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SARS-CoV-2 is the etiological agent responsible for the ongoing pandemic of coronavirus disease 2019 (COVID-
19). The main protease of SARS-CoV-2, 3CLpro, is an attractive target for antiviral inhibitors due to its indispens-
able role in viral replication and gene expression of viral proteins. The search of compounds that can effectively
inhibit the crucial activity of 3CLpro, which results to interference of the virus life cycle, is now widely pursued.
Here, we report that epigallocatechin-3-gallate (EGCG), an active ingredient of Chinese herbal medicine (CHM),
is a potent inhibitor of 3CLpro with half-maximum inhibitory concentration (IC50) of 0.874 ± 0.005 μM. In the
study, we retrospectively analyzed the clinical data of 123 cases of COVID-19 patients, and found three effective
Traditional Chinese Medicines (TCM) prescriptions. Multiple strategies were performed to screen potent inhibi-
tors of SARS-CoV-2 3CLpro from the active ingredients of TCMs, including network pharmacology, molecular
docking, surface plasmon resonance (SPR) binding assay and fluorescence resonance energy transfer (FRET)-
based inhibition assay. The SPR assay showedgood interaction betweenEGCG and3CLprowith KD~6.17 μM, sug-
gesting a relatively high affinity of EGCG with SARS-CoV-2 3CLpro. Our results provide critical insights into the
mechanism of action of EGCG as a potential therapeutic agent against COVID-19.

© 2021 Published by Elsevier B.V.
1. Introduction

The ongoing pandemic of coronavirus disease 2019 (COVID-19) has
caused a major threat to public health and the global economy [1,2].
COVID-19 results from the infection of a severe acute respiratory
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syndrome (SARS)-like coronavirus named SARS-CoV-2 [3], whose RNA
genome is closely similar to Severe Acute Respiratory Syndrome coro-
navirus (SARS-CoV) [4]. SARS-CoV-2 is the seventh coronavirus that is
able to infect humans with contagious and infective characteristics [5].
According to World Health Organization (WHO), the virus has infected
thus far more than 53 million people worldwide, resulting the death of
1,308,975 people as of 15November 2020 [6]. Effective pharmacological
interventions are therefore urgently needed. Since the first report of
COVID-19 in late 2019, relevant progress has been achieved in drug dis-
covery and development within a remarkable timeline [7–11]. Several
vaccines and drugs are undergoing clinical trials, but research on
novel antivirals remains important. This is because of the growing clin-
ical needs and also of the possible viral mutations that may render pre-
vious treatments ineffective.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2021.02.012&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2021.02.012
mailto:shannili205121@csu.edu.cn
mailto:xiazanxian@sklmg.edu.cn
https://doi.org/10.1016/j.ijbiomac.2021.02.012
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


A. Du, R. Zheng, C. Disoma et al. International Journal of Biological Macromolecules 176 (2021) 1–12
In terms of drug discovery approaches against coronaviruses, the
main protease (Mpro) has been identified as a highly promising drug
target [12]. Mpro, also known as 3-chymotrypsin-like protease
(3CLpro) or chymotrypsin-like protease, operates at no less than 11
cleavage sites on the large polyprotein to produce proteins necessary
for the replication of virus [13]. Inhibiting the activity of 3CLpro will
therefore block the viral replication. Since no human proteases are
known with a similar cleavage specificity, targeting 3CLpro offers the
advantage of virus-specific effect [14,15]. Moreover, 3CLpro is highly
conserved in coronaviruses (CoVs). In fact, the sequence similarity be-
tween SARS-CoV and SARS-CoV-2 is as high as 96.08% [15,16]. Acting
as a broad antiviral treatment option, drugs targeting 3CLpro can be cru-
cial not only to inhibit SARS-CoV-2 but as well as other future coronavi-
rus variants. For these reasons, 3CLpro has been well studied
particularly following the SARS-CoV outbreak in 2002 [12,17,18]. The
past experience with SARS-CoV is providing important foundational
knowledge for the development of anti-SARS-CoV-2 drugs.

There are several ways to obtain small molecules that could be de-
veloped as viral target protein inhibitors. The first major option is in
silico screening of large chemical libraries to select only the molecules
that best fit with the target of interest for synthesis and experimental
testing [19]. Other option is through structure-based drug design and
chemical synthesis, such as the broad-spectrum inhibitor N3 that in-
hibits 3CLpro of SARS-CoV, MERS-CoV and SARS-CoV-2 [14,20,21]. An
additional approach is bioprospecting in which potent compounds are
identified and isolated from natural sources e.g. plant varieties. Over
the past few decades, natural compounds of plant-based origin have
been extensively studied as an exciting class of pharmacologically active
molecules [22–24]. In particular, many natural products have demon-
strated potent activity against CoVs [25]. Glycyrrhizic acid, baicalin,
quercetin have been reported to inhibit the replication of SARS-CoV
in vitro [26–28]. Also, natural products including betulinic acid, indigo,
flavone amentoflavone, and luteolin have also been identified to inhibit
the enzymatic activity of SARS-CoV 3CLpro [29,30]. Hence, the screening
of inhibitors for SARS-CoV-2 3CLpro from natural products is a worth-
while direction.

Chinese herbs are great sources of natural compounds. Many drugs
that are used in the clinicswere derived from Chinese herbs. Traditional
Chinese Medicine has played an important role in the treatment of the
past epidemics caused by viral infections. Notably, it has received
renewed attention during the outbreak of COVID-19. Following reports
of good clinical efficacy, several TCMs were officially endorsed for
Fig. 1. A flow diagram illustra
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clinical use in China and were adopted as part of the treatment plan
for COVID-19 [31–33]. An increasing number of clinical and experimen-
tal evidences have proved that TCMs inhibit viral replication owing to
specific active ingredients [34–36]. Herein, we retrospectively analyzed
123 COVID-19 patients who received a combination of western and
Traditional Chinese Medicines from the hospitals in Guizhou Province,
China. Three TCM prescriptions were found to be effective. Multiple
computational and experimental strategies were adopted to analyze
the active components of the three TCMs. Seven active ingredients
with high affinity with the SARS-CoV-2 3CLpro were identified
(Fig. 1). Thereafter, in vitro binding and inhibition assays were
performed.

2. Materials and methods

2.1. Study design and participants

A total of 186 medical records of confirmed COVID-19 cases diag-
nosed between January 19, 2020 and March 10, 2020 in Mountain
General Hospital of Guizhou, China were studied retrospectively.
Incomplete records and children below the age of 18 were excluded,
yielding 123 patients qualified for the study. The Mountain General
Hospital in Guiyang City was designated by the provincial government
as the COVID-19 referral hospital of Guizhou province. All patients in-
cluded in this study were diagnosed according to the interim guideline
of the World Health Organization. This study was approved by the
Ethics Committee of Guizhou Provincial People's Hospital (Reference
No.: 2020 504).

2.2. Collection of clinical data

The clinical, laboratory and radiological characteristics as well
as treatment and clinical outcomes (recovered/expired, hospital
stay) were obtained from electronic medical records and reviewed
by a team of trained physicians. The data included gender, age, pre-
existing medical conditions, date of onset of symptoms, date of ad-
mission, date of discharge, clinical diagnosis, laboratory tests, im-
aging data and treatment received. The treatment regimens
included standard care, antiviral drugs, intravenous corticosteroids,
intravenous γglobulin, blood profusion, respiratory supports, and
the three TCM prescriptions [Yangyinjiedu (YYJD), Dayuanxiaodu
(DYXX) and Chaihuqingzao (CHQZ)]. The TCM formulas were
ting the research design.
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procured from Guizhou Province Diagnosis and Treatment Protocol
for COVID-19.

2.3. Screening of active ingredients and their target genes

We retrieved the chemical composition of the three CHM formulas
from Traditional Chinese Medicine Systems Pharmacology Database
and Analysis Platform (TCMSP, http://tcmspw.com/tcmsp.php), a
unique system pharmacology platform of CHM that provides pharma-
cokinetic information for each compound such as oral bioavailability
(OB), drug-like (DL) index and blood-brain barrier (BBB). OB is often
used to evaluate the efficacy of oral drugs while DL index represents
similarity between components and known chemical drugs. The DL
index is a good assessment tool if a compound has a potential to become
a drug. Thus, OB and DL index are considered here as important
reference criteria for evaluating whether compounds can be used as
drugs. In this study, OB ≥ 30% and DL ≥ 0.18 were used as screening
threshold. Then, the targets of such compounds were obtained from
the TCMSP database, in which the components not included in TCMSP
were predicted through The Encyclopedia of Traditional Chinese
Medicine database (ETCM; http://www.tcmip.cn/ETCM/index.php/
Home/). Finally, the target proteins were identified using UniProt Data-
base (https://www.uniprot.org/). The associated genes to COVID-19
were searched in GeneCard database (https://www.genecards.org)
and NCBI (https://www.ncbi.nlm.nih.gov/) using the keyword “corona-
virus pneumonia”.

2.4. Molecular docking of core compounds with 3CLpro of SARS-CoV-2

The seven most frequent compounds common among the three
CHM formulas were docked with the key target SARS-CoV-2 3CLpro
hydrolase. Chem3D software was used to draw the 3D structures of
the core compounds and to optimize the energy. The protein crys-
tal structure of 3CLpro (PDB: 6LU7) was downloaded from the
Protein Data Bank (PDB) database (https://www.rcsb.org/). Pymol
software (https://pymol.org/2/) was used to remove water mole-
cules and heteromolecules while AutoDock Vina1.1.2 software
(http://autodock.scripps.edu/resources/adt) was used for molecu-
lar docking. The compound with the lowest binding energy score
conformation was selected.

2.5. SPR binding assay

SPR studieswere performed on anOpen SPR instrument (Nicoya Life
Science, Inc., Kitchener, Canada) at room temperature. Briefly, a COOH
sensor chip (Nicoya #SEN-AU-100-10-COOH) was installed according
to the Open SPR standard operating procedures, and then, phosphate
buffered saline (PBS, pH 7.4) was run at a maximum flow rate of
150 μL/min. After reaching the baseline of the signal, the air bubbles
were evaporated with 200 μL of 80% isopropanol (IPA) and the sample
loop was washed with buffer. Buffer flow rate was adjusted to 20 μL/
min until the signal reached the baseline and 200 μL of 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC)/Nhydroxy
succinimide (NHS) solution was loaded. Then the injection instrument
of the 200 μL purified 3CLpro was operated for 4 min, diluted with acti-
vation buffer (sodium acetate pH = 4.5, 10 mM). After the 3CLpro
protein-chip interaction ended, the upper sample mouth was rinsed
with buffer and emptied by air. Thereafter, different concentrations of
compounds were injected separately on the surface of the ligand chip
(the concentration is detailed in the experimental results), and the an-
alyte was sampled at 20 μL/min. The binding time of the analyte to the
ligand was 240 s; and the natural dissociation 180 s was carried out. Fi-
nally, the kinetic parameters of the binding reactions were calculated
and analyzed by Trace Drawer software (Ridgeview Instruments AB,
The Kingdom of Sweden). The purity of SARS-CoV-2 3CLpro recombi-
nant protein (Novoprotein #CR76) was over 95%.
3

2.6. Thermal shift assay

The thermal shift assay (TSA) was performed using CFX96 Touch
Real-TimePCR Systems (Bio-Rad Laboratories, USA). The 3CLpro protein
(Novoprotein #CR76) was equilibrated in sodium phosphate 50 mM,
pH 8 and SYPRO Orange at a final concentration of 5× (Thermo Fisher
Scientific), both with and without ligands. The samples were freshly
prepared and dispensed into multiplate 96-well PCR plates (catalog
#MLL9601) at a final volume of 50 μL. The initial thermal denaturation
temperature was set at 25 °C for 2 min. The temperature was then sys-
tematically increased in 0.5–1.0 °C up to final temperature of 95 °C,with
concomitant monitoring of fluorescence emission at the end of every
1 min hold at each temperature. Two methods were used to calculate
the melting temperature (Tm) as previously described [37]. In brief,
onemethod was used to determine the melting temperature from non-
linear fitting of the thermal denaturation data. The other method in-
volved calculating the first derivative of fluorescence emission with
respect to temperature. Since thermal stability of 3CLpro with the addi-
tion of quercetin was recently reported [16], quercetin was used as a
positive control to test the feasibility of the PCR system. To assess the
concentration dependence of the stability change induced by EGCG, 2-
fold serial dilutions ranging from0 to 250 μMwere assayed by following
the same protocol described above.

2.7. 3CLpro enzyme activity inhibition test

A fluorescence resonance energy transfer (FRET) protease assay
was applied to measure the inhibitory activity of compounds
against the SARS-CoV-2 3CLpro. The fluorogenic substrate
(Dabcyl-TSAVLQ↓SGFRKMK-Edans) was synthesized by GenScript.
The FRET-based protease assay was performed as follows. The
recombinant SARS-CoV-2-3CLpro was mixed with serial dilutions
of each compound, oral liquid or the dissolved lyophilized powder
in 80 μL assay buffer (50 mM Tris–HCl, pH 7.3, 1 mM EDTA) and in-
cubated. The reaction was initiated by adding 40 μL fluorogenic
substrate with a final concentration of 20 μM. After that, the fluores-
cence signal at 360 nm (excitation)/490 nm (emission) was imme-
diately measured every 30 s for 10min with a BioTek Synergy4 plate
reader. The Vmax of reactions added with compounds at various
concentrations compared to the reaction added with DMSO were
calculated and used to generate IC50 curves. For each compound,
at least three independent experiments were performed for the
determination of IC50 values.

2.8. Statistical analysis

Continuous variables were expressed as mean, median and inter-
quartile (IQR). Categorical data were expressed as number (%). Categor-
ical variables were compared by Chi-square (χ2) test. Line graphs were
drawn to describe laboratory parameters. The distribution of normality
was checked by Kolmogorov-Smirnov test. When data were not nor-
mally distributed, Mann-Whitney test was used to determine statistical
significance. A p value of <0.05 was considered significant. Statistical
analyses were performed using the SPSS software, version 23.

3. Results

3.1. Clinical features

Out of the 186 admitted patients between January 19 andMarch 10,
2020, 123 satisfied our inclusion criteria for this retrospective study
(Table 1). Of these 123, 33 cases were classified as mild (26.8%), 70
were moderate (56.9%) and 20 were severe (16.3%). The median age
was 36.0 years (IQR 24–48) with 71 (57.7%) being male. Age in the
three groups (mild, moderate and severe) was statistically significant
(IQR, 24–28; range, 18–72 years; p < 0.001), suggesting that age is

http://tcmspw.com/tcmsp.php
http://www.tcmip.cn/ETCM/index.php/Home/
http://www.tcmip.cn/ETCM/index.php/Home/
https://www.uniprot.org/
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https://www.ncbi.nlm.nih.gov/
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Table 1
Baseline characteristics of coronavirus disease 2019 (COVID-19) patients.

Characteristics Total
(n = 123)

Disease severity p value

Mild
(n = 33)

Moderate
(n = 70)

Severe
(n = 20)

Age, years, median
(IQR)

36 (24,
48)

30 (18,
41)

36 (24,
47)

49 (35,
60)

<0.001

Sex
Male 70 (57.0) 17 (51.5) 42 (60.0) 11 (55.0)
Female 53 (43.1) 16 (48.4) 28 (40.0) 9 (45.0)

Hospitalization
time/days

10 (6, 15) 9 (5, 15) 10 (6, 14) 15 (4, 20) 0.031

Comorbidities
Hypertension 13 (10.6) 3 (9.1) 6 (8.5) 4 (20.0) 0.256
Cardiovascular
disease

6 (4.9) 0 (0) 5 (7.1) 1 (5.0) 0.473

Diabetes 8 (6.5) 3 (9.1) 4 (5.7) 2 (10.0) 0.544
COPD 4 (3.3) 0 (0) 2 (2.9) 2 (10.0) 0.143
Chronic liver disease 7 (5.5) 2 (6.1) 4 (5.7) 1 (5.0) 1.000
Chronic kidney
disease

1 (0.8) 0 (0) 1 (1.4) 0 (0) 1.000

Symptoms and signs
Fever 79 (64.2) 5 (15.2) 56 (80.0) 18 (90.0) <0.001
Cough 59 (48.0) 8 (24.2) 35 (50.0) 18 (90.0) <0.001
Fatigue 95 (77.2) 20 (60.6) 55 (78.5) 20 (100) 0.005
Dyspnea 4 (3.3) 1 (3.0) 3 (4.3) 5 (25.0) 0.001
Anorexia 59 (48.0) 22 (66.7) 37 (52.9) 17 (85.0) <0.001
Headache 68 (55.3) 26 (78.8) 24 (34.3) 18 (90.0) <0.001
Myalgia 47 (38.2) 12 (36.4) 17 (24.2) 18 (90.0) <0.001
Pharyngalgia 44 (35.8) 6 (18.2) 25 (35.7) 13 (65.0) <0.001
Dizziness 36 (29.3) 5 (15.2) 14 (20.0) 17 (85.0) <0.001
Night sweats 63 (51.2) 18 (54.5) 30 (42.8) 15 (75.0) 0.001
Dry mouth 51 (41.5) 9 (27.2) 34 (48.6) 8 (40.0) 0.001
Diarrhea 12 (9.8) 0 (0) 8 (11.4) 4 (20.0) 0.034
Nausea 18 (14.6) 3 (9.0) 9 (12.8) 6 (30.0) 0.053
Vomiting 23 (18.7) 2 (6.0) 14 (20.0) 7 (35.0) 0.016
Abdominal pain 22 (17.9) 0 (0) 17 (24.3) 5 (25.0) 0.010
ARDS 5 (4.1) 0 (0) 1 (1.4) 4 (20.0) 0.002

IQR= interquartile range. Data are presented asmedian (IQR), n (%). p values indicate dif-
ferences of the different groups of varying disease severity (mild, moderate and severe).
p < 0.05 was considered significant. COPD, chronic obstructive pulmonary disease;
ARDS acute respiratory distress syndrome. One patient died of ARDS.
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associated with disease severity. The median length of hospital stay for
all groups was 10 days (IQR, 6–15) whereas for mild patients it was
9 days (IQR, 6–15), 10 days (IQR, 6–14) for moderate patients, and
15 days (IQR, 4–20) for severe patients. There is statistical difference
Table 2
Laboratory values and radiographic findings of COVID-19 patients at the time of admission.

Laboratory test Normal range

White blood cell count, ×109/L 3.5–9.5
Neutrophil count, ×109/L 1.8–6.3
Lymphocyte count, ×109/L 1.1–3.2
Platelet count, ×109/L 125–350
Procalcitonin ng/mL <0.5
Erythrocyte sedimentation rate, mm/h 2–25.7
Creatine kinase, U/L 0–190
Creatine kinase-MB, U/L 0–24
Alanine aminotransferase, U/L 7–40
Aspartate aminotransferase, U/L 13–35
Glutamyl transpeptidase 11–49
Blood urea nitrogen, mmol/L 2.8–7.6
Creatinine, μmol/L 64–104
Hypersensitive troponin I, pg/mL <0.2
Lactate dehydrogenase, U/L 120–250
C-reactive protein, mg/L 0–5
D-dimer, μg/mL 0–1.5
Bilateral distribution of patchy shadows or ground glass opacity, no. (%) NA

Data are presented as median (IQR) or n (%). p values indicate difference among groups (mild
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of hospital stay among the groups (p= 0.031). The common comorbid-
ities in our patient cohort were hypertension (13 cases, 10.6%). Others
included diabetes (9 cases, 7.5%), chronic liver disease (7 cases, 5.5%)
cardiovascular disease (6 cases, 4.9%) and chronic kidney disease (1
case, 0.8%). The most common symptoms were fatigue (95 [77.2%]),
fever (79 [64.2%]), headache (68 [55.3%]), dry cough (59 [48.0%]), and
anorexia (59 [48.0%]). Among the rare symptoms included acute respi-
ratory distress syndrome (5 [4.1%]), dyspnea (4 [3.3%]), diarrhea (12
[9.8%]), abdominal pain, nausea and vomiting. Compared with mild
and moderate patients, severe patients had a longer hospital stay, a
higher incidence of potential complications, and are more likely to
have fever, headache, sore throat, cough, fatigue, anorexia, abdominal
pain, diarrhea, and other symptoms.

3.2. Laboratory tests and radiographic findings

Laboratory values and radiographic findings at the time of admission
are presented in Table 2. Regardless of the disease severity, all 123 pa-
tients had white blood cell, neutrophil, lymphocyte, and platelet counts
within the normal ranges. At the time of admission, the median values
for C-reactive protein, erythrocyte sedimentation rate, procalcitonin,
creatine kinase, creatine kinase isoenzyme, alanine aminotransferase,
aspartate aminotransferase, blood urea nitrogen, creatinine, and lactate
dehydrogenase were also all within the normal ranges. There was no
statistically significant difference among the groups (p > 0.05). Com-
pared with mildly and moderately ill patients, severe patients had
higher D-dimer levels (0.11 [0.07–0.42], p = 0.021). The number of
neutrophils, C-reactive protein, GGT, and procalcitonin were also signif-
icantly higher in severely ill patients. The imaging data indicated that 74
[60.2%] patients showed bilateral distribution of patchy shadows in
chest CT scans. There was no statistically significant difference between
the groups (p > 0.05).

3.3. Treatment and outcomes

Drug treatment included commercially available drugs and TCMs in-
cluding antivirals, antibiotics, antihypertensive drugs, lipid-lowering
drugs, digestive system drugs, respiratory drugs, anti-hypoglycemics,
antipyretics, analgesics and others. Antihypertensive drugs, lipid-
lowering drugs, hypoglycemic drugs, and gastrointestinal medications
were mainly used for the treatment of patients with underlying dis-
eases, whereas respiratory drugs, antipyretics and analgesics were
used for symptomatic treatment. Table 3 shows the antiviral drugs,
Total (n = 123) Disease severity p value

Mild (n = 33) Moderate (n = 70) Severe (n = 20)

5.3 (4.4–6.2) 5.1 (4.4–5.6) 5.4 (4.5–6.6) 5.0 (4.3–5.6) 0.203
3.3 (2.2–5.6) 2.6 (1.8–3.4) 3.8 (2.5–6.3) 3.9 (2.8–9.7) 0.108
1.6 (1.3–2.1) 1.6 (1.4–1.7) 1.6 (1.2–2.1) 1.6 (1.4–1.9) 0.214
206 (175–257) 188 (168–226) 213 (185–275) 187 (165–222) 0.064
0.05 (0.01–0.20) 0.02 (0.04–0.05) 0.10 (0.05–0.20) 0.16 (0.10–0.29) 0.302
18 (11–32.2) 17 (14.2–35) 18 (11–30.2) 17.5 (11–33.7) 0.201
50 (35–72) 56 (40,72) 51 (32–70) 43 (33.3–75.7) 0.591
11 (8–15) 11.5 (8.3–13.0) 11 (8–17) 10 (8.3–12) 0.629
19 (16–26) 21 (16–30.5) 20 (15–26) 18 (15.3–22.7) 0.417
26 (17–42) 24 (16.3–41.7) 29 (18–45) 24 (15.3–39) 0.474
16.4 (26.2–52.1) 15.4 (22.2–31.6) 28.8 (18.0–63.4) 30.0 (15.0–47.7) 0.427
3.2 (2.8–4.0) 3.2 (2.8–3.8) 3.2 (2.8,4.1) 3.2 (2.5–3.8) 0.564
65.8 (53–77) 68.9 (58.1–80.3) 65.8 (50.5–78.2) 60.6 (52.6–73.7) 0.488
0.01 (0.01–0.01) 0.01 (0.01–0.01) 0.01 (0.01–0.01) 0.01 (0.01–0.01) 0.390
124 (112–153) 118 (107–130) 130 (114–156) 122 (112–158) 0.077
0.6 (0.2–2.0) 0.3 (0.1–0.8) 0.5 (0.1–2.1) 0.6 (0.3–2.2) 0.065
0.09 (0.06–0.27) 0.08 (0.06–0.09) 0.09 (0.07–0.21) 0.11 (0.07–0.42) 0.021
74 (60.2) 11 (33.3) 48 (68.5) 15 (75) 0.276

, moderate and severe). p < 0.05 was considered significant. NA, not available.



Table 3
Treatment regimens of coronavirus disease 2019 (COVID-19) patients.

Antiviral drugs Total (n = 123) Mild (n = 33) Moderate (n = 70) Severe (n = 20) p value

Abidol 49 (39.8) 6 (18.2) 23 (32.9) 20 (100) 0.000
Interferon 115 (93.5) 30 (90.9) 65 (92.8) 20 (100) 0.397
Lopinavir/ritonavir 120 (97.6) 30 (90.9) 70 (100) 20 (100) 0.364
Traditional Chinese Medicine

Yangyinjiedu formula 44 (35.8) 8 (24.2) 28 (40.0) 8 (40.0) 0.297
Dayuanxiaodu formula 27 (22.0) 5 (15.2) 18 (25.7) 4 (20.0) 0.816
Chaihuqingzao formula 23 (18.7) 6 (18.2) 10 (14.2) 7 (35) 0.004
Sanren formula 11 (8.9) 2 (6.1) 9 (12.8) 0 (0) 0.327
Shenlingbaizhu san 5 (4.1) 2 (6.1) 2 (2.9) 1 (5.0) 0.602
Maimendong formula 9 (7.3) 1 (3.0) 6 (8.6) 2 (10.0) 0.581
Chaigechangyuan formula 5 (4.1) 0 (0) 5 (7.1) 0 (0) 0.198
Fuzhengjiedu powder 5 (4.1) 0 (0) 3 (4.3) 2 (10.0) 0.173
Belamcanda and Ephedre formula 3 (2.4) 0 (0) 3 (4.3) 0 (0) 0.400

Moxifloxacin 47 (38.2) 5 (15.2) 26 (37.1) 16 (80.0) 0.000
Thymosin alpha-1 87 (70.7) 13 (39.4) 54 (77.1) 20 (100) 0.000
Corticosteroids 34 (27.6) 4 (12.1) 12 (17.1) 18 (90.0) 0.000

Data are presented as n (%). p values indicate differences different groups (mild, moderate and severe). p < 0.05 was considered significant.
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antibacterial drugs, and Chinese medicines used to treat COVID-19.
Most patients received antiviral therapy (lopinavir/ritonavir, 120
[97.6%]; abidol, 49 [39.8%]; interferon 115 [93.5%]), antibacterial
therapy (moxifloxacin, 47 [38.2%]) and glucocorticoid therapy (34
[27.6%]). The most frequent TCM decoctions administered to patients
as part of symptomatic treatment were YYJD (44 [35.8%]), DYXD (27
[22.0%]), and CHQZ (23 [18.7%]). The commonly used drugs-abidol,
moxifloxacin, thymosin α1, corticosteroids- were statistically different
among groups (p < 0.05). Of the 20 severe patients, 4 (3.3%) were ad-
mitted to the ICU and all received high-flow oxygen. Among them,
one patient received non-invasive ventilationwhile otherswere treated
with convalescent plasma therapy. There was no statistically significant
difference in the application of other drugs among groups as well as the
use of Chinese medicine.
Fig. 2. Dynamic profile of laboratory parameters in 60 patients (mild = 8, moderate = 32, and
every other day from the day after the onset of illness. p values indicate differences among
significant difference.
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3.4. Dynamic profile of laboratory parameters in 60 patients with COVID-19

To determine the clinical features associated with COVID-19 pro-
gression, six clinical laboratory parameters were tracked in 60 patients
every 2 days for a period of two weeks from the onset of symptoms
(Fig. 2). Biochemical indicators (white blood cell, neutrophil, erythro-
cyte sedimentation rate, C-reactive protein, and D-dimer) in severe pa-
tients were higher than those of mild and moderate patients. But at the
end of hospital admission, these biochemical parameters in severe pa-
tients decreased. After 1 week of hospitalization, all these laboratory
findings in all our patient types subsided, whichwas related to faster re-
covery and shorter hospital stay. Taken the clinical data altogether, the
use of TCMs seemed effective regardless of disease severity and ap-
peared to modulate immune responses.
severe = 20 with COVID-19). Timeline charts illustrate the laboratory parameters taken
different groups (mild, moderate and severe). *p < 0.05 was considered a statistically
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Our patient cohort received 9 different TCM prescriptions in total.
Among these, three prescriptions, namely, Yangyinjiedu (YYJD),
Dayuanxiaodu (DYXD) and Chaihuqingzao (CHQZ) were selected for
further evaluation because they were used most frequently. A network
pharmacology method was conducted to investigate their effectiveness
for COVID-19.We screened the active ingredients of the three TCMs and
predicted the component-target network (Fig. S1). Thereafter, we per-
formed geneontology (GO) enrichment analysis andKEGGpathway en-
richment analysis to elucidate the diversemechanisms of these TCMs at
systematic level. Among the GO terms under molecular function were
cytokine receptor binding, cytokine activity, and receptor ligand activity
(Supplementary Fig. S2A, B, and C). In our KEGG analysis, the most
enriched pathways were associated with immune and antiviral re-
sponses. These pathways included TNF signaling, IL-17 signaling, influ-
enza A, C-type lectin receptor signaling pathway, and others
(Supplementary Fig. S3). These GO, KEGG as well as the clinical data
all showed the immunomodulatory effects of these three TCMs.

3.5. Acquisition of main active compounds and molecular docking

The active compounds of the three TCM prescriptions were re-
trieved from the TCMSP and ETCM databases (Supplementary
Tables S1, S2 and S3). Some active ingredients are common
among all the three TCMs. Thereafter, we further determined the
frequencies of these ingredients and noted their curated mecha-
nism of actions. This screening strategy resulted to 7 compounds
that are possibly responsible for the anti-COVID-19 properties of
the TCMs. These compounds are quercetin, kaempferol, luteolin,
isorhamnetin, epigallocatechin-3-gallate, naringenin, and wogonin.
These compounds may underpin the antiviral activity of these
TCMs, but the exact mechanism is unknown. While every viral en-
zyme of SARS-CoV-2 is a potential drug target, 3CLpro was selected
to be the focus of our further analyses because of its indispensable
function in the viral life cycle. The replication of SARS-CoV-2 is me-
diated by replicase polyprotein, consisting of pp1a and pp1ab. This
polyprotein is then cleaved to form 16 functional polypeptides, also
called non-structural protein, via extensive proteolytic processing
predominantly by 3CLpro [38]. Thus, 3CLpro plays a critical func-
tion in the life cycle of SARS-CoV-2. More so, the cleavage sites of
3CLpro are highly conserved in CoVs with no known human prote-
ases having similar cleavage specificity, providing added advantage
of possible less toxicity of 3CLpro inhibitors [15]. With these
reasons–functional importance in viral life cycle, high similarity of
3CLpro among CoVs, and cleavage specificity-, targeting 3CLpro of
SARS-CoV-2 is an attractive antiviral strategy. We therefore docked
the compounds with 3CLpro using AutoDock Vina1.1.2. It is
generally believed that the lower energy of the conformational sta-
bility of the ligand and the receptor, the greater the possibility of
interaction. When the binding energy ≤ − 5.0 kcal/mol is taken
as the screening criterion, the results of molecular docking showed
that all the compounds were all lower than −5 kcal/mol (Table 4).
This indicates that they had a certain affinity for the protein crystal
structure of 3CLpro (Fig. 3). Therefore, these compounds have good
binding activity with 3CLpro. More so, the conformation of the
conjugate was stable, indicating that thesemay indeed be the key com-
ponents of the TCMs. Of all the 7 compounds, epigallocatechin-3-gallate
(EGCG) has the lowest binding energy of −7.9 kcal/mol as well as
highest DL index of 0.77.

The 3CLpro of SARS-CoV-2 is made up of 306 amino acid residues.
The active site pocket consists of Thr25, Thr26, Leu27, His41, Ser46,
Met49, Tyr54, Phe140, Leu141, Asn142, Gly143, Cys145, His163,
Met165, Glu166, Leu167, Pro168, Phe185, Asp187, Gln189, Thr190,
Ala191, and Gln192 [60]. In our molecular docking analysis, the key ac-
tive sites were Met49, Phe140, Leu141, Ser144, His163, His164, His172,
Glu-166, Met165, and Thr190. Interestingly, EGCG formed hydrogen
bond with His41 and Cys145 (Fig. 3E). Besides these two key residues,
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several other amino acid residues in the active site were also involved
in hydrogen bonding as well as different noncovalent interactions. Sim-
ilarly, quercetin is also able to form various interactions with a number
of residues of the binding pocket [16]. The key residue is Met165, which
can formboth hydrogen bonds andhydrophobic interactionswith quer-
cetin. Additional hydrogen bonds can be formed with the two residues
Ser144 andMet165. Energetic contributions are also due to supplemen-
tary hydrophobic interactions with Met49, Phe140 and Leu141, and to
electrostatic interaction formed with the polar residue His164 and the
charged residue Glu166. All in all, EGCG and quercetin share certain
similarity in terms of binding affinity with some key residues in the ac-
tive site of 3CLpro. But since EGCG appears to interact with the catalytic
residues of the 3CLpro protease and exhibited a more favorable binding
affinity, it is likely that EGCG possibly inhibits the catalytic activity of
3CLpro. This therefore renders EGCG as a good candidate for drug devel-
opment for the treatment of COVID-19.

3.6. 3CLpro of SARS-CoV-2 binds with the active ingredients

Our previous analysis suggested that the 7 active compounds might
underpin the antiviral activity of the 3 TCMs by bindingwith the 3CLpro
of SARS-CoV-2. To gain deeper insights on the interactions between
3CLpro and the core compounds, an SPR biosensor-based assaywas per-
formed. SPR is an optical biosensor detectionmethod that measures the
interaction between ligand and analyte bymonitoring the change in re-
fractive index of the surface interface that occurs during the binding
process. Following the immobilization of 3CLpro on the sensor COOH
chip, the compounds were passed over the sensor's surface. The
compound-protein binding reaction at different concentrations was
continuously recorded, expressed in resonance units (RUs) and pre-
sented as a function of time (Fig. 4). The SPR analysis showed that all
compounds increased the SPR sensorgram significantly in a
dose-dependent manner. The dissociation constant KD (koff/kon) was
calculated by globally fitting the kinetic data at various analyte concen-
trations to the Langmuir binding model. The calculation results show
that the binding affinity of 3CLpro to quercetin, luteolin, kaempferol,
naringenin, and epigallocatechin-3-gallate were 1.24 μM, 1.63 μM, and
1.70 μM, 2.87 μM, and 6.17 μM respectively. Ebselen served as positive
control as it has been reported to inhibit 3CLpro activity with IC50 of
0.67 ± 0.09 μM and EC50 of 4.67 ± 0.80 μM [27]. Though wogonin
and isorhamnetin were also predicted to have favorable affinity with
3CLpro, they were not analyzed by SPR due to its low water solubility.

3.7. Enzyme inhibitory activity of active compounds against SARS-CoV-2

The in silico docking study and SPR binding assay both indicated that
the active compounds have certain affinity with 3CLpro, the key prote-
ase during SARS-CoV-2 replication. The anti-COVID-19 property of
these compounds is possibly due to its ability to inhibit the enzymatic
activity of 3CLpro. In this regard, a fluorescence resonance energy trans-
fer (FRET)–based cleavage assay was used to determine the median in-
hibitory concentration (IC50) values. As before, Ebselen was chosen as
the positive control. A fluorescently-labeled substrate (Dabcyl-
TSAVLQ↓SGFRKMK-Edans), derived from the N-terminal autocleavage
sequence from the viral protease, was designed and synthesized for
the enzymatic assay. Among the five soluble active ingredients,
epigallocatechin-3-gallate has the best inhibitory effect on 3CLpro activ-
ity with IC50 of 0.847 μM, followed by quercetin and luteolin with IC50
of 97.460 μM and 89.670 μM, respectively (Fig. 5). Kaempferol and
naringenin had IC50 of >100 μM.

3.8. Thermal shift assay

Generally, the stability of a protein can be affected by the interaction
with a ligand [39]. Because of its easy use, thermal shift assay (TSA) has
become an excellent platform for discovery of small molecule ligands
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Table 4
Docking mode of the common active ingredients of Yangyinjiedu (YYJD), Dayuanxiaodu
(DYXX) and Chaihuqingzao (CHQZ) with SARS-CoV-2 3CLpro. The oral bioavailability
(OB) and drug-like (DL) index were retrieved from TCMSP database (http://tcmspw.
com/tcmsp.php).

Compound Formula MW
(g/mol)

OB
(%)

DL
index

3CLpro
(kcal/mol)

Epigallocatechin-3-gallate C22H18O11 458.40 55.09 0.77 −7.9
Kaempferol C15H10O6 286.24 41.88 0.24 −7.8
Quercetin C15H10O7 302.24 46.43 0.28 −7.4
Luteolin C15H10O6 286.24 36.16 0.25 −7.4
Isorhamnetin C16H12O7 316.26 49.6 0.31 −7.1
Naringenin C15H12O5 272.25 59.29 0.21 −7.1
Wogonin C16H12O5 284.26 30.68 0.23 −7.0
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[37]. To further characterize the potentials of EGCG as 3CLpro inhibitor,
we performed TSA to determine if such compound alters thermal
Fig. 4. SPR assay of specific binding affinities of several active compounds to immobilized 3CL
separately on the surface of the ligand chip, and the analyte was sampled at 20 μL/min. Th
carried out for 180 s. Data are representative of three independent experiments.
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stability of 3CLpro. Since quercetin alters the thermal stability of
3CLpro by causing destabilization [16], we used quercetin as our posi-
tive control. To validate our own experimental system, we performed
TSA on quercetin with 3CLpro. Compared with the control group
(DMSO only), the addition of quercetin reduced the melting tempera-
ture (Tm) of 3CLpro (Fig. 6A), consistent with the previous report. This
indicates that the experimental system is suitable. Similar to quercetin,
EGCG also altered the thermal stability of SARS-CoV-2 3CLpro in a dose-
dependent manner (Fig. 6B) with a melting temperature (Tm) of
53.80 °C at a concentration of 62.5 μM (Fig. 6D).

4. Discussion

The lack of mass immunization programs and antiviral drugs con-
tinues to be the serious challenge to the current global effort to contain
the COVID-19 epidemic. Several drugs were tested in randomized
pro of SARS-CoV-2. Different concentrations of the compounds (1–80 μM) were injected
e binding time of the analyte to the ligand was 240 s; and the natural dissociation was

http://tcmspw.com/tcmsp.php
http://tcmspw.com/tcmsp.php


Fig. 5. Inhibitory screening of active compounds against SARS-CoV-2 3CLpro using FRET protease assay. (A) Ebselen. (B) Epigallocatechin-3-gallate. (C) Naringenin. (D) Kaempferol.
(E) Quercetin. (F) Luteolin. Dose–response curves for IC50 values were determined by nonlinear regression. All data are shown as mean ± s.e.m., n = 3 biological replicates.

Fig. 6.Thermal Shift Assay (TSA) of SARS-CoV-2 3CLpro stability and interactionwith Epigallocatechin-3-gallate (EGCG). A. The experimental system for TSAwas validatedusing quercetin,
a compound thatwas previously reported to alter the thermal stability of 3CLpro by causing destabilization. Themelting temperatures (Tm)was identified by plotting thefirst derivative of
thefluorescence emission as a function of temperature (−dF/dT). Tm is represented as the lowest part of the curve. B. Themelting temperature (Tm) of 3CLprowith various concentrations
of EGCG, showing a dose-dependent trend. C and D. The sigmoidal curves showing themelting temperatures (Tm) of dimethyl sulfoxide (C; negative control) and 62.5 μM EGCG (D). The
solid line represents the non-linear fit of the fluorescence curve to Boltzmann Equation.

A. Du, R. Zheng, C. Disoma et al. International Journal of Biological Macromolecules 176 (2021) 1–12
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controlled clinical studies but unfortunately the vast majority of these
drug interventions were not successful [40–42]. Therefore, different
drug discovery strategies need to be considered in addition to the cur-
rent widely used drug repurposing methods and structure-based drug
design strategies. In this study, several natural compounds from Tradi-
tional Chinese Medicine were identified as SARS-CoV-2 3CLpro inhibi-
tors. Here, we retrospectively evaluated medical records of patients
who received a combination of Chinese and Western medicines. Three
effective TCMs were identified, namely Yangyinjiedu, Dayuanxiaodu
and Chaihuqingzao. Moreover, the active components of these three
herbs were identified by network pharmacology. Additionally, the ac-
tive compounds with potential therapeutic value for COVID-19 were
screened through in vitro experiments.

In the past few years,medicinal plant-based natural compounds and
Traditional Chinese Medicine have attracted much attention as impor-
tant resources for the development of novel antiviral drugs. Plenty of
natural products were reported to possess antiviral activities against
various virus strains by in vivo and in vitro experiments, including
coronaviruses, herpes simplex virus, influenza virus, human immuno-
deficiency virus [43–47]. In addition, TCM is widely used in clinical
practice in the treatment of viral infectious diseases. For example,
Lian-Hua-Qing-Wen Capsule (LHQWC), a commonly used Chinese
medicine, was approved for the treatment of SARS and viral influenza
[48,49]. In the height of SARS-CoV-2 outbreak in China, LHQWC was
recommended again for clinical use to treat COVID-19. Subsequent clin-
ical and experimental studies have confirmed the therapeutic benefits
of LHWQC [35,50]. Its mode of action was by targeting virus replication
and immunological regulation. In addition to LHQWC, several other
TCMs have also been shown to be effective against COVID-19 and
have been recommended for clinical use [51,52]. Therefore, it may be
an economical and time-saving pursuit to screen inhibitors from
effective TCM formulations.

Due to the critical function of 3CLpro in the life cycle of SARS-CoV-2,
we screened several active ingredients against 3CLpro from TCMs. Our
molecular docking analysis revealed that seven core compounds from
the three effective TCMs are predicted to have good binding affinity
with 3CLpro. Our SPR binding assay further confirmed the predicted af-
finity of the compounds with 3CLpro. This potential binding may di-
rectly inhibit its proteolytic activity. To test this hypothesis, we
evaluated if the compounds can inhibit the enzymatic activity of
3CLpro using FRET assay. Of the soluble compounds, EGCG has the
best inhibitory effect with IC50 of 0.874 ± 0.005 μM.

EGCG is a polyphenol catechin that is abundant in tea plants, es-
pecially green tea [53]. EGCG showed a wide range of antiviral ac-
tivity against adenovirus, influenza virus, zika virus, herpesvirus,
and hepatitis virus [54]. It has also been found to be a potential
treatment option over synthetic chemical drugs. In addition, previ-
ous studies have reported that EGCG also has antiviral activity
against coronavirus. In vitro studies showed that EGCG inhibited
SARS-CoV 3CLpro with an IC50 value of 73 ± 2 μM [29]. Given
the high similarity of 3CLpro in SARS-CoV and SARS-CoV-2, EGCG
is a potential inhibitor of 3CLpro of SARS-CoV-2 and can be a lead
candidate for drug development to treat COVID-19. Our molecular
docking results showed that EGCG, with a docking score of −7.9,
has the best in silico activity among all the compounds tested.
This is consistent with the results of several recent reports
[55,56]. Certain compounds bind to the allosteric site of an enzyme,
resulting to conformational change of the active site of such en-
zyme. This results to non-competitive inhibition of its enzymatic
action. However, a compound that binds to the active site of the
enzyme and acts as a competitive inhibitor is a better choice. We
thus explored if EGCG can bind directly with SARS-CoV-2 3CLpro.
The molecular docking analysis provided an in silico evidence that
EGCG binds with certain amino acid residues in the active site of
3CLpro. Furthermore, we employed SPR binding assay, a distinct
biophysical technique that is routinely used to probe drug-protein
10
engagement. The SPR results, combined with the results described
above, confirmed the binding inhibitory activity of EGCG against
3CLpro.

Critically ill COVID-19 patients often show cytokine storm syndrome
characterized by increased secretion of interleukin (IL)-6, IL-1β, IL-17,
IL-8, tumour necrosis factor (TNF)-α, interferon (IFN)-γ, and other
pro-inflammatory mediators [57]. The over-production of pro-
inflammatory cytokines induces severe damage to the host. There is
therefore a great clinical and research need for drugs to counteract
COVID-19 hyper-inflammation. In this aspect, EGCG is potentially a
promising agent for COVID-19 to revert hyperinflammation. Previous
studies have demonstrated that EGCG can strongly inhibit the JAK/
STAT pathway regulating the synthesis and secretion of several cyto-
kines and chemokines [58,59].Moreover, EGCG can suppress the canon-
ical NF-κB pathway [60,61], which plays a key regulatory role in the
expression of proinflammatory cytokines including IL-1, TNF-α, IL8,
IL-6. All of these cytokines are induced in cytokine storm syndrome as
well as in COVID-19. The KEGG analysis and the GO-based enrichment
analyses also showed that a vast majority of the most enriched path-
ways of the components in the three TCMs were associated with im-
mune response and inflammation-related signaling (Supplementary
Figs. S2A, B, C and S3). As illustrated in the compound-target regulation
network diagram (Fig. S1), several active components interact with a
variety of targets. In particular, EGCG (ID: MOL006821) is predicted to
target multiple genes. This prediction model provides a good insight
but more research efforts are still needed to fully uncover the therapeu-
tic benefits of EGCG.

In this work, we screened and identified several active ingredients of
Traditional ChineseMedicinewith inhibitory activity against SARS-CoV-
2 3CLpro. Among them, EGCG is the most promising active compound
due to its inhibitory activity. EGCG offers additional advantages con-
ferred by its low toxicity and good absorptive capacity in human intes-
tine [62]. Overall, EGCG warrants further study due to its promising
potential in combating COVID-19 hyperinflammation and as lead com-
pound for development of new antiviral drugs against COVID-19.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2021.02.012.
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