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Abstract

Background In early 2020, COVID-19 pandemic has mobilized researchers in finding new remedies including
repurposing of medicinal plant products focusing on direct-acting antiviral and host-directed therapies. In this study,
we performed an in vitro investigation on the standardized Marantodes pumilum extract (SKF7°®) focusing on anti-
SARS-CoV-2 and anti-inflammatory activities.

Methods Anti-SARS-CoV-2 potential of the SKF7® was evaluated in SARS-CoV-2-infected Vero E6 cells and SARS-CoV-
2-infected A549 cells by cytopathic effect-based assay and RT-gPCR, respectively. Target based assays were performed
on the SKF7® against the S1-ACE2 interaction and 3CL protease activities. Anti-inflammatory activity of the SKF7® was
evaluated by nitric oxide inhibitory and TLR2/TLR4 receptor blocker assays.

Results The SKF7® inhibited wild-type Wuhan (ECs, of 21.99 pug/mL) and omicron (ECs, of 16.29 pg/mL) SARS-CoV-2

response with the ECs, of 16.19 ug/mL.

affecting the COVID-19 pathogenesis are warranted.

infections in Vero-E6 cells. The SKF7¢ also inhibited the wild-type SARS-CoV-2 infection in A549 cells (ECy, value
of 6.31 ug/mL). The SKF7® prominently inhibited 3CL protease activity. The SKF7® inhibited the LPS induced-TLR4

Conclusions In conclusion, our in vitro study highlighted anti-SARS-CoV-2 and anti-inflammatory potentials of the
SKF7¢®. Future pre-clinical in vivo studies focusing on antiviral and immunomodulatory potentials of the SKF7¢ in

Keywords Labisia pumila, Marantodes pumilum, COVID-19, Anti-SARS-CoV-2, Anti-inflammatory, Toll-like receptors

Background

Global situation of COVID-19 has reached more than
775 million cases including 7 million deaths as recorded
in May 2024 [1]. COVID-19 is an infectious disease
caused by the SARS-CoV-2 viral infection that can be
spreads from infected persons through a respiratory
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droplet to smaller aerosols. COVID-19 patients can expe-
rience presymptomatic and asymptomatic infections
[2]. The symptoms of COVID-19 vary from non-severe
such as fever, cough, sore throat, malaise, headache,
muscle pain, nausea, vomiting, diarrhea, loss of taste
and smell to severe symptoms such as acute respiratory
distress syndrome (ARDS) [3]. Severe COVID-19 cases
and deaths mostly comprise patients with co-morbidi-
ties and immunocompromised diseases [4]. Moreover,
a study conducted by Al-Awaida et al. (2021) on SARS-
CoV-2 genome sequences from different continents for
the period of 1 December 2020 to 15 March 2021 have
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showed a positive correlation of SARS-CoV-2 variant
generation by mutations to number of cases and deaths
per millions [5]. Fortunately, emergency use approval of
the first COVID-19 vaccine, BNT162b2 (31 December
2020) followed by others such as AZD1222 (15 February
2021), Ad26-COV2.S (12 Mac 2021), mRNA-1273 (30
April 2021), BBIBP-CorV (7 May 2021) and CoronaVac
(1 June 2021) has successfully reduced the incidence of
severe COVID-19 [6]. However, COVID-19 vaccines are
not preventing infections or reinfections by new SARS-
CoV-2 variants [7, 8]. Current COVID-19 antiviral drugs
such as remdesivir (Veklury), nirmatrelvir/ritonavir (Pax-
lovid) and molnupiravir (Lagevrio) were reported to be
less effective in COVID-19 patients with comorbidities
and immunocompromised diseases [9-14].

The different stages of COVID-19 pathogenesis such
as early viral illness, inflammatory lung injury, and post-
acute sequelae have caused finding a single treatment that
can stop the progression of severe COVID-19 becomes
challenging [15]. Therefore, continuous efforts in finding
alternative COVID-19 treatment candidates possessing
virus-directed (inhibition of viral essential components)
and host-directed (anti-inflammatory or immunomodu-
latory activities) properties could be an effective strategy.
The potential of herbs or medicinal plant products and
their active compounds focusing on virus-directed and
host-directed therapies for COVID-19 treatment has
been highlighted in many studies [16—18].

The idea of targeting both virus replication and host
mechanisms in treating COVID-19 is another approach
to reduce viremia and stop the severe COVID-19 pro-
gression, which mainly caused by hyperinflammation
or cytokine storm in the infected lungs [19]. Examples
of potential agents possessing viral-directed and host
directed activities are curcumin, a major compound of
Curcuma longa L. and Huashi Baidu a traditional Chinese
herbal mixture product. Curcumin was showed to inhibit
replication of different SARS-CoV-2 strains potentially
by targeting viral S protein-host ACE2 receptor interac-
tion and inhibiting SARS-CoV-2 main protease enzyme
(Mpro/3CL protease) [20—-23]. A systematic review study
on 6 curcumin clinical trials of hospitalized COVID-19
patients has suggested the potential immunomodulatory
role of curcumin by restoring the pro-inflammatory and
anti-inflammatory balance hence led to amelioration of
cytokine storm manifestation [24]. A study conducted by
Xu et al. (2023) on Huashi Baidu (Q-14), which consists
of 14 herbs mixture, has discovered antiviral (magnolol,
glycyrrhisoflavone, licoisoflavone A, emodin, echinatin
and quercetin) and anti-inflammatory agents (licochal-
cone B, echinatin and also glycyrrhisoflavone) against
SARS-CoV-2 infection in vitro [18]. In detail, echina-
tin and quercetin were potent inhibitor of SARS-CoV-2
Mpro or 3CL protease while glycyrrhisoflavone and
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licoisoflavone A were potent inhibitors of RNA-depen-
dent RNA polymerase (RdRp). Glycyrrhisoflavone and
licoisoflavone A also displayed potent inhibitory activi-
ties against cAMP-specific 3, 5’-cyclic phosphodiester-
ase 4 (PDE4), an important enzyme in pro-inflammatory
pathway [18].

In Malaysia, there is a medicinal plant that is worth
exploring called Marantodes pumilum or also known
as Labisia pumila [25, 26]. This plant, locally known
as “Kacip fatimah’, is traditionally consumed by Malay
women for induction and facilitation of labour, as well
as to treat flatulence, dysentery, dysmenorrhoea, gonor-
rhoea and “sickness in the bones” [27]. Many scientific
studies have been conducted to support the traditional
claims of this plant. The antioxidant, phytoestrogenic and
anti-inflammatory properties of M. pumilum have been
shown to facilitate the prevention and treatment of dis-
eases related to estrogen deficiencies [28]. The consump-
tion of M. pumilum extracts showed beneficial effects in
women and rat models with postmenopausal syndrome
[29-31], polycystic ovary syndrome [32] and osteoporo-
sis [33—36]. In addition, the beneficial effects of M. pumi-
lum were also explored and studied for other diseases
including diabetes [37, 38], cancer [25, 39] and bacterial
infections [40, 41]. M. pumilum is rich in bioactive com-
pounds such as catechins, rutin, quercetin, naringenin
and gallic acids, which have been studied for anti-inflam-
matory and anti-SARS-CoV-2 activities in silico and in
vitro [16, 17, 42—50]. However, scientific evidence to sup-
port the anti-COVID-19 potential of M. pumilum extract
or product is still lacking.

In this study, our objectives are to evaluate the virus-
directed therapy (anti-SARS-CoV-2 activity) and host-
directed therapy (anti-inflammatory activity) potentials
of M. pumilum standardized extract (SKF7°) in vitro.
Anti-SARS-CoV-2 study of the SKF7° was tested against
wild-type (Wuhan) and omicron SARS-CoV-2 vari-
ants. The effect of the SKF7° on viral S protein-human
ACE2 interaction and viral 3CL protease or main pro-
tease (Mpro) activities were also evaluated for potential
mechanism of action. Hyperinflammation is the key fac-
tor that contributed to the progression of severe COVID-
19. Therefore, the SKF7° was also evaluated for potential
anti-inflammatory effects against nitric oxide (NO) pro-
duction and toll like receptor 2/4 (TLR2/4) responses,
which were previously reported to be dysregulated dur-
ing SARS-CoV-2 infections [51-55].

Methods
Test items
The SKF7°, a hydroalcoholic extract from a dried whole
plant of M. pumilum (Blume) Kuntze was supplied by
Medika Natura Sdn Bhd, a Malaysian biopharmaceuti-
cal company. The extract was standardized for not less
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than 2% gallic acid content (3.09%). Inhibitor control
compounds for anti-SARS-CoV-2 (nirmatrelvir) and anti-
inflammatory (curcumin) activities were purchased from
TargetMol (TargetMol, USA). All test items were dis-
solved in 100% DMSO and kept at -20°C prior to use.

Tentative identification of SKF7® compounds by ultra-

high performance liquid chromatography-high resolution
accurate mass spectrometry (UHPLC-HRAMS)

The SKF7° extract was dissolved in water (5 mg/mL) and
filtered through 0.22 um PTFE filter prior to injection
into the liquid chromatrography-mass spectrophotom-
etry (LCMS) system. All solvents used for the prepara-
tion of the sample and mass spectrometry analysis was
LCMS graded solvent purchased from Fisher Chemical
(Geel, Belgium). The analysis was performed by using
the Thermo Scientific Dionex Ultimate 3000 Series RS
pump coupled with a Thermo Scientific Dionex Ulti-
mate 3000 Series TCC-3000RS column compartments
and a Thermo Fisher Scientific Ultimate 3000 Series
WPS-3000RS autosampler controlled by Chromeleon
7.2 Software (Thermo Fisher Scientific, Waltham, MA
and Dionex Softron GMbH Part of Thermo Fisher Scien-
tific, Germany). Separations were performed by using an
ACQUITY UPLC® BEH (18 analytical column (2.1 mm
% 100 mm; particle size, 1.7 um) (Waters, Milford, MA,
USA) equipped with a Van Guard BEH C18 pre-column
(2.1 mm x 5 mm; particle size, 1.7 m) (Waters, Milford,
MA, USA) maintained at 40 °C. The mobile phase con-
sisted of solutions A (0.1%v/v formic acid in water) and
B (0.1% v/v formic acid in acetonitrile solution). A gra-
dient program was used for elution including 5% solu-
tion B initially for 2 min, followed by 5-95% solution B
from 2 to 15 min, 95% solution B from 15 to 18 min, and
5% solution B from 18.5 to 20 min. The mobile phase
was delivered at a flow rate of 0.3 mL per min with an
injection volume of 1 uL. HRAMS data were acquired
using a Thermo Scientific Q-Exactive Orbitrap mass
spectrometer controlled by the Xcalibur 3.0.63 software
(Thermo Fisher Scientific, Waltham, MA) and operated
at 70,000 resolution in full scan and 35,000 in MS/MS
scan mode. The key heat electrospray ionization (HESI)
source parameters were optimized as follows: spray volt-
age, 4.0 kV; capillary temperature, 320 °C, sheath gas flow
rate 35; auxiliary gas flow rate 102; heater temp, 350 °C;
S-lens RF level 55. The spectrum data type was centroid
with a scan range from 100 to 1500 M/Z. The target value
(AGC) was 1x10° and the maximum allowed accumula-
tion time (IT) was 60 ms. For the data-dependent, MS/
MS (ddMS2) analyses a TopN=>5 method was used. The
five most intense peaks were selected for fragmentation
with stepped normalized energy of 15, 30, and 45 V in
negative ionization mode.
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Cell culture and maintenance

African green monkey-derived epithelial kidney cells
(Vero E6; ATCC-CRL-1586) and murine macrophage
cells (RAW 264.7; ATCC TIB-71) were purchased from
the American Type Cell Culture Collection (ATCC,
USA). Human lung carcinoma expressing the human
angiotensin I-converting enzyme-2 (hACE2) and trans-
membrane protease serine 2 (TMPRSS2) (A549-hACE2-
TMPRSS2), and human toll-like receptor/NF-kB-SEAP
reporter HEK293 (HEK-Blue hTLR2 and HEK-Blue
hTLR4) cells were purchased from InvivoGen (Invivo-
Gen, USA). Vero E6 and RAW 264.7 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)(Gibco,
USA) supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA) and 100 units/mL penicillin-streptomy-
cin (Gibco, USA). The A549-hACE2-TMPRSS2 cell was
cultured in DMEM (Gibco, USA) supplemented with
10% FBS (Gibco, USA), 100 pg/mL normocin (Invi-
voGen, USA), 100 units/mL penicillin-streptomycin
(Gibco, USA), 0.5 pg/mL puromycin (InvivoGen, USA)
and 300 pg/mL hygromycin (InvivoGen, USA). All cell
lines were grown at 37°C in 5% CO, incubator. HEK-
Blue hTLR2 and HEK-Blue hTLR4 cells were cultured
in DMEM (Gibco, USA) supplemented with 10% FBS
(Gibco, USA), 100 pg/ml normocin (InvivoGen, USA),
100 units/mL penicillin-streptomycin (Gibco, USA) and
1X HEK-Blue Selection (InvivoGen, USA).

Virus propagation and titer determination
Clinical SARS-CoV-2 variants, Wuhan wild-type (WT)
and Omicron (B.1.1.529) were previously isolated and
cultured by the Virology Unit, Institute for Medical
Research, National Institutes of Health, Malaysia. Virus
isolation from human samples was not considered as
human subject research and the requirement for written
informed consent was exempted by the Medical Research
and Ethics Committee (MREC), Ministry of Health,
Malaysia. Virus isolates were propagated in Vero E6 cell
culture containing 2% FBS supplemented DMEM media
at 37°C in 5% CO, incubator at biosafety level 3 (BSL-
3) lab facility, Institute for Medical Research, National
Institutes of Health, Malaysia. Once the viral induced
cytopathic effect (CPE) was observed, the viral culture
supernatant was collected and kept in -80°C prior to use.
The virus titer was measured by 50% tissue culture
infective dose (TCID;,) method. Vero-E6 (2x10* cells/
well) and A549-hACE2-TMPRSS2 (1x10* cells/well)
cells were seeded in 96-well culture plates and grown
overnight. The cells were exposed to serially diluted (10-
fold) viruses and incubated for 72 h at 37°C in 5% CO,
incubator. The CPE was observed microscopically. The
viral induced CPE level was measured by ATP-based
assay (ViralToxGlo®, Promega, USA). The luminescent
signal intensity was measured by multimode microplate
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reader (GloMax® Explorer, Promega, USA). The TCID4,
values were determined by dose-response curve analysis
using GraphPad Prism software (Version 7.0).

Determination of anti-SARS-CoV-2 potential activity of the
SKF7°®

Cell viability assay

The nature of antiviral screening by CPE inhibition assay
is by measuring cell death caused by virus infection.
Therefore, the dose effect of the SKF7° on healthy cell
viability need to be determined so that the non-cytotoxic
concentrations are used in the antiviral screening. Briefly,
Vero (2x10* cells/well) or A459-hACE2-TMPRSS?2 cells
(1x10* cells/well) were seeded in a 96-well culture plate
containing DMEM media supplemented with 2% FBS
and 100 units/mL penicillin-streptomycin (Gibco, USA)
and incubated overnight at 37°C in 5% CO, incubator.
Then, confluent cells were exposed to serially diluted
concentrations of the SKF7° (Vero: 3.13—-800 pg/mL and
A459-hACE2-TMPRSS2: 0.39-100 pg/mL) or nirmatrel-
vir (0.39-100 uM) and incubated for 72 h at 37°C in 5%
CO, incubator. The healthy cell control was cells exposed
to media containing 0.5% DMSO only and the lysis cell
control was cells exposed to media containing 0.05% Tri-
ton X 100. The cell viability level was measured by ATP-
based assay. The ATP detection reagent (CellTiter-Glo®,
Promega, USA) was added and incubated at room tem-
perature for 10 min. The luminescent signal intensity was
measured by multimode microplate reader (GloMax®
Explorer, Promega, USA). The half-maximal cytotoxic
concentration value (CCg,) was determined by dose-
response curve analysis using GraphPad Prism software
(Version 7.0). The assay was performed in quadruplicate
in three independent tests.

Antiviral screening by SARS-CoV-2 induced-cytopathic effect
(CPE) inhibition assay

The Vero E6 cells were seeded at 2x10* cells/well in a
96 well plate and incubated overnight in DMEM media
supplemented with 2% FBS and 100 units/mL penicillin-
streptomycin (Gibco, USA) at 37°C in 5% CO, incuba-
tor. Then, the serially diluted SKF7° (0.39-25 pg/mL) or
SARS-CoV-2 inhibitor control, nirmatrelvir (0.39-100
uM) were added to the confluent cells. In the BSL3 lab,
SARS-CoV-2 virus isolate was diluted with DMEM media
supplemented with 2% FBS and added to the conflu-
ent cells in 96 well plate (25TCID;, per well) containing
serially diluted extract or inhibitor control. The healthy
cell control was cells exposed to media containing 0.5%
DMSO only and the CPE control was cells exposed to the
virus only. The test plate was incubated for 72 h at 37°C in
5% CO, incubator. The viral cytopathic effect (CPE) was
measured by ATP-based assay (ViralToxGlo®, Promega,
USA). The luminescent signal intensity was measured by
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multimode microplate reader (GloMax® Explorer, Pro-
mega, USA). The half-maximal effective concentration
value (ECy,) was determined by dose-response curve
analysis using GraphPad Prism software (Version 7.0).
The assay was performed in quadruplicate in three inde-
pendent tests.

Anti-SARS-CoV-2 screening by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR)
SARS-CoV-2 infection in human lung cells (A459-
hACE2-TMPRSS2) did not induce measurable CPE
within 72 h of incubation period. Therefore, RT-qPCR
was performed to quantitate the viral RNA level affected
by the SKF7° treatment. Briefly, A459-hACE2-TMPRSS2
cells were seeded (1x10* cells/well) in a 96 well culture
plate containing DMEM media supplemented with 2%
FBS, 100 pg/mL normocin (InvivoGen, USA), 100 units/
mL penicillin-streptomycin (Gibco, USA), 0.5 pg/mL
puromycin (InvivoGen, USA) and 300 pg/mL hygromy-
cin (InvivoGen, USA), and incubated overnight at 37°C in
5% CO, incubator. Then, the SKF7° extract (0.098-25 pg/
mL), which was serially diluted with 2% FBS supple-
mented DMEM media, were added to the confluent cells.
In the biosafety level 3 (BSL3) laboratory, SARS-CoV-2
virus isolate was diluted with 2% FBS supplemented
DMEM media and added to the confluent cells in 96 well
plate (0.03 MOI) containing serially diluted concentra-
tion of the SKF7° extract. The healthy cell control was
cells exposed to media containing 0.5% DMSO only and
the infection control was cells exposed to the virus only.
The test plate was incubated for 72 h at 37°C in 5% CO,
incubator. The viral RNA was extracted from the culture
supernatant by KingFischer Duo Prime System (Ther-
moFischer Scientific, USA) using a method described
by the MagMax Viral/Pathogen Nucleic Acid Isolation
Kit (Applied Biosystems, USA). The primers targeting
the N gene region [56] were used for the viral RNA copy
number quantitation by adapting the RT-qPCR condition
as recommended by Quantitect SYBR Green RT-PCR
Kit (Qiagen, Germany). The RT-qPCR was performed
by using the Applied Biosystems 7500 thermocycler
(Applied Biosystems, USA). The synthetic SARS-CoV-2
RNA (VR-3276SD) (ATCC, USA) with known copy num-
ber was used as a standard for viral RNA copy number
quantitation in this assay. The assay was performed in
triplicate in three independent tests.

Determination of anti-SARS-CoV-2 specific action
mechanisms

Spike S1 (SARS-CoV-2)-ACE2 interaction inhibitor screening
The effect of the SKF7° on the spike S1-ACE2 interaction
was determined by using the Spike S1 receptor binding
domain (RBD) (SARS-CoV-2): ACE2 inhibitor screening
colorimetric assay kit (BPS Bioscience, Canada). Briefly,
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the extract (5, 10 and 20 pg/mL) was added to the spike
S1, Fc fusion, avi-tag (2 pg/mL) pre-coated 96 well plate
together with the reaction mixture containing 1x immu-
nobuffer and ACE2-Biotin (0.4 ng/pL). The positive con-
trol was the reaction mixture without the extract. The
reaction mixture was incubated for 10 min at room tem-
perature prior to 1 h incubation with streptavidin-horse
radish peroxidase (HRP). After 1 h incubation, the HRP
substrate was added for 5 min incubation, and the reac-
tion was stopped by adding 1 M sulfuric acid. The signal
intensity was measured at 450 nm by using microplate
reader ((FLUOstar Omega, BMG LABTECH, Germany).
The assay was performed in triplicate.

3CL protease (SARS-CoV-2) assay

The effect of the SKF7° on 3CL protease or main pro-
tease (Mpro) activity was determined by using the 3CL
protease, untagged (SARS-CoV-2) Assay kit (BPS Biosci-
ence, Canada). Briefly, the extract (5, 10 and 20 pg/mL)
was incubated with the reaction mixture containing assay
buffer and 3CL protease (0.3 ng/uL). The positive control
was the reaction mixture without the extract or inhibi-
tor control. The inhibitor control was protease inhibitor
GC376 (100 uM). The reaction mixture was preincubated
for 20 min at room temperature with slow shaking. The
reaction was started by adding 3CL protease substrate
(40 uM) and incubated at room temperature for 4 h with
slow shaking. The fluorescence intensity was measure at
excitation wavelength 350 nm and emission wavelength
460 nm by using microplate reader (FLUOstar Omega,
BMG LABTECH, Germany). The assay was performed in
triplicate.

Determination of anti-inflammatory action mechanisms
Nitric oxide assay

The RAW 264.7 cells were seeded in 24-well plates at
concentration 5x10° cells/well in 500 L total volume
with or without LPS (1 pg/mL) at 37 °C in a 5% CO?
incubator. After 4 h, the cells were treated with various
concentrations of the SKF7* (1.56 to 100 pg/mL) for 24 h.
Untreated-unstimulated cells and LPS-stimulated cells
served as negative control and positive control, respec-
tively. The inhibitor control compound was curcumin
(12.5 pM). Nitrite level in the culture media, which
represents intracellular nitric oxide synthase activity,
were determined by Griess reaction. Briefly, cell super-
natants were dispensed into 96-well plates and 150 pL
of each supernatant was mixed with 20 pL of Griess
reagent (Invitrogen, USA) and 130 pL of deionized water.
The plate was then incubated at room temperature for
10 min. The concentration of NO was determined by a
standard curve prepared with known concentrations of
sodium nitrite as standard and the absorbance was mea-
sured at 550 nm by using plate reader (FLUOstar Omega,
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BMG LABTECH, Germany). The assay was performed in
triplicate.

Toll-like receptor blocker assay

The HEK-Blue-hTLRs was produced by co-transfection
of the human TLRs and CD14 co-receptor genes, and an
inducible SEAP (secreted embryonic alkaline phospha-
tase) reporter gene into HEK293 cells (human embryo
kidney cells) (InvivoGen, USA). The HEK-Blue hTLR2
and HEK-Blue hTLR4 cells were plated at the density of
1x10° cells/well in 96-well plates in pre-warmed HEK-
Blue™ Detection Media (InvivoGen, USA). The LPS (1 pg/
mL) and various concentrations of the SKF7° (0.78 to
100 pg/mL) were added to the cells and incubated over-
night at 37°C in 5% CO, incubator. The positive control
was cells incubated with the LPS only while the negative
control was cells without LPS induction. The inhibitor
control compound was curcumin (12.5 puM). After 24 h
of stimulation, the level of SEAP protein secretion, which
represents the TLR activation, was quantified by using a
spectrophotometer at 630 nm (FLUOstar Omega, BMG
LABTECH, Germany). The assay was performed in trip-
licate in three independent tests.

Data analysis

The half-maximal effective (ECs,) and cytotoxic (CCs)
concentrations were generated from the dose-response
curve analysis or nonlinear regression (curve fit) XY
analysis using [inhibitor] versus normalized response
(variable slope) algorithm in the GraphPad Prism soft-
ware, version 7.0. The CCy, and ECy, values were used to
calculate the selectivity index (SI) value (CCsy/ECy). The
significant changes (P<0.05) between groups were ana-
lyzed by one-way ANOVA with Tukey’s multiple com-
parison analysis.

Results

The SKF7° is rich in phenolic compounds

The LCMS analysis was performed to identify the phyto-
chemical content of the SKF7° extract. A total of 13 peaks
were detected from the LCMS chromatogram (Figs. 1)
and 9 of the peaks were tentatively identified as malic
acid, quinic acid, gallic acid, gallocatechin, epigallocat-
echin, catechin, epigallocatechin gallate, ethyl gallate and
epicatechin gallate (Additional file 1).

The SKF7° inhibited SARS-CoV-2 infections in the kidney
and lung cells

The cell viability assay or ATP-based assay was conducted
to determine the optimum non-cytotoxic concentrations
of the SKF7°, which will be used for the anti-SARS-CoV-2
testing. The result showed that the CCy, value of the
SKF7° on Vero E6 cells was 158.50 pg/mL (Fig. 2). The
highest starting concentration of the extract that showed
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Fig. 1 The LCMS chromatogram of the the SKF7¢ extract. Thirteen peaks consist of 9 tentatively identified phytochemical compounds and 4 unidenti-
flied compounds. The tentatively identified phytocompounds are (1) malic acid, (2) quinic acid, (3) gallic acid, (4) gallocatechin, (5) epigallocatechin, (6)
catechin, 9) epigallactocatechin gallate, 10) ethyl gallate and 11) epicatechin gallate
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Fig. 2 The cytotoxic effect of the SKF7° on the Vero E6 cells. The highest concentration of the extract that showed >80% cell viability was at 25 ug/mL.
The Vero E6 monolayer cells were exposed with serially diluted concentration of the SKF7° for 72 h at 37°C in 5% CO, incubator. The cytotoxic activity
was measured by CellTiter-Glo assay kit (Promega, USA). The plotted data are the mean value of cell viability percentage + standard error of mean (SEM)

from 3 independent tests

more than 80% cell viability, which was 25 pg/mL, was
used in the anti-SARS-CoV-2 testing (Fig. 2).

The anti-SARS-CoV-2 potential of the SKF7° was
tested against wild-type (WT Wuhan) and omicron
SARS-CoV-2 variants. The results showed that the
SKF7° inhibited the WT Wuhan and the omicron SARS-
CoV-2 infections (Fig. 3) as measured by the reduction
in viral-induced CPE in Vero E6 cells. The EC;, values

of the SKF7° against the WT Wuhan and the omicron
SARS-CoV-2 infections were 21.99 pg/mL and 16.29 pg/
mlL, respectively (Fig. 3). The SI values for the SKF7° in
inhibiting the WT Wuhan and the omicron SARS-CoV-2
infections in Vero E6 cells were 7.21 and 9.73, respec-
tively (Fig. 3). The inhibitor control drug, nirmatrelvir
showed potent antiviral activity against the WT Wuhan
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Fig.3 The antiviral activity of the SKF7® against the WT Wuhan and the Omicron SARS-CoV-2 variants infections in the kidney cells. The Vero E6 monolayer
cells incubated with various concentrations of the extract and the SARS-COV-2 virus (25TCID50) for 72 h at 37°Cin 5% CO, incubator. The percentage on
infection was determined by the viral-induced CPE level as measured by ATP-based assay. The luminescent signal of ATP levels were normalized to the
percentage of infection values. The plotted data are the mean value of infection percentage + standard error of mean (SEM) from 3 independent tests

SARS-CoV-2 with an EC; value of 1.26 pM and SI value
of >79.37 (Additional file 2).

In order to recapitulate the antiviral activity in human
lung infections, the anti-SARS-CoV-2 activity of the
SKF7° was also evaluated in the human lung cells (A459-
hACE2-TMPRSS2), which expressed the human ACE2
and TMPRSS2 receptors, infected with WT Wuhan
SARS-CoV-2 variant. At the end of the incubation, the
culture supernatant containing the mature virus was col-
lected for viral RNA detection by RT-qPCR. The CPE
based assay was not implemented in this experiment as
the infected A549 cells were not showing measurable
CPE within the 72 h of incubation period. The RT-qPCR
results showed that the SKF7° reduced the SARS-CoV-2
infection in the A459-hACE2-TMPRSS2 cells with the

EC;, value of 6.31 ug/mL (Fig. 4). The cytotoxic effect
of the SKF7° against the A459-hACE2-TMPRSS2 cells
was also determined by ATP-based assay and the CCj,
value was 76.83 pg/mL (Fig. 4). This has resulted higher
SI value (SI>10) for the SKF7° against the WT Wuhan
SARS-CoV-2 infections in A459-hACE2-TMPRSS2 cells
(Fig. 4) as compared to WT Wuhan SARS-CoV-2 infec-
tions in Vero E6 cells (Fig. 3).

The SKF7° prominently inhibited the SARS-CoV-2 3CL
protease activity

The potential of the SKF7° to affect the essential enzymes
involved in SARS-CoV-2 virus internalization and repli-
cation were determined by the spike S1-ACE2 and 3CL
protease inhibitor assays, respectively. Our data showed
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that the spike S1-ACE2 interaction activity was not
affected by the lower SKF7° concentrations (5 pg/mL and
10 pg/mL) (Fig. 5A). However, at higher concentration
of the SKF7°, 20 pug/mL, the 13% reduction of the spike
S1-ACE2 interaction activity was observed but it was not
statistically significant (Fig. 5A).

Interestingly, the effect of the SKF7° was more promi-
nent against the 3CL protease or main protease (Mpro)
activity (Fig. 5B). The SKF7° significantly (P<0.05)
reduced the 3CL protease activity by 32.8% and 53.5%
at the concentration of 10 pg/mL and 20 pg/mL,

respectively (Fig. 5B). The insignificant reduction of 4.3%
was observed at 5 pg/mL of the SKF7° (Fig. 5B). The con-
trol inhibitor, GC376 (100 pM), showed 100% reduction
of the 3CL protease activity (Fig. 5B).

The SKF7° inhibited the LPS-induced TLR4 activation

Besides the antiviral activity, the anti-inflammatory
potential of the SKF7° was also evaluated. The general
nitric oxide assay was performed on the LPS-induced
murine macrophage cells (RAW 264.7) exposed with
various concentrations (1.56—100 ug/mL) of the SKF7°.
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Fig. 6 Effect of SKF7° treatment on the TLR2 and TLR4 signaling activations. HEK-Blue hTLR2 (A) or hTLR4 (C) monolayer cells were exposed with LPS
(1 pg/mL) and various concentrations of the extract for 24 h at 37°C in 5% CO, incubator. The level of secreted alkaline phosphatase protein (SEAP), which
representing the TLRs activation, was quantified by using a spectrophotometer at 630 nm. Cytotoxic effects of the SKF7® on HEK-Blue hTLR2 and hTLR4
cells were measured by the ATP-based assay. The dose-response curve analysis of the SKF7® against the TLR2 (B) and TLR4 (D) was conducted by using
the GraphPad prism software. Curcumin was used as an inhibitor control compound that inhibit both TLR2 and TLR4 activations. The charts represent
normalized mean values of TLRs activation (%) or cell viability (%) + standard deviation (SD) from 3 independent tests. The asterisk (*) denotes a significant

change (P<0.05) as compared to LPS-induced TLR2/4 activation alone group

However, the SKF7° treatment did not affects the NO
production in LPS-induced murine macrophage cells and
the decrease in NO level was influenced by the reduction
of cell viability due to dose-dependent cytotoxic effect of
the extract. Dose-response curve analysis showed that
the ECy, value of the SKF7° in reducing the NO level
(67.68 pug/mL) was higher than the CCg, value (42.76 pg/
mL). This resulted in the SI value of less than 1 (0.63)
(Additional file 3).

The potential of the SKF7° in affecting TLR2 and TLR4
inflammatory signaling responses were also evaluated.
The LPS-induced TLR2 signaling activation was not
affected by the SKF7° treatment and the observed reduc-
tion of TLR2 signaling activity was in parallel with the
reduction of HEK-Blue hTLR2 monolayer cell viabil-
ity (Fig. 6A). This was further supported by the dose-
response curve analysis where the ECg, value of the
SKF7° in reducing the TLR2 activation was higher than
the CCg, value. This resulted the SI value of less than 1
(<1.07) (Fig. 6B).

On the other hand, the SKF7° treatment inhibited the
LPS-induced TLR4 signaling response in a dose depen-
dent manner (Fig. 6C). As compared to the LPS induc-
tion alone, the TLR4 response was significantly inhibited
(P<0.05) by the SKF7° at the concentration of 25 ug/
mL and 50 pg/mL (Fig. 6C). The TLR4 inhibition was
not in the range of the SKF7° cytotoxic concentrations
(Fig. 6C). As determined by dose response curve analysis,
the ECy, and CCy values of the SKF7° was 16.19 pg/mL
and 67.30 pg/mL, respectively and the SI value was 4.16
(Fig. 6D). The curcumin, a positive control compound,
showed>80% inhibition of TLR2/4 signaling responses
after LPS induction.

Discussion

The potential of COVID-19 therapeutic candidates
could be assessed through their direct antiviral and host
directed activities. These activities include the ability
of the candidate(s) to reduce viremia by inhibiting the
SARS-CoV-2 entry and replication inside the host and
to regulates the excessive inflammatory responses by
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reducing the pro-inflammatory molecules or inhibiting
the signaling activity that causes the severity in COVID-
19 patients [57]. During the COVID-19 pandemic (2020—
2021), many medicinal plant products and compounds
were pre-clinically studied for their potentials in COVID-
19 treatments through direct antiviral therapy and/or
host directed therapy [16, 20, 58—60].

To our knowledge, this is the first study to demon-
strate the antiviral potential of M. pumilum standard-
ized extract, the SKF7°, against SARS-CoV-2 infections
in kidney (Vero) and lung (A459-hACE2-TMPRSS2)
cells. In year 2020 to 2021, researchers in Thailand have
highlighted two potential anti-COVID-19 medicinal
plant candidates, Andrographis paniculata or “King of
bitters” [59] and Boesenbergia rotunda or locally known
as fingerroot [58]. Both plant extracts, A. paniculata
and B. rotunda exhibited potent anti-SARS-CoV-2 in
Vero E6 cells with EC;, value of 68.06 ug/mL (SI: >1.47)
and 3.62 pg/mL (SI: 7.75), respectively [58]. The active
compounds for A. paniculata (andrographolide) and
B. rotunda (panduratin A) were demonstrated to spe-
cifically inhibit the main protease (Mpro) or 3CL prote-
ase, which is essential for SARS-CoV-2 virus replication
[60-62]. As a comparison, the SKF7° showed moderate
antiviral activity in Vero E6 cells (ECgy: 16.29-21.99 pg/
mL). Interestingly, in human lung cells (A459-hACE2-
TMPRSS2), the SKF7° showed enhanced antiviral activ-
ity with an ECy value of <10 pg/mL (6.31 pg/mL) and SI
value of >10. Similar finding was also reported in a study
of A. paniculata extract against SARS-CoV-2 infection
in human lung cells (Calu3), which scored smaller ECg,
value (9.54 pg/mL) [59] as compared to its antiviral activ-
ity in Vero E6 cells. The deviation of antiviral response in
different cells could be due to high efflux activity in kid-
ney cells such as Vero E6 [63].

The SKF7° may be targeting the viral replication
mechanism as it prominently inhibited the 3CL prote-
ase activity (Mpro), an essential SARS-CoV-2 protease
for virus replication. The 3CL protease is a valid anti-
SARS-CoV-2 drug target because one of the COVID-19
antivirals, nirmatrelvir (active component of Paxlovid)
was developed based on this target [64]. The anti-SARS-
CoV-2 activity of the SKF7° could be due to the interac-
tions of its phytochemical compounds. As detected by
UHPLC-HRAMS, the SKF7° extract contains numerous
phenolic compounds, which were previously studied for
anti-SARS-CoV-2 activities in silico and in vitro. These
compounds are catechins (catechin, epigallocatechin and
epigallocatechin-3-gallate) and gallic acid. The epigallo-
catechin-3-gallate (EGCG), an active compound found
in green tea, was previously demonstrated to inhibits
SARS-CoV-2, MERS-CoV and SARS-CoV infections in
Vero cells with the ECy, values of 1.73 pg/mL, 4.64 pg/
mL and 0.83 pug/mL, respectively [46]. Indeed, an in-silico
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study has showed that out of all catechins, EGCG formed
the best affinity and stable complex with the spike protein
[47]. Another in silico study has also shown that EGCG
together with other catechins (epicatechingallate and gal-
locatechine-3-galate) formed the best affinity and stable
complex with the 3CL protease or Mpro [48]. Besides
green tea, EGCG was also an active ingredient of Tradi-
tional Chinese Medicines (Yangyinjiedu, Dayuanxiaodu
and Chaihuqingzao), which have been used for COVID-
19 treatment in the hospitals in Guizhou Province,
China [49]. A detailed in silico and in vitro analysis have
showed that EGCG has higher binding affinity (-7.9 kcal/
mol) towards the 3CL protease with a promising enzyme
inhibitory activity (ICj, value of 0.847 puM) [49]. The
SKF7° was standardized to not less than 2% gallic acid
content (3.09%) in the native extract. A study conducted
by Gu et al. (2023) showed that gallic acid bound tightly
(Kz 15 uM) to non-structural protein-7 (nsp7), one of
essential components for SARS-CoV-2 replication [65].
However, our previous study has showed that gallic acid
was not effective in inhibiting the SARS-CoV-2 infection
in Vero E6 cells [20].

Apart from anti-SARS-CoV-2 activity, the SKF7° also
possessed anti-inflammatory property as it inhibited the
in vitro activity of LPS-induced TLR4 response, which
was previously found to be one of the important pro-
inflammatory signaling pathways that contributed to
the COVID-19 pathogenesis during SARS-CoV-2 infec-
tions [51]. The actual compound that blocked the TLR4
response but not TLR2 remains to be elucidated. How-
ever, one of the potential compounds could be the EGCG,
which was previously reported to affect the TLR4 signal-
ing in various disease models in vitro and in vivo [66—70].
Other studies on M. pumilum extracts have highlighted
the anti-inflammatory effects (by reducing the pro-
inflammatory cytokines) in the postmenopausal osteo-
porosis, diabetes, and gout studies [71-74] but none of
the studies emphasized on the TLRs blocker effect of the
extracts. Theoretically, the pro-inflammatory cytokine
production was governed by the toll like receptor (TLR)
signaling pathways [75] through the interaction of cell
surface TLRs with the membrane components of micro-
organism (lipids, lipoproteins and proteins) [75]. TLR4 is
mainly expressed on immune cells (macrophages, den-
dritic cells, and monocytes) which are mostly resided in
the lungs and heart [51]. Instead of its role in hyperin-
flammation induction SARS-CoV-2 infection [52, 55],
the TLR4 was found to be a mediator in cognitive dys-
function induced by SARS-CoV-2 spike protein in mice,
which recapitulating the post-COVID-19 syndrome [76].
Therefore, the potential of the SKF7° in inhibiting the
TLR4 signaling response might contribute in prevent-
ing the progression of severe COVID-19 and treating
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the post-COVID-19 syndrome. However, this hypothesis
needs to be confirmed by future in vivo studies.

As a discovery phase study, our in vitro data need to
be supported by future pre-clinical experiments particu-
larly an efficacy study in COVID-19 in vivo mouse model,
which could highlights in detail on the effect of the SKF7°
treatment on the COVID-19 pathogenesis such as vire-
mia and inflammation of the target organ such as lung.
Although 3CL protease inhibition activity was observed
for the SKF7° antiviral mechanism, we could not exclude
other potential mechanisms that maybe affected such as
papain like protease (PLP™), which was not tested in the
present study. The trend of infection inhibition by the
SKF7° was limited to WT Wuhan and Omicron SARS-
CoV-2 variants. Although the inhibition of 3CL protease
could lead to a promising broad anti-SARS-COV-2 can-
didate as previously showed by nirmatrelvir [63], it still
needs to be validated against other SARS-CoV-2 vari-
ants such as Delta and other Omicron sub-variants. The
NO production in LPS-induced mouse macrophage cells
(RAW 264.7) was not affected by the SKF7° treatment. It
could be that the SKF7° and its compound(s) majorly tar-
geting the TLR4 signaling pathway. However, the identity
of the compound(s) with TLR4 blocking activity needs to
be elucidated in future studies.

Conclusion

In conclusion, M. pumilum standardized extract (SKF7°),
which was rich in phenolic compounds, possessed an
anti-SARS-CoV-2 activity possibly by inhibiting the 3CL
protease or Mpro activity. The SKF7° also inhibited the
LPS-induced TLR4 activation activity in vitro, which
indicates the potential anti-inflammatory role of this
extract. Future pre-clinical in vivo studies focusing on
antiviral and immunomodulatory potentials of the SKF7°
in affecting the COVID-19 pathogenesis are warranted.
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COVID-19 Coronavirus disease 2019

CPE Cytopathic effect

DMEM Dulbecco'’s Modified Eagle Medium
DMSO Dimethylsulfoxide

ECso Half maximal effective concentration
EGCG Epigallocatechin-3-gallate
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