vero E6 cells treated

with GTB-A to -F, EGCG, GTB dilution

and ECG. All substances

significantly decreased the 25-fold 50-fold 100-fold 200-fold 400-fold

ﬁgf(spggxni)v‘%ll;“fzﬁ‘e‘;n GTB-A 0.0E+00 0.0E+00 5.5E+04 6.5E+04 2.3E+05

are the mean + SD (N = 3). (p-value) 0.01 0.01 0.01 0.01 0.05

P-values were calculated using GTB-B 0.0E+00 0.0E+00 0.0E+00 3.0E+04 2.5E+05

Student’s #-test. (p-value) 0.01 0.01 0.01 0.01 0.14
GTB-C 0.0E+00 3.0E+02 1.4E+05 2.1E4+05 3.2E+05
(p-value) 0.01 0.01 0.02 0.04 0.18
GTB-D 0.0E+00 0.0E+00 3.5E+04 2.5E+04 2.8E+05
(p-value) 0.01 0.01 0.01 0.01 0.10
GTB-E 0.0E+00 0.0E+00 1.2E+04 4.0E+04 2.8E+05
(p-value) 0.01 0.01 0.01 0.01 0.10
GTB-F 0.0E+00 3.0E+03 1.3E+05 1.8E+05 2.8E+05
(p-value) 0.01 0.01 0.02 0.03 0.10

50 uM 25 M 12.5 M 6.2 uM 3.1 uM

EGCG 2.0E+00 2.2E+04 2.1E+05 3.1E+05 4.0E+05
(p-value) 0.01 0.01 0.04 0.16 1.00
ECG 1.0E+04 5.0E+04 3.4E+05 3.8E+05 4.0E+05
(p-value) 0.01 0.01 0.30 0.67 1.00
Virus only 4.0E4+05

respectively. The EGCG and ECG tea compounds inhibited the
3CLP™ activity with IC, values of 56 uM and 110 uM, respectively.

Discussion

Previous reports have indicated that some green tea derivatives
can inactivate SARS-CoV-2 [19, 20]. Our study reveals for the
first time that a variety of PET-bottled Japanese green tea bev-
erages inhibit SARS-CoV-2 infection in a dilution-dependent
manner. Similar to the results of other studies, we also found
that polyphenolic catechin compounds present in green tea (ECG
and EGCQG) had virucidal activity. Tea is a popular low-cost bev-
erage worldwide. Many studies have shown it to have various
biological effects, including antioxidant, anti-inflammatory, lipid
metabolism-regulating, and anti-cancer effects [10, 19-21]. Tea
has also been shown to suppress viral growth of members of the
families Orthomyxoviridae, Picornaviridae, Flaviviridae, Ret-
roviridae, Hepadnaviridae, Herpesviridae, Adenoviridae, and
Phenuiviridae [22-25]. A 100-fold dilution of six types of GTBs
inhibited SARS-CoV-2 by 70%—88% in terms of both the viral
RNA Ievel and infection titer. Depending on the cultivar, agri-
cultural procedures, tea planting season, and levels of enzymatic
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oxidation during tea leaf processing, the catechin concentrations
in tea may differ [19]. In this study, the investigated GTBs at
50-fold dilution potently suppressed SARS-CoV-2 infection in
vitro, as observed by IFA.

Viral inhibition was observed to occur at the post-entry and
entry stages of SARS-CoV-2 infection, as shown by WB and
gRT-PCR. Catechins are metabolized by intestinal microbiota
and are poorly absorbed by the gut after consumption; however,
low levels of these compounds can be transported to the blood
via the gastrointestinal tract [26, 27]. Commercial green tea typi-
cally contains 50-100 mg of catechins. It has been reported that
the plasma concentration of EGCG was 0.6 uM when healthy
volunteers consumed 150 mg of EGCG two times per day for
five days [26, 28]. Drinking or gargling tea can inactivate SARS-
CoV-2 in the oral cavity and pharynx, which can prevent viral
entry. Thus, drinking or gargling tea or tea compounds might
reduce person-to-person viral transmission because these sub-
stances might inactivate virions in the saliva of infected people
[29]. As vitamin C is also included in PET-bottled GTB, we also
tested the antiviral effect of vitamin C, pure ascorbic acid pow-
der (Fujifilm, Osaka, Japan) against SARS-CoV-2 infection. The
ICs, and CCs of vitamin C was found to be 22.5 uM and >100
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Fig.2 Immunofluorescence (a)
assay of SARS-CoV-2 (MOI
0.02) infection of Vero E6 cells
treated with GTB-A to -F (a)
and the tea compounds EGCG
and ECG (b) at 2 days p.i. The
confocal microscope images
show cell nuclei (blue) and the
SARS-CoV-2 nucleocapsid pro-
tein N (green). The mean + SD
was calculated from triplicate
experiments.

Hoechst N

25x

GTB-B

50x

25x

25x

GTB-E

50x

GTB-C
50x

Mock

Virus only

UM (Supplementary Fig. S1) using the same antiviral qRT-PCR
assay used for the green teas. This suggests that not only cat-
echins but also vitamin C has an antiviral effect on SARS-CoV-2
infection. As vitamin C concentrations may differ in PET-bottled
GTBs, 70%-88% of SARS-CoV-2 virus inhibition was found in
100-fold dilution of GTBs. The authors of previous studies have
also proposed using vitamin C to COVID-19 patients [30-32].
This demonstrates that compounds present in green tea
(EGCG and ECQG) inhibit SARS-CoV-2 in a dose-dependent
manner. EGCG showed higher SARS-CoV-2 inactivation than
ECG, as evidenced by the viral RNA level and infection titer.
Notably, these results are consistent with those of previous in
vitro studies on the inactivation of SARS-CoV-2 by catechins
[19, 33-36]. Tea polyphenols can act on viral and cellular pro-
teins during SARS-CoV-2 infection [37-39]. Catechins not only
act on virus particles but also prevent fusion with target cells by
interfering with endosome acidification and viral enzymes [23].

Hoechst/N (b) Hoechst N Hoechst/N

25uM

EGCG

50uM

25uM

Mock

Virus only

ECG
50uM

Computer modeling has suggested that EGCG might prevent
SARS-CoV-2 infection by interacting with the cellular receptor
ACE?2 [38]. Consistent with this, we observed strong viral inhi-
bition when this compound was applied during the post-entry
stage, while the rate of inhibition was lower at the entry stage for
GTBs, EGCG, and ECG. To investigate the possible mechanism
of virus inhibition at the post-entry stage, we measured inhibi-
tion of SARS-CoV-2 3CL protease activity by GTBs, EGCG,
and ECG and found an inhibitory effect of GTBs on the 3CL
protease of SARS-CoV-2. In agreement with other studies [34,
36, 40-42], we observed inhibition of 3CL protease by EGCG
and ECG. Consistent with earlier studies showing inhibition of
SARS-CoV-2 entry by EGCG [43, 44], we observed inhibition
at the entry stage of the viral life cycle.

Tea beverages have been the most widely consumed beverage
for many centuries in Japan and other Asian countries, which
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Fig.3 Time-of-addition assay. SARS-CoV-2 viral protein was ana-
lyzed after addition of 50-fold dilutions of GTB-B, GTB-C, and
GTB-E (a), 50 uM EGCG or ECG (b), or DMSO at different time
points. N protein expression in cell lysates was analyzed by western

have a lower mortality rate and incidence of SARS-CoV-2 infec-
tion than in Europe and the Americas, and this may have influ-
enced the incidence of SARS-CoV-2 infection in this region [43,
45]. In Europe and the Americas, black tea is the dominant type
of tea consumed. Theaflavin in black tea is poorly absorbed by

@ Springer

blot at 16 h p.i. Band intensities were quantitated using ImageJ and
are graphically displayed for GTB-B, GTB-C, and GTB-E (c), EGCG
and ECG (d), and DMSO. The relative intensities of ¢ and d were
normalized to the DMSO control, which was set to 1.0.

the body, and its bioavailability is much lower than that of green
tea, and this might have an effect on SARS-CoV-2 infection
rates in these areas of the world [42, 46, 47]. An earlier study
suggested that higher intake of GTB in Japan than in United
States might partially explain the difference in mortality rates
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Fig.4 Time-of-addition assay for quantification of SARS-CoV-2
inhibition (%) after addition of 50-fold dilutions of GTB-B, GTB-
C, and GTB-E (a) and 50 pM EGCG and ECG (b) at different time
points. Viral RNA in cell supernatants was measured by qRT-PCR at
16 h p.i. The mean + SD was calculated from triplicate experiments.
* p < 0.05; ¥*%, p < 0.01; **, p < 0.001. Student’s z-test was used
to compare the different treatments after normalization to the virus
control.

between two countries [48]. However, further detailed studies are
needed to evaluate the effect of tea consumption on the spread of
SARS-CoV-2 infection, and experimental epidemiological stud-
ies using GTBs and tea compounds to treat COVID-19 need to
be performed. In conclusion, our study suggests that GTBs and
tea compounds are potential candidates for prophylaxis and treat-
ment of COVID-19.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00705-022-05483-x.
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