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Abstract: The COVID-19 pandemic has caused hundreds million cases and millions death as well as continues to
infect human life in the world since late of 2019. The breakthrough infection caused from mutation of SARS-CoV-2
is rising even the vaccinated population has been increasing. Currently, the severe threat posed by SARS-CoV-2 has
been alleviated worldwide, and the situation has transitioned to coexisting with the virus. The dietary food with an-
tiviral activities may improve to prevent virus infection for living with COVID-19 pandemic. Teas containing enriched
phenolic ingredients such as tannins have been reported to be antitumor agents as well as be good inhibitors for
coronavirus. This study developed a highly sensitive and selective ultra-high performance liquid chromatography-
high resolution mass spectrometric method for quantification of tannic acids, a hydrolysable tannin, and proantho-
cyanidins, a condense tannin, in teas with different levels of fermentation. The in vitro pseudoviral particles (Vpp)
infection assay was used to evaluate the inhibition activities of various teas. The results of current research demon-
strate that the tannins in teas are effective inhibitors against infection of SARS-CoV-2 and its variants.
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Introduction type SARS-CoV-2 have been successfully used
to inhibit the COVID-19 pandemic. However,
the antiviral immunity ability of developed vac-
cines decreases rapidly due to the mutation of
SARS-CoV-2, which consequently leads to the
breakthrough cases happen in the fully vacci-
nated population [6]. Until 2024, COVID-19
pandemic has caused more than 770 million
cases and 7 million deaths worldwide. Due to
high transmission and infection rate, SARS-
CoV-2 variants alpha strain (B.1.1.7), beta
strain (B.1.351), gamma strain (B.1.1.28.1),
delta strain (B.1.617.2), and omicron strain

In December 2019, Coronavirus Disease 2019
(COVID-19) caused by Severe Acute Respira-
tory Syndrome Coronavirus Type 2 (SARS-
CoV-2) was first reported in Wuhan city of China
[1, 2]. Since that, the COVID-19 pandemic has
become a significant issue because the pan-
demic impacts human health all the world.
Coronavirus is one group of viruses that causes
respiratory infections in humans and animals
[3]. SARS-CoV-2, an enveloped single-stranded
RNA virus with four structural proteins includ-
ing spike (S), membrane (M), nucleocapsid (N),

and envelope (E) protein, was reported to bind
to the angiotensin-converting enzyme 2 (ACE2)
of the host cell and further trigger by the trans-
membrane protease serine 2 (TMPRSS2) [4, 5].
Several vaccines designed based on the wile-

(B.1.1.529) have been declared as the major
global variants of concern (VOC) by the World
Health Organization (WHO) [7-9]. Omicron vari-
ant is the predominant variant in the world cur-
rently, the most common sublineages XBB.1.5,
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XBB.1.16, EG.5, BA.2.86 and JN.1 with high
immune evasion properties are tracked by the
WHO as variants of interest (VOI) [10, 11].
Apart from the development of next-genera-
tion vaccines, food intake with antiviral activity
may improve protection against SARS-CoV-2
infection.

Tea (Camellia sinensis L.), one of the most pop-
ular non-alcoholic beverage in the world for
more than thousand years, is mainly classified
into non-fermented (green tea), semi-ferment-
ed (Oolong tea), and fully-fermented (black tea)
based on the degree of fermentation. Taiwan is
a prime tea-growing region due to the favour-
able climate, soil, and geography, producing a
wide variety of teas through processions involv-
ing different levels of fermentation such as
Sun-Link-Sea High-Mountain tea (15-25% fer-
mentation degree), Tongding Oolong tea (25-
30% fermentation degree), Oriental Beauty tea
(50-60% fermentation degree), and Ruby black
tea (> 95% fermentation degree). The different
levels of fermentation significantly affect the
active polyphenols in tea, impacting both its
flavour profile and health benefits [12]. The
polyphenolic compounds are well characterized
with the strong antioxidant and antitumor activ-
ities [13, 14]. For instance, epigallocatechin-
3-gallate (EGCG), a primary active ingredient in
green tea, potentially prevents colorectal can-
cer development through AKT, VEGFR, and
STAT3 inhibition [15]. Tannic acids (TAs) atte-
nuate NF-kB-mediated stemness property in
breast cancer [16]. Proanthocyanidins (PACs)
block B-catenin activation in melanoma to
inhibit tumor migration and metastasis [17].
Therefore, tea consumption has been associ-
ated with cancer prevention and cancer surviv-
al [18, 19], although inconsistent results were
also reported [20, 21].

Emerging evidence indicates that the polyphe-
nolic compounds in tea including EGCG, TAs,
and PACs are associated with anti-SARS-CoV-2
activities. EGCG can inhibit the activity of the
main protease (MP°) in SARS-CoV-2 and sup-
press virus replication in vitro [22, 23]. TAs
function as a potent dual inhibition for
TMPRSS2 and MP° of SARS-CoV-2 [24, 25].
PACs suppress SARS-CoV-2 spike protein bind-
ing to ACE2 as well as inhibiting ACE2 and MF™
activity [26, 27]. Additionally, both TAs and
PACs show efficacy against SARS-CoV-2 infec-
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tion in the clinical evaluation [28]. Several stud-
ies described the correlation between tea con-
sumption and low COVID-19 morbidity and
mortality [29-31], which led to our hypothesis
that different ratios of TAs and PACs in tea
could impact the effect of anti-SARS-CoV-2
infection. In this study, we characterized TAs
and PACs in teas with different levels of fer-
mentation by an ultra-high performance liquid
chromatography-high resolution mass spec-
trometry (UHPLC-HRMS) method. Additionally,
a pseudoviral particle (Vpp) functional assay
was conducted to verify the effects of TAs and
PAC on the infectious inhibition of SARS-CoV-2
and its variants.

Materials and methods
Chemicals and reagents

Tannic acid (USP puriss), purified grape seeds
oligomeric proanthocyanidins (USP reference
standard), and formic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HPLC
grade acetonitrile and ethyl acetate were
obtained from J.T. Baker (Radnor, PA, USA)
and Honeywell (Charlotte, NC, USA). Double
distilled water (R > 18.2 MQ) was made from
Milli-Q water purified system (Millipore ADVAN-
TAGE, Millipore, Burlington, MA, USA). Tea sam-
ples with different fermentation process were
purchased from local tea dealer in Taiwan,
including Sun-Link-Sea High-Mountain tea,
Lishan High-Mountain tea, and Alishan High-
Mountain tea (15-20% fermentation degree),
Paochong tea (15-30% fermentation degree),
Tongding Oolong tea (25-30% fermentation
degree), Jhinhsuan tea (25-30% fermentation
degree), Tieh-Kuan-Yin tea (40% fermentation
degree), Oriental Beauty tea (50-60% fermen-
tation degree), Red Oolong tea (70-80% fer-
mentation degree), and Ruby black tea (> 95%
fermentation degree).

Tea preparation and ethyl acetate processing

Tea infusion was prepared by adding 1 g of tea
sample to 18 mL of boiling water [32]. After
shaking for 6 min, the tea brew was filtered
through syringe filter with 0.22 um polyvinyli-
dene difluoride (PVDF) membrane (Paul, Port
Washington, NY, USA) and then analysed by
UHPLC-HRMS. In this study, ethyl acetate was
used as extraction solvent for removing the
tannins in tea brew [33]. An aliquot of 0.5 mL
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ethyl acetate was added into 1 mL of filtered
tea infusion and then the mixture was vigor-
ously shaken for 1 min. After centrifuging for 2
min, the ethyl acetate layer was discarded by
micropipette. This procession was carried out
in duplicate and the water layer was analysed
by UHPLC-HRMS.

UHPLC-HRMS analysis

The UHPLC separation was performed on an
Ultimate 3000 UHPLC system equipped with
pump, degasser, autosampler, and column
oven (Thermo Scientific, San Jose, CA, USA).
The components in teas were separated by
Waters ACQUITY UPLC C18 column (2.1 x 100
mm, 1.7 uym, Waters, Milford, MA, USA). The
deionized water containing 0.1% formic acid
and acetonitrile served as mobile phase A and
B, respectively. For quantification of TAs and
PACs, the chromatographic gradient was 0-1
min, hold at 5% B; 1-15 min, from 5% B to 40%
B; 15-16 min, from 40% B to 80% B; 16-21 min,
hold at 80% B. For identification of phytochemi-
cals in tea, the separating gradient was 0-1
min, hold at 2% B; 1-25 min, from 2% B to 30%
B; 25-30 min, from 30% B to 95% B; 30-40 min,
hold at 95% B. The flow rate was set at 0.4 mL/
min and the injection volume was 5 uL. The
column and sample temperature were set as
25°C and 5°C, respectively. The HRMS detec-
tion was performed on a Thermo Scientific
Q-Exactive Plus high-resolution mass spec-
trometer with heated-electrospray ionization
(HESI) ion source. The compounds of LC eluent
were ionized by both positive and negative ion-
ization mode with the spray voltage of 4.0 kV.
The full scan mode of HRMS with range of m/z
150-2000 under the mass resolution of 70
000 was used detection.

HPLC fractionation

The Agilent 1260 Infinity Il HPLC system
(Agilent, Santa Clara, CA, USA) was used for
fractionation of tea in this study. The separa-
tion was performed by the Agilent Poroshell
C18 column (4.6 x 150 mm, 4 um, Agilent,
Santa Clara, CA, USA) and the mobile phase A
and B were 0.1% formic acid aqueous solution
and acetonitrile, respectively. The chromato-
graphic gradient was the same as the gra-
dient used for identification of phytochemicals
described in UHPLC-HRMS section. The flow
rate was 0.7 mL/min and the injection volume
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was 100 pL. The wavelength of 254 nm was
utilized for detection of phytochemical in tea.
The collected fraction was freeze-dried, and
subsequently reconstituted in equal volumes of
water for further Vpp assay.

Pseudoviral particles (Vpp) infection assay

The wile-type and VOC variants of SARS-CoV-2
pseudoviral particles were purchased from the
RNAi core of the Academia Sinica in Taiwan
(http://rnai.genmed.sinica.edu.tw/). The HEK
293T cell line that was expressed recombin-
ant human ACE2 (HEK293T/hACE2) and main-
tained in Dulbecco’s Modified Eagle Medium
(DMEM) containing 100 U/mL penicillin, 100
pg streptomycin, and 10% fetal bovine serum.
The HEK293T/hACE2 cells were seeded into
96-well plates then pretreated with different
doses of test tea samples for 1 h. After dosing
tea samples, the cells were inoculated with 50
ML of normal media containing the pseudoviri-
ons (MOI=0.1, multiplicity of infection). After
incubation for 24 h, cell viability assay was car-
ried out by the Cell Counting Kit-8 (CCK-8)
assay kit (ab228554, Cambridge, UK). In assay
procedure, each sample was mixed with 100
uL luciferase substrate (Bright-Glo Luciferase
Assay System, Promega, Madison, WI, USA),
and luminescence was immediately detected
by the GloMax Navigator System (Promega).
Viability-normalized relative light unit (RLU) was
set as 100% for the control group assay, and
the relative infection rate of the treated group
assays was calculated. All experiments were
performed in triplicate and repeated three
times.

Correlation analysis between annual per cap-
ita consumption of tea and COVID-19-related
morbidity/mortality

The information of annual per capita tea con-
sumption of different countries was obtained
from the report of “Annual per capita tea con-
sumption worldwide as of 2016, by leading
countries (in pounds)” by the Statista website
(https://www.statista.com/aboutus/our-resear-
ch-commitment). Information about COVID-19
morbidity (expressed as cases per population)
and mortality (expressed as deaths per cases)
were obtained from the Worldometer website
(worldometers.info/Coronavirus) in the end of
October 2011 and in the end of April 2022,
respectively. The number of cases and deaths
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Figure 1. Annual per capita consumption of tea is reversely correlated with COVID-19-related mortality. The as-
sociation between annual per capita consumption of tea and COVID-19-related mortality in individual country was
analyzed before omicron infection (A) and after omicron infection (B). EC: Ecuador; EG: Egypt; IE: Republic of Ireland;
MA: Morocco; MR: Mauritania; MX: Mexico; PE: Peru; SC: Seychelles; SD: Sudan; SO: Somalia; SY: Syria; TR: Turkey;

TW: Taiwan; UK: United Kingdom; YE: Yemen.

in every nation is based on official daily reports
and regarded as reliable.

Results

Annual per capita consumption of tea is
reversely correlated with COVID-19-related
mortality

The history of tea spreads across multiple cul-
tures for thousands of years and the habit of
drinking tea have become a part of life in peo-
ple all over the world. Teas contain polyphenolic
compounds that have been identified with mul-
tiple functions including an antiviral activity
[22-28]. Accordingly, we wondered whether tea
as a dietary supplement could enhance protec-
tion against SARS-CoV-2 infection. To verify the
potential of tea, we determined the correlation
between annual per capita consumption of tea
and the COVID-19-related morbidity/mortality
by integrating the epidemiological statistical
data reported in the Statista and Worldometer
websites [34-37]. Tea consumption was not
significantly associated with risk of SARS-CoV-
2 morbidity in this analysis (data not shown).
Surprisingly, the epidemiological statistics re-
vealed that annual per capita consumption of
tea was reversely correlated with COVID-19-
related mortality no matter the original SARS-
CoV-2 (Figure 1A) or its omicron variant (Figure
1B) infection. This result suggested that the
components of tea could protect cells against
SARS-CoV-2 infection and proliferation.
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Characterization of TAs and PACs in teas by
UHPLC-HRMS

Our previous studies showed the inhibitory
effects of TAs and PACs on TMPRSS2 and MPr
of SARS-CoV-2 including human trial data [23,
28, 38]. To evaluate whether TAs and PACs
in teas impact SARS-CoV-2 infection, we deter-
mined their levels using a MS-based quantita-
tive strategy. Firstly, we characterized the MS
profiles of TA and PAC standard compounds
using HESI-HRMS. The solutions of TA and PAC
standard compounds in the concentration of
50 pg/mL were directly injected into HESI-
HRMS by a syringe pump. PACs are oligomeric
flavonoids, which are usually composed of cat-
echins and epicatechins and their gallic acid
esters. As suspected, the full mass spectrum
of PAC standard compounds showed multiple
oligomer compositions, including the deproton-
ated molecules ([M-H]) of monomer (catechin
and epicatechin, MW=290.07), dimer (procy-
anidin B, MW=578.13 and procyanidin-O-gal-
late, MW=730.14), trimer (procyanidin C, MW=
866.19), tetramer (MW=1154.26), and pen-
tamer (MW=1442.32) (Figure 2A). TAs are usu-
ally composed of hydrolyzed gallic acid and
polygalloyl glucose derivatives. The full scan
profile of MS analysis revealed that TA stan-
dard compounds contained gallic acid (GA,
MW=170.01), monogalloylglucose (1GG, MW=
332.06), digalloylglucose (2GG, MW=484.07),
trigalloylglucose (3GG, MW=636.09), tetragall-
oylglucose (4GG, MW=788.10), pentagalloyl-
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Figure 2. Full mass spectra of TAs and PACs in the standard sample. The compositions of the oligomeric PACs (A)
and TAs (B) standard samples (50 pg/mL) were analyzed by HRMS using negative ionization mode.

Table 1. The component analysis of tannic acids and proanthocyanidins by HRMS

Chemical Theoretical value  Experimental value  Mass tolerance
Compound formula (m/2) (m/2) (ppm)
Tannic acids
Gallic acid (GA) C,H,0, 169.01370 169.01347 -1.36
Galloylglucose (1GG) C,.H.;0, 331.06652 331.06748 2.90
Digalloylglucose (2GG) C,oH004, 483.07748 483.07871 2.55
Trigalloylglucose (3GQG) C,,H,,0,¢ 635.08844 635.09016 2.71
Tetragalloylglucose (4GQ) C,,H,0,, 787.09940 787.10170 2.92
Pentagalloylglucose (5GG) C,,;H3,0,6 939.11036 939.11301 2.82
Hexagalloylglucose (6GG) C,eH50,, 1091.12132 1091.12408 2.52
Heptagalloylglucose (7GQG) C.H,.0,, 1243.13228 1243.13508 2.25
Octagalloylglucose (8GG) Cq,H,.044 1395.14324 1395.14539 1.54
Proanthocyanidins
Catechin or Epicatechin C,sH,,04 289.07121 289.07198 2.66
Procyanidin B C,oH0604, 577.13460 577.13553 1.61
Procyanidin B-O-gallate C,Hz.046 729.14556 729.14721 2.26
Procyanidin C C,sH,0,, 865.19799 865.20004 2.37
Tetramer CqoHs00,, 1153.26138 1153.26291 1.33
Pentamer C,sHe,04 1441.32477 1441.32705 1.58

glucose (5GG, MW=940.11), hexagalloylgluco-
se (6GG, MW=1092.12), heptagalloylglucose
(7GG, MW=1244.13), and octagalloylglucose
(8GG, MW=1396.14) (Figure 2B). The informa-
tion of chemical formula, experimental mass-
to-charge (m/z) values, theoretical m/z value,
and mass tolerance for TAs and OPCs detec-
tion were summarized in Table 1. The HRMS
analysis provided accurate MS determination
and the mass tolerance less than 3 ppm for
individual compound (Table 1), suggesting
that it could serve as a suitable analytic meth-
od to precisely quantify the TA and OPC levels in
the complexes of tea extracts.

Due to precise MS detection, the total ion chro-
matogram (TIC) profiles of the PAC and TA stan-
dard samples can be well resolved by UHPLC-
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HRMS (Figure 3A and 3D). Based on retention
time and molecular weight of individual com-
pound, the PAC and TA contents in tea brew
samples can be determined by comparing with
the standard compounds under the same ana-
lytic condition. The mass characteristic signals
representing the component of PACs in Orient-
al Beauty tea and Sun-Link-Sea High-Mountain
tea were showed in Figure 3B and 3C, respec-
tively. Additionally, the mass characteristic sig-
nals representing the component of TAs in
Oriental Beauty tea and Sun-Link-Sea High-
Mountain tea were showed in Figure 3E and 3F,
respectively. The mass intensity of individual
compound in the PAC and TA standard samples
was used to represent its amounts, the sum of
total intensity of MS signals in various doses of
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Figure 3. Total ion chromatograms of PACs and TAs in the standard samples and teas. (A) The TIC profile of PACs
standard sample (25 ug/mL) in UHPLC-HRMS analysis, the indicated peaks representing: catechin (1), procyanidin
C (2 and 6), procyanidin (3), epicatechin (4), and procyanidin B-gallate (5 and 7). The corresponding PAC signals in
Oriental Beauty tea (B) and Sun-Link-Sea High-Mountain tea (C). (D) The TIC profile of TAs standard sample (25 pg/
mL) in UHPLC-HRMS analysis, the indicated peaks representing: GA (1), 1GG (2), 2GG (3), 3GG (4), 4GG (5), 5GG
(6), and 6GG (7). The corresponding TA signals in Oriental Beauty tea (E) and Sun-Link-Sea High-Mountain tea (F).

16 0-4.8 mg/g, respectively (Fi-

‘ B PACs m TAs gure 4). Teas with a lower
degree of fermentation con-
tained higher levels of PACs,
while those with a higher de-
gree of fermentation contain-
ed more TAs (Figure 4), which
was consistent with the previ-
ous findings [39, 40]. Sun-Link-
Sea High-Mountain tea exhib-
ited the highest levels of PACs,

TT T2 T3 T4 T5 T6 T7 T8 T9 Ti0 while Oriental Beauty tea had
— the highest levels of TAs in the

Low Fermentation degree High ~ current study. Accordingly, we
chose both of them for the

Figure 4. Concentrations of PACs and TAs in differential degrees of ferment- subsequent functional valida-

ed teas. T1: Sun-Link-Sea High-Mountain tea; T2: Lishan High-Mountain tea; tion.

T3: Alishan High-Mountain tea; T4: Paochong tea; T5: Tongding oolong tea;

T6: Jhinhsuan tea; T7: Tieh-Kuan-Yin tea; T8: Oriental Beauty tea; T9: Red

Oolong tea; T10: Ruby black tea.

Concentration (mg/g)

Tea extracts reduce infection
of SARS-CoV-2 and its variants

standard samples was used to establish the To explore the functional consequences of tea
calibration curve in this study. According to the extract treatment, we determined their inhibi-
corresponding MS intensities, we obtained tory activities against viral infection by a Vpp
perfectly linear calibration curves in the range assay, which was developed to measure the
of 0.5-100 ug/mL with R? value 0.9989 and infection rate of SARS-CoV-2 pseudoviral parti-
0.9987 for PACs and TAs, respectively. We th- cle into mammalian cell line 293T-ACE2, an
en calculated the levels of PACs and TAs in ACE2-overexpressing human embryonic kidney
every tea extracts based on both calibration cell [41-44]. Due to the relative higher mortality
curves. The concentrations of PACs and TAs in in comparison with other SARS-CoV-2 variants
the tea samples ranged 1.1-14.1 mg/g and [45, 46], we determined the effect of tea
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To verify the critical roles of
PACs and TAs of tea extracts
in reducing viral infection, we

TAs used ethyl acetate (EA) to re-

move tannins such as PACs

Concentration (mg/g)
(o]

and TAs from tea extracts.
PACs belonging to condensed
tannins have the higher hydro-
phobicity than hydrolysable

4 - |
0 I 1 . ..

TAs, thus PACs have higher

Before After

extraction.

extracts on suppressing the delta variant in-
fection. Both tea extracts of Sun-Link-Sea High-
Mountain tea (T1) and Oriental Beauty tea (T8)
effectively reduced pseudoviral infection of
wild-type as well as the delta variant SARS-
CoV-2. Additionally, the inhibitory activities ex-
hibited a dose-dependent manner, despite an
inconsistency at low-dose of T1 in the wild-type
(Figure 5A and 5B). This result suggested the
effective compounds of tea extracts involved
in protecting mammalian cells from viral in-
fection.
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Before
EA treatment

Figure 6. Concentrations of PACs and TAs in Sun-Link-Sea High-Mountain
tea (T1) and Oriental Beauty tea (T8) before and after ethyl acetate (EA)

After solubility than TAs by EA ex-
traction. Consistent with th-
is chemical property, UHPLC-
HRMS quantitative analysis
revealed that EA had better
removal efficacy of PACs
(69.5% for T1 and 79.6% for
T8) than TAs (35.0% for T8; very low abundance
of TAs in T1) from tea extracts (Figure 6).

We next determined the impact of PACs and
TAs removal from tea extracts on viral infection.
The Vpp assays revealed that both Sun-Link-
Sea High-Mountain tea (T1) and Oriental Beauty
tea (T8) had markedly inhibitory effect on viral
infection not only against wild-type SARS-CoV-
2 but also to its variants including alpha, beta,
gamma, delta, and omicron (Figure 7A and 7B).
PACs and TAs removal significantly impaired
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Figure 7. The effects of PACs and TAs in tea extracts on protecting cells from SARS-CoV-2 and its variants infection
were determined by the Vpp assay. (A) Sun-Link-Sea High-Mountain tea (T1) and (B) Oriental Beauty tea (T8) (used
as the positive control) were extracted by ethyl acetate (EA) to remove their tannins (EA extraction group), and then
supplemented with equal amounts of PACs and TAs (Tannins spiked group). The untreated group served as normal-

ized control and its infection rate was set as 100%.

the inhibitory efficacy of T1 and T8, but not
completely abolish their inhibitory abilities (gray
vs. blue, Figure 7A and 7B). This result indicat-
ed that the effective components were partially
removed by EA, which was consistent with our
aforementioned finding (Figure 6). To verify the
causal regulation of PACs and TAs in viral infec-
tion, we supplemented an equal amount of
PACs and TAs into the EA-extracted tea solu-
tion. Indeed, PACs and TAs supplement signifi-
cantly rescued the inhibitory abilities of T1 and
T8 against infection of SARS-CoV-2 and all its
variants (Figure 7A and 7B). Our result strongly
suggested the functions of PACs and TAs of tea
extracts in protecting from SARS-CoV-2 viral
infection.

Tea fractions contribute to suppress infection
of SARS-CoV-2 XBB variant

We further examined the ability of phytochemi-
cals in teas to combat the infection of SARS-
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CoV-2 variant omicron XBB.1.5 virus, which
enhanced binding to ACE2 and vaccine eva-
sion remains the dominant variant globally
[47]. The component fractionations of Sun-
Link-Sea High-Mountain tea (T1) and Oriental
Beauty tea (T8) were performed by HPLC sys-
tem, the fingerprint chromatograms of T1 and
T8 were shown in Figure 8A and 8B, respec-
tively. The tea components were further divid-
ed into seven fractions (F1-F7) in T1 and six
fractions (F1-F6) in T8 based on the fingerprint
profiles. The Vpp assay revealed that the F4,
F5, and F6 of T1 as well as F2, F5, and F6 of
T8 showed significant inhibition to omicron
XBB.1.5 infection (Figure 8C and 8D).

To understand the phytochemical composi-
tion, different fractions of T1 and T8 were
assayed by UHPLC-HRMS and the MS spectra
were searched by the databases Chemspider,
PlantCyc, mzVault, and mzCloud. The analytic
results revealed the organic acid (quinic acid),
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Figure 8. Fractionation of tea component and the Vpp assay. The HPLC fingerprint chromatogram of Sun-Link-Sea
High-Mountain tea (A) and Oriental Beauty tea (B). The Vpp assay was used to determine the effect of indicated
HPLC fractions of Sun-Link-Sea High-Mountain tea (C) and Oriental Beauty tea (D) on inhibiting omicron XBB.1.5
variant infection. The untreated group served as normalized control and its infection rate was set as 100%.

alkaloids (theobromine and caffeine), hydrolys-
able tannins (TAs), condense tannins (flavo-
noid), and flavonoid glycosides in T1 and T8
(Table 2). EGCG was the main component in F5
fraction of T1 and T8, which showed the most
efficacy of suppressing omicron XBB.1.5 infec-
tion. This result is consistent with the previous
finding that the neutralizing effect of EGCG on
omicron variants [48]. The F4 fraction of T1
contained high levels of PACs epigallocatechin
and catechin, while the F6 fraction of T8 in-
cluded TA 3GG and PACs procyanidin B-2-O-
gallate and epicatechin-3-0-gallate, which was
in line with our previous findings (Figures 3 and
4) as well as supported our hypothesis that TAs
and PACs in tea could impact the effect of anti-
SARS-CoV-2 infection. Moreover, aside from
anticancer activity, theobromine and gallic acid
in the F2 fraction of T8 have been identified to
potentially serve as an anti-coronavirus agent
and an anti-influenza virus agent, respectively
[49, 50]. Therefore, both compounds could con-
tribute to a significant inhibition of viral infec-
tion in the F2 fraction of T8 (Figure 8D).
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Discussion

The COVID-19 pandemic caused by SARS-
CoV-2, especially infected by omicron variant,
remains the most important issue of would
public health. Several vaccines and drugs have
been developed for preventing and curing
COVID-19, however, the developing of specific
and high efficient vaccines for SARS-CoV-2 vari-
ants is still in progress [51]. Apart from vac-
cines, the antioxidant ingredients such as cat-
echins and polyphenols in teas have been
shown to exhibit the biological activity to in-
hibit SRAS-CoV-2 infection by in silico molecu-
lar docking and dynamic studies [52, 53].
Moreover, tannins in natural products have
been reported as potential anti-SARS-CoV-2
components [24, 25, 28]. Our epidemiological
analysis revealed a weak correlation between
annual per capita consumption of tea and the
COVID-19-related morbidity (data not shown),
which may result from different personal non-
pharmaceutical interventions (NPIs) in different
chronological order in different countries [54].
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Table 2. The phytochemicals in different fraction of Sun-Link-Sea High-Mountain tea (T1) and Oriental

Beauty tea (T8)

Compound RT Theoretical Experimental Mass toler- Tl. TS Relative
(min) value (m/z) value (m/z) ance (ppm) fraction fraction content®
Quinic acid 1.51 191.05556 191.05513 2.3 F1 F1 1.17
Galloylglucose (1GG) 2.63 331.06652 331.06695 1.3 F2 F2 2.19
Theasinensin C 2.63 609.12443 609.12464 0.3 F2 F2 1.24
Gallic acid (GA) 3.15 169.01370 169.01311 -3.5 F2 F2 28.29
5-galloylquinic acid 3.89 343.06653 343.06667 0.4 F2 F2 2.29
Theobromine 594 181.07255 181.07197 -3.2 F3 F2 6.15
Gallocatechin 6.09 305.06613 305.06622 0.3 F3 F3 0.11
Prodelphinidin B-4 725 609.12444 609.12456 0.2 F3 N.D.2 s
Theasinensin B 8.06 761.13540 761.13554 0.2 N.D. F3 -
Epigallocatechin 9.27 305.06613 305.06625 0.4 F4 F4 0.17
3-coumaroylquinic acid 9.27 337.09235 337.09256 0.6 F4 F4 4.51
Catechin 9.88 289.07122 289.07136 0.5 F4 F4 0.23
5-caffeoylquinic acid 9.91 353.08726 353.08741 0.4 N.D. F4 -
Digalloylglucose (2GG) 9.91 483.07749 483.07750 0.1 F4 F4 14.79
Caffeine 9.96 195.08820 195.08757 -3.2 F4 F4 2.27
Strictinin 10.72 633.07280 633.07292 0.2 F4 F4 6.71
(Epi)catechin-(epi)catechin 10.98 577.13461 577.13459 -0.1 F4 F4 0.3
4-coumaroylquinic acid 11.45 337.09235 337.09278 1.3 F4 F4 0.54
Epicatechin 12.32 289.07122 289.07148 0.9 F5 F5 0.2
5-coumaroylquinic acid 12.39 337.09235 337.09266 0.9 F5 F5 1.64
Epigallocatechin-3-O-gallate (EGCG) 12.65 457.07709 457.07734 0.5 F5 F5 0.8
Gallocatechin-3-O-gallate 13.27 457.07709  457.07745 0.8 F5 F5 0.59
Trigalloylglucose (3GG) 14.24 635.08845 635.08886 0.6 F6 F6 48.05
Procyanidin B-2 (or 4) 3'-O-gallate 14.29 729.14557 729.14600 0.6 F6 F6 1.38
Myricitin-3-O-glucoside 14.42 479.08257 479.08241 -0.3 F6 F6 0.48
6-C-arabinoside-8-C-glucosyl apigenin 14.42 563.14009 563.13987 -0.4 F6 F6 0.66
Quercetin-3-0-glucosyl-rhamnosyl-glucoside 15.54 771.19839 771.19877 0.5 F6 F6 0.83
Epigallocatechin-3-0-(4-O-methyl) gallate 15.31 471.09274  471.09257 -0.4 F6 F6 0.33
Rutin 16.25 609.14557 609.14571 0.2 F6 F6 1.24
Epicatechin-3-O-gallate 16.50 441.08218 441.08213 -0.1 F6 F6 1.34
Kaempferol-3-O-glucosyl-rhamnosyl-glucoside  17.09 755.20348 755.20355 0.1 F6 F6 0.83
Kaempferol-3-O-glucoside 18.43 447.09274  447.09275 0.1 F7 F6 211
Epicatechin-3-0-(3-0-methyl) gallate 18.91 455.09783 455.09796 0.3 F7 F6 1.01

‘relative content: content ratio of T8 over T1; 2N.D.: not detected; - not available.

In consistent with the recent finding [55], our
data showed that annual per capita consump-
tion of tea is reversely correlated with COVID-
19-related mortality for SARS-CoV-2 and its
variant (Figure 1), providing a strong rationale
behind tea drinking as a dietary supplement to
prevent SARS-CoV-2 viral infection.

In this study, the concentrations of TAs and
PACs were successfully determined by the
UHPLC-HRMS method. In comparison to previ-
ous reported methods, the current developed
method is easy and fast to quantify the trace of
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TAs and PACs in tea extracts within 30 min
without derivatization step during analysis. As
Figure 4 shown, the PACs concentration in teas
decreased along with an increase of the tea fer-
mentation degree, whereas the TAs concentra-
tion exhibited the opposite trend. The fermen-
tation in tea preparation steps refers to the
natural browning reactions induced by oxida-
tive enzymes in the fresh tea leaves and then
the subsequent fired and dried steps [32, 39].
The oxidation reaction and heating bring about
releasing of gallic acid from galloylated cate-
chin and formation of other phenolic glycosides
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in teas [56, 57], consequently resulting in dif-
ferent compositions in teas.

Accumulating evidence indicates the roles of
TAs and PACs in the anticancer functions. TAs
can not only negatively regulate stemness by
inhibiting NF-kB activation [16] but also syner-
gistically enhance anticancer efficacy of che-
motherapeutic drugs such as cisplatin and pa-
clitaxel in diverse cancers, including lung can-
cer, liver cancer, and breast cancer [58-60].
PACs have been shown to associate with anti-
cancer properties through modulating cellular
metabolism and activating ferroptosis path-
ways [61-63]. These activities may add their
value for dietary benefits. According to the
infection rates of T1 and T8 on SARS-CoV-2
wild-type and delta variant (Figure 5), we
approximately estimated the half maximal
effective concentration (EC50) of T1 and T8 as
1.9 g/L and 0.8 g/L for wild-type and 0.8 g/L
and 1.0 g/L for delta variant, respectively. The
average blood volume in typical adult human
body is 5 L, thus, the estimated effective dose
isabout 10g (1.9 g/L x 5 L) in an ideal condi-
tion. Consequently, 4 cups of teas (3 g per com-
mercial tea bag) for daily supplement may
achieve an effective dose to provide antiviral
protection. Interestingly, this result can also be
supported by recent studies that daily intake
more than 4 cups of tea may reduce the odds
of SRAS-CoV-2 infection [30, 64].

Despite different fingerprint profiles, similar
phytochemicals have been identified in the
related HPLC fractions of T1 and T8. Fraction
F5 of both T1 and T8 had the best capacity
of suppressing SARS-CoV-2 virus infection,
whose main component EGCG could was
involved in inhibiting the MP™ activity and virus
replication of SARS-CoV-2 wild-type and omi-
cron variant [22, 23, 48]. Except fraction F5,
other fractions of T1 and T8 showed different
abilities against infection of SARS-CoV-2
XBB.1.5 variant (Figure 8C and 8D), which
could result from different levels of effective
compounds. For instance, T1 had higher levels
of PACs epigallocatechin (6-fold) and catechin
(4-fold) than T8 in fraction F4, which could be
associated with a superior inhibition activity of
T1 in comparison with T8 (Table 2). On the
other hand, T8 contained more than 48-fold of
TAs 3GG than T1 in fraction F6, which could
contribute to better efficacy of infection inhibi-
tion in T8. These findings support the functions
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of PACs and TAs as the key effectors in tea
samples for preventing SARS-CoV-2 infection.
Additionally, there are nine mutations identified
in the spike protein of the Delta variant. Among
these mutations, L452R, T478K, D614G, and
P681R have been identified to critically en-
hance transmissibility of virus [65]. Omicron
variant XBB.1.5 has three mutation sites
T478K, D614G, and P681R identical with the
Delta variant. Omicron JN.1 variant, the major
virus strain spreading worldwide since the end
of 2023, has all four mutations in the critical
mutation sites of the spike protein of Delta vari-
ant. This result may support our current finding
that despite the spike protein mutations, TAs
and PACs still have the potential to inhibit
SARS-CoV-2 infection.

Conclusions

The composition of polyphenols in teas can be
significantly affected by fermentation process.
PACs are enriched in teas with low fermenta-
tion degree such as Sun-Link-Sea High-Moun-
tain tea, while high levels of TAs are identified
in high fermentation degree of teas such as
Oriental Beauty tea. Our current findings dem-
onstrate the potential of both OPCs and TAs in
teas for reducing viral infection of SARS-CoV-2
wild-type and its variants. Currently, the severe
threat posed by SARS-CoV-2 has been alleviat-
ed worldwide, and the situation has transi-
tioned to coexisting with the virus. Tea drinking
may serve as a dietary supplement to enhance
protection against SARS-CoV-2 infection.
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