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The search for effective antiviral compounds capable of inhibiting SARS-CoV-2,
the causative agent of COVID-19 disease, remains a crucial area of study, particularly
for alternative treatments or as adjuncts to conventional therapies. This need arises
from the high cost of currently available antiviral drugs and the lack of specific
medications or definitive treatments for this virus. This study screened 19 Thai
medicinal plants for antiviral activity against SARS-CoV-2 using in vitro assays. Among
them, the water-soluble fraction obtained from the liquid-liquid fractionation of
mulberry (Morus alba) leaf crude extract using ethyl acetate and water (WF-EtAct)
showed the highest efficacy. Chemical composition analysis using Liquid
Chromatography-High Resolution Mass Spectrometry revealed that WF-EtAct is rich in
polyphenolic compounds, including chlorogenic acids and flavonoid glycosides, such
as rutin, isoquercitrin and astragalin. Molecular docking was used to evaluate the
binding interactions of these compounds with the SARS-CoV-2 main protease (Mpro) to
predict their potential as Mpro inhibitors. Several compounds showed promising
binding, with myricetin 3—O—B—D—gatactopyranoside exhibiting the strongest affinity (-9.6
kcal/mol), suggesting greater efficacy than molnupiravir (-6.21 kcal/mol).

To simplify the extraction and reduce hazardous chemical use, the ethyl acetate—
water fractionation of mulberry crude extract was modified using only water, yielding
a modified water-soluble fraction (WF-W). Chemical composition analysis of WF-W
confirmed that WF-W retained a similar chemical profile to the WF-EtAct while
exhibiting low cytotoxicity, with a 50% cytotoxic concentration (CCs;) greater than 500
pug/mL. WF-W demonstrated enhanced antiviral activity, achieving a 99.6% viral
reduction (Log Reduction Value = 2.448) at 100 pg/mL in both pre-entry and post-

infection modes. In the pre-entry mode, WF-W exhibited the lowest half-maximal



inhibitory concentration (ICs,) of 0.0011 pg/mL, outperforming both molnupiravir and
rutin. In contrast, WF-W showed a higher ICsq than molnupiravir and rutin in the post-
infection mode. The antiviral dose-response curve in post-infection mode revealed that
WF-W efficacy decreased more rapidly than molnupiravir and rutin at concentrations
below 1 pg/mL. Mechanistic studies using Synchrotron Radiation-FTIR on SARS-CoV-2-
infected Calu-3 host cells revealed significant changes in biomolecular composition,
particularly an increase in lipid content, especially in the C=0 functional group of lipid
heads. Upon treatment with WF-W extract, a significant reduction in this C=0 lipid
component was observed. Conversely, protein content changes showed an opposite
trend. Given its flavonoid-rich composition, WF-W of mulberry leaf extract may play a
critical role in regulating metabolism during SARS-CoV-2 infection and stimulating host
immune responses, potentially enhancing cellular defense against future infection. This
highlights its potential for both preventive and therapeutic use. Future research should
focus on investigating the antiviral mechanisms against SARS-CoV-2 at the gene level
(Transcriptomics) for a deeper understanding, as well as conducting studies in animal
models and humans to assess its clinical potential for the treatment and prevention

of COVID-19.
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CHAPTER |
INTRODUCTION

1.1 Significance of Study

The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
started emerging in December 2019, particularly in China, spreading rapidly worldwide.
Since February 2020, the total of reported cases of coronavirus disease 2019 (COVID-
19) was more than 777 million cases and over 7.1 million deaths, worldwide. In
Thailand, the total number of confirmed cases as of now is 4.8 million, with 34,741
deaths(WHO, 2025b). SARS-CoV-2 infection can affect persons of all ages and genders,
and has a substantial impact on both human health and emotional well-being (Zhu et
al., 2020). COVID-19 disease symptoms are unspecific, a wide range of manifestations of
clinical symptoms can be ranging from asymptomatic infection to severe pneumonia
and death. Currently, there is no specific antiviral treatment (Huang et al., 2020; Paltiel
et al,, 2021). Several antiviral drugs that have previously been successful in inhibiting
the SARS virus, such as malaria treatments (chloroquine) or HIV treatments
(lopinavir/ritonavir) (Greenblatt et al,, 2023), have been repurposed for COVID-19
remedy alongside influenza medications (oseltamivir), favipiravir and molnupiravir
(Raghav et al,, 2023). However, the application of these antiviral drugs has shown
effective with high doses, which has most likely been associated with several side
effects, especially for people in vulnerable groups. The side effects could be varied
from nausea, vomiting, possibly affecting blood sugar levels when taken with certain
drugs, impairment of liver function, and even potentially causing fetal abnormalities if
taken during the first trimester of pregnancy, as well as drug resistance
(Bangkokbiznews, 2022; NIH, 2022; Orhan & Senol Deniz, 2020; Simsek Yavuz & Unal,
2020). Furthermore, the drugs are costly, and during the pandemic, their limited supply
created challenges in treatment accessibility for numerous patients. For patients with
mild symptoms, treatment methods are similar to those for the common cold,
involving symptom-based medications and the use of multiple drugs together, such as

decongestants and expectorants (Rodrigues et al., 2022).



Although the infection rate has significantly decreased, there remains a necessity
for monitoring and preventing potential outbreaks that may arise from the mutation of
the virus. Despite the rapid development of vaccines, they do not provide a fully
guaranteed efficacy, and reinfections can occur in previously infected individuals. The
causes could be the mutation of the virus itself and the host-immune responsive
characteristics (Nainu et al., 2020; Paltiel et al., 2021). Host immune response heavily
influences the individual’s COVID-19 symptoms and severity (Rabaan et al, 2021).
Especially in wvulnerable groups, such as pregnant women, the irregulated
immunological responses almost definitely cause severe systematic damage due to
the overproduction of cytokines (cytokine storm) and chemokines caused by the
hyperactivation of inflammatory and immune responses following the infection
(Whitehead & Walker, 2020). Hence, further research on developing a vaccination that
can elicit a strong immune response and the search for alternative complementary
medical treatments to support the COVID-19 remedy should still continue.

Herbal metabolites have made significant contributions to health and
medicine, including fewer side effects, low potential to cause resistance, affordability,
and a broad spectrum of pharmacological activities which include immune boosting,
anti-inflammatory, antiviral, antibacterial, and anticancer properties. That is why
research on herbal-based drugs has consistently held a pivotal position in the
advancement of natural pharmaceutical development for a wide range of diseases
(El Gizawy et al, 2021; Soltane et al, 2021). Certainly, to control this novel
coronavirus, natural antiviral candidates have also been preferentially projected as
the plausible potential anti-SARS-CoV-2, both as in the sole application (Kim, 2021;
Nair et al,, 2021; Nie et al., 2021; Orege et al,, 2023) and in combination with western
medicine (Ni et al., 2020). The researchers have purposed not only to use these
alternative candidates as antiviral or virucidal agents but also to benefit from their
other pharmacological properties in preventing the aggravation and serious
complications in COVID-19 patients. There are several studies of various Thai herbs
that showed the significance battling SARS-CoV-2 virus, such as crude extracts of
Andrographis paniculata (Sa-ngiamsuntorn et al,, 2021), and Boesenbergia rotunda
(Kanjanasirirat et al.,, 2020). Despite extensive global research into effective natural

extracts or compounds, to the best of our knowledge, the clinical evidence of such



candidates, both in terms of safety and effectiveness specific to COVID-19 therapy,
including the study of their insight into antiviral mechanisms, is still limited. On top of
that, since Thailand is well-known as one of the countries that wealth in medicinal
plants and herbal medicine recipes, thus there is still a potential space to research
more herbal extracts/compounds in tackling this unique coronavirus.

In this study, 19 accessible Thai medicinal plants having antiviral characteristics
or that have been used in fever or flu treatment were chosen for investigation. These
selected plants have never been examined for anti-SARS-CoV-2 effectiveness (or
have been studied with limited information). The study was designed to test these
plant extracts for antiviral potential using in vitro antiviral activity assays in two
approaches, i.e., virucidal efficacy and viral inhibition efficacy following the infection.
The most promising extracts were further insight examined for their potential antiviral
lead compounds. The in silico molecular docking of those tentative lead compounds
was also analyzed against the main protease protein of SARS-CoV-2 as the target for
viral inhibition. The possible mechanisms of the promising extract in viral inhibition
were also revealed by observing the biomolecular changes of the studied cell lines
after the infection and once treatment with selected extract following the infection,
using the Synchrotron Fourier Transform infrared microspectroscopy (SR-FTIR)
technique. This study is not only useful for COVID-19 emergence, but the finding

could also potentially benefit future responses to emerging infectious diseases.

1.2 Research objectives

The objective of this research was to discover potential Thai medicinal herbs
that could serve as natural inhibitors of SARS-CoV-2, using an in vitro antiviral test as
a bioassay guide. The phytochemical contents of the most promising herbal extract
(the selected candidate) were further studied in order to discover the antiviral lead
components. These compounds were then analyzed for interaction with the SARS-
CoV-2 target protein. The mechanism of action of the chosen candidate in viral
inhibition was also studied.

The specific objectives of this study were:

1. To screen for the natural antiviral candidates from nineteen accessible Thai

medicinal plants using an in vitro antiviral test as a bioassay guide.



2. To identify the tentative chemical constituents of the extract exhibiting the
most effective antiviral efficacy using a liquid chromatography-high resolution mass
spectrometer and to further evaluate their potential in leading SARS-CoV-2 inhibition
through in silico molecular docking against the main protease protein of SARS-CoV-2.

3. To simplify the herbal extraction method in order to produce a streamlined
and chemically safer methodology, in conjunction with the cytotoxicity and anti-
SARS-CoV-2 efficacy using human epithelial lung cells (Calu-3) as host cells.

4. To study the in vitro anti-SARS-CoV-2 mechanism of the most potent extract
using Calu-3 as host cells by monitoring the biomolecular changes during extract

treatment following SARS-CoV-2 infection using the SR-FTIR technique.

1.3 Hypothesis

This study hypothesized that the selected superior herbal extract would
demonstrate comparable or greater anti-SARS-CoV-2 efficacy to the repurposed drug
(molnupiravir) and the single standard compound (one of the major lead compounds

found in the selected herbal extract).

1.4 Scope of the Study

The concept of this research was to explore Thai herbal extracts which
demonstrated the strong potency in anti-SARS-CoV-2 efficacy using an antiviral test as
the bioassay suide. The study comprised two primary components. Initially, a
screening approach was employed with Vero cells as the host cells for antiviral
assays. This led to the selection of the most powerful herbal extract and the
identification of possible lead phytochemicals in SARS-CoV-2 suppression. Second,
the extraction method of the selected herb underwent modification to produce a
more streamlined and chemically safer methodology, in conjunction with the
assessment of its cytotoxicity and capacity to combat SARS-CoV-2, employing human
epithelial lung cells (Calu-3) as the host cells. Subsequently, this herbal extract's
antiviral mechanism against SARS-CoV-2 was assessed. The schematic diagram of the
study’s scope is provided in Figure 1.

In phase 1, owing to the containment capabilities of biosafety level 3 (BSL3)

facilities, the antiviral efficacies of the ethanolic-aqueous crude extract (CE) from 19



selected plants were evaluated against the porcine epidemic diarrhea virus (PEDV) as a
surrogate, utilizing a plaque reduction assay. It is noteworthy that SARS-CoV-2 and PEDV
are both members of the genus Alphacoronavirus in the Coronaviridae family, sharing a
similar structure. Consequently, utilizing PEDV as a surrogate will provide substantial
reliability when translating experimental results (Lin et al,, 2022; Singh et al., 2021; Song
et al,, 2016; Su et al,, 2021). Together with cytotoxicity assays, CEs demonstrating >70%
anti-PEDV efficacy were then tested for their anti-SARS-CoV-2 activity in the Vero cells
using a 50% tissue culture infectious dose (TCID50) method, based on pre-entry and
post-infection modes. To enhance antiviral efficacy, the potential anti-SARS-CoV-2 crude
extracts underwent a liquid-liquid fractionation to obtain their water-fractions (WF) and
ethyl acetate-fractions (EF), which were subsequently evaluated for anti-SARS-CoV-2
activities. The extract fraction exhibiting the most significant antiviral efficacy was
analyzed for its tentative constituent compounds using liquid chromatography-high
resolution mass spectrometry (LC-HRMS). It is worth mentioning that column
chromatography (CC) was used to partially separate the chosen WF or EF into various
fractions prior to the LC-HRMS, in an attempt to oversimplify the LC column separation.
This led to more accurate chemical identification. The tentatively identified compounds
were further evaluated through in silico molecular docking against the SARS-CoV-2 main
protease protein (Mpro) to elucidate potentially effective antiviral lead compounds.
Based on the findings from the first phase of the study, the water fraction of
mulberry leaf crude extract (WF-MLCE) demonstrated the highest antiviral efficacy. This
suggested that the water-soluble phytoconstituents of mulberry leaves played an
important role in combating SARS-CoV-2. In phase 2 of the research, extraction
modification was first carried out based on the method from phase 1 with minor
alterations, mostly for the purpose of enriching water-soluble compounds. This resulted
in three water-soluble mulberry leaf extracts, as shown in Figure 2. The three extracts
were originally screened for total phenolic content (TPQ), total flavonoid content (TFC),
and FTIR spectral profile prior to testing for cytotoxicity and anti-SARS-CoV-2 efficacies
using Calu-3 as host cells. The extract that showed the highest antiviral efficacy was then
investigated for its mechanism of action against SARS-CoV-2 in post-infection mode. The
SR-FTIR was utilized to track the biomolecular changes in Calu-3 after treatment with the

selected mulberry leaf extract following SARS-CoV-2 infection.
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CHAPTER Il
LITERATURE REVIEWS

2.1 The Outbreak of COVID-19
The coronavirus disease 2019 (COVID-19) pandemic is a global outbreak of a

new strain of coronavirus called severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Cases of novel coronavirus (nCoV) were first found in China in
December 2019. The virus swiftly spread to other countries across the world, with a
large number of severe cases and deaths, forcing the People's Republic of China to
close down the city and later the country. This prompted the World Health
Organization (WHO) to declare a Public Health Emergency of International Concern
(PHEIC) on January 30, 2020, and classify the epidemic as a pandemic on March 11,
2020. In Thailand, the first case of SARS-CoV-2 infection was reported on January 31,
2020 (WHO, 2025a). Over four years since the pandemic, the world cumulative
number of reported cases, as of January 5, 2025, is more than 777 million cases and
7.1 million deaths. In Thailand, there are currently 4.8 million cumulative cases and
34,741 deaths, as shown in Figure 3.

Person-to-person transmission can occur by droplet or contact transmission,
similar to flu. In addition, if there is a lack of severe infection control or sufficient
personal protective equipment, first-line healthcare workers may be put at risk.
COVID-19 has a mean incubation period of ~5 days, but it can range from 2 to 14
days. Symptoms frequently start with nonspecific symptoms, such as fever, dry
cough, and fatigue. Multiple systems may be affected, including respiratory (cough,
shortness of breath, sore throat, rhinorrhea, hemoptysis, and chest discomfort),
gastrointestinal (diarrhea, nausea, and vomiting), musculoskeletal (muscle aching),
and neurological (headache or disorientation). More common signs and symptoms
include fever (83%-98%), cough (76%-82%), and shortness of breath (31%-55%).
Those with complications may have signs in both lungs on chest X-ray, which can
lead to pneumonia, renal failure, and death from severe infection. The severity of

COVID-19 varies greatly among individuals. Factors influencing disease severity



include age, underlying health conditions, and the strength of the host immune
response. According to the WHO, the global fatality rate from Covid-19 is expected to
be around 3.4%. However, the mortality rate of Covid-19 will be higher in particular
populations with concomitant conditions including cancer (5.6%), hypertension
(6.0%), chronic respiratory disease (6.3%), diabetes (7.3%), and cardiovascular disease
(CVD) (10.5%). Currently, there is no definitive therapy for COVID-19, while various
medications are still under investigation (Amirfakhryan & safari, 2021; Wu et al., 2020).

Number of COVID-19 cases reported to WHO (cumulative total) 777 31 0 393 +25,306
I r

World increase on previous 7 days
Reported COVID-19 cases

World, 7 days to 5 January 2025

qd Number of COVID-19 cases reported to
WHO (cumulative total)
L] World
4,808,454 orl
= Thailand
L L
.
i Country Cases
Sl - vor -
United States of
103m
America
China 99.4m
WHO Regions
B Africa [ Americas [l Eastern Mediterranean [l Europe Wl South-East Asia India 45m

Western Pacific

Figure 3 Number of cumulative confirmed case classified by WHO on January

5th, 2025 (WHO, 2025a).

2.2 Overview of SARS-CoV-2

Coronaviruses (family Coronaviridae) are common pathogens of humans and
animals. The subfamily Coronavirinae has been divided into four genera based on
genetic clustering and antigenicity: alpha, beta, gamma, and delta coronaviruses. The
pandemic of COVID-19 disease pandemic was caused by a novel coronavirus (nCoV)
or SARS-CoV-2 which belongs to betacoronavirus (Figure 4). Coronaviruses are viruses
with the largest particle size in the group of RNA viruses, which are the single-
stranded positive sense RNA viruses that infect a wide variety of animal species and
cause respiratory, gastrointestinal, and central nervous system diseases (Rehman et

al., 2020).
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Arteriviridae > Arterivirus
Roniviridae Okarivirus
Nidovirales
Mesoniviridae > a-Mesonivirus

Alpha coronavirus SARS-CoV
Beta coronavirus < MERS-CoV
Coronavirinae SARS-CoV2
Delta coronavirus
Coronaviridae

Gamma coronavirus

. Bafinvirus
Torovirinae < 5
Torovirus

Figure 4 Classification of coronaviruses (Rehman et al., 2020).

The word “Corona” comes from the Latin word “Krone”, which means the
crown (Abubakar et al.,, 2021; Zhu et al.,, 2020). From the virus’s view under an
electron microscope, the clusters of carbohydrates can be seen as spikes protruding
from the virus particle, giving it a crown-like appearance. SARS-CoV2 shares 80-96%
similarity of the sequence with the bat SARS coronavirus. Since this nCOV is 79%
homologous to SARS-CoV, it uses the same angiotensin-converting enzyme 2 (ACE2)
as its receptor and also uses the spike (S) protein to attack the cells but ten times
more powerful than that of SARS-CoV. This could be responsible for the higher
infection and transmission rates (Burmer et al,, 2021; Chang et al,, 2014). To date,
there are seven coronavirus strains that cause disease in humans. They include four
strains that cause moderate illness as follows. HCoV-229E, HCoV-OC43, HCoV-NL63,
and HCoV-HKU1, which typically cause upper respiratory tract infections. Three
strains that cause severe disease, namely SARS-CoV-1, which caused severe acute
respiratory syndrome or SARS in China and Hong Kong in 2002-2003; MERS-CoV,
which caused Middle East Respiratory Syndrome (MERS) in 2012-2013; and finally, the
new coronavirus type 2 or SARS-CoV-2, short for the severe acute respiratory
syndrome, which causes the global pandemic of COVID-19 (Zhu et al., 2020).

The genomic structure of the 29,674 nucleotides of the SARS-CoV-2 coronavirus
encodes the predicted open reading frames (ORFs) 1a and 1b. These ORFs encode

nonstructural polyproteins (NSPs) and structural proteins. The NSPs include nsp1-16,
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helicase, proteolytic cleavage enzymes (3-chyomotrypsin-like protease (3CLpro) or
also called main protease (Mpro, Nsp5), and papain-like proteases (PLpro, Nsp3)),
RNA-dependent RNA polymerase (RdRp), which have a critical role in viral RNA
synthesis. The structural proteins, important for virion assembly, include spike (S),
envelope (E), membrane (M), and nucleocapsid (N) structural proteins, as indicated in

Figure 5 (Abubakar et al.,, 2021; Chan et al., 2020).

PDB ID: 6VXX-PDB) Binding Site to
ACE2 receptor in

,_|_|— Human cells
S T

(RBD)
N-Terminal
Domain (NTD)

( Spike glycoprotein (S) W

SARS CoV-2

Fusion

Protein

(FP)
Transmembrane
Anchor (T.A.)
and

Intracelullar Tail
(LT)

X » peid () )
“.
B Y
L o
=X £
Al
L% %, ane (M)
.. %, —_—
%o, » [ Viral ssRNA
.°° ’o0n ":).Qﬁ.l N
bt Po90000000% ribosomal
L Geeett frameshift
Human host cell g 266 13,468 21,563 29,674 4
B 5'— 13
ACE2 receptor P. [ HRF-I 2 | l ORF1b
— = RdRp endoribonu
papain- like £ 3CL- =T | LEM N
replicase == —_ NI

Figure 5 Schematic illustration of SARS-CoV-2 virion and its genome (Abubakar et

al., 2021).

2.3 SARS-CoV-2 Life Cycle and Pathogenesis of COVID-19

As demonstrated in Figure 6, the life cycle of SARS-CoV-2 was described by
Emrani and colleagues (2021) as follows. By attaching itself to the host cell surface's
ACE2 receptor, the S-glycoprotein of SARS-CoV-2 allows the virus to enter the cell
through endocytosis (1). Upon release into the host cell's cytoplasm, polyproteins
ppla and pplab are translated which are cleaved by the PLpro and Mpro to form
functional NSPs that have a critical role in viral RNA synthesis, including replicase
polyproteins (RdRp and helicase) (2 and 3). Subgenomic transcription and RNA

replication occur within the RdRp complex to synthesize negative-strand guide RNA
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(gRNA) and a set of subgenomic RNAs for viral replication and transcription (4 and 5).
The newly produced subgenomic RNAs are translated into viral structural proteins
such as the S, N, M, and E proteins (6). To create viral particles, these proteins are
first introduced into the rough endoplasmic reticulum (ER) membrane and
subsequently transported to the ER-Golgi intermediate compartment (ERGIC), where
they join the N protein-encapsidated RNA (7 and 8). Virions are then released from
the infected cell through exocytosis and ready to infect other cells (9) (Emrani et al,,
2021; Trougakos et al., 2021).

The interaction between the viral spike protein and the ACE2 receptor is crucial
for virus entry. Host proteases such as furin and TMPRSS2 play an essential role in
preparing the spike protein for membrane fusion. Understanding the entry process is
crucial for developing effective antiviral strategies, such as drugs that target the spike
protein or host proteases (Essalmani et al., 2022).

The pathogenesis of SARS-CoV-2 involves a complex interplay between the
virus and the host immune system. Once infection occurs, the host immune system
recognizes the viral infection and initiates an innate immune response, involving the
release of cytokines and the activation of immune cells. The adaptive immune
system, including T cells and B cells, is activated to fight the infection (Sher et al,,
2023).

Pathogenesis of COVID-19 upon the arrival of SARS-COV-2 to the host cell was
summarized by Tanveer and colleagues (2022) as illustrated in Figure 7. The
coronavirus enters host cells through ACE2 receptors, primarily found in type 2
alveolar cells in the lungs, while few in the kidney, liver, heart, intestine, and testis.
This triggers innate immunity in the lungs, with dendritic cells and macrophages
phagocytosing infected cells, allowing antigen presentation to T cells. The spike
proteins are cleaved by the cellular proteases, transmembrane protease serine 2
(TMPRSS2), into two subunits (S1 and S2). This allows the binding between virus and
host cell, and the virus-cellular membrane fusion. The immune response, initiated by
T cells and plasma cells, recognizes spike proteins and produces antibodies against
these proteins. This response includes protective pathways, but deregulation can
lead to the hyperinflammation of COVID-19, known as a cytokine storm. The immune

response is initiated by the entry of viral RNA through pattern-associated molecular
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patterns (PAMPs) and pattern recognition receptors (PRRs), which are typically Toll-
like receptors (TLR) 7 and 3, cytoplasmic RNA sensors (RIG-I and MDA5). These
receptors translocate transcription factors NFkB and IRF3, triggering the production of
pro-inflammatory cytokines like T1IFN and TNF-QL. The elevated expression of pro-
inflammatory mediators indicates disease severity, leading to multi-organ failure and
potential death. Individuals with chronic conditions may develop the risks of
lymphopenia, hyper-ferritinemia, and increased IL-6 levels. When activated by a virus,
alveolar macrophages phagocytose injured cells and release pro-inflammatory
mediators like IL-1, IL-6, IL-8, cytokines, and TNFOL These mediators stimulate the
cough reflex and increase vascular permeability, leading to fluid outflow into interstitial
spaces and alveoli, causing pulmonary edema and dyspnea. Damaged endothelial
cells release prostaglandins and leukotriene, leading to bronchoconstriction and fever.
Hypoxia triggers the heart to pump faster for oxygen supply, causing tachycardia and
tachypnea in COVID-19 patients (Tanveer et al., 2022).

COVID-19 can disrupt the immune system in a variety of ways. Viral replication
can damage the host cell leading to tissue damage and inflammation. One of the
first proteins to be translated is the host shutoff factor Nspl. This viral protein
suppresses the host's innate immune response by preventing translation and
accelerating host mRNA degradation (Scudellari, 2021). In some cases, an overactive
immune response (cytokine storm) can lead to excessive inflammation, multiple
organ damage, and acute respiratory distress syndrome (ARDS) (Ramos-Casals et al.,
2021; Sher et al., 2023). An excessive inflammatory response of the host during the
infection most likely develops the incidence of post-COVID-19 syndrome or so-called
long COVID. This leads to the risk of new-onset autoimmune disease within the first
year after COVID-19 diagnosis (Hileman et al,, 2024). Understanding these immune-
related complications is crucial for developing effective treatments and improving

patient outcomes.
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2.4 Repurposing Drugs for Treatment of COVID-19

Drugs can exert antiviral effects through several mechanisms, including the
following: (1) preventing host-virus interactions; (2) interfering with the transcription or
replication of the viral genome; (3) preventing the synthesis and assembly of viral
proteins; or (4) altering the host’s response to infection. Antiviral agents require the
viral target to undergo active replication to endeavor a therapeutic effect, rendering
them no harm to latent viruses. Two factors that may restrict the use of antiviral
medications are drug toxicity and the development of drug resistance to the viruses.
The severity of the disease determines the acceptance of the toxicity profile of a
certain drug, which correlates directly with the dose used (Kimberlin, 2008).

Drug development typically takes ten years, costs $300 million to $2.8 billion,
and has a 90% failure rate. The COVID-19 pandemic has accelerated drug
repurposing, using previously approved drugs for new indications, to accelerate the
identification and development of novel treatments, reducing morbidity, mortality,
and economic costs. Drug repurposing offers three advantages over de novo drug
development. First, it begins with clinically studied medicines, making repurposed
drugs safer by avoiding the unknown side effect. The tolerable safety profile depends
on whether the repurposed indication increases or lowers risk levels. Generally, the
regulatory considerations for de novo drugs and the repurposing are similar, but
more is often known about expected adverse effects. Second, investigators can use
prior drug experiences to accelerate the development, reduce costs, and achieve
higher success rates. Finally, extending the usage of repurposed drugs to already
generic competitors can lead to lower prices and improve access to pharmaceutical
innovations (Greenblatt et al., 2023).

Since particular antivirals or effective treatments are necessitated to counteract
SARS-CoV-2, repurposing drugs and targeted interventions have been investigated to
manage COVID-19. The efficacy of these medications is determined by their ability to
target human receptors, the SARS-CoV-2 protein, or RNA. Several clinical trials and
studies have been undertaken over the last few years to determine the most
effective treatments.

Clinical trials have been conducted on various potential anti-SARS-CoV-2 drugs,

including remdesivir, chloroquine and hydroxychloroquine, tocilizumab, favipiravir,
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kaletra, and masitinib. These drugs are used in Hepatitis C treatment, malaria
treatment, rheumatoid arthritis treatment, and anti-influenza drugs, respectively. The
EU has approved the emergency use of Lagevrio (molnupiravir) and Paxlovid for
adults with COVID-19 who do not require supplemental oxygen and are at increased
risk of severe disease. These drugs are being used in HIV treatment and rheumatoid
arthritis treatment (Rodrigues et al., 2022).

There were studies that investigated the use of multiple antiviral drugs at once
in COVID-19 treatment, attempting to effectively inhibit SARS-CoV-2 replication and
recover from the symptoms. The uses of lopinavir in combination with ritonavir
(LPV/r) (Ye et al, 2020) and favipiravir in combination with hydroxychloroquine
(Simsek Yavuz & Unal, 2020) were found to effectively inhibit viral synthesis, viral RNA
polymerase/RNA synthesis, and inhibit the viral binding to host cells and also can act
as an immune stimulant. It was also discovered that using lopinavir and ritonavir
(LPV/r) in combination with other pneumonia-adjuvant drugs achieved evidently better
results in treating COVID-19 patients in terms of quickly lowering the patient's body
temperature, allowing the patient to recover quickly and without any negative side
effects (Ye et al,, 2020). The World Health Organization suggests that mild symptom
cases, such as cough or mild fever, are not necessary for hospitalization, but rather
stay home, self-isolate, and self-monitoring symptoms.

For Thailand, the treatment evaluation and drug administration sequence were
based on pharmaceuticals accessible in the nation, drug efficacy in reducing severe
disease and fatality rates, simplicity of drug administration, and drug pricing.
According to clinical intervention data, among the therapies using molnupiravir,
remdesivir, nirmatrelvir/ritonavir (Paxlovid), and favipiravir, Nirmatrelvir/Ritonavir
possessed the most successful but most expensive. Favipiravir did not lower disease
severity; however, it could alleviate symptoms if given on the first day of symptoms
(Bangkokbiznews, 2022).

Favipiravir will be prescribed by the doctors to yellow group patients, who
were either at risk of worsening symptoms such as high fever or signs of pneumonia,
or patients in the groups of chronic diseases (i.e., high blood pressure, diabetes,
obesity, kidney disease, and heart disease). This drug was prescribed under a doctor's

supervision and depends on the doctor's discretion, as it is only taken by those with
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compromised immune systems. Favipiravir is an antiviral drug that inhibits SARS-CoV-
2 virus multiplication by inhibiting RdRp. Adult dosage is 9 tablets daily for the first
day, then reduced to 4 tablets daily. Side effects may include nausea, vomiting,
diarrhea, and changes in eyes, nails, or skin color. This symptom will disappear on its
own when stopping the drug for about 14 days. Favipiravir can cause hepatitis and
may potentially have a risk of affecting the fetus if it is used in pregnant women
(Vichaivej-Nongkhaem, 2022).

Molnupiravir, a drug developed by Merck, has shown significant benefit in
reducing hospitalization or death in mild COVID-19 patients. It is a prodrug of N4-
hydroxycytidine that is converted into the active form 50-triphosphate by host
kinases. The active 50-triphosphate serves as a competitive substrate for the viral
RdRp and causes an antiviral effect through the accumulation of mutations after
each viral replication cycle. Molnupiravir is an oral, direct-acting antiviral that reduces
nasopharyngeal SARS-CoV-2 titres and has broad-spectrum antiviral activity against
several coronaviruses, including SARS-CoV-2. Merck's clinical trial showed that
molnupiravir reduced the risk of hospitalization and death among high-risk patients
by 30%, compared to the initial estimate of 50%. The FDA has also authorized the
use of molnupiravir in certain adult patients, demonstrating its potential for treating
various diseases (Rodrigues et al., 2022).

Remdesivir, developed by Gilead Sciences, Inc., was initially a potential anti-
Hepatitis C virus candidate. It was later repurposed for testing against Ebola and
Marburg viruses. Despite its potential for COVID-19 treatment, its efficacy was
questioned due to lack of evidence. The GS-441524 monophosphate prodrug
inhibited RNA synthesis and replication, making it a potential candidate. Phase IlI
clinical trials began in early 2020. However, remdesivir faced adverse side effects like
hepatocellular toxicity, nausea, anemia, kidney injury, hypotension, respiratory failure,
and constipation. Despite these issues, remdesivir is recommended by the EMA and
the FDA for severe COVID-19 treatment (Gordon et al., 2020; Rodrigues et al., 2022).
Many drugs, including paxlovid, actemra, ronapreve, nirmatrelvir, ritonavir-boosted
nirmatrelvir, interferon alfa, interferon beta, interferon lambda, and ivermectin, are

also used internationally (NIH, 2022).
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2.5 The Potential of Using Herbs and Natural Products in Combating
SARS-CoV-2

Herbal and traditional medicines have been used for decades and are
recognized for their broad therapeutic spectrum and relatively low side effects
compared to modern pharmaceuticals. In many countries, including China, Thailand,
India, and Egypt, traditional herbal medicine has been widely applied to treat a
variety of illnesses, including viral infections such as coronaviruses. Herbal
metabolites have contributed significantly to medical advancements due to their
affordability, low resistance potential, and diverse pharmacological properties,
including anti-inflammatory, antiviral, antibacterial, and anticancer activities. This has
led to a continuous interest in natural product-based drug discovery for various
diseases, including COVID-19 (Hussain et al., 2017; Islam et al., 2020; Kandanur et al,,
2019; Kushwaha et al., 2021; Nair et al., 2021; Orege et al.,, 2023; Sa-ngiamsuntorn et
al., 2021).

Scientists believe that herbs with demonstrated antiviral effects against SARS-
CoV may also be effective against SARS-CoV-2 due to the high genetic similarity (70%
similarity) between the two viruses, particularly in their RNA genome, main protease,
and ACE-2 receptor binding mechanisms. Verma and colleagues (2020) compiled a
list of medicinal plants and secondary metabolites with known anti-SARS-CoV
activity, identifying 83 promising compounds, including alkaloids, lycorine, lignans,
and terpenoids (Verma et al.,, 2020). For instance, crude extracts of Lycoris radiata,
Artemisia annua, Pyrrosia lingua, and Lindera ageregata exhibited anti-SARS-CoV
activity at concentrations of 2.4-88.2 pg/mL (Li et al,, 2005). Similarly, the water-
soluble extract of Houttuynia cordata demonstrated antiviral activity by inhibiting
the SARS-CoV 3CLpro and RdRp enzymes, while also enhancing CD4+ and CD8+
immune responses in host cells (Chiow et al., 2016; Luo et al., 2019). Extracts from
Rheum officinale and Polygonum multiflorum were also reported to prevent SARS-
CoV entry by blocking ACE-2 receptor binding at ICs, values between 1-10 pg/mL (Ho
et al., 2007).

Artemisia annua L. has long been used in traditional medicine in Southeast
Asia for the treatment of fever. Products derived from Artemisia have been

developed for patients with respiratory distress. The study conducted by the Nie
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group showed that several Artemisia extracts effectively inhibit SARS-CoV-2 and feline
coronavirus (FCoV) infections (Nie et al,, 2021). The study by Nair and coworkers
(2021) suggests that the ability of A. annua extracts to inhibit SARS-CoV-2 infection is
not solely due to the main component “artemisinin”. Instead, it is likely due to a
combination of components that work together to block viral infection in a step
downstream of viral entry (Nair et al., 2021).

Thailand, with its rich biodiversity, has an abundance of medicinal plants with
potential antiviral properties. Numerous Thai herbs have demonstrated efficacy
against various viruses. For example, the crude extracts of Andrographis paniculate,
turmeric (Curcuma longa), Gynostemma pentaphyllum, Kaempferia parviflora and
guava leaves (Psidium guajava) showed high activity against the H5N1 avian influenza
virus, where turmeric and galangal extracts stimulated the expression of TNF-Q and
IFN—B (MRNA expressions), resulting in the virus being unable to replicate its genetic
material (Sornpet et al., 2017). In addition, Andrographis paniculata also has the
effect of inhibiting influenza virus and simian retrovirus (Churiyah et al., 2015). It is
also effective against malaria (Widyawaruyanti et al., 2014) and HIV viruses (Chen et
al,, 2016).

In Thailand, Andrographis paniculate (AP) has attracted the attention of
researchers in the early stages of the COVID-19 pandemic, mainly because it is used in
traditional medicine in many countries to treat diseases such as the common cold,
diarrhea, and fever. Its main ingredient “andrographolide” is reputed to have a broad
spectrum of antiviral properties. AP has been announced to promote its use in the
treatment of mild COVID-19 patients and has received much attention from many
research groups in Thailand. Sa-ngiamsuntorn and coworkers (2021) investigated the
anti-SARS-CoV-2 activities of the AP extract and andrographolide compound in human
lung epithelial cells, including their cytotoxicity in the cell lines of major organs, i.e.,
liver, kidney, intestine, lung, and brain. The post-infection treatment study showed that
AP extract and andrographolide were able to significantly inhibit viral replication. The
cytotoxic effects observed in the organ cell lines were within the favorable index (Sa-
ngiamsuntorn et al., 2021). The clinical trial for AP treatment of patients with mild
COVID-19 was evaluated. Wanaratna and coworkers (2022) investigated the efficacy and

safety of AP extract (180 mg andrographolide daily for 5 days) in the early treatment of
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patients with mild COVID-19 (29 patients) compared to patients treated with placebo
(28 patients). The study showed promising efficacy of oral AP extract treatment with
more effective pneumonia prevention compared to the placebo group, as observed by
chest radiographs (Wanaratna et al., 2022). A shorter viral clearance was also observed
in the AP-treated group. This study was consistent with the later study by
Benjaponpitak group, which had studied a larger number of patients (Benjaponpitak et
al., 2023). However, the cohort study on AP use of the Tanwettiyanont group came to
the opposite conclusion that a higher percentage of patients with pneumonia occurred
in the AP-treated group compared to the control group, although this was not
statistically significant (Tanwettiyanont et al., 2022).

Boesenbergia rotunda (BR) was another Thai medicinal plant that is also widely
used as a culinary herb in Asia and exhibited promising efficacy against SARS-CoV-2.
The Kanjanasirirat group successfully discovered this promising antiviral plant
candidate by screening 122 Thai natural products. They found that the extract of BR
and its phytochemical compound (panduratin A) possessed potent in vitro anti-SARS-
CoV-2 activity in both pre-entry and post-infection phases. In addition, the study
reported their abilities to suppress viral infectivity in human airway epithelial cells.
The efficacy and safety of BR-extract in clinical treatment in undergoing (Kanjanasirirat

et al., 2020).

2.6 Screening for Additional Antiviral Medicinal Plants

Given the extensive historical use of medicinal plants in treating viral infections
and relieving symptoms of colds, flu, and other viral diseases, it is essential to
broaden the search for additional plant-derived antiviral agents. The evidence
presented in this review (Table Al in Appendix) highlights several promising herbal
candidates with anti-SARS-CoV-2 activity, particularly those from Thai traditional
medicine. However, many Thai medicinal remedies remain unexplored, warranting
further investigation. (Medthai, 2024; mugLA&UAEASUYNINEIRLAAS, 2025; AMLLNEY
mam%mwﬁwmﬁaquaiwmﬁ, 2025). By systematically screening medicinal plants that
have been historically used to prevent and treat viral infections-including those with
immunomodulatory, anti-inflammatory, and respiratory-supportive properties-this

study aims to identify novel plant-based therapeutic options against SARS-CoV-2.
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Further investigations integrating ethnopharmacological knowledge, bioinformatics
approaches, and experimental validation will enhance our understanding of how

these natural products can contribute to antiviral drug development.

2.7 Analysis of The Biochemical Composition Using Synchrotron

Radiation-Fourier Transform Infrared Microspectroscopy (SR-FTIR)

Infrared (IR) microspectroscopy is a non-destructive technology that studies
chemical and structural information in samples that have a resonance frequency
with infrared light. When a strong wavelength of infrared light passes through a
sample, vibrations occur, resulting in the absorption of infrared light. Unabsorbed
lisht reaches the sample and is detected by an infrared detector. The IR intensity is
viewed as a relative form of IR absorption and frequencies in wavenumber units
(cm). The IR spectrum displays each molecule's distinct features, absorbing infrared
lisht at different frequencies based on the chemical bonds and atomic weight of the
functional groups in the sample. Each spectral signal of an individual group, such as
proteins, lipids, carbohydrates, carbonyl groups, or aromatics, indicates their
signature, also known as a "fingerprint." This technique is useful for examining the
chemical structure of numerous types of samples without causing damasge during
measurement (Baker et al., 2014; SLRI, 2023).

The use of a synchrotron source in infrared microspectroscopy offers (SLRI,
2023) improved lateral resolution, faster acquisition time, and better spectral quality
compared to a conventional infrared source due to the high brightness, the small
size of the source and narrow range of emission angles. It has an improved signal-to-
noise ratio in the IR spectrum without loss of spatial resolution, which is of great
advantage for applications in the biological sciences (SLRI, 2023).

Biochemical composition analysis using infrared light can quickly provide
information about functional groups in the chemical composition of the sample by
displaying them in the form of a spectral profile. This analytical technique is
becoming increasingly popular in the medical and biological sciences, for example in
the analysis of plant constituents (Agatonovic-Kustrin et al., 2020; Krysa et al., 2022,
Wongsa et al., 2022), the study of cellular changes (Gao et al., 2015; Portaccio et al,,
2023, Wu et al,, 2015), the early diagnosis of cervical cancer (Félix et al., 2024,
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Sindhuphak et al., 2003), using as a tool to assess long cancer (Sulé-Suso et al., 2005),
the analysis of changes in functional groups in food (Hong et al., 2017), and the study
of microbial species and changes (Kassem et al., 2023). The spectral properties of
biological samples provide information about the components of biochemical
substances such as carbohydrates, proteins, fats, and phospholipids. The wave range
of infrared light absorption, which is specific for different functional groups of
biomolecules can be illustrated in Figure 8 and explained as follows (SLRI, 2023).

1. Range 4000-3100 cm-": mainly OH (3400 cm™) and NH stretching vibration
(Amide A ~ 3300 cm™ and Amide B ~ 3030 cm™).

2. Range 3100-2800 cm™: CH stretching vibration of CH; and CH, from of lipidl

3. Range 1800-1500 cm™: Amide | and Amide Il of protein groups, enabling the
indication of the secondary structure of the protein, such as alpha-helix, beta-sheet,
including C=0 group from ester group of lipids.

4. Range 1300-1500 cm™: CH bending vibration of CH; and CH, from lipid
groups, including stretching vibration COO- from amino acid side chains.

5. Range 1230 cm'1: P=0 asymmetric stretching vibrations of phosphodiester,
free phosphate, and monoester phosphate (mostly caused by the absorption of light
by DNA/RNA Polysaccharide backbone structures).

6. Range 1200-900 cm™: PO* from nucleic acids and the -CO-C and C-O-P
stretching vibrations of oligosaccharides and polysaccharides.

7. Range 1152 cm™: CO-O-C asymmetric stretching vibration of carbohydrates

and sugars.
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Figure 8 The mid-infrared absorption spectra of biomolecules (SLRI, 2023).

2.8 Molecular Docking Analysis as A Tool to Predict the Potential of
Natural Candidates as Anti-SARS-CoV-2 Inhibitors

In silico molecular docking is a key step in the process of discovering novel
drugs, including potential natural bioactive compounds. Molecular docking is a
popular computer prediction technique for determining if a certain ligand (a
molecule of interest) has the ability to interact with a selected target receptor. Its
extensive use aids in determining the efficacy of substances and their eligibility for
further research, hence promoting advances in therapeutic interventions (Stefaniu,
2019).

The development of antiviral drugs has been achieved by targeting specific
proteins either in the virus, including structural or non-structural proteins in SARS-
CoV-2 viruses, or in the host cells. In the case of this novel coronavirus, the main
protease is a non-structural protein that plays an important role in viral replication
and control of the host cell response. Simultaneously with the papain-like proteinase
(PLpro), Mpro cleaves and transforms two large polyproteins (ppla and pplab),
which are selectively translated by lowering the viral RNA at the Leu—GLnl (Ser, Ala,
Gly) sequence (where | denotes the cleavage site), into the functional proteins

responsible for viral transcription and replication. Due to its crucial role and specific
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cleavage site, inhibiting the activity of the Mpro would block viral replication. Since
no human proteases with similar cleavage specificity are known, it is unlikely that
such inhibitors are toxic to humans. Therefore, Mpro has become one of the
effective targets for the development of drugs against COVID-19 (El Gizawy et al,,
2021; Maya et al., 2021; Zhang et al., 2020). Knowledge of the genetic sequence can
be used to model the 3D structure of various proteins of the virus. Zhang and
coworkers (2020) reported the X-ray 3D structures of the unliganded SARS-CoV-2
Mpro, as shown in Figure 9 (Zhang et al., 2020).

In silico prediction of the ability of drugs or natural compounds to inhibit the
activity of protease enzymes can be performed using the software for molecular
docking analysis of protein and ligand interaction. The software simulates the binding
between the active site of the target protein (viral target protein) and specific
compounds (ligand). The ligand that tightly binds to the active site of the target
protein is considered a potential candidate. The binding simulation randomly finds
the most suitable chemical structure of the ligand-protein complex by calculating
the binding energy level and using the scoring function as a scoring index. The lower
the binding energy, the greater the potential interaction between the ligand and the
viral target protein (Morris et al.,, 2009; Morris & Lim-Wilby, 2008). The program can be
used to test a wide range of compounds and could help to shortlist the most
promising candidates before an in vitro and in vivo bioassay is performed. This has
the advantage of significantly reducing the time and cost of evaluating the potential
of bioactive compounds. Based on the advantages of this technique, nelfinavir was
predicted as a potential inhibitor of SARS-CoV-2 through interaction with the viral
Mpro, for example (Xu et al., 2020).

Protomer of the dimer is shown in light blue, the other one in orange.
Domains are labeled by Roman numerals. Amino acid residues of the catalytic site
are indicated as yellow spheres for Cys145 and blue spheres for His41. Asterisks
mark residues from protomer B (orange). Black spheres indicate the positions of
Ala285 for each of the two domains Ill (see text). Chain termini are labeled N and C
for molecule A (light blue) and N* and C* for molecule B (orange) (Zhang et al,,

2020).



Figure 9 Three-dimensional structure of SARS-CoV-2 Mpro in two different views.
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CHAPTER IlI
RESEARCH METHODOLOGY

3.1 Conceptual Framework of the Research Methodology

The study aimed to identify Thai herbal extracts with potent anti-SARS-CoV-2
activity using antiviral assays as bioassay guides, as outlined in Section 1.4 (Scope of
the Study) and illustrated in Figure 1. The research was conducted in two
experimental phases. Phase 1 involved screening extracts using Vero cells to identify
the most effective extract and its potential lead phytochemicals. Phase 2 focused
on refining the extraction process to develop a safer and more efficient method,
including evaluations of cytotoxicity and antiviral efficacy in human lung epithelial
cells (Calu-3). The mechanism of SARS-CoV-2 suppression by the selected extract
was subsequently analyzed (Figure 2). The experimental methodology is detailed

below.

3.2 Plant Materials

This study focused on 19 medicinal plants, commonly used Thai herbs, which
were sourced from agricultural sites in Thailand. Taxonomic identification was
conducted by Associate Professor Dr. Santi Watthana from the Institute of Science,
Suranaree University of Technology. Voucher specimens of these plants were
deposited in the Thai Traditional Medicine Herbarium, accompanied by their
respective specimen numbers, plant parts utilized for extraction, and harvesting
locations, as detailed in Table A2 (Appendix). Since different plant parts often
contain distinct phytochemicals, a total of 22 parts were analyzed. The preparation
process involved shredding the herbs, drying them in an oven at 40°C, and grinding

them into a fine powder prior to further use.
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3.3 Research Methodology of Phase 1 Study
3.3.1 Preparation of herbal extract
3.3.1.1 Preparation of crude extract (CE)

The experiment followed previous studies with minor
modifications (Abubakar & Haque, 2020; Rattanamaneerusmee et al.,, 2018). Plant
powder was macerated in an 80% ethanolic-aqueous solution (1:10 ratio) and
incubated in a shaking incubator (NB-205VL, N-BIOTEK, Korea) at 25°C, 175 rpm for 24
h. The liquid extract was separated from the plant residue (marc) using Whatman No.
1 filter paper (GE Health Care, UK) and a vacuum pump, yielding CE micelles. The
marc underwent two additional extractions using the same method, and the
micelles were combined. Ethanol was removed using a rotary evaporator (RV 10
digital, IKA, Germany), and the concentrated micelles were dried in a freeze dryer
(Chris Alpha 2-4 LSCplus, Martin Christ Gefriertrocknungsanlagen GmbH, Germany).
The resulting crude extract (CE) was evaluated for antiviral properties.

3.3.1.2 Liquid-liquid fractionation of potential crude extract

CEs demonstrating > 2.5 log reduction value (LRV) in viral
count (> 99.7% efficacy) were subjected to liquid-liquid fractionation using water (a
highly polar solvent) and ethyl acetate (a less polar solvent) in a 1:10:10 (w/v/v) ratio
(Minh et al,, 2019). The CE was initially dissolved in water and transferred to a
separating funnel. Ethyl acetate was subsequently added, and the mixture was
gently agitated before being allowed to separate into two distinct phases. The upper
ethyl acetate-soluble fraction was then separated from the lower water-soluble
fraction. The water-soluble fraction was further extracted with fresh ethyl acetate in
two additional rounds. All ethyl acetate-soluble fractions were combined according
to standard procedures. Both the ethyl acetate-soluble fraction (EF) and
water-soluble fraction (WF) were dried using a speed vacuum centrifuge and a freeze
dryer, respectively. These fractions were then evaluated for anti-SARS-CoV-2 activity,
with the most potent fraction further analyzed for its chemical constituents.

3.3.2 Cell culture
In the preliminary screening of 22 CEs using PEDV (clinically isolated) as a
surrogate, Vero cells (CCL-81, ATCC, USA) were used for PEDV propagation and the
anti-PEDV assay. For anti-SARS-CoV-2 activity, Vero E6 cells (CRL-1586, ATCC, USA)
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served as the host for SARS-CoV-2 propagation, cytotoxicity, and anti-SARS-CoV-2
assays. Vero cells were maintained and subcultured in Dulbecco’s modified Eagle’s
medium (DMEM), while Vero E6 cells were cultured in minimum essential medium
(MEM), both supplemented with 10% fetal bovine serum, 100 U/mL
penicillin-streptomycin, and 1% GlutaMAX. Cells were incubated at 37°C with 5% CO,.
3.3.2.1 Preparation of PEDV

PEDV was propagated in Vero cells using serum-free DMEM,
supplemented with 10 pg/uL TPCK-treated trypsin (Trypsin 1:250, Gibco) and 0.3%
Tryptose Phosphate Broth (TPB) (Sigma-Aldrich). When the cytopathic effect (CPE)
reached 70-80% (18-24 h post-infection), the cells underwent three freeze-thaw
cycles. The supernatant was collected, aliquoted, and stored at -80°C. Viral titer was
determined by plaque assay (Wang et al., 2005). PEDV stock was serially diluted,
inoculated into Vero cells, and incubated at 37°C for 4-5 days. After fixation with 0.5%
agar and crystal violet staining, plaques were counted, and the titer was expressed
as plaque-forming units per mL (pfu/mL).

3.3.2.2 Preparation of SARS-CoV-2

The Delta B.1.617.2 variant of SARS-CoV-2 was isolated from
nasopharyngeal swabs of a confirmed COVID-19 patient in Thailand and verified by
the Tropical Medicine Diagnostic Reference Laboratory at the Faculty of Tropical
Medicine, Mahidol University. The virus strain report can be found in Figure Al
(Appendix). The virus was subsequently propagated in Vero E6 cells (CRL-1586) at a
density of 2.5 x 10° cells/mL in MEM supplemented with 2% fetal calf serum and 1%
penicillin-streptomycin. To establish a high-titer viral stock, the virus was cultured at
37°C in a 5% CO, humidified incubator for 72 h. The viral titer was quantified using
the TCID50 method, following the Reed-Muench approach (Baeshen et al., 2022;
Reed & Muench, 1938), and expressed as TCID50/mL. All experiments involving live
SARS-CoV-2 were conducted in a certified BSL3 facility at the Faculty of Veterinary
Science (Approval No. MU2023-038), Mahidol University.

3.3.3 Cytotoxicity assay
Cytotoxicity of extracts/drugs was evaluated using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The extracts/
drugs were diluted in 0.5% DMSO and serially diluted in a culture medium (1-1,000
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ug/mL). Vero cells were seeded in 96-well plates (2 x 10° cells/mL) and incubated at
37°C for 24-48 h to form confluent monolayers. Cells were treated with
extracts/drugs at various concentrations for 1 h (pre-entry antiviral assay) or 48 h
(post-infection antiviral assay). The MTT solution (0.5 mg/mL) was added, and after 2
h of incubation, formazan crystals were dissolved in DMSO, and absorbance at 595
nm was measured (Bajrai et al., 2021; Sa-ngiamsuntorn et al., 2021). Cell viability was
normalized to the negative control, and the 50% cytotoxic concentration (CCso) was
determined. Concentrations yielding > 70% viability were considered maximum
noncytotoxic concentrations (MNTCs) (Astiti et al.,, 2021). CEs were tested at MNTCs
for PEDV (single dose) and at three concentrations (MNTC and two consecutive
twofold dilution concentrations) for anti-SARS-CoV-2 activity (Vlietinck et al., 1995).
3.3.4 Antiviral assay
Cytotoxicity of extracts/drugs was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The extracts/
drugs were diluted in 0.5% DMSO and serially diluted in a culture medium (1-1,000
ug/mL). Vero cells were seeded in 96-well plates (2 x 10° cells/mL) and incubated at
37 °C for 24-48 h to form confluent monolayers. Cells were treated with
extracts/drugs at various concentrations for 1 h (pre-entry antiviral assay) or 48 h
(post-infection antiviral assay). The MTT solution (0.5 mg/mL) was added, and after 2
h of incubation, formazan crystals were dissolved in DMSO, and absorbance at 595
nm was measured (Bajrai et al,, 2021; Sa-ngiamsuntorn et al., 2021). Cell viability was
normalized to the negative control, and the 50% cytotoxic concentration (CCso) was
determined. Concentrations vyielding > 70% viability were considered maximum
noncytotoxic concentrations (MNTCs) (Astiti et al.,, 2021). CEs were tested at MNTCs
for PEDV (single dose) and at three concentrations (MNTC and two consecutive
twofold dilution concentrations) for anti-SARS-CoV-2 activity (Vlietinck et al., 1995).
3.3.4.1 Anti-PEDV assay
A preliminary screening of 22 CEs was conducted to evaluate
their antiviral activity against PEDV. A single-dose concentration corresponding to the
defined MNTC for each CE was used in the plaque reduction neutralization test
(PRNT) (Wang et al., 2005). PEDV was incubated with the crude extracts for 5 mins at

37°C, and the remaining infectious virus was detected in Vero cells (CCL-81). The viral
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solution was serially diluted, inoculated into Vero cells, and incubated at 37°C for 3
days, allowing for plaque formation. Cells were then fixed, and stained with crystal
violet, and plaque numbers were counted. Viral titer was quantified in
plague-forming units per mL (pfu/mL). The virucidal activity was determined by the
reduction in plaque formation relative to the untreated PEDV control, with efficacy
reported as the percentage of viral reduction. CEs demonstrating > 70% anti-PEDV
efficacy were selected for subsequent in vitro anti-SARS-CoV-2 activity assays.
3.3.4.2 Anti-SARS-CoV-2 assay
Two modes of action for the anti-SARS-CoV-2 activity of herbal
extracts were assessed in Vero E6 cells, following several studies with modifications
(Abd-Alla et al., 2022; Bajrai et al,, 2021; Kanjanasirirat et al., 2020). The pre-entry
study involved directly exposing SARS-CoV-2 to extracts/drugs to assess virucidal
activity (% virucidal). Post-infection study involved infecting host cells with
SARS-CoV-2, followed by treatment with extracts/drugs to evaluate viral replication
inhibition (% inhibition) (Abd-Alla et al.,, 2022; Kanjanasirirat et al., 2020). Extracts
were tested at three concentrations: MNTC and two consecutive twofold dilutions.
All experiments were conducted in triplicate, with results presented as the mean +
SD. Prior to the antiviral assay, Vero E6 cells were seeded at 2 x 10° cells/well in a
96-well plate, incubated at 37°C for 24 h to form a monolayer, and washed with PBS
before the test. Molnupiravir (EIDD-2801, Selleckchem, USA) served as a positive
control, and extract-free MEM as a negative control.
1) Pre-entry mode: The virucidal activity of extracts/drugs against
SARS-CoV-2 was evaluated following ASTM method no. ASTM E1053-20 (ASTM, 2020),
at three concentrations based on cytotoxicity results, using a 1-h exposure.
SARS-CoV-2 (1 x 10° TCID50/mL) was incubated with the extracts/drugs at 37°C for 1
h. The virus suspension was then cultured on Vero E6 cell monolayers in MEM (2%
FBS) in a 96-well plate for 2 h to allow viral absorption. After washing with PBS, a
fresh medium was added, and cells were cultured for 48 h before assessing
cytopathic effects (CPE). The anti-SARS-CoV-2 efficacy was determined by viral
reduction at each concentration, expressed as % virucidal and log reduction value

(LRV) relative to the negative control. LRV values of 2, 3, and 4 corresponded to viral
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reductions of 99%, 99.9%, and 99.99%, respectively. Calculations are described by
Bullen et al. (Bullen et al., 2022) in the Appendix Al (Table A3).

2) Post-infection treatment mode: Vero E6 cell monolayers were
infected with SARS-CoV-2 (1 x 10° TCID50/mL) and incubated at 37°C for 2 h for viral
absorption. The culture supernatant was then removed, and the cells were washed
with PBS before being treated with various concentrations of herbal extracts/drugs in
fresh MEM (2% FBS). The culture was maintained at 37°C for 48 h, and cytopathic
effects (CPE) were observed. The anti-SARS-CoV-2 activity was quantified as %
inhibition and expressed as log reduction value (LRV), with the negative control
exhibiting the most significant CPE.

3) Half-maximal inhibitory concentration (ICs,) evaluation: ICs,
values for molnupiravir and the most potent antiviral extract were determined using
the TCID50 method, following the modified Reed—Muench method (Reed & Muench,
1938). The herbal extract and molnupiravir were evaluated at their MNTCs and four
twofold serial dilution concentrations in both modes of action. After observing CPE,
TCID50 was assessed, and ICs, concentrations were calculated.

3.3.5 Evaluation of antiviral lead compounds from the most effective
extract

To identify antiviral lead compounds from the most effective extract,
liquid chromatography—-high-resolution mass spectrometry (LC-HRMS) and molecular
docking studies were conducted. Due to challenges in phytochemical separation on
the LC column, the workflow was divided into four steps: (1) simplifying the
complexity of the most effective extract (WF-MLCE) by partially separating it into
major fractions using column chromatography (CC), (2) identifying small molecules in
each fraction via LC-HRMS, (3) refining antiviral leads based on anti-SARS-CoV-2
efficacy and total phenolic/flavonoid content, and (4) performing molecular docking
on compounds with the highest efficacy against SARS-CoV-2 Mpro.

3.3.5.1 Phytochemical profiling of the most effective extract using

Fourier-transform infrared spectroscopy (FTIR)
FTIR spectroscopy was used to determine the phytochemical
profile of the most effective extract before partial separation by CC. The spectra

were obtained in the mid-infrared region (MIR) region (4000-400 cm™) using a Bruker
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Tensor 27 FTIR spectrometer with an attenuated total reflectance (ATR) accessory
and diamond crystal (Bruker Optics Ltd., Ettlingen, Germany). Data were collected

over 64 scans at a resolution of 4 cm™!

, and baseline correction and spectral
averaging were performed using OPUS 7.5 software. A reference air spectrum was
recorded before sample measurement (Abbas et al., 2017; Walkowiak-Brodka et al.,
2022).
3.3.5.2 Partial separation of the effective extract using column

chromatography

Following FTIR analysis, Sephadex-LH20 resin (Cytiva, USA) was
selected for column chromatography (CC) separation, using an AKTA prime system
(Amersham Biosciences, UK). The extract (250 mg/mL in water) was loaded onto the
column, and sequential elution was performed with slight modifications from
previous studies (Arfan et al.,, 2007; Mottaghipisheh & Iriti, 2020; Paje et al,, 2022,
Riihinen et al., 2012) in three steps: (1) 250 mL of water, (2) 250 mL of 50% ethanol
aqueous solution, and (3) 150 mL of 100% ethanol, at a flow rate of 2 mL/min.
Fractions (10 mL each) were collected based on absorbance at 280 nm, pooled into
major fractions, and freeze-dried for subsequent LC-HRMS analysis.

3.3.5.3 Identification of tentative small molecules of CC fractions

(CCFs) using LC-HRMS technique

LC-HRMS was employed to identify potential phytoconstituents
in CC fractions (CCFs), with modifications from prior studies (Ali et al., 2021; Ruan et al,
2019). Analysis was performed on an Ultimate 3000 RSLC system coupled with a Q
Orbitrap mass spectrometer (Thermo Fisher Scientific, Germany). LC separation
occurred on an XSelect HSS T3 column (2.1 x 100 mm, 2.5 um, Waters, USA) at 30°C,
using mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic
acid in acetonitrile). The gradient started at 1% B and increased to 95% B over 52
min at 0.3 mL/min. The mass spectrometer operated in positive/negative ion modes
with heated electrospray ionization. Full-scan MS (100-1500 m/z, resolution 140,000)
was followed by data-dependent MS2 (35 NCE, resolution 35,000). Data were
processed using Xcalibur and Compound Discoverer software (Thermo Fisher
Scientific). Tentative compounds were identified by comparing MS2 fragments with

mzCloud and precursor ions with ChemSpider, using > 50% and > 70% match criteria,
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respectively. Compounds were identified with their estimated abundances, based on
the peak area of the predominant adduct intensity.
3.3.5.4 Refinement of antiviral lead identification: Anti-SARS-CoV-2
assay and total phenolic/flavonoid content analysis
1) Anti-SARS-Cov-2 assay: CC fractions (CCFs) were
evaluated for anti-SARS-CoV-2 activity using established protocols (Section 3.3.4.2).
The total phenolic content (TPC) and total flavonoid content (TFC) were quantified
as detailed below.
2) Quantification of total phenolic and flavonoid contents
Total phenolic content (TPC) was determined using the
Folin-Ciocalteu assay with gallic acid (GA) as the standard. In a 96-well plate, 25 pL of
the Folin—Ciocalteu reagent (diluted 1:3 with water) was mixed with 25 pL of the
sample and 200 pL of water. After 5 min of incubation at room temperature, 25 L of
10% (w/v) Na,CO5; was added, and the mixture was incubated in the dark for 60 min.
Absorbance was measured at 765 nm using a microplate reader. TPC was calculated
from a GA calibration curve (0-250 pyg/mL) and expressed as mg gallic acid equivalents
per gram of dried extract (mg GAE/g extract) (Ali et al., 2021; Tang et al., 2020).
Total flavonoid content (TFC) was assessed using the
aluminum chloride method with quercetin (Q) as the standard. In a 96-well plate, 25
pL of the sample was combined with 100 pL of water and 10 yL of 10 g¢/L NaNO,,
followed by a 5 min incubation at room temperature. Next, 15 pyL of 100 g¢/L AlCls
was added, and the mixture was incubated for 6 min before adding 50 pL of water
and 50 pL of 1 M NaOH. After shaking for 30 sec, absorbance was recorded at 415
nm. TFC was quantified using a quercetin calibration curve (50-1,000 pg/mL) and
reported as mg quercetin equivalents per gram of dried extract (mg QE/g extract) (Ali
et al,, 2021; Tang et al., 2020).
To further identify potential antiviral leads, only the
phytochemical constituents of CCF(s) demonstrating significant anti-SARS-CoV-2

activity were selected for molecular docking analysis.
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3.3.5.5 In Silico molecular docking: Identification of potential
SARS-CoV-2 Mpro inhibitors
Molecular docking of small molecules from the target CC
fractions (CCFs) against SARS-CoV-2 Mpro was conducted using AutoDockTools (ADT
1.5.6) (Morris et al., 2009), with three repurposed drugs (lopinavir, hydroxychloroquine,
and molnupiravir) as references. The crystal structure of SARS-CoV-2 Mpro (PDB ID:
6LU7) (Jin et al, 2020) was retrieved from the Protein Data Bank, while ligand
structures were sourced from NCBI PubChem and MolView databases (Kim et al.,
2022). Ligands were prepared as 3D conformers in SDF or MOL format, converted to
PDB using Open Babel GUI (O'Boyle et al., 2011), and optimized in ADT with rotatable
bonds (Berman et al., 2000).
The docking grid was defined with dimensions of 66 A x 70 A x
48 A, centered at X = -10.357 A, Y = 18.601 A, Z = 67.669 A, encompassing key
residues (His-41, Asn-142, Gly-143, Ser-144, Cys-145, His-163, Met-165, Glu-166) (Liang
et al,, 2020; Rafi et al.,, 2022). Binding energies (kcal/mol) were calculated, with more
negative values indicating stronger interactions, and inhibition constants (Ki, pM) were
estimated to assess inhibitory activity. Lower Ki values indicated the higher potential
for viral protein inhibition. Compounds with favorable docking scores underwent
further evaluation of their 3D interactions with Mpro active site residues using PyMOL

(Lill & Danielson, 2011).

3.4 Research Methodology of Phase 2 Study
3.4.1 Modification of WF-MLCE extraction method

Based on the Phase 1 results, the water fraction of the mulberry leaf
crude extract (WF-MLCE) was identified as the most effective extract, emphasizing
the key role of water-soluble phytoconstituents in combating SARS-CoV-2.
Consequently, in Phase 2, the WF-MLCE extraction method was refined with minor
modifications to enhance the enrichment of water-soluble compounds, as outlined
in Section 1.4. (Figure 2).

3.4.1.1 Preparation of water-soluble extract of mulberry leaves

1) Method 1: As illustrated in Figure 2 (M1), the process

began with the preparation of a crude extract via maceration using an 80%
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ethanol-aqueous solution. This was followed by liquid-liquid fractionation with water
and ethyl acetate, as described in Section 3.3.1. The resulting extract was designated
as "WF-EtAc."

2) Method 2: As illustrated in Figure 2 (M2), the process
commenced with the preparation of a crude extract (CE) via maceration using an 80%
ethanol-aqueous solution, following the same protocol as M1. However, the
water-soluble fraction was obtained by dissolving the CE in water alone (1:10 w/v).
The resulting CE-water suspension was centrifuged at 25,000 x g for 30 min, and the
supernatant was separated and freeze-dried to produce the second type of
water-soluble extract, designated as "WF-W."

3) Method 3: As depicted in Figure 2 (M3), finely ground
mulberry leaf powder was extracted by maceration with water at a 1:10 (w/v) ratio in
a shaking incubator (NB-205VL, N-BIOTEK, Gyeonggi-do, Korea) at 175 rpm and 25°C
for 24 h. The mixture was filtered through Whatman No. 1 filter paper, and the
residue was subjected to two additional rounds of water extraction. The filtered
solutions from all three extractions were combined and freeze-dried, resulting in the
water-soluble extract, designated as "WCE".

3.4.1.2 Chemical constituent analysis of extracts: Preliminary
selection of target mulberry leaf extract(s)

The chemical profiles of the three extracts-WF-EtAct, WF-W,
and WCE-were analyzed using FTIR (as outlined in Section 3.3.5.1), total phenolic
content (TPC), and total flavonoid content (TFC) determination (described in Section
3.3.5.4). Additionally, a tentative phytochemical analysis was performed using
LC-HRMS (detailed in Section 3.3.5.3). The mass spectral analysis allowed for the
statistical differentiation of the extracts based on mass spectral data.

The results revealed that WF-W exhibited a chemical pattern
closely resembling that of WF-EtAct. Consequently, these two extracts were selected
for the anti-SARS-CoV-2 assay using Calu-3 cells as the host.

3.4.2 Cell culture
Calu-3 cells (HTB-55, ATCC), a human epithelial lung cell line, were
used as the host system in the Phase 2 experiment to better reflect human

physiological interactions in the evaluation of antiviral activity and mechanism of
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action, providing a notable improvement over the use of Vero cells. The cells were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin-streptomycin, and 1% GlutaMAX. Calu-3 cells were seeded at a
density of 2.0 x 10° cells/mL in 96-well plates, with 100 pL of cell suspension per
well, and incubated at 37°C in a humidified atmosphere containing 5% CO» for 24-
48 h to form a confluent monolayer before experimental assays.
3.4.3 Cytotoxicity of mulberry leaf extract
The Calu-3 cell monolayers were tested at contact periods of 1 h and
48 h. The cytotoxic effects of the extracts on Calu-3 cells were determined by
evaluating cell viability relative to the negative control group, which was treated with
extract-free RPMI 1640 medium. In addition to WF-EtAct and WF-W extracts, rutin
(CFN99642, ChemFaces Biochemical, China), a predominant compound in mulberry
leaf extract, and molnupiravir (EIDD-2801, MK-4482, Selleckchem, USA), a reference
repurposed drug, were also tested. Serial 2-fold dilutions were performed, resulting
in a test concentration range of 1-1000 pg/mL. The cytotoxicity assessment was
performed using the MTT assay, and the CCs, values for each sample were
calculated as described previously in Section 3.3.3.
3.44 Anti-SARS-CoV-2 assay
Anti-SARS-CoV-2 assays of the extracts were conducted in pre-entry and
post-infection modes, as detailed in Section 3.3.4.2. The ICs, values were determined
using the AAT Bioquest calculator with a 4d-parameter logistic regression model.
Extracts and drugs were tested in concentrations ranging from 0.001 to 1000 pg/mL
through serial 10-fold dilution in RPMI 1640 medium (2% FBS).
3.4.5 Analysis of the anti-SARS-CoV-2 mechanism of action in post-infection
treatment mode using SR-FTIR
The experiment was divided into two groups: (1) a test group to
evaluate the effect of the extract on Calu-3 cells under normal conditions, and (2) a
test group to assess the effect of the extract on virus-infected cells, as detailed in
Table 1. Both groups were seeded with 6x10° Calu-3 cells, and the WF-W extract was
applied at a concentration of 100 pg/ML. In the normal cell group, WF-W was

administered to the Calu-3 monolayer for 1, 24, and 48 h prior to cell collection. For
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the infected cell group, the post-infection treatment protocol, as outlined in Section
3.3.4.2, was followed. Three independent cultures were grown for each condition.

Before harvesting the cells, the medium was removed, and the cell
monolayer was detached from the culture support by means of a 5-min treatment
with 0.5% trypsin-EDTA. The reaction was inactivated by adding RPMI 1640 medium.
The cells were pelleted by 5-min centrifugation (1500 rpm) and washed in isotonic
solution (0.85% NaCl), followed by centrifugation, to ensure complete removal of
trypsin and culture medium. In the case of infected samples, a 70% ethanol solution
was added to the pellets for 15 min to ensure virus inactivation prior to washing with
isotonic solution. The pellets were resuspended in ~10 ulL of water before dropping
onto BaF, windows for FTIR measurement (Derenne et al., 2013).

All measurements were carried out using SR-FTIR imaging microspectroscopy
in transmission mode. Spectra were recorded over 64 scans at a resolution of 2 cm™. All
spectra were processed as follows: Water and air contribution were subtracted, the
baseline corrected and normalized before spectral averaging performed using OPUS
7.5 software (Bruker Optics Ltd, Ettlingen, Germany), and the Unscrambler 10.3 was
used to calculate the differences in the main components of the extracts using the

Principal Component Analysis (PCA) technique.

Table 1 Samples for the mechanism of action study of WF-W by SR-FTIR technique.

Host cells Cell experiment test Category of sample
Test group 1: (1) Calu-3 + Media Control group
Normal cells (2) Calu-3 +WF-W_1hcontact Treatment 1
(non-infected (3) Calu-3 + WF-W 24 h contact ~ Treatment 2

host cells) (@) Calu-3 + WF-W_48 h contact ~ Treatment 3

Test group 2: (1) Calu-3 + Media Control group

Virus infected-

host cells (2) SARS-CoV-2 infected-Calu-3 Treatment 1

(3) SARS-CoV-2 infected-Calu-3+ Treatment 2
WF-W 48 h contact
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3.5 Statistical Analysis

All experiments were performed in triplicate, and the results are expressed as
mean + SD. Statistical analysis across three or more groups was conducted using a
one-way ANOVA followed by Tukey's HSD post-hoc test at a significance level of p <
0.05. For comparisons between two groups, a t-test was employed with a

significance level of p < 0.05 (SPSS Statistics version 26, IBM Corporation, 2019).



CHAPTER IV
RESULTS

4.1 Phase 1: Screening of Potential Anti-SARS-CoV-2 Agents Through

In Vitro Antiviral Testing
4.1.1 Initial evaluation of potential antiviral CEs using PEDV as a surrogate
To identify a potential anti-SARS-CoV-2 agent, 22 ethanolic-aqueous
crude extracts (CEs) from 19 Thai medicinal plants were screened for antiviral activity
against PEDV. A single dose (MNTC) of each CE was tested, revealing eight extracts
with > 70% virucidal efficacy, as shown in Table 2. The effective CEs were derived
from Colubrina asiatica (S1), Morus alba (leaves) (S2), Gynostemma pentaphyllum
(S3), Artemisia annua (S4), Centella asiatica (S5), Justicia gendarussa (S6), Helicteres
isora (S7), and Phyllanthus niruri (S8). These eight CEs were selected for further

antiviral evaluation against SARS-CoV-2 using Vero E6 cells.

Table 2 Anti-PEDV efficacy as %virucidal of twenty-two crude extracts tested at their

individual maximum non-cytotoxicity concentration (70% cell viability).

Sample Code  Thai common name Tested conc. (ug/mL)  Efficacy (%)
S1 Khan song 1000.0 89
S2 Mon 125.0 89
S3 Jiaogulan 500.0 87
sS4 Kot chula lampha 1000.0 91
S5 Bua bok 500.0 70
S6 San phra mon 1000.0 70
Y Po bid 125.0 70
S8* Lok tai bai 125.0 95
S9 Ya nuat maew 125.0 62
S10 Ya lin ngu 250.0 67

S11 Som khaek 1000.0 62
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Table 1 (continued).

Sample Code Thai common name Tested conc. (ug/mL)  Efficacy (%)
S12 Phutha raksa 750.0 66
S13 Nam nom ratchasi lek 62.5 54
S14 Ngueak pla mo 125.0 57
S15 Phaya plong thong 500.0 64
S16 Pattawia (flower) 125.0 68
S17 Pattawia (leaves) 125.0 57
S18 Pattawia (stem) 250.0 54
S19 Thapthim (leaves) 62.5.0 50
S20 Mara kee nok 125.0 62
Plub plueng tin pade
521 62.5 61
(root)
Plub plueng tin pade
S22 62.5 61
(leaves)

*After ethanol evaporation using a rotary vacuum evaporator, S8-CE is separated into
two components: a light soluble fraction (S8-L) and a dark, summy fraction (S8-D).
During the initial rapid anti-PEDV screening, these two components were combined in
a 1:1 ratio for testing, including cytotoxicity assessments. In subsequent studies, the
two components were tested separately, resulting in the evaluation of nine CEs for

their anti-SARS-CoV-2 activity.

4.1.2 Cytotoxicity and anti=SARS~CoV~2 activity of potential CEs

The cytotoxicity of nine crude extracts (CEs) in Vero E6 cells and their
respective CCsq values are shown in Figure 10. In the 1-h contact period assay (pre-
entry study), the results indicated moderate cytotoxicity across most extracts, with
CCsp values ranging from 0.24 to 0.40 mg/mL. However, Gynostemma pentaphyllum
(S3) and Phyllanthus niruri (S8-D) demonstrated the lowest cytotoxicity, with CCsg
values above 1 mg/mL (Figure 10a). A similar pattern was observed in the 48-h
contact period assay (post-infection treatment study), with CCs, values ranging from

0.30 to 0.71 mg/mL (Figure 10b).
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In the pre-entry mode, most CEs exhibited significant anti-SARS-CoV-2
efficacy, with a Log Reduction Value (LRV) of 2 (~99% virucidal activity) as shown in
Table 3. The highest efficacy was recorded for S8-D, which achieved an LRV of 2.56
(99.68% virucidal) at a concentration of 0.0625 meg/mL. In the post-infection
treatment mode, four CEs (S1, S2, S8-L, and S8-D) showed significant antiviral activity
with an LRV of approximately 2.5 (99.7% viral inhibition). The strongest inhibition was
observed in S8-D at 0.1250 mg/mL (2.94 LRV, 99.89% inhibition), followed by S2 at
0.0313 mg/mL (2.60 LRV, 99.75% inhibition).
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Figure 10 Cytotoxicity of the nine crude extracts (51-S8) with CCs,, evaluated in
Vero E6 cells. (a) Cytotoxicity after 1 h of treatment with crude extracts,

and (b) cytotoxicity after 48 h of treatment. Results are expressed as %
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cell viability at various extract concentrations (mean + SD). The red dot
line indicates the minimum non-toxic concentration (MNTC), defined as
the concentration where cell viability is > 70% for each individual crude

extract.

4.1.3 Cytotoxicity and anti-SARS-CoV-2 efficacy of liquid-liquid separation
fractions from four promising CEs

The four most promising CEs (S1, S2, S8-L, and S8-D) were subjected to
liquid-liquid fractionation using a water and ethyl acetate solvent system.
Cytotoxicity assessment of the resulting water fractions (WFs) and ethyl acetate
fractions (EFs) showed that WFs exhibited significantly lower toxicity to Vero E6 cells
compared to EFs (Figure 11). Notably, S1-WF and S2-WF demonstrated minimal
cytotoxicity, with a CCsy = 0.72 mg/mL across both 1-h and 48-h contact periods,
showing 2-4 times less toxicity than molnupiravir.

Regarding anti-SARS-CoV-2 efficacy, molnupiravir exhibited 99.81%
virucidal activity (LRV of 2.76) in the pre-entry phase and 99.08% inhibition of viral
replication (LRV of 2.05) in the post-infection treatment phase at a concentration of
0.0625 mg/mL for both stages (Table 4). The anti-SARS-CoV-2 activity of WFs and EFs
followed a pattern similar to molnupiravir, with higher efficacy in the pre-entry phase
than in the post-infection phase, contrasting with the CE results (Table 5). The
fractions showed slightly better virucidal activity than the original CEs. Among them,
S2-WF exhibited the highest virucidal effect, achieving an LRV of 3.06 (99.9%
virucidal) at 0.250 mg/mL and 2.90 (99.8% inhibition) in the post-infection phase at
0.1250 and 0.250 mg/mL. The ICs, of S2-WF was below 0.0156 mg/mL for both
phases, while molnupiravir’s ICs, was under 0.0039 mg/mL (Figure 12). Despite
limitations in determining S2-WF’s ICs, it appears comparable to molnupiravir. As the
most promising anti-SARS-CoV-2 agent, S2-WF (WF-MLCE) was selected for further
evaluation of its antiviral compounds and potential interactions with the SARS-CoV-2

Mpro.



Table 3 Anti-SARS-CoV-2 efficacy of nine crude extracts in pre-entry and post-infection modes using Vero E6 cells as the host.

Pre-entry study

Post-infection treatment study

Crude Extract Conc. Anti-SARS-CoV-2 efficiency Conc. Anti-SARS-CoV-2 efficiency

(mg/mL) Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition

S1 0.0156 210 £ 0.22 99.21 + 0.26 0.0625 252 +0.22 99.69 + 0.13
0.0078 2.10 £ 0.22 99.21 + 0.26 0.0313 2.35+0.14 99.56 + 0.17

0.0039 1.98 + 0.14 98.96 + 0.32 0.0156 227 £ 0.21 99.46 + 0.18

S2 0.0625 2.10 £ 0.22 99.21 + 0.26 0.0313 2.60 + 0.21 99.75 + 0.08
0.0313 2.02 +0.12 99.08 + 0.16 0.0156 2.40 + 0.30 99.54 + 0.36

0.0156 1.98 + 0.07 99.00 + 0.00 0.0078 252+ 0.44 99.62 + 0.26

S3 0.1250 2.06 +0.14 99.16 + 0.18 0.0313 2.52 +0.22 99.69 + 0.13
0.0625 2.02 +0.02 99.08 + 0.16 0.0156 2.31 +0.38 99.45 + 0.27

0.0313 1.94 +0.15 98.88 + 0.23 0.0078 2.35 + 0.30 99.53 + 0.24

sS4 0.0313 1.98 + 0.07 99.00 + 0.00 0.1250 2.10 £ 0.22 99.21 + 0.26
0.0156 1.94 + 0.15 98.88 + 0.23 0.0625 2.02 £ 0.02 99.08 + 0.16

0.0078 1.94 + 0.15 98.88 + 0.23 0.0313 1.94 + 0.15 98.88 + 0.23

S5 0.0625 2.06 + 0.22 99.13 + 0.27 0.1250 212 +0.14 99.37 + 0.11
0.0313 1.98 + 0.07 99.00 + 0.00 0.0625 1.98 + 0.07 98.96 + 0.32

0.0156 1.98 + 0.07 99.00 + 0.00 0.0313 1.85 +0.12 98.65 + 0.23

1%



Table 3 (continued).

Pre-entry study

Post-infection treatment study

Crude Extract Conc. Anti-SARS-CoV-2 efficiency Conc. Anti-SARS-CoV-2 efficiency

(mg/mL) Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition

0.0625 2.10 £ 0.22 99.21 + 0.26 0.0625 2.44 + 0.07 99.65 + 0.07

>0 0.0313 2.06 +0.14 99.12 + 0.39 0.0313 2.19 +0.14 99.37 + 0.11
0.0156 2.02 +0.12 99.04 + 0.37 0.0156 1.94 + 0.07 98.88 + 0.23
0.0625 2.06 + 0.22 99.13 + 0.27 0.0625 1.94 + 0.07 98.88 + 0.23
! 0.0313 2.02 +0.17 99.04 + 0.37 0.0313 1.98 + 0.07 99.00 + 0.00
0.0156 1.94 + 0.07 98.88 + 0.23 0.0156 1.85 £ 0.12 98.65 + 0.23
0.0156 2.27 +0.21 99.46 + 0.18 0.1250 2.56 + 0.30 99.68 + 0.25
(Light—wastfae_rLsoLuble) 0.0078 2.35 £ 0.49 99.31 + 0.66 0.0625 231 £ 0.38 99.45 + 0.27
0.0039 227 +0.43 99.27 + 0.61 0.0313 2.06 + 0.14 99.16 + 0.18
0.0625 2.56 + 0.30 99.68 + 0.25 0.1250 2.94 + 0.07 99.89 + 0.02
S8-D (Dark-gummy) 0.0313 244 + 0.28 99.60 + 0.23 0.0625 2.65 + 0.25 99.77 + 0.10
0.0156 231 +£0.38 99.45 + 0.27 0.0313 2.56 + 0.22 99.73 + 0.08

Data are presented as mean + SD from quadruplicate experiments. Log reduction represents the decrease in viral titer following
treatment, calculated in a logarithmic scale. % Virucidal or % Inhibition denotes the percentage reduction in viral titer relative to the initial

viral load. The herbal names for S1-S8 are provided in Table Al.

14
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Figure 11 Cytotoxicity of water fractions (WF) and ethyl acetate fractions (EF) from
the selected four crude extracts and molnupiravir (Molnu) evaluated in
Vero E6 cells. (a) Cytotoxicity after 1 h of treatment with fractions/drugs,
and (b) after 48 h of treatment with fractions/drugs. Results are presented
as % cell viability (mean + SD) at various extract concentrations, with CC50
values. The red dotted line represents the minimum non-toxic
concentration (MNTC), defined as the concentration achieving > 70% cell

viability for each fraction. Sample (S) full names are provided in Table A2.



Table 4 Anti-SARS-CoV-2 efficacy of molnupiravir using Vero E6 cells as the host.

Pre-entry study Post-infection treatment study
[Molnupiravir] Anti-SARS-CoV-2 efficacy [Molnupiravir] Anti-SARS-CoV-2 efficacy
(mg/mL) Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition
0.0625 2.76 + 0.21 99.81 + 0.09 0.0625 2.05 £ 0.08 99.08 + 0.16
0.0313 2.55 +0.20 99.69 + 0.13 0.0313 1.93 + 0.09 98.77 + 0.27
0.0156 2.22 +0.26 99.30 + 0.36 0.0156 1.84 +0.12 98.48 + 0.48
0.0078 2.05 +£0.23 99.02 + 0.41 0.0078 1.55+£0.20 96.89 + 1.30
0.0039 1.76 + 0.18 98.11 + 0.85 0.0039 1.47 + 0.06 96.47 + 0.74

Data are presented as mean + SD from quadruplicate experiments. Log reduction represents the decrease in viral titer following
treatment, calculated in a logarithmic scale. % Virucidal or % Inhibition denotes the percentage reduction in viral titer relative to

the initial viral load.
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Table 5 Anti-SARS-CoV-2 efficacy of water fraction and ethyl acetate fraction obtained from liquid-liquid fractionation of the four crude

extracts using Vero E6 cells as the host.

Pre-entry study

Post-infection treatment study

Extract Conc. Anti-SARS-CoV-2 efficacy Conc. Anti-SARS-CoV-2 efficacy
(mg/mL) Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition
0.5000 252 +0.14 99.71 + 0.05 0.500 1.64 +0.27 97.63 + 1.03
S1-WF 0.250 2.35 +0.30 99.53 + 0.24 0.2500 1.73 +0.20 98.05 + 0.94
0.1250 2.27 + 0.30 99.44 + 0.23 0.1250 1.98 +0.69 98.28 + 1.29
0.0313 2.69 +0.22 99.79 + 0.08 0.0313 2.31 +0.38 99.45 + 0.27
S1-EF 0.0156 244 + 0.23 99.62 + 0.20 0.0156 2.40 + 0.33 99.54 + 0.27
0.0078 235 +0.14 99.56 + 0.17 0.0078 2.44 + 0.07 99.65 + 0.07
0.250 3.06 + 0.14 99.92 + 0.02 0.2500 2.90 + 0.07 99.88 + 0.03
S2-WF 0.1250 2.65 + 0.25 99.77 + 0.10 0.1250 2.90 £ 0.07 99.88 + 0.03
0.0625 2.44 + 0.07 99.65 + 0.07 0.0625 2.48 + 0.30 99.63 + 0.23
0.0313 2.44 + 0.07 99.65 +0.07 0.0313 2.02 £0.12 99.04 + 0.37
S2-EF 0.0156 235+ 0.47 99.04 +0.59 0.0156 2.10 £ 0.18 99.17 + 0.34
0.0078 2.10 £ 0.22 99.21 +0.26 0.0078 2.35 + 0.35 99.46 + 0.38
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Table 5 (continued).

Pre-entry study

Post-infection treatment study

Extract Conc. Anti-SARS-CoV-2 efficacy Conc. Anti-SARS-CoV-2 efficacy

(mg/mL)  Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition

0.0625 2.44 + 0.07 99.65 +0.07 0.0625 219 +0.14 99.37 + 0.11

S8-L-WF 0.0313 2.35 + 0.30 99.53 +0.24 0.0313 1.85 £ 0.12 98.65 + 0.23
0.0156 2.10 £ 0.22 99.21 +0.26 0.0156 1.81 +0.25 98.34 + 1.03

0.0625 244 +0.48 99.51 + 0.42 0.0625 202 +0.12 99.04 + 0.37

S8-L-EF 0.0313 2.31 +0.38 99.45 + 0.27 0.0313 1.94 + 0.21 98.85 + 0.38
0.0156 244 + 0.07 99.53 + 0.24 0.0156 1.85 +0.14 98.65 + 0.23

0.1250 1.94 + 0.10 98.85 + 0.38 0.1250 1.56 + 0.22 97.26 + 0.85

S8-D-WF 0.0625 2.69 + 0.22 99.79 + 0.08 0.0625 1.52 +0.22 96.89 + 1.30
0.0313 2.65 + 0.25 99.77 + 0.10 0.0313 1.44 + 0.07 96.47 + 0.74

0.0625 2.85+0.14 99.86 + 0.02 0.0625 2.31 +0.38 99.45 + 0.27

S8-D-EF 0.0313 252 +0.14 99.71 + 0.05 0.0313 2.27 £ 0.30 99.44 + 0.23
0.0156 2.35 + 0.30 99.53 + 0.24 0.0156 219 +0.14 99.37 + 0.11

Data are presented as mean + SD from quadruplicate experiments. WF, water fraction; EF, ethyl acetate fraction; Conc., tested extract
concentration; Log reduction represents the decrease in viral titer following treatment, calculated in logarithmic scale. % Virucidal or

% Inhibition denotes the percentage reduction in viral titer relative to the initial viral load.
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Figure 12 Anti-SARS-CoV-2 activity and IC50 values of molnupiravir (Molnu) and S2-
WF evaluated in Vero E6 cells. (a) Antiviral activity and IC50 in the pre-

entry mode; (b) Antiviral activity and IC50 in the post-infection treatment

mode.

4.1.4 Evaluation of antiviral lead compounds in the most promising
extract: Water fraction of mulberry leaf crude extract (WF-MLCE)
4.1.4.1 FTIR spectral profile of WF-MLCE

Figure 13 presents the FTIR spectrum of WF-MLCE, with six
regions identified for classifying compound classes. Spectral band assignments are
detailed in Table A4 ((Abbas et al.,, 2017; Hssaini et al,, 2022; Krysa et al,, 2022;
Wongsa et al,, 2022; Zolkefali & Noh, 2017)). Regions 1, 2, and 6 include general

functional groups that, while not specific for classification, contribute to the structure

of polyphenolics, carbohydrates, and lipids.
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Regions 3-5 are recognized as fingerprint regions for polyphenolics.
Peaks at 1573 cm™ and 1500-1450 cm™ correspond to the C=C-C skeleton and C-H
bonds of aromatic rings, including phenols. Coabsorbances at 1540-1140 cm™ are
characteristic of flavonoids, involving C=0 and C=C bonds of phenol groups, as well
as -C-OH, C-H, and O-H deformations in aromatic rings. Distinct bands at 1041 cm™,
990 cm, and a smaller band at 1103 cm™ indicate sugar content. Bands in the 1100—
1075 cm™ range, attributed to the C-H of Ring B in flavonoids, were also observed.
The FTIR profile of WF-MLCE suggests a dominance of flavonoids, particularly
flavonols and flavonoid glycosides, alongside moderate levels of phenolic and

carboxylic acid compounds.
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Figure 13 FTIR spectrum of water fraction of mulberry leaf crude extract (S2-WF).

4.1.4.2 Partial separation of WF~MLCE by CC
Five chromatographic fractions (F1-F5) were obtained from the
CC of WF-MLCE, with F1-F4 eluted using water and F5 using 50% aqueous ethanol
(Figure 14). No absorbance peaks were detected with absolute ethanol elution. F1-

F5 were subsequently analyzed for antiviral lead compounds, including anti-SARS-



51

CoV-2 efficacy testing, antioxidant activity, LC-HRMS profiling, and molecular docking

analysis.
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Figure 14 Fractionation of WF-MLCE (S2-WF) using Sephadex LH-20 column
chromatography: (a) fractions eluted with water and (b) fractions eluted

with 50% ethanolic aqueous.

4.1.4.3 Identification of tentative phytochemicals in CC fractions

of WF-MLCE using LC-HRMS technique
The five fractions were analyzed using LC-HRMS to identify
their chemical constituents. A total of 213 putative compounds were detected,
including polyphenolics, sugars and derivatives, amino/organic acids, and peptides.
Table 6 lists the 18 compounds found in F1, with 4-O-caffeoylquinic acid and trans-
5-O-caffeoylquinic acid as the most prevalent polyphenolics. Benzoyl derivatives and

amino acids/amino-sugar groups were also observed. Table 7 shows the 29
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compounds in F5, with 1-deoxynojirimycin (DNJ) as the main compound. F5 also
contained flavonoids and flavonoid glycosides, such as quercetin, rutin, isoquercetrin,
3,7-di-O-glucoside, astragalin, and kaempferol 3-O-rutinoside-7-O-rhamnoside. The
tentative compounds for F2-F4 are listed in Tables A5-A7, respectively, with
predominant classes including amino acids, phenolic acids, and carboxylic acids. The
chemical profiles from LC-HRMS align with the FTIR spectrum of WF-MLCE.
4.1.4.4 Optimization of antiviral lead identification: Evaluation of

anti- SARS-CoV-2 efficacy, TPC, and TFC of CC fractions of

WF-MLCE

The antiviral activities of the five CC fractions are summarized
in Table 8, with their cytotoxicity shown in Figure A2. Fractions F1 and F5
demonstrated strong virucidal activity, achieving LRVs > 3 (99.9% virucidal). F5 also
exhibited the highest total polyphenolic content and antioxidant activity. However,
no significant differences in viral inhibition efficiency were observed among the
fractions in the post-infection treatment study, with LRVs ranging from 2.0 to 2.8. No
clear correlation was found between total phenolic content, total flavonoid content,
or antioxidant activity (Table A8) and anti-SARS-CoV-2 efficacy. Thus, the virucidal
efficacy of the CC fractions was the sole criterion for selecting the antiviral lead
fractions for further molecular docking analysis. Consequently, the tentative
compounds identified in F1 and F5 were subjected to molecular docking.

4.1.4.5 In Silico molecular docking: Potential lead compounds as

SARS-CoV-2 Mpro inhibitors

The binding affinities of tentative compounds from F1 and F5,
along with repurposed drugs, against the SARS-CoV-2 Mpro are detailed in Table 9,
expressed as binding energy (kcal/mol) and inhibition constant (Ki; pM).
Hydroxychloroquine and molnupiravir showed similar binding energies (-6.09 and
-6.21 kcal/mol, respectively), while lopinavir demonstrated the lowest potency
(-5.65 kcal/mol). Inhibition constants aligned with these values. Among the 47
docked phytocompounds, notable F1 compounds included 5-O-caffeoylquinic acid
(-6.93 kcal/mol, Ki 8.30 uM), and 4-O-caffeoylquinic acid (-6.79 kcal/mol, Ki 10.59
UM. However, their docking scores were not markedly better than those of the

reference drugs.



Table 6 LC-HRMS analysis of tentative phytochemical contents of Fraction 1 (F1) of WF-MLCE (S2-WF).

Average Peak Area

Theoretical Reference
No. Tentative phytocompound Formula (Most Common
MW ion
Adduct)
1 Adenine CsHNs 135.0545 [M+H]* 1.17E+08
2 UDP-N-acetylglucosamine Cy7H27N3047P5 607.0816 [M-H] 1.03E+08
3 5-O-Caffeoylquinic acid Ci6H1809 354.0951 [M-H] 8.53E+07
4 4-O-Caffeoylquinic acid Ci6H1509 354.0951 [M-H] 3.36E+07
5 L-Pyroglutamic acid CsH/NO4 129.0426 [M+H]* 4.90E+07
6 Proline CsHgNO, 115.0633 [M+H]* 3.70E+07
7 Acetylcholine C7H5NO, 145.1103 [M+H]* 3.61E+07
8 Y-L-Glutamy!l-L-glutamic acid CioH1gN,04 276.0958 [M+H]* 2.59E+07
9 1-Stearoylglycerol C51Hao04 358.3083 [M+H]* 2.37TE+07
10 2,6-Di-tert-butyl-1,4-benzoquinone CiaH200, 220.1463 [M+H]* 1.65E+07
9-Ox0-10(E),12(E)-octadecadienoic
11 CigH3003 294.2195 [M+H]* 1.47E+07
acid
12 12-oxo Phytodienoic Acid CigH2503 292.2038 [M+H]* 1.35E+07
13 4-Hydroxybenzaldehyde C7HgO, 122.0368 [M+H]* 1.12E+07

€s



Table 6 (continued).

Average Peak Area

Theoretical Reference
No. Tentative phytocompound Formula (Most Common
MW ion
Adduct)

14 L-Glutathione (reduced) CyoH17N306S 307.0838 [M+H]* 6.47E+06

(2R,5R,6R)-3-[(1E,3E)-hepta-1,3-dien-1-yl]- 5.43E+06
15 5,6-dihydroxy-2- Ci4H2,04 254.1518 [M+H]*

(hydroxymethyl)cyclohexan-1-one
16 Jasmonic acid CioH1505 210.1256 [M-HT 7.20E+06
17 Gentisic acid 5—O—B—D—glucoside C13H1609 316.0794 [M-H]- 4.80E+06
18 NP-014604 C19H34010 422.2152 [M-H]- 3.17E+06
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Table 7 LC-HRMS analysis of tentative phytochemical contents of Fraction 5 (F5) of WF-MLCE (S2-WF).

Theoretical Reference Average Peak Area (Most
No. Tentative phytocompound Formula
MW ion Common Adduct)

1 1-deoxynorijimycin CeH13NO4 163.0845 [M+H]* 5.95E+09

2 Quercetin 3-O-rutinoside [Rutin] Cy7H30016 610.1534 [M-H] 5.34E+09

3 Kaempferol 3-O-neohesperidoside Cy7H30015 594.1585 [M-H]- 4.25E+09

4 Quercetin 3,7-di-O-glucoside CyrH30017 626.1483 [M-H]- 3.73E+09

5 Quercetin-3B-D-glucoside [Isoquercetrin] Ca1 HagO12 464.0955 M-H]- 3.58E+09

6 Quercetin 3-O-rutinoside-7-O-rhamnoside C33H40090 756.21129 [M-H]- 3.33E+09

[Morkotin B]

7 Kaempferol 3-O-rutinoside Cy7H30015 594.1585 [M-H]- 3.12E+09

8 Quercetin 3-O-robinobioside [Bioquercetrin] ~ Cy7H30014 610.1534 [M-H]- 2.75E+09

9 Kaempferol 3,7-di-O-glucoside Cy7H30016 610.1534 [M-H]- 2.70E+09
10.1* Kaempferol 3-O-galactoside [Trifolin] Cy1H0011 448.1006 [M-H]- 2.23E+09
10.2* Kaempferol 3-O-glucoside [Astragalin] Cy1H20011 448.1006

11 Kaempferol 3-O-rhamninoside C33H40019 740.2164 [M-H]- 2.18E+09

12 Kaempferol 3-O-B-D-glucosylgalactoside C27H30016 610.1534 [M+H]+ 1.47E+09
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Table 7 (continued).

Theoretical Reference Average Peak Area (Most
No. Tentative phytocompound Formula
MW ion Common Adduct)
13.1**  Robinin Ca3Hg0019 740.2164 [M+H]+ 1.43E+09
13.2%* Kaempferol3-O-rutinoside-7-O-rhamnoside  Ci3H40019 740.2164
[Marakrol B]
14 Quercetin Cy5H1007 302.0422 [M+H]+ 1.41E+09
15 Kaempferol Ci5H1006 286.0477 [IM+H]+ 1.28E+09
16 Methyl cinnamate CioH1005 162.0681 [IM+H]+ 6.51E+07
17 Luteolin-4'-glucoside Cy1H20014 448.1006 [M+H]* 5.18E+07
18 Luteolin-7-glucoside [Cynaroside] Cy1H0011 448.1006 [M-HT 2.05E+07
19 Myricetin 3-O- B -D-galactopyranoside Co1H20043 480.0904 [M-H] 2.03E+07
20 Thiamine C12H16N4OS 264.1045 [M+H]+ 1.53E+07
21 Myricetin C15H1008 318.0371 [M+H]+ 1.36E+07
22 1-[4-hydroxy-3-(3-methylbut-2-en-1-yl) Cy3H160, 204.1150 [M+H]* 1.15E+07
phenyllethan-1-one
23 1,4-dihydroxyheptadec-16-en-2-yl acetate ~ Cy9H3404 328.26076 [M+H]* 1.06E+07
24 Formonetin Cy6H1204 268.0736 [M+H]* 8.06E+06
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Table 7 (continued).

Theoretical Reference Average Peak Area (Most
No. Tentative phytocompound Formula
MW ion Common Adduct)

25 4-((3S)-7-hydroxy-8-(3-methylbut-2-en-1-yl)-  CyH,,04 326.1518 [M+H]* 7.00E+06

3,4-dihydro-2H-1-benzopyran-3-yl) benzene-

1,3-diol
26 Resveratrol CuH,0s  228.0786 [M-H] 5.20E+06
27 Apigetrin CyH0O10 - 432.1057 [M-H] 4.65E+06
28 Bayin CoHpOs - 416.1107 [M-H] 4.24E+06
29 2-(2-Ox0-8,9-dihydro-2H-furo(2,3-h) chromen-  CyoH,40q 408.1420 [M-H] 3.20E+06

8-yl)-2-propanyl beta-D-glucopyranoside
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Table 8 Anti-SARS-CoV-2 efficacy of the five fractions (F1-F5) obtained from column chromatography of WF-MLCE.

Pre-entry study

Postinfection treatment study

Fraction Conc. Anti-SARS-CoV-2 efficacy Conc. Anti-SARS-CoV-2 efficacy

(mg/mL) Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition

1.00 331 +0.22 99.95 + 0.03 0.0156 2.44 + 0.07 99.65 + 0.07

F1 0.50 3.19 £ 0.30 99.93 + 0.04 0.0078 2.65 + 0.27 99.74 + 0.17
0.25 3.02 £ 0.27 99.90 + 0.04 0.0039 2.65 + 0.27 99.74 + 0.17

1.00 2.69 + 0.30 99.78 + 0.11 0.0625 2.69 + 0.30 99.78 + 0.11

F2 0.50 2.56 + 0.22 99.73 + 0.08 0.0313 2.69 + 0.30 99.78 + 0.11
0.25 2.44 + 0.07 99.65 + 0.07 0.0156 2.69 + 0.30 99.78 + 0.11

1.00 2.78 +0.18 99.82 + 0.10 0.0625 277 +0.18 99.82 + 0.10

F3 0.50 252 +0.14 99.71 + 0.05 0.0313 2.60 £ 0.21 99.75 + 0.08
0.25 2.10 £ 0.22 99.21 + 0.26 0.0156 252 +0.14 99.71 + 0.05

1.00 2.81 +£0.22 99.83 + 0.01 0.1250 2.56 £ 0.30 99.70 + 0.15

Fd 0.50 2.44 + 0.07 99.65 + 0.07 0.0625 2.56 + 0.30 99.70 + 0.15
0.25 2.27 + 0.30 99.36 + 0.56 0.0313 2.52 +0.22 99.69 + 0.13
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Table 8 (continued).

Pre-entry study Postinfection treatment study

Fraction Conc. Anti-SARS-CoV-2 efficacy Conc. Anti-SARS-CoV-2 efficacy
(mg/mL) Log Reduction % Virucidal (mg/mL) Log Reduction % Inhibition
1.00 3.73 + 0.38 99.97 + 0.03 0.1250 1.94 + 0.07 98.88 + 0.23
F5 0.50 3.15+£0.38 99.92 + 0.04 0.0625 2.35 + 0.38 99.46 + 0.38
0.25 2.77 = 0.07 99.84 + 0.03 0.0313 2.81 + 0.07 99.85 + 0.00

Results are expressed as mean + SD of quadruplicate experiments; Conc., tested concentration of fraction; Log reduction, the

reduction of viral titer after experimental treatment in logarithmic function; % Inhibition or % Virucidal, % viral titer reduction by

comparing with the initial viral load.
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F5 contained promising compounds, particularly slycoside derivatives of
flavonoids, with strong binding affinities for Mpro. The top three compounds were
myricetin 3-O-3-D-galactopyranoside (-9.66 kcal/mol, Ki 0.08 pM), maragrol B (=9.01
kcal/mol, Ki 0.25 uM), and quercetin 3-O-robinobioside (-8.68 kcal/mol, Ki 0.43 uM).
Rutin, a major compound in F5, also showed notable docking performance (-7.89
kcal/mol, Ki 1.65 pM). Other flavonoids, including isoquercetrin, trifolin, and
kaempferol, demonstrated favorable scores as well.

Docking analysis revealed that flavonoids and their conjugates efficiently
bind to the active site of SARS-CoV-2 Mpro via hydrogen bonds. Examples of 3D binding
interactions for molnupiravir, rutin, and myricetin 3—0—B—D—galactopyranoside are shown
in Figure 15. Molnupiravir formed two hydrogen bonds with Thr-54 and Glu-166 (Figure
15a). Rutin established five hydrogen bonds with Thr-26 (1.714 A, 2.174 A), Asn-142 (1.97
A, Gly-143 (207 A), and Ser-144 (1.738 A) (Figure 15b). Myricetin 3-O-B-D-
galactopyranoside also formed five hydrogen bonds with Thr-26 (2.134 A), Phe-140 (2.08
A), Leu-141 (2.046 A), Gly-143 (2.108 A), and His-163 (2.196 A) (Figure 15c).

Table 9 Molecular docking scores of drugs and tentative phytochemical constituents

from F1 and F5 with SARS-CoV-2 main protease (Mpro, PDB: 6LU7).

Docking Score

No. Drug/ Binding energy  Inhibition constant [Ki]
(kcalVmol) (M)
Drugs
1 Lopinavir -5.65 72.57
2 Hydroxychloroquine -6.09 34.14
3 Molnupiravir -6.21 28.19
Fraction 1
1 Adenine -3.85 1510.00
2 UDP-N-acetylglucosamine -4.84 285.00
3 trans-5-O-Caffeoylquinic acid -6.93 8.30
4 4-O-Caffeoylquinic acid -6.79 10.59
5 L-Pyroglutamic acid -4.37 624.24




Table 9 (continued).

61

Docking Score

No. Drug/ Binding energy  Inhibition constant [Ki]
(kcal/mol) (uMm)
6  Proline -4.89 261.92
7 Acetylcholine -3.65 2090.00
8  Y-L-Glutamyl-L-glutamic acid -4.54 470.12
9  1-Stearoylslycerol -5.58 81.76
10 2,6-Di-tert-butyl-1,4- -5.37 116.65
benzoquinone
11 9-Oxo-10(E),12(E)- -4.52 484.03
octadecadienoic acid
12 12-oxo Phytodienoic Acid -5.14 171.92
13 4-Hydroxybenzaldehyde -4.03 1120.00
14 L-Glutathione (reduced) -5.28 135.89
15  (2R,5R,6R)-3-((1E,3E)-hepta-1,3-dien- -6.74 11.52
1-yl)-5,6-dihydroxy-2-
(hydroxymethyl) cyclohexan-1-one
16 Jasmonic acid -5.13 173.67
17 Gentisic acid 5-O-B-D-glucoside -5.84 52.46
Fraction 5
1 1-deoxynorijimycin -4.57 444.76
2 Quercetin 3-O-rutinoside [Rutin] -7.89 1.65
3 Kaempferol 3-O-neohesperidoside -6.36 21.82
4 Quercetin 3,7-di-O-glucoside -7.50 3.19
5 Quercetin-3B-D-glucoside -1.62 2.59
[Isoquercetrin]
6  Quercetin 3-O-rutinoside-7-O- -6.10 33.81
rhamnoside [Morkotin B]
7 Kaempferol 3-O-rutinoside -7.04 6.91

[Nicotiflorin]
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Docking Score

No. Drug/Compound Binding energy Inhibition constant [Ki]
(kcal/mol) (uM)
Fraction 5 (Continued)
8  Quercetin 3-O-robinobioside -8.68 0.43
[Bioquercetrin]
9  Kaempferol 3,7-di-O-glucoside -7.86 1.73
10 Kaempferol 3-O-galactoside [Trifolin] -8.10 1.15
11 Kaempferol 3-O-glucoside
-7.41 3.68
[Astragalin]
12 Kaempferol 3-O-rhamninoside -5.24 143.24
13 Kaempferol 3-O-[3-D- -6.04 37.27
glucosylgalactoside
14 Kaempferol 3-O-robioside-7-O-
-5.43 105.35
rhamnoside [Robinin]
15 Kaempferol 3-O-rutinoside-7-O- -9.01 0.25
rhamnoside [Maragrol B]
16 Quercetin -6.91 8.61
17 Kaempferol SR 5 3.89
18  Methyl cinnamate -4.64 394.66
19 Luteolin-d4'-glucoside o8 2.99
20 Luteolin-7-glucoside [Cynaroside] -7.51 3.11
21 Myricetin 3-O- B -D-galactopyranoside ~ -9.66 0.08
22 Thiamine -5.82 54.60
23 Mpyricetin -6.93 8.35
24 1-(4-hydroxy-3-(3-methylbut-2-en-1-
yU) phenyl) ethan-1-one 02 213
25  1,4-dihydroxyheptadec-16-en-2-yl
-5.74 62.50
acetate
26 Formonetin -6.96 7.97
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Table 9 (Continued).

Docking Score

No. Drug/Compound Binding energy Inhibition constant [Ki]
(kcal/mol) (uM)

Fraction 5 (Continued)

27 4-((3S)-7-hydroxy-8-(3-methylbut-2- -6.91 8.56
en-1-yl)-3,4-dihydro-2H-1-
benzopyran-3-yl) benzene-1,3-diol

28  Resveratrol -6.51 16.99
29  Apigetrin -1.82 1.84
30  Bayin -8.65 0.46
31 2-(2-Ox0-8,9-dihydro-2H-furo(2,3-h) -8.38 0.72

chromen-8-yl)-2-propanyl beta-D-

glucopyranoside
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Figure 15 Three-dimensional molecular docking of key bioactive compounds with the
active site of SARS-CoV-2 main protease (Mpro). Zoomed views of interaction
patterns are shown in the right panels. Panels (a), (b), and (c) illustrate
molecular interactions of molnupiravir, rutin, and myricetin  3-O-P-D-
galactoside, respectively, with Mpro amino acid residues. The cyan ribbon
represents the 3D structure of Mpro (PDB code: 6lu7_A). Color coding: cyan
for carbon in Mpro, yellow for carbon in molnupiravir, wheat for carbon in
rutin, deep salmon for carbon in myricetin 3—O—B—D—galactoside, gray for
hydrogen, blue for nitrogen, and red for oxygen. Binding residues are marked
according to Mpro sequence numbering, with hydrogen bonds depicted as

yellow dashed lines and distances provided in A.

4.2 Phase 2: Mechanism of Action Study
4.2.1 Modification of WF-MLCE extraction method
4.2.1.1 Chemical profile of water-soluble extracts of mulberry

(Morus alba) leaves SARS-CoV-2 Mpro inhibitors

Based on Phase 1 results, the water-soluble fraction of
mulberry leaf crude extract (WF-MLCE) exhibited the highest anti-SARS-CoV-2 efficacy.
Consequently, the modification of the mulberry leaf extract was simplified, focusing
on water-soluble compounds as the key active constituents against SARS-CoV-2.
Method 1, derived from Phase 1 (WF-EtAct), was modified in Method 2 by using water
alone for liquid fractionation to isolate water-soluble components from crude extract
(WF-W), while Method 3 involved macerating leaf powder with water during the initial
crude extraction (WCE). The chemical compositions of the resulting extracts were
analyzed using FTIR spectra (Figure 16) and determination of total phenolic content
(TPC) and total flavonoid content (TFC) (Table 10).

As illustrated in Figure 16, Region 1 (3600-3000 cm™)
corresponds to the stretching vibration of polymeric hydroxyl groups (-OH) and
hydrogen bond vibrations. Region 2 (3000-2800 cm™) is attributed to CH, and CHs
stretching vibrations, with absorptions around 2925 cm™ and 2850 cm™ from CHs

1

and CH, groups, respectively. Region 3 features a peak at 1724 cm™, indicating ester



65

carbonyl groups (C=0) in carboxylic acids, while absorptions between 1670-1520
cm™ are due to CH and C=C vibrations in aromatic rings. Region 4 (1500-1450 cm™)
shows CH stretching and overlapping vibrations of various functional groups like
phenolics and flavonoids, with deformation of OH, CO, CH, and C=C bonds between
1540-1140 cm™!. Region 5 (1041-990 cm™) corresponds to C-O-C vibrations in sugar
and carbohydrate molecules, with additional peaks at 1103 cm™ and 925 cm™,
indicative of flavonoids and flavonoid glycosides. Region 6 (900-400 cm™) includes
out-of-plane CH bending, typical for terpenoids, aromatics, and flavonoids, but this
range has weaker absorption signals (Hssaini et al., 2022; Nangare et al., 2021).

Overall, functional groups in regions 1 and 2 suggest
polyphenolics, carbohydrates (monosaccharides, disaccharides), amino acids, and
carboxylic acids. The CH, and CHs vibrations (3000-2700 cm™) are associated with
fatty acids or hydrocarbons (Hssaini et al., 2022; Krysa et al., 2022; Walkowiak-Brodka
et al,, 2022; Wongsa et al., 2022). WCE (water-crude extract) exhibited significantly
lower absorption in this range, possibly due to its inability to extract non-polar or
slightly polar compounds, such as terpenoids.

The FTIR spectral profile of the WCE extract differs from other
extracts in regions 3, 4, and 5, which correspond to the main functional groups of
polyphenolics and cyclic compounds commonly found in secondary metabolites
with biological activity. These compounds typically have neutral to slightly polar
properties. The 80EtOH-Crude extract, WF-EtAct, and WF-W extracts show similar FTIR
profiles, particularly in region 5, with overlapping peaks that align with their higher
TPC and TFC values. In contrast, the WCE extract has fewer overlapping peaks,
indicating a less complex chemical composition, likely due to the use of water as the
sole solvent. This results in a more polar and less diverse extract, which may explain
its lower phenolic content and potentially weaker antiviral activity. FTIR and TPC/TFC
analysis confirm that WCE has the lowest polyphenolic content (Table 10).

Statistical analysis of LC-HRMS mass spectral data corroborated
the findings, showing that the chemical profile of WF-EtAct closely resembled that of
WF-W but differed significantly from WCE. Principal component analysis (PCA) clearly
separated WCE from WF-EtAct and WF-W, with PC1(+) accounting for 42.5% of the

variance (Figure 17). No distinct separation between WF-EtAct and WF-W was observed,
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as their score distributions were closely grouped along the y-axis of PC2. The volcano
plot of metabolite abundance fold change and t-tests (X-axis: log2(fold change, FC); Y-
axis: —log10 (adjusted for false discovery rate)) confirmed a similar phytochemical profile
between WF-EtAct and WF-W, with most Log2FC ratios clustering near zero (Figure 18).
Some compounds, significantly more abundant in WF-EtAct, are highlighted in the yellow
zone. Tentative identifications indicated these compounds were acyl long-chain acids
and polyhydroxy fatty acids, such as 9,12,13-Trihydroxy-10,15-octadecadienoic acid and
hexadecanedioic acid (data not shown). Despite similar chemical profiles between WF-
EtAct and WF-W, further testing of WF-W against SARS-CoV-2 is needed to evaluate its
antiviral efficacy compared to WF-EtAct.
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Figure 16 FTIR spectral profiles of mulberry leaf extracts obtained from different
preparation methods. 80Et-OH-Crude Extract, mulberry leaf crude extract;
WF-EtAct, resulted extract obtained from Method 1 (Phase 1 method);
WF-W, resulted extract obtained from Method 2; WCE, resulted extract
obtained from Method 3.
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Table 10 The yield of the extracts by different methods and the total polyphenolic

content (mean + SD).

% yield" % yield* TPC* TFC*
Extract in dried ML in crude (mg GAE/g (mg QE/g

powder extract extract) extract)
1) 80EtOH-
Crude Extract 20.9 + 0.6 - 39.6 + 2.3b 38.5 + 0.8¢
(Phase 1-CE)
2) WE-EtAct

17.0 £ 0.5 79.6 + 0.4° 449 + 1.8° 57.2 + 2.5°
(Method 1)
3) WF-W

13.8 + 1.1 62.9 + 1.7° 45.8 + 0.4° 60.3 + 1.6°
(Method 2)
4) WCE

21.5+0.9 - 22.1 £ 0.7° 27.6 + 1.0°
(Method 3)

ML, Mulberry leaves; TPC, Total Phenolic Content; TFC, Total Flavonoid Content;

mg GAE, millisram equivalent of gallic acid; me QE, milligram equivalent of

A *

quercetin; *, no statistical comparison; * indicates significant differences (p<0.05)
when comparing different mulberry leaf extracts within the same column, with

different superscript letters representing significant differences.
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extracts. Dots in the yellow zone represent metabolites with
significantly higher abundance in WF-EtAct, while dots near zero indicate
metabolites with no significant difference in abundance between the

two extracts (-1 <Log,FC <1).
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Figure 18 Score plot of principal component analysis (PCA) based on LC-MS spectra

of three mulberry leaf extracts.
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4.2.1.2 Cytotoxicity and anti-SARS-CoV-2 efficacy of water-soluble
extracts of mulberry leaves
Cytotoxicity testing of WF-EtAct, WF-W, molnupiravir, and rutin
over a 1-h exposure showed that all four substances were relatively safe, with Calu-3
cell viability at MNTC >1 mg/mL, except for WF-W, which had an MNTC of 0.5 mg/mL.
All test substances exhibited CCyy values > 1 mg/mL (Figure 19). After 48 hs, WF-EtAct
demonstrated the highest cellular safety (MNTC of 1 mg/mL, 78.9% viability), followed
by WF-W (MNTC of 0.5 mg/mL, 85.6% viability). Rutin and molnupiravir showed higher
cytotoxicity, with MNTC values of 0.25 mg/mL and 0.0625 meg/mL, respectively. All
compounds had CCs, values > 0.5 mg/mL (Figure 20).

1 h contact period
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Figure 19 The cytotoxicity (expressed as % cell viability) of extracts (WF-EtAct and
WEF-W), molnupiravir (Molnu), and standard rutin on Calu-3 cells at

different concentrations after a 1-h contact period.
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Figure 20 The cytotoxicity (expressed as % cell viability) of extracts (WF-EtAct and
WEF-W), molnupiravir (Molnu), and standard rutin on Calu-3 cells at

different concentrations after a 48-h contact period.

In the pre-entry antiviral efficacy test (Table 11), using a 100
ug/mL  concentration for safety (with >90% cell viability, Figure 19), WF-W
demonstrated the highest SARS-CoV-2 inhibition, achieving an LRV of 2.448 (99.6%
inhibition), followed by WF-EtAct with an LRV of 2.240 (99.4% inhibition). Molnupiravir
and rutin exhibited similar antiviral activity, with LRVs of 2.115 (99.2% inhibition) and
2.177 (99.3% inhibition), respectively. At 10 pg/mL, WF-W maintained 99.1%
inhibition, while the efficacy of the other substances significantly decreased (<99%
inhibition). The ICs, values (Figure 21) confirmed that WF-W was the most effective,
with the lowest IC5, of 0.0011 pg/mL, surpassing WF-EtAct, rutin, and molnupiravir in
pre-entry mode.

The anti-SARS-CoV-2 efficacy of the four substances in post-
infection mode is presented in Table 12. At a concentration of 100 pg/mL, WF-W
exhibited superior viral inhibition (LRV 2.458, 99.6% inhibition) compared to WF-EtAct
(LRV 2.052, 99.1% inhibition), outperforming both molnupiravir and rutin. However,
IC5, values (Figure 22) showed that WF-W (ICs, 0.0100 pg/mL) and WF-EtAct (ICs
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0.0117 pg/mL) had higher values than rutin (ICsq 0.0008 pg/mL) and molnupiravir (ICs
0.0025 pg/mL). The dose-response curves indicated that viral inhibition by WF-W and
WF-EtAct dropped sharply below 1 pg/mL, while molnupiravir and rutin exhibited a
gradual decrease in efficacy until concentrations fell below 0.01 pg/mL. These results
suggest that rutin and molnupiravir may be more effective at lower concentrations,
which is crucial for determining optimal dosing for viral inhibition.

Based on the cytotoxicity, antiviral activity data against SARS-
CoV-2, and total polyphenolic content, the WF-W extract at a concentration of 100
pue/mL was selected for further testing in post-infection treatment mode to

investigate the mechanism of antiviral activity.

Table 11 Anti-SARS-CoV-2 efficacy of WF-EtAct, WF-W, molnupiravir and rutin,
expressed in log reduction value (LRV) and % inhibition, using Calu-3 cells

as the host in a pre-entry mode (contact period of 1 h).

Test Conc. LRV % Inhibition
substance (ug/mL) (Ave % SD) (Ave + SD)
1000 2.760 + 0.161 99.82 + 0.07

100 2.240 + 0.086 99.42 + 0.12

10 1.521 + 0.072 96.95 + 0.50

WEF-EtAct 1 1.083 + 0.118 91.53 +2.07
0.1 0.573 + 0.086 72.86 + 5.55

0.01 0.271 +0.042 46.22 + 491

0.001 0.021 + 0.042 4.36 + 8.73

1000 3.187 + 0.125 99.93 + 0.02

100 2.448 + 0.052 99.64 + 0.04

10 2.094 + 0.063 99.19 + 0.13

WF-W 1 1.573 + 0.086 97.29 + 0.55

0.1 0.979 + 0.042 89.47 + 1.06

0.01 0.531 + 0.062 70.34 + 4.31

0.001 0.146 + 0.042 28.28 + 6.55
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Test Conc. LRV % Inhibition
substance (ug/mL) (Ave * SD) (Ave * SD)
1000 2.417 + 0.048 99.62 + 0.04
100 2.115 £ 0.021 99.23 + 0.04
10 1.958 + 0.048 98.89 + 0.12
Molnupiravir 1 1.302 + 0.120 94.86 + 1.58
0.1 0.896 + 0.219 85.88 + 8.14
0.01 0.333 + 0.102 52.64 + 10.68
0.001 0.115 + 0.086 22.03 + 15.93
1000 2.927 + 0.098 99.88 + 0.03
100 2177 £ 0.062 99.33 + 0.09
10 1.469 + 0.171 96.39 + 1.46
Rutin 1 0.927 + 0.052 88.11 + 1.39
0.1 0.510 + 0.052 68.96 + 3.62
0.01 0.302 + 0.062 49.74 + 7.11
0.001 0.083 + 0.059 16.87 + 11.80
Hyan

Figure 21 Anti-SARS-CoV-2 efficacy (% viral inhibition) and ICs, of WF-EtAct, WF-W,
molnupiravir and rutin in post-infection mode (viral replication inhibition)

using Calu-3 as the host.
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Figure 22 Anti-SARS-CoV-2 efficacy (% viral inhibition) and ICs, of WF-EtAct, WF-W,
molnupiravir and rutin in pre-entry mode (Virucidal mode) using Calu-3 as

the host.

Table 12 Anti-SARS-CoV-2 efficacy of WF-EtAct, WF-W, molnupiravir and rutin,

expressed in log reduction value (LRV) and % inhibition, using Calu-3 cells

as the host in a post-infection treatment mode (contact period of 48 h).

Test Conc. LRV % Inhibition
substance (ug/mL) (Ave * SD) (Ave * SD)
1000 3.031 + 0.063 99.91 = 0.01

100 2.052 + 0.063 99.11 £ 0.13

10 1.573 + 0.086 97.29 + 0.55

WE-EtAct 1 1.052 + 0.063 91.06 = 1.26
0.1 0.552 + 0.092 71.48 + 5.88

0.01 0.135 + 0.052 26.40 + 8.58

0.001 0.000 + 0.000 0.00 = 0.00

1000 3.229 + 0.146 99.94 + 0.02

100 2.458 + 0.170 99.63 = 0.14

10 2.021 + 0.080 99.03 + 0.18

WEF-W 1 1.385 + 0.052 95.86 + 0.48

0.1 0.760 = 0.120 82.16 + 4.58

0.01 0.104 + 0.024 21.24 + 4.36

0.001 0.000 + 0.000 0.00 = 0.00
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Test Conc. LRV % Inhibition
substance (ug/mL) (Ave * SD) (Ave * SD)
1000 3.229 + 0.146 99.94 + 0.02
100 2.458 + 0.170 99.63 £ 0.14
10 2.021 + 0.080 99.03 + 0.18
WF-W 1 1.385 + 0.052 95.86 + 0.48
0.1 0.760 + 0.120 82.16 + 4.58
0.01 0.104 + 0.024 21.24 + 4.36
0.001 0.000 + 0.000 0.00 + 0.00
1000 4.167 + 0.076 99.99 + 0.00
100 2.167 + 0.076 99.31 + 0.12
10 2.052 + 0.063 99.11 £ 0.13
Molnupiravir 1 1.260 + 0.098 94.40 + 1.35
0.1 0.823 + 0.181 8391 +7.14
0.01 0.406 + 0.063 60.45 + 5.74
0.001 0.135 + 0.079 2592 + 12.42
1000 2.198 + 0.052 99.36 + 0.08
100 2.073 £ 0.052 99.15 £ 0.11
10 1.969 + 0.062 98.92 + 0.17
Rutin 1 1.760 = 0.120 98.22 + 0.46
0.1 1.323 +0.098 95.16 + 1.02
0.01 0.969 + 0.092 89.07 £ 2.25
0.001 0.323 + 0.098 51.58 + 10.19

4.2.2 Anti-SARS-CoV-2 mechanism of action of water-soluble extract of

mulberry leaves (WF-W) in post-infection treatment mode using SR-

FTIR technique

SR-FTIR

imaging spectroscopy was employed to

investicate the

mechanism of action of the WF-W extract in post-infection treatment. Molecular

insights into the interaction between the extract and viral components were
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provided, revealing biomolecular changes during infection and treatment. Potential

targets or pathways involved in its antiviral activity were discussed.
4.2.2.1 Impact of WF-W on biomolecular alterations in uninfected

Calu-3 cells

The effect of WF-W on uninfected Calu-3 cells was evaluated
by treating the cells for 1, 24, and 48 h, with SR-FTIR imaging employed to assess
biomolecular changes. Untreated Calu-3 cells were used as controls. Normalized and
averaged SR-FTIR spectra (n=80) for each group are shown in Figure 23. Notable
spectral variations were observed in the wavenumber ranges of 3000-2800 cm™ (CH,
and CHj stretching in fatty acids of triacylglycerides), 1760-1720 cm™ (C=0 stretching
in ester/lipid head groups), 1700-1480 cm™ (Amide | and Il of proteins), and 1200-
1000 cm™ (carbohydrates). Peak areas in these regions, expressed as percentages of
total absorbance (peak area), are depicted in Figure 24. After 1 h of WF-W treatment,
a significant increase in the peak areas for CH,/CH; (3000-2800 cm™) and C=0 (1740
cm™) suggested elevated lipid content, which subsequently returned to similar levels
of that of control after 24 and 48 h. Protein content demonstrated an inverse trend
compared to lipid content, showing a significant reduction following 1 h of WF-W
treatment, followed by an increase at 24 h. A significantly notable rise in protein
levels was observed at 48 h, suggesting potential stimulation of protein synthesis
pathways with prolonged exposure. Conversely, carbohydrate content significantly

decreased following WF-W treatment.
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Figure 23 Average SR-FTIR spectra of uninfected Calu-3 cell groups treated with WF-
W for various durations. Control: untreated Calu-3 cells; Calu3 WFW 1H:
Calu-3 cells treated with WF-W for 1 h; Calu3 WFW 24H: Calu-3 cells
treated with WF-W for 24 h; Calu3 WFW 48H: Calu-3 cells treated with
WF-W for 48 h. Treated concentration of WF-W was 100 pg/mL.
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Figure 24 Peak area illustration of individual characteristic IR spectra derived from

the average SR-FTIR spectra of the uninfected Calu-3 cell group treated
with WF-W for various durations. Control: untreated Calu-3 cells; Calu3
WFW 1H: Calu-3 cells treated with WF-W for 1 h; Calu3 WFW 24H: Calu-3
cells treated with WF-W for 24 h; Calu3 WFW 48H: Calu-3 cells treated
with WF-W for 48 h. Data are expressed by mean + S.D. Means that those
sharing the same superscript are not significantly different from each

other (Tukey’s HSD, P < 0.05).

4.2.2.2 Impact of WF-W on biomolecular alterations in SARS-CoV 2-
infected Calu-3 cells: A post-infection study

The post-infection antiviral mechanisms of WF-W were

investigated using SR-FTIR imaging to analyze differences in chemical composition
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and functional group patterns among cell groups. The samples included uninfected
Calu-3 cells (Control; Calu3), SARS-CoV-2-infected Calu-3 cells (Calu3CoV2), and
infected Calu-3 cells treated with WF-W for 48 h post-infection (Calu3CoV2WFW).
Principal component analysis (PCA) was utilized to differentiate among sample
groups (n=80), ensuring that the spectral changes reflected genuine differences. FTIR
spectral data underwent second-derivative processing with 13 smoothing points and
EMSC correction. The PCA score plot revealed that PC1(+) distinguished normal Calu-
3 cells from SARS-CoV-2-infected cells, accounting for 62% of data variance. The
corresponding loading plot identified key discriminatory wavenumbers at 2921 and
2852 cm™ (CH, and CHs stretching of lipid acyl chains) and 1743 and 1710 cm™ (C=0
stretching of ester and lipid head groups) (Figure 25). The PC5 score plot
distinguished the viral-infected cell group with minimal variance (2%). Along the PC5
y-axis, most Calu3CoV2 samples scored below zero, while Calu3CoV2WFW samples
predominantly scored above zero, with some overlap. The PC5 loading plot revealed
that chemical differences between the two groups corresponded to similar
wavenumbers identified in PC1. The average spectra comparison (Figure 26) revealed
distinct differences among groups at 3000-2800 cm (CH,/ CHs in fatty acid acyl
chains) and 1760-1720 cm™ (C=0 ester). Control Calu-3 cells exhibited the lowest
lipid content based on CH,/ CH; and C=0 ester peak areas (Figure 27). Notably, the
C=0 ester band at 1740 cm™ exhibited an increase following SARS-CoV-2 infection,
but decreased after 48 hs of WF-W treatment, while still remaining higher compared

to control cells.
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Figure 25 Principal Component Analysis (PCA) score plot (PC1 vs. PC5) of SR-FTIR
data from the SARS-CoV-2-infected Calu-3 cell group, with the
corresponding loading plot in the wavenumber region of 3000-1700 cm™.
Groups include: Calu3 (control as untreated, uninfected Calu-3 cells),
Calu3CoV2 (SARS-CoV-2-infected Calu-3 cells), and Calu3CoV2WFW
(SARS-CoV-2-infected Calu-3 cells treated with 100 pg/mL WF-W for 48 h).
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Figure 26 Average SR-FTIR spectra of the SARS-CoV-2-infected Calu-3 cell group.
The groups analyzed include: Calu3 Control (untreated, uninfected Calu-3
cells), Calu3CoV2 (SARS-CoV-2-infected Calu-3 cells), and Calu3CoV2WFW
(SARS-CoV-2-infected Calu-3 cells treated with 100 pg/mL WF-W for 48 h).
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Figure 27 Peak area illustration of individual characteristic IR spectra derived from

the average SR-FTIR spectra of the SARS-CoV-2-infected Calu-3 cell group.

The groups include: Calu3 Control (untreated, uninfected Calu-3 cells),

Calu3CoV2 (SARS-CoV-2-infected Calu-3 cells), and Calu3CoV2WFW

(SARS-CoV-2-infected Calu-3 cells treated with 100 pg/mL WF-W for 48 h).

Data are expressed by mean + S.D. Means that those sharing the same

superscript are not significantly different from each other (Tukey’s HSD, P

< 0.05).



CHAPTER V
DISCUSSION

5.1 Screening of Anti-SARS-CoV-2 Candidates and Identification of
Lead Phytochemicals

Medicinal plants, with their diverse phytochemical profiles, have garnered
significant attention as potential candidates for combating SARS-CoV-2. Their extracts
exhibit antiviral properties that can inhibit SARS-CoV-2 infection during both the pre-
entry and post-infection stages (Hafez Ghoran et al,, 2021; Matveeva et al., 2020).
Beyond the antiviral activity, phytochemicals demonstrate antioxidant, anti-
inflammatory, antibacterial, and immunomodulatory effects, which can help mitigate
hyperinflammatory and dysregulated immune responses associated with severe
COVID-19 (Orhan & Senol Deniz, 2020; Rabaan et al., 2021). In this study, the in vitro
antiviral assay was employed as a bioassay-suided screening approach using Vero E6
cells as the host to evaluate antiviral efficacy, focusing on two mechanisms: virucidal
efficacy (pre-entry phase) and inhibition of viral replication (post-infection phase).
Promising crude extracts were fractionated using a water/ethyl acetate system to
separate highly polar compounds (water fraction, WF) from mid-to-nonpolar
compounds (ethyl acetate fraction, EF), thereby enhancing antiviral efficacy. Among
the fractions, WF-MLCE (S2-WF) demonstrated superior potency with low cytotoxicity
(CCso > 0.7 mg/mL; Figure 11) and high antiviral activity (ICsy < 15.6 ug/mL; Figure
12). compared to its original crude extract and EF. Notably, WF-MLCE also
outperformed Andrographis paniculata extract (AP), which exhibited an ICs, of 68
pe/mL and CCsg > 0.1 mg/mL from the study in Vero E6 cells by Sa-ngiamsuntorn et
al (Sa-ngiamsuntorn et al,, 2021). WF-MLCE achieved >99.9% inhibition (LRV > 3;
Table 5), making it the most promising candidate in this study. Its efficacy also
surpassed that of molnupiravir and other extracts, underscoring the effectiveness of

the water/ethyl acetate fractionation approach applied to MLCE.
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Phytochemical analysis of WF-MLCE using FTIR (Figure 13) and LC-HRMS
(Tables 6, 7, and A5-AT7) identified flavonoids and phenolic acids as the principal
constituents, with rutin and chlorogenic acids being the most abundant. This aligns
with the findings by Guo et al. (2023), who reported high concentrations of
polyphenolics, particularly flavonoids and flavonoid glycosides, in mulberry leaves,
with the dominant metabolites exhibiting strong polarity characteristics (Guo et al,,
2023). These polyphenolics are proposed to play a pivotal role in the remarkable
anti-SARS-CoV-2 efficacy of WF-MLCE. Flavonoids, including quercetin, myricetin, and
rutin, have gained significant attention for their potential anti-SARS-CoV-2 properties.
Their structural configuration-two benzene rings (A and B) connected by a pyrene ring
(O) with varying hydroxylation levels is fundamental to their biological activity.
Computational studies have identified several flavonoids capable of inhibiting SARS-
CoV-2 through viral interaction mechanisms (Li et al., 2022; Solnier & Fladerer, 2021).

Molecular docking of WF-MLCE phytocompounds identified promising SARS-
CoV-2 Mpro inhibitors, particularly sugar-conjugated flavonoids such as myricetin-3-O-
D-galactopyranoside, kaempferol-3-O-rutinoside-7-O-rhamnoside (maragrol B), and
quercetin-3-O-robinobioside. These compounds exhibited significantly lower binding
energies (<-7 kcal/mol) and inhibition constants (<4 uM) compared to their aglycone
forms (e.g., myricetin, kaempferol, and quercetin), suggesting enhanced interactions
with the Mpro active site (Table 9). The integration of in silico molecular docking
with in vitro biochemical assays provided a cost- and time-efficient approach to
shortlist lead phytochemical candidates (Mahmud et al., 2021; Maya et al,, 2021;
Vincent et al., 2020)

The structural dependence of flavonoids' efficacy as Mpro inhibitors has been
widely studied. Nguyen et al. (2021) reported that myricetin exhibited the strongest
inhibition, followed by quercetin, rutin, and kaempferol, with efficacy linked to
hydroxyl substitutions in the B-ring. For instance, myricetin's multiple hydroxyl groups
enhanced its inhibitory power, while kaempferol's single hydroxyl substitution at C4’
reduced activity. Rutin (quercetin-3-O-rutinose) displayed reduced inhibition due to
steric hindrance from glycosylation (Nguyen et al., 2021). However, Rizzuti et al.
(2021) noted that rutin's sugar moiety improved solubility and bioavailability,
enhancing its binding within the Mpro catalytic pocket (His-41/Cys-145) (Rizzuti et al,,
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2021). These findings are supported by studies highlighting rutin's high potency
against SARS-CoV-2 Mpro (Agrawal et al., 2021; Cherrak et al,, 2020; Ibrahim et al,,
2021). Collectively, these results underscore the potential of sugar-conjugated
flavonoids in WF-MLCE as effective Mpro inhibitors, with structural features
contributing to their superior antiviral properties.

To our knowledge, compounds such as myricetin—3—O—B—D—galactopyranoside,
maragrol B, and quercetin-3-O-robinobioside have not been previously investigated
for their interactions with SARS-CoV-2 proteins or evaluated for anti-SARS-CoV-2
activity in vitro or in vivo. Our findings suggest that the sugar moiety in these
flavonoid conjugates enhances their antiviral efficacy by improving solubility and
accessibility to the active site of viral proteins. However, the larger molecular size of
glycosylated flavonoid conjugates may pose challenges for drug delivery, despite

their improved solubility compared to aglycone counterparts.

5.2 Possible Interpretation on Anti-SARS-CoV-2 activity of WF-MLCE

The flavonoid/phenolic-rich extract (WF-MLCE) demonstrated potent anti-SARS-
CoV-2 efficacy in both pre-entry (viricidal) and post-infection treatment modes,
achieving about 3 log reduction value (LRV), equivalent to 99.9% efficacy, at a
concentration of 250 pg/mL. This suggests that WF-MLCE targets multiple stages of
the viral life cycle, making it a promising candidate for both prophylactic and
therapeutic applications.

5.2.1 Pre-entry treatment (virucidal efficacy)

In the pre-entry mode, the virus was treated with WF-MLCE for 1 h
before infecting Calu-3 cells. The significant reduction in viral titer indicates that WF-
MLCE likely acts as a viricidal agent, directly inactivating the virus. Flavonoids and
phenolic compounds are known to interact with viral envelopes and proteins,
disrupting their structure and preventing viral entry into host cells (Gligorijevic et al.,
2021; Rakshit et al., 2022; Sopjani et al., 2024). For example, flavonoids can bind to
the spike (S) protein, blocking its interaction with the host cell receptor ACE2 (Dinda
et al, 2024; Meng et al,, 2023). Additionally, phenolic compounds may generate

reactive oxygen species (ROS), causing oxidative damage to viral RNA or proteins
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(Hussain et al., 2016; Rudrapal et al., 2022). The 1-h incubation period is sufficient for
WF-MLCE to exert its virucidal effects, allowing adequate time for interaction with
viral components while minimizing potential cytotoxicity to host cells.st cells.

5.2.2 Post-infection treatment (viral replication inhibition efficacy)

In the post-infection mode, Calu-3 cells were infected with SARS-CoV-2
for 2 h, followed by treatment with WF-MLCE for 48 h. The significant reduction in
viral titer suggests that WF-MLCE inhibits viral replication and viral spread within the
host cells. Flavonoids are known to target key viral enzymes, such as the RNA-
dependent RNA polymerase (RdRp) and proteases (Mpro and PLpro), which are
essential for viral replication and protein processing (Gligorijevic et al., 2021; Rakshit
et al,, 2022). WF-MLCE may also modulate host cell metabolism, such as lipid and
carbohydrate pathways, depriving the virus of resources needed for replication (Miron
et al., 2017; Shahzad et al., 2024). Furthermore, flavonoids can enhance host innate
immune responses, such as the production of interferons (IFNs), which play a critical
role in antiviral defense (Dinda et al., 2024; Meng et al., 2023). The 48-h treatment
period is appropriate for capturing multiple rounds of viral replication and assessing
WF-MLCE’s ability to inhibit viral spread. However, shorter time points (e.g., 6 h, 12 h,
and 24 h) could provide additional insights into the kinetics of viral inhibition and the
specific stages of the viral life cycle tareeted by WF-MLCE.

5.2.3 Considerations for experimental timing

The timing of treatment is critical for interpreting the results and
understanding WF-MLCE’s mechanisms of action. In the pre-entry mode, the 1-h
incubation period allows WF-MLCE to interact with the virus without significantly
affecting host cells. In the post-infection mode, the 2-h absorption period ensures
sufficient time for viral attachment and entry, while the 48-h treatment period
captures the full extent of viral replication and spread. However, monitoring
cytopathic effects (CPE) and measuring viral titers at multiple time points (e.g., 6 h,
12 h, 24 h) could help identify the specific stages of the viral life cycle targeted by
WF-MLCE. For example, early time points (6-12 h) may reveal effects on viral
replication and transcription, while later time points (24-48 h) may reveal effects on
viral assembly, budding, and release (Lou & Rao, 2022). The timing of treatment is

critical for optimizing WF-MLCE’s efficacy and understanding its mechanisms of
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action. These findings highlight the potential of WF-MLCE as a broad-spectrum

antiviral agent for preventing and treating SARS-CoV-2 infection.

5.3 Modification of Mulberry Leaf Extraction Method: Chemical Profile
and Anti-SARS-CoV-2 Efficacy of Resulting Extracts

5.3.1 Chemical profiles of resulting mulberry leaf extracts

In Phase 2, modifications were made to refine the extraction of the
water-soluble fraction of mulberry leaf crude extract (WF-MLCE), aiming to isolate
components with the highest antiviral efficacy identified in Phase 1. The modified
extracts (WF-W and WCE) were compared with the original WF-MLCE (WF-EtAct) using
FTIR, LC-HRMS, TPC, and TFC assays. FTIR analysis revealed key functional groups,
particularly flavonoids and phenolics, in the water-soluble extracts (Figure 16).
Notably, WF-W exhibited a more complex chemical profile than WCE, correlating with
higher polyphenolic content. The similarity in chemical composition between WF-EtAct
and WF-W was further confirmed by principal component analysis (PCA) and log2 fold
change (log2FC) analysis of metabolite mass spectral data (Figures 17 & 18).

5.3.2 Anti-SARS-CoV-2 efficacy of resulting mulberry leaf extracts

Beyond chemical characterization, the selection of WF-W over WF-EtAct
was supported by its superior antiviral efficacy. Both extracts demonstrated similar
safety profiles (CCysq > 0.5 mg/mL), but WF-W exhibited higher antiviral activity. At 100
ug/mL, WF-W displayed the highest viral inhibition (LRV = 2.448) with the lowest ICs,
value (0.0011 pg/mL), surpassing molnupiravir, rutin, and WF-EtAct in pre-entry mode
(Figure 21). These results suggest that WF-W effectively inhibits SARS-CoV-2 before
viral entry into host cells, positioning it as a promising preventive or virucidal agent.
Its enhanced antiviral activity may be attributed to phytocomponents interfering with
viral proteins, such as the SARS-CoV-2 spike protein, thereby preventing ACE2
receptor binding. Similar mechanisms have been observed with flavonoids such as
luteolin, quercetin, and apigenin, which bind viral proteins, inhibit replication, and
modulate host immune responses to prevent infection. Additionally, some
phytocompounds in WF-W may exert direct virucidal effects, inactivating the virus

before host cell invasion (Abubakar et al.,, 2021; De Pellegrin et al,, 2021). This
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mechanism aligns with findings from elderberry (Sambucus nigra), which inhibited
SARS-CoV-2 entry by binding to the receptor-binding domain (RBD) of the spike
protein, thereby blocking ACE2 receptor engagement (Boroduske et al., 2021).

The post-infection antiviral assay (Table 12) further confirmed WF-W’s efficacy.
At 100 pg/mL, WF-W exhibited the highest viral inhibition (LRV = 2.458, 99.6%
inhibition), outperforming WF-EtAct, molnupiravir, and rutin. While both mulberry leaf
extracts demonstrated greater efficacy than molnupiravir and rutin at high
concentrations, their ICs, values—WF-W (0.0100 pg/mL) and WF-EtAct (0.0117 ug/mL)
were notably higher than those of rutin (0.0008 pg/mL) and molnupiravir (0.0025
ug/mL) (Figure 22). This suggests that although mulberry leaf extracts exhibit strong
antiviral activity at higher concentrations, their potency declines more rapidly at
lower doses (< 0.1 pg/mL), whereas rutin and molnupiravir maintain more stable
efficacy over a broader concentration range. The difference in stability may be
attributed to molnupiravir’s synthetic design, which ensures chemical stability and
sustained efficacy under physiological conditions (Recber et al,, 2022). In contrast,
herbal extracts may degrade over time due to factors such as compound instability,
metabolic degradation, and lower concentrations of active ingredients (Mukhtar et
al., 2008; Perera et al., 2021). Since mulberry leaf extract contains multiple bioactive
compounds with varying stability, its antiviral potency may fluctuate more than
single-compound drugs like rutin and molnupiravir. These findings underscore the
importance of optimizing the dosage of mulberry leaf extract to maintain therapeutic
efficacy. Further studies should focus on compound stability, bioavailability, and

potential formulation strategies to enhance efficacy at lower concentrations.

5.4 Mechanism of Anti-SARS-CoV-2 Activity of WF-W Extract: SR-FTIR of
Cellular Responses
To investigate the mechanism of action of WF-W in post-infection treatment
mode, Synchrotron radiation Fourier-transform infrared (SR-FTIR) spectroscopy was
employed. This advanced analytical technique enables precise molecular-level
characterization of biochemical alterations in infected host cells upon WF-W

treatment. By examining specific spectral changes, we aimed to identify key
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biochemical pathways and molecular targets modulated by the extract, which may
contribute to its anti-SARS-CoV-2 activity. The data provide insights into how WF-W
interferes with viral replication, alters cellular metabolism, or disrupts viral-host
interactions, reinforcing its potential as an antiviral agent against SARS-CoV-2.
Additionally, WF-W’s impact on uninfected Calu-3 cells was examined to assess its
role in metabolic priming, potentially enhancing cellular defense against future viral
infections.

5.4.1 Potential antiviral mechanisms of WF-W in SARS-CoV-2-infected

Calu-3 cells and their implications

The FTIR analysis of SARS-CoV-2-infected Calu-3 cells treated with WF-W
(Figure 27) revealed significant metabolic changes in lipid, protein, and carbohydrate
content, suggesting that WF-W counteracts viral-induced metabolic dysregulation,
potentially through multi-mechanistic actions.

Lipid metabolism: SARS-CoV-2 infection induced lipid accumulation, as
indicated by increased CHy/CHg stretching (3000-2800 cm™) and C=0 lipid head
(1740 cm™). This aligns with the virus’s ability to hijack host lipid metabolism,
particularly lipid droplets (LDs) and extracellular vesicles (EVs), to support viral
replication and assembly. (Baek et al., 2022; Cesar-Silva et al., 2023; Sumbria et al,,
2020). After treatment with WF-W, CH/CH, groups stabilized, while the C=0 lipid
head groups decreased significantly. This suggests that WF-W may interfere with viral-
induced lipid accumulation, potentially by modulating lipid droplet dynamics or
promoting lipid oxidation. Flavonoids are known to stabilize membranes and inhibit
lipid biosynthesis enzymes, which could explain the observed reduction in C=0O
groups after treatment (Gligorijevic et al.,, 2021; Shahzad et al., 2024; Sopjani et al,,
2024). Another possible mechanism, WF-W may promotes lipid oxidation rather than
storage, possibly mediated by adenosine monophosphate-activated protein kinase
(AMPK) activation (Ganjayi et al., 2023). The lipid metabolic change after cell infection
agreed with the clinical study from Cesar-Silva et al. The study found that COVID-19
patients often present with dysregulated lipid profiles linked to severe disease
outcomes (Cesar-Silva et al., 2023). Since LDs serve as viral replication platforms,

targeting lipid metabolism could provide therapeutic benefits (Baek et al., 2022).
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Protein Homeostasis: Infection led to a significant decrease in protein content,
likely due to viral hijacking of host translation machinery and activation of
proteasomal degradation pathways (Tsiambas et al,, 2021; Wei & Hui, 2022). WF-W
stabilized protein levels, possibly by inhibiting viral proteases (e.g., Mpro and PLpro)
or modulating host stress responses, such as the unfolded protein response (UPR)
(Gligorijevic et al.,, 2021; Rudrapal et al., 2022; Sopjani et al., 2024). Flavonoids are
known to protect host proteins from degradation and restore protein synthesis,
which may contribute to the observed stabilization (Montenegro-Landivar et al,,
2021; Tabari et al., 2021).

Carbohydrate Metabolism: Carbohydrate content increased significantly after
infection, likely due to viral manipulation of host glycosylation pathways to facilitate
viral entry and immune evasion (Martinez-Gomez et al,, 2022). WF-W reduced
carbohydrate levels, though they remained slightly higher than basal levels. This
suggests that WF-W may inhibit viral-induced ¢lycosylation or modulate carbohydrate
metabolism pathways, such as the hexosamine biosynthesis pathway (Tang et al,,
2025). Flavonoids in WF-MLCE are known to interfere with glycosylation enzymes,
which could explain the observed decrease in carbohydrate content (Xu et al., 2024).

5.4.2 Possible implications of WF-W treatment on metabolism in

uninfected Calu-3 cells

The treatment of uninfected Calu-3 cells with WF-W induced dynamic
metabolic changes over time, as revealed by FTIR analysis (Figure 23 & 24). These
changes suggest that the extract triggers a transient stress response followed by
cellular adaptation, potentially priming the cells for future challenges such as viral
infection.

Lipid metabolism: At 1 h post-treatment, the levels of CH3/CH2 and
C=0 lipid head groups increased significantly, indicating a rapid interaction between
WF-W and cellular membranes or an upresgulation of lipid biosynthesis. By 24 and 48
h, lipid levels returned to basal levels, suggesting cellular adaptation and restoration
of lipid homeostasis, possibly through lipid oxidation or lipolysis (Baek et al., 2022;
Miron et al., 2017). Flavonoids are known to integrate into lipid bilayers, altering

membrane fluidity and signaling (Hendrich, 2006; Oteiza et al., 2005). This transient
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lipid remodeling could strengthen cell membranes, making them more resistant to
future stressors such as viral infection.

Protein homeostasis: Protein content decreased significantly at 1-h post-
treatment, likely due to the activation of stress responses such as proteasomal
degradation or the inhibition of protein synthesis. By 24 and 48 h, protein levels
increased slightly above basal levels, indicating cellular adaptation and the
upregulation of protective proteins, such as heat shock proteins or antioxidant
enzymes(Bhutta et al,, 2021; Middleton et al., 2000). This recovery phase may
enhance the cells' ability to handle future stress, including viral infection

Carbohydrate metabolism: Carbohydrate content decreased significantly at 1
h post-treatment, likely reflecting a shift in energy metabolism to meet the demands
of the stress response. By 24 and 48 hours, carbohydrate levels stabilized, suggesting
the restoration of metabolic balance This transient mobilization of carbohydrates
could optimize energy utilization and resource allocation for defense mechanisms.
Flavonoids may transiently inhibit carbohydrate storage pathways (e.g., glycogenesis)
or promote carbohydrate utilization (Shahzad et al., 2024).

The 48-h experimental period is likely too long to capture the direct effects of
WF-W on SARS-CoV-2 replication, as multiple rounds of the viral life cycle would
have occurred, and cells may already be heavily damaged. However, the data from
this time point can still provide valuable insights into long-term cellular changes,
such as metabolic stabilization (e.q., lipids, proteins, carbohydrates), cellular stress
responses, and viral clearance. These findings sugeest that WF-W may protect cells
from viral-induced damage over time. However, shorter time points (e.g.,, 6 h, 12 h,
24 h) are recommended to study direct antiviral effects and viral replication
dynamics. Future experiments should focus on mechanistic studies, viral titer
measurement, and cellular viability to fully elucidate the antiviral potential of WF-W
extract. These steps will help optimize its efficacy and provide a deeper
understanding of its mechanisms of action. Additionally, future research should
explore the long-term metabolic impacts of WF-W, its broad-spectrum antiviral
properties, and clinical applications as a dietary supplement or adjunct therapy for

COVID-19 and emerging coronaviruses.



CHAPTER VI
CONCLUSIONS

This study successfully identified and optimized the water-soluble fraction of
mulberry leaf extract (WF-MLCE) as a potent anti-SARS-CoV-2 agent. The modified
extraction method yielded WF-W, a solvent-free formulation with enhanced antiviral
efficacy and a favorable chemical profile rich in phenolics and flavonoids. SR-FTIR
analysis revealed that WF-W influences host metabolism, likely through AMPK
activation, shifting lipid metabolism towards oxidation while preventing protein
degradation. These metabolic modulations contribute to both antiviral activity and
cellular priming against future infections. Additionally, WF-W appears to support both
metabolic and immune modulation, potentially enhancing cellular defense. Given its
dual role in infected and uninfected cells, WF-W could serve as both a preventive
supplement and a therapeutic agent for COVID-19 and other viral infections.
However, further in vivo studies and clinical trials are essential to validate its efficacy,
optimize dosing, and explore broader applications, including transcriptomic analysis

to uncover deeper molecular mechanisms.
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APPENDIX
ADDITIONAL FIGURES AND TABLES

SARS-CoV-2 Whole Genome Sequencing Report

Sample Information

Name: 5510 HN: - Age: - years
Type of Specimen:  Purified Viral RNA Report Date: 30-Aug-21
Referring Physician: Dr. Narin Thippornchai Hospital: Faculty of Tropical Medicine
Sequencing Result

Clade: Delta B.1.617.2

Variants of concern:  L452R, T478K
Variants of interest: P681R

SARS-CoV-2 Whole Genome Sequencing Report

Sample Information

Name: 5530 HN: - Age: - years
Type of Specimen: Purified Viral RNA Report Date: 30-Aug-21
Referring Physician: Dr. Narin Thippornchai Hospital: Faculty of Tropical Medicine
Sequencing Result

Clade: Delta B.1.617.2

Variants of concern:  L452R, T478K
Variants of interest: ~ P681R

Figure A1 The SARS-CoV-2 strain results from whole genome sequencing of two
samples, no. 5510 and 5530. The samples were collected from COVID-
19 patients at the Tropical Diseases Reference Laboratory, Faculty of
Tropical Medicine, Mahidol University. Both samples were identified as
the B.1.617.2 strain, also known as the Delta variant, which was widely

circulated in Thailand.
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Figure A2 Cytotoxicity of the five fractions from WF-MLCE column chromatography,
assessed on Vero E6 cells using the MTT assay. Results are presented as
% cell viability (mean + SD). (a) Cytotoxicity after a 1-h contact period
and (b) cytotoxicity after a 48-h contact period. The red dotted line
indicates the minimum non-toxic concentration (MNTC), defined as 70%

cell viability for each crude extract.



Table Al Review of traditional herbal candidates for potential COVID-19 therapeutic agent screening.

Scientific Name

Common name

Traditional & Modern Medical Applications

Colubrina asiatica (L.)

-Used for fever, detoxification, skin irritation, and pain relief.

- Anti-inflammatory, supports immune function, potential antimicrobial properties.

Khan Song
Brongn. - Traditional Formulation: Root is often mixed with Tiliacora triandra and
Sauropus androgynus in fever remedies.
- Used for fever, sore throat, flu, and antioxidant effects.
-Mulberry
Morus alba Linn. - Anti-diabetic, regulates blood sugar, supports cardiovascular health.
-Mon
- Traditional Formulation: Dried leaves brewed as tea for sore throat and cooling effect.
-Anti-aging, immune modulation, bronchitis treatment.
Gynostemma
- Regulates cholesterol, potential anti-cancer and hepatoprotective effects.
pentaphyllum (Thunb)  Jiaogulan

Makino

- Active Compounds: Saponins.

- Traditional Formulation: Brewed into tea for longevity and detoxification.

Artemisia annua L.

Sweet Wormwood,

Kot Chula Lampha

- Used for malaria, fever, asthma, and respiratory diseases.

- Modern Use: Contains artemisinin, widely used as an anti-malarial drug;
investigated for antiviral properties against SARS-CoV-2.

- Active Compounds: Flavonoids, Artemisinin.

- Traditional Formulation: Found in at least 13 Thai traditional medicine

formulations for fever and lung infections.
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Table A1 (Continued)

Scientific Name

Common name

Traditional & Modern Medical Applications

Centella asiatica (L.)

Gotu Kola,
Bua bok

- Used for headache, stress relief, fever, and wound healing

- Enhances cognitive function, promotes skin repair, neuroprotective and anti-
inflammatory properties.

- Active Compounds: Triterpenoids.

- Traditional Formulation: Combined with Pluchea indica and Aegle marmelos in
herbal detox remedies.

Justicia gendarussa Burm.f.

San Phra Mon

- Fever relief, antibacterial, anti-inflammatory, pain relief
- Found to inhibit HIV protease enzyme; antiviral potential

- Active Compounds: Flavonoids (Vitexin, Apigenin), Juaticin.

Helicteres isora L.

Indian Screw
Tree, Po bid

- Used for fever, cough, diarrhea, and gastrointestinal disorders

- Antiviral against hepatitis viruses; antimicrobial properties.

- Active Compounds: Flavonoid (Isoscutellarein).

- Traditional Formulation: Dried fruit included in digestive and respiratory tonic

preparations

Phyllanthus niruri L.

Chanca Piedra,
Look Tai Bai

- Used for fever, anti-inflammatory, and liver protection
- Antiviral activity against Hepatitis B (HBV); supports liver detoxification.

- Traditional Formulation: Common in Thai herbal mixtures for jaundice treatment

1t



Table A1 (Continued)

Scientific Name

Common name Traditional & modern medical applications and biological properties

Oldenlandia corymbosa L.

- Used for fever, malaria, anti-inflammatory, antimicrobial
Ya Lin Ngu - Investigated for anti-cancer properties and immunomodulatory effects.

- Traditional Formulation: Boiled with Andrographis paniculata for fever relief.

Garcinia atroviridis

- Used for cough, expectorant, blood pressure regulation.
Asam Gelugur, - Hydroxycitric Acid (HCA) aids in weight loss and metabolism regulation.
Som Khaek - Active Compounds: Hydroxycitric Acid (HCA).

- Traditional Formulation: Dried fruit commonly brewed into tea for weight loss.

Canna indica L.

- Used for tuberculosis, cough, and hepatitis treatment.
Indian Shot, - Hepatoprotective properties; anti-inflammatory effects.
Phutha Raksa - Traditional Formulation: Rhizome sometimes combined with Curcuma longa for

liver health.

Acanthus ebracteatus Vahl

- Anti-cancer, immune booster, fever relief.

- Found to exhibit cytotoxic effects against cancer cells; anti-inflammatory.
Ngueak Pla Mo
- Active Compounds: Carotenoids, Hexadecenoic Acid, Sterols.

- Traditional Formulation: Used with Zingiber officinale for immune enhancement.

el



Table A1 (Continued)

Scientific Name

Common name

Traditional & modern medical applications and biological properties

Clinacanthus nutans

(Burm.f) Lindua

Snake Grass,
Phaya Plong
Thong

- Used for fever, sore throat, anti-inflammatory, herpes treatment.

- Antiviral against herpes simplex virus (HSV-1).

- Active Compounds: Betulin, Lupeol, Flavonoids.

- Traditional Formulation: Applied as a fresh leaf poultice for skin infections and

herpes sores.

Momordica charantia L.

Bitter Melon,
Mara Kee Nok

- Anti-diabetic, anti-cancer, fever relief.

- Contains compounds that lower blood sugar

-Potential HIV-inhibitory effects.

- Active Compounds: Charantin, Polypeptide-p.

- Traditional Formulation: Often included in herbal formulations for diabetes

management.

Hymenocallis littoralis

(Jacq.) Salisb.

Spider Lily,
Plub Plueng Tin
Pade

- Used for mucus expulsion, wound healing, postpartum recovery.

- Contains lycorine, known for its antiviral properties (including inhibition of poliovirus
and measles virus).

- Active Compounds: Lycorine.

- Traditional Formulation: Leaves roasted and applied to bruises; bulbs boiled for

postpartum care.

129"
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Table A2 Information on plants utilized in this research includes their assigned
voucher specimen numbers (TTM no.), and used plant parts for extraction
and harvesting areas.

Sample Scientific name Common ™ .
. Harvesting area
Code [part of use] Thai name no.
Colubrina asiatica (L.) Nakhon
S1 Khan song 0005480 ,
Brongn. [leaves] Ratchasima
Morus alba Linn. Nakhon
S2 Mon 0005481
[leaves] Ratchasima
Gynostemma
S3 pentaphyllum (Thunb) Jiaogulan 0005482  Chiang Mai
Makino [leaves]
Artemisia annua L. Kot chula 0005483
S4 Kanchanaburi
[leaves] lampha
Centella asiatica (L.)
S5 Bua bok 0005484  Mahasarakham
[leaves]
Justicia gendarussa
San phra ) .
S6 Burm.f. [leaves and 1000745  Sing Buri
mon
stems]
Helicteres isora L.
ST . Po bid 0005485  Nakhonpathom
[fruits]
Phyllanthus niruri L. e _
S8 : Lok tai bai 0005486  Burirum
[leaves, fruits, and stems]
Orthosiphon aristatus Ya nuat
S9 0005487  Nakhonpathom
[leaves and stem] maew
Oldenlandia corymbosa
S10 L. [leaves, flowers, and Ya lin ngu 0005488 Chai Nat
stems]
Garcinia atroviridis
S11 Som khaek 0005489  Nakhonpathom
[leaves]
Canna indica L.
S12 Phutha raksa 1000746  Sing Buri
[stems]
Euphorbia thymifolia L.~ Nam nom Nakhon
S13 0005490
[leaves and stems] ratchasi lek ratchasima




Table A2 (continued).
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Sample

Code

S14

S15

S16

S17

S18

S19

520

S21

522

Scientific name [part
of use]

Acanthus ebracteatus
Vahl [leaves and
stems]

Clinacanthus

nutans (Burm.f) Lindua
[leaves and stems]

Jatropha integerrima

[flowers]

Jatropha integerrima
[leaves]

Jatropha integerrima
[stems]

Punica granatum L.
[leaves]

Momordica

charantia L.

[fruits]

Hymenocallis
littoralis (Jacg.) Salisb.
[Root]

Hymenocallis
littoralis (Jacq.) Salisb

[Leaves]

Common

Thai name

Ngueak pla

mo

Phaya plong
thong

Pattawia

Pattawia

Pattawia

Thapthim

Mara kee nok

Plub plueng
tin pade

Plub plueng
tin pade

TTM no.

1000747

1000748

0005491

0005491

0005491

0005492

0005493

0005494

0005494

Harvesting area

Sing Buri

Sing Buri

Nakhon

Nakhon

Nakhon

Nakhon

Nakhon

Nakhon

Nakhon

ratchasima

ratchasima

ratchasima

ratchasima

ratchasima

ratchasima

ratchasima
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Al. Calculation of anti-SARS-CoV-2 efficacy and percentage of viral

reduction
In this study, the anti-SARS-CoV-2 activity of the extracts was quantified as
efficacy (percentage of viral reduction) and log reduction value (LRV), with their

relationship shown in Table A2.

Table A3 Relationship between LRV and % viral reduction, as an expression of

antiviral efficacy.

Number of viruses Efficacy/
Log reduction
(TCID50/ml) % viral reduction
100,000 (10°) 0 log (Log0) 0%
10,000 (10% 1 log (Log1) 90%
1,000 (10°) 2 log (Log2) 99%
100 (107) 3 log (Log3) 99.9%
10 (10) 4 log (Logd) 99.99%
1(1) 5 log (Log5) 99.999%
Equations:
Efficacy or % viral reduction e (A%)MOO
Log Reduction Value = lOglO A-— 10g10 B

where A = The starting viral titer subjected to the test

B = The remaining viral number after testing

Example of calculation

The starting viral number for the pre-entry study was 100,000 TCID50/mL. After

testing, the remaining viral number was 100 TCID50/mL.

(100,0000—100)x 100

Efficacy or % Reduction
100,000



Log Reduction

=99.9%
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= 10g10 100,000 - 10g10 100
= 3 Log reduction (or LRV = 3)

Table A4 FTIR spectral band assignment for water fraction of mulberry-leaf crude
extract (Abbas et al., 2017; Hssaini et al.,, 2022; Krysa et al., 2022; Wongsa
et al., 2022; Zolkefali & Noh, 2017).

Region Wave number

Functional group

Possible predicted

(cm™) assignment phytochemical class
1 3500-3000 H-bonded, O-H, N-H alcohols,
(broaden) polyphenolics,
carbohydrates
2 3000-2800 C-H of CH, & CH3 polysaccharides, fatty
acids, lipids
3 1750-1650 C=0 of carboxylic group lipids, phenolics
1650-1550 C=C-C and C-H of aromatic flavonoids
(distinct) rings
&1500-1455 (small
4 1500-1150 O-H deformation, C-O, C=C of  flavonoids (flavonols),
phenols phenols
1499-1452 -C-OH and C-H of aromatic Flavonoids (flavones &
rings flavonols), phenolics
1450-1200 O-H deformation of aromatic  flavonoids, phenolics
rings
5 1100-1075 C-H & C-H out-of-plane of Ring  flavonoids
B-flavonoids
1041 (distinct) & C-O of aromatic rings, phenolics
1103 (small) C-O-C of heterocyclic ring, O-H saccharides/
in-plane carbohydrates




Table A4 (continued).
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Functional group

assignment

Possible predicted

phytochemical class

Region Wave number
(cm™)
5 990 (distinct)

(continued)

925

6 800-400

C-H out-of-plane of

pyranosyl rings

C-H & C-H out-of-plane
of Ring B-flavonoids
C-C-O deformation,
C-C-C of aromatics,
C-H deformation of

polyphenols

sugars (if appeared
with peaks at 1140-
1120, suggested the
sugar molecules
conjugated with
aromatic structure)

flavonoids

flavonoids




Table A5 LC-HRMS analysis of tentative phytochemical contents of Fraction 2 (F2) fractionated of WF-MLCE (S2-WF).

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
1 Trigconelline C;H,NO, 137.04768 [M+H]* 3.95E+09
2 Y-Aminobutyric acid (GABA) C4HoNO, 103.06333 [M+HT* 1.95E+09
3 L-Norleucine CeH13NO; 131.09463 [M+H]* 1.06E+09
4 L-Glutamic acid CsHoNO, 147.05316 [M+H]* 9.28E+08
5 Proline CsHoNO, 115.06333 [M+H]* 9.05E+08
6 Prolylleucine Ci1Hy0N,O5 228.14739 [M+H]* 8.46E+08
7 Isoleucine CgHi3NO, 131.09463 [M+H]* 5.86E+08
8 Valine CsH1NO, 117.07898 [M+H]* 5.42E+08
9 1-deoxymannojirimycin or 1-deoxynorijimycin ~ C4H3sNOq4 163.08446 [M+H]* 4.70E+08
10 Pantothenic acid CoH17NOs 219.11067 [M-H] 4.17E+08
11 DL-Carnitine C7H15NO; 161.10519 [M+H]* 3.29E+08
12 3-Methoxybenzaldehyde CgHgO, 136.05243 [M+H]* 2.66E+08
13 D-(-)-Glutamine CsH1oN,O5 146.06914 [M+H]* 2.50E+08

0ct



Table A5 (continued). Fraction 2

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW  Reference ion
(Most Common Adduct)
14 Asparagine C4HgN,O5 132.05349 [M+H]* 2.48E+08
15 Acetylcholine C7H1sNO, 145.11028 [M+H]* 2.10E+08
16 DL-Stachydrine C7H13NO, 143.09463 [M+H]* 1.88E+08
17 D-(-)-Quinic acid CsH 1,06 192.06339 [M+H]* 1.77E+08
18 D-(+)-Pyroglutamic Acid CsH/NO4 129.04259 [M+H]* 1.73E+08
19 Nicotinic acid C¢HsNO, 123.03203 [M+H]* 1.70E+08
20 L-Threonine C4HgNO5 119.05824 [M+H]* 1.65E+08
21 Muramic acid CoH7NO; 251.1005 [M+H]* 1.39E+08
22 Acetyl-L-carnitine CoH17NO, 203.11576 [M+H]* 1.12E+08
23 N-Acetylornithine CH14N,04 174.10044 [M+H]+ 8.37E+07
24 3,8,9-trihydroxy-10-propyl-3,4,5,8,9,10-  C;,H,,05 2441311 [M-H] 9.29E+07
hexahydro-2H-oxecin-2-one
25 4-Hydroxybenzaldehyde C7HgO, 122.0368 [M+H]* 6.93E+07

1¢1



Table A5 (continued) Fraction 2.

Theoretical Reference Average Peak Area
No. Tentative phytochemical Formula
MW ion (Most Common Adduct)
26 N-Acetylneuraminic acid Cy4H1oNOg 309.1060 [M+H]* 6.56E+07
27 (-)-Caryophyllene oxide Cy5H,40 220.1827 [M+H]* 5.17E+07
28 Apocynin CoH1003 166.0630 [M+H]* 4.11E+07
29 Salsolinol CioH13NO, 179.0946 [M+H]* 3.72E+07
30 L-Phenylalanine CoH11NO; 165.0790 [M+H]* 3.52E+07
31 Sinapinic acid Cy1H1,05 224.0685 [M-H] 2.25E+07
32 4-Hydroxy-3-(3-methyl-2-buten-1-yl) phenyl — CyH3,044 472.1945 [M-H] 1.99E+07
6-0-[(2R,3R,4R)-3,4-dihydroxy-4-
(hydroxymethyUtetrahydro-2-furanyl]-beta-D-
glucopyranoside
33 5-O-Caffeoylquinic acid (Chlorogenic acid Ci6H1500 354.0951 [M-H] 1.49E+07
isomer)
34 3-[3-(beta-D-Glucopyranosyloxy)-2- Cy5H2000 344.1107 [M-H] 1.07E+07

hydroxyphenyl] propanoic acid

ccl



Table A5 (continued). Fraction 2

Theoretical Reference Average Peak Area (Most
No. Tentative phytochemical Formula
MW ion Common Adduct)
35 Coumarin CoHgO5 146.0368 [M+H]* 1.84E+07
36 4-Coumaric acid CoHgOs 164.0473 [M+H]* 1.43E+07
37 L-Tyrosine CoHy1NO; 181.0739 [M+H]* 1.29E+07
38 Ol-Aspartylphenylalanine Ci3HiN,Os © 280.1059 [M+H]* 1.10E+07
39 3-[3-(beta-D-Glucopyranosyloxy)-2- Ci6H2,00 358.1264 [M-H] 5.99E+06
methoxyphenyl] propanoic acid
40 4-O-Caffeoylquinic acid (Chlorogenic acid C16H1509 354.0951 [M-H] 3.81E+06
isomer)
41 4-(beta-D-Glucopyranosyloxy)-2- Cy1H160g 278.1002 [M-H] 2.91E+06
methylenebutanoic acid
42 Gentisic acid 5-O-B-D-glucoside Ci3H1609 316.0794 [M-H] 2.7T7E+06
43 D-(-)-Salicin CysH105 286.1053 [M-H] 1.52E+06

ect



Table A6 LC-HRMS analysis of tentative phytochemical contents of Fraction 3 (F3) fractionated of WF-MLCE (S2-WF).

Average Peak Area (Most

No. Tentative phytochemical Formula Theoretical MW Reference ion
Common Adduct)
1 Trigonelline C;H;NO, 137.0477 [M+H]* 6.91E+09
2 L-Norleucine CeH13NO, 131.0946 [M+H]* 2.43E+09
3 Pipecolic acid CgHq11NO, 129.0790 [M+H]* 2.12E+09
4 3,8,9-trihydroxy-10-propyl-3,4,5,8,9,10- CyoH2005 244.1311 [M-HT 1.71E+09

hexahydro-2H-oxecin-2-one (isomer 1)

5  Proline CsHoNO, 115.0633 [M+H]* 1.56E+09
6 Gentisic acid 5-O-B-D-glucoside (isomer 1) C13H1609 316.0794 [(M-HT 1.06E+09
7 1-deoxymannojirimycin or 1-deoxynorijimycin =~ CgH;3NO4 163.0845 [M+H]* 9.21E+08
8 4-Guanidinobutyric acid CsH11N30, 145.0851 [M+H]* 8.48E+08
9  L-Valine CsHyNO, 117.0790 [M+H]* 8.04E+08
10 3,8,9-trihydroxy-10-propyl-3,4,5,8,9,10- C12H2005 2441311 [M-HT 6.88E+08
hexahydro-2H-oxecin-2-one (isomer 2)
11 Gentisic acid 5-O-P-D-glucoside (isomer 2) Ci3H1609 316.0794 [M-H] 4.93E+08

124"



Table A6 (continued) Fraction 3

Theoretical Reference Average Peak Area
No. Tentative phytochemical Formula
MW ion (Most Common Adduct)
12 Nicotinic acid CgHsNO, 123.0320 [M+H]* 4.57E+08
13 3-[3-(beta-D-Glucopyranosyloxy)-2-hydroxyphenyl]  CisH,00q 344.1107 [M-HT 3.85E+08
propanoic acid (isomer 1)

14 Tropine CgHisNO 141.1154 [M+H]* 3.53E+08
15 4-Hydroxybenzaldehyde C7HsO; 122.0368 [M+H]* 3.42E+08
16 DL-Stachydrine C7H13NO; 143.0946 [M+H]* 2.85E+08
17 Prolylleucine Cq1H2oN5O5 228.1474 [M+H]* 2.82E+08
18 Nicotinic acid CgHsNO, 123.0320 [M+H]* 2.51E+08
19 Pantothenic acid CoH17NOs 219.1107 [M-H] 2.33E+08
20 5-hydroxy-4-methoxy-5,6-dihydro-2H-pyran-2-one C6HB80O4 144.0423 [M+H]+ 1.85E+08
21 DL-Carnitine CsHsNO; 161.1052 [M+H]* 1.12E+08
22 4-(4-hydroxy-2,6,6-trimethyl-3-([(2R,3R,4S,5S,6R)- CioH3,0g 388.2097 [M+H]* 1.03E+08

3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-ylJoxy)
cyclohex-1-en-1-yl) butan-2-one

(isomer 1)

Gcl



Table A6 (continued) Fraction 3

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
23 Threonine Cq Ho N O4 119.0582 [M+H]* 7.46E+07
24 N-Acetylomithine C,Hyu N, O, 174.1004 [M+H]* 6.43E+07
25  3-[3-(beta-D-Glucopyranosyloxy)-2- Cy5 Hyg Og 344.1107 [M-HT 5.62E+07
hydroxyphenyl] propanoic acid (isomer 2)
26  (-)-Caryophyllene oxide (isomer 1) Cy5H,40 220.1827 [M+H]* 4.70E+07
27 Gentisic acid 5-O-B-D-glucoside (isomer 3)  Ci3H1609 316.0794 [M-H] 4.61E+07
28  (-)-Caryophyllene oxide (isomer 2) Cy5H240 220.1827 [M+H]* 3.98E+07
29 N-Acetyl-DL-tryptophan Cy3H1aN,O5 246.1004 [M-H] 3.84E+07
30  3-[3-(beta-D-Glucopyranosyloxy)-2- Ci6H2,04 358.1264 [M-H] 3.75E+07
methoxyphenyl] propanoic acid (isomer 3)
31 Gentisic acid 5-O-B-D-glucoside (isomer 4)  CizH1Os 316.0794 [M-H] 3.21E+07
32 2-Hexyl-3-methylenesuccinic acid Cy1H1504 214.1205 [M+HT* 3.06E+07
33 Sinapinic acid Cq11H1205 224.0685 [M+H]* 2.88E+07

9c1



Table A6 (continued) Fraction 3

Average Peak Area (Most

No. Tentative phytochemical Formula Theoretical MW Reference ion
Common Adduct)

34 4-(4-hydroxy-2,6,6-trimethyl-3-([(2R,3R,4S,55,6R)-  Ci9H3,04 388.2097 [M+H]* 2.6TE+07

3,4,5-trihydroxy-6-(hydroxymethyl) oxan-2-yl]

oxy) cyclohex-1-en-1-yl) butan-2-one (isomer 2)
35  3-[3-(beta-D-Glucopyranosyloxy)-2- Cy5H2009 344.1107 [M-H] 2.57TE+07

hydroxyphenyl] propanoic acid (isomer 4)
36 NP-008952 Ci2H2004 228.1362 [M+H]* 2.26E+07
37  Coumarin CoHgOs 146.0368 [M+H]* 2.01E+07
38  4-Methoxyacetophenone CoH100, 150.0681 [M+H]* 1.95E+07
39  Curcolonol Cy5H2004 264.1362 [M+H]* 1.84E+07
40 7-Hydroxycoumarine CoHgO5 162.0317 [M+H]* 1.74E+07
41 Chlorogenic acid CisH1809 354.0951 [M+H]* 1.58E+07
42  4-Coumaric acid CoHgOs4 164.0473 [M+HT* 1.46E+07
43 dihydrophaseic acid Cy5H5,05 282.1467 [M-H] 1.31E+07

LZT



Table A6 (continued) Fraction 3

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
a4 ((1S,5R,9R,13R)-1,5,9-trimethyl-11,14,15,16- Ci5H2,05 282.1467 [M+H]* 1.14E+07
tetraoxatetracyclo [10.3.1.04"*.03*] hexadecan-
10-one or epi-Artemisinin
45 Thapsic acid CigH3004 286.2144 [M+H]* 1.05E+07
46 Jasmone Ci1H160 164.1201 [M+H]* 1.04E+07
a7 (1aR,1bR,2R,3R,7R,7aS)-1b,2-dimethyl-7a-(prop-1-  Cy5H,,05 250.1569 [M+HT* 9.87E+06
en-2-yl)-1aH,1bH,2H,3H,4H,5H,7H, 7aH-
naphtho[1,2-b] oxirene-3,7-diol
48 L-Tyrosine CoHy1NO5 181.0739 [M+H]* 9.82E+06
49 4-oxododecanedioic acid Cy2H2005 244.1311 [M+H]* 9.35E+06
50 2-Hydroxy-2-methyl-3-buten-1-yl beta-D- Ci1H2004 264.1209 [M-H] 8.70E+06
glucopyranoside
51 Verrucarol Cy5H2504 266.1518 [M+H]* 8.52E+06
5-(6-hydroxy-6-methyloctyl)-2,5-dihydrofuran-2-
52 [M+H]*
one Ci3H2,04 226.1569 8.07E+06

8¢t



Table A6 (continued) Fraction 3

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
53 Sinapinic acid Cq11H1205 224.0685 [M-HT 7.76E+06
54 6-Pentyl-2H-pyran-2-one Ci0H140; 166.0994 [M+HT* 7.76E+06
55 12-oxo Phytodienoic Acid CigH2505 292.2038 [M+H]* 7.66E+06
56  (1r,3R,ds,55)-4-([(2E)-3~(3,4-dihydroxyphenyl) Ci6H1809 354.0951 [M+H]* 7.24E+06
prop-2-enoyl] oxy)-1,3,5-trihydroxycyclohexane-
1-carboxylic acid
57 (1S,3R,4S,5R)-3,5-bis(([(2E)-3-(3,4- CosH24015 516.1268 [M+H]* 6.75E+06
dihydroxyphenyl) prop-2-enoylloxy))-1,4-
dihydroxycyclohexane-1-carboxylic acid
58  4-O-Caffeoylquinic acid (Chlorogenic acid C15H1809 354.0951 [M-HT 6.64E+06
isomer)
59  Coumarin CoHgOs 146.0368 [M+HT* 6.58E+06

6C1



Table A6 (continued) Fraction 3

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
60  (4S)-d-hydroxy-3,5,5-trimethyl-4-[(1E)-3- CioH300g 386.1941 [M+H]* 5.83E+06
((2R,3R,45,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl) oxan-2-yl] oxy) but-1-en-1-y(]
cyclohex-2-en-1-one
61  alpha-D-Glucopyranosyl 2-O-(2-methylbutanoyl)-  C;7H3001, 426.1737 [M-H] 5.70E+06
alpha-D-glucopyranoside
62 Syringic acid CoH 1005 198.0528 [M-H] 4.72E+06
63 D-(-)-Salicin Ci3H1504 286.1053 [M-H] 4.53E+06

0¢T



Table A7 LC-HRMS analysis of tentative phytochemical contents of Fraction 4 (F4) fractionated of WF-MLCE (S2-WF).

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)

1 trans-5-O-Caffeoylquinic acid (Chlorogenic Ci6H1809 354.0951 [M+HT* 6.80E+09
acid isomer)

2 cis-3-O-Caffeoylquinic acid (Chlorogenic acid ~ Ci4H150q 354.0951 [M-HT 5.57E+09
isomer)

Gentisic acid 5—O—B—D—glucoside (isomer 1) Cy3H1609 316.0794 [M-HT 5.39E+09
a4 cis-4-O-Caffeoylquinic acid (Chlorogenic acid ~ Ci4H140q 354.0951 [M-HT 4.88E+09
isomer)

5 Trigonelline C/H;NO, 137.0477 [M+H]* 4.03E+09
cis-5-O-Caffeoylquinic acid (Chlorogenic acid  CygH1g0q 354.0951 [M-HT 2.09E+09
isomer)

7 Gentisic acid 5—O—B—D—glucoside (isomer 2) Ci3H1609 316.0794 [M-HT 1.07E+09

8 Proline CsHoNO, 122.0368 [M+H]* 1.03E+09

9 1-deoxymannojirimycin CgH13NO4 115.0633 [M+H]* 1.00E+09

10 4-Hydroxybenzaldehyde C7HsO, 163.0845 [M+H]* 9.76E+08

11 3-([(2R,35S,4S,5R,65)-6-([2-(3,4- CyaH2,05 550.0959 [M+H]* 8.33E+08

dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-
chromen-3-yl] ox)-3,4,5-trihydroxyoxan-2-yl]

methoxy)-3-oxopropanoic acid
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Table A7 (continued) Fraction 4

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
12 4-Guanidinobutyric acid CsH11N30O, 135.0545 [M+H]* 7.07E+08
13 Uridine CoH1,N,04 316.0794 [M-HT 6.97E+08
14 Adenine CsHsNs 145.0851 [M+H]* 6.80E+08
15 Gentisic acid 5-O-B-D-glucoside (isomer 3)  CizH1609 244.0695 (M-H] 6.03E+08
16 trans-4-O-Caffeoylquinic acid (Chlorogenic Ci6H1509 354.0951 [M-H] 5.66E+08
acid isomer)
17 7-Hydroxycoumarine CoHsO4 162.0317 [M+H]* 4.37E+08
18 trans-3-O-Caffeoylquinic acid (Chlorogenic Ci6H1809 354.0951 [M-H] 4.22E+08
acid isomer)
19 12-oxo Phytodienoic Acid C1gH2504 292.2038 [M+H]* 4.19E+08
20 Scopoletin Ci0HgO4 192.0423 [M+H]* 3.25E+08
21 Caffeic acid CoHgOq 180.0423 [M+H]* 2.93E+08
22 Esculetin CoHeO4 178.0266 [M+H]* 2.48E+08
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Table A7 (continued) Fraction 4.

Average Peak Area

No. Tentative phytochemical Formula Theoretical MV Reference ion
(Most Common Adduct)
23 4-(4-hydroxy-2,6,6-trimethyl-3-([(2R,3R,4S,5S,6R)- Ci9H3,0g 164.0473 [M+H]* 2.27E+08
3,4,5-trihydroxy-6-(hydroxymethyl) oxan-2-yl]Joxy)
cyclohex-1-en-1-yl) butan-2-one
24 2-Hydroxycinnamic acid CoHgO5 354.0951 [M+H]* 2.01E+08
25 (1S,3R,4R,5R)-1,3,4-trihydroxy-5-([(2E)-3-(d-hydroxy-  C;7H,00q 368.1107 [M-H] 1.85E+08
3-methoxyphenyl) prop-2-enoyljoxy)
cyclohexane-1-carboxylic acid
26 (1r,3R,4s,55)-4-([(2E)-3-(3,4-dihydroxyphenyl) prop-  CigH1500 388.2097 [M+H]* 1.82E+08
2-enoylloxy)-1,3,5-trihydroxycyclohexane-1-
carboxylic acid
27 5-hydroxy-4-methoxy-5,6-dihydro-2H-pyran-2-one ~ C4HgO4 144.0423 [M+H]* 1.43E+08
28 Nicotinic acid C¢HsNO, 123.0320 [M+H]* 1.37E+08
29 Dodecanedioic acid CqoH2504 230.1518 [M-H] 1.27E+08
30 Esculin CysH1¢00 340.0794 [M-H] 1.26E+08
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Table A7 (continued) Fraction 4

Average Peak Area

No. Tentative phytochemical Formula  Theoretical MW  Reference ion
(Most Common Adduct)

31 Apocynin CoH1003 166.0630 [M+H]* 1.08E+08
32 2-Hydroxyphenylalanine CoH11NO5 181.0739 [M+H]* 1.03E+08
33 Coumarin CoHeO, 146.0368 [M+H]* 1.01E+08
34 2-Methoxybenzaldehyde CgHsOs 368.1107 [M+HT* 8.52E+07
35 (4S)-4-hydroxy-3,5,5-trimethyl-4-[(1E)-3- CioH300s 136.0524 [M+H]* 8.51E+07

((2R,3R,45,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl) oxan-2-ylJoxy)but-1-en-1-

yllcyclohex-2-en-1-one
36 2-(4-Hydroxyphenyl) ethyl 6-O-[(2R,3R,4R)- CioH6014 204.0899 [M-H] 8.25E+07

3,4-dihydroxy-4-(hydroxymethyl) tetrahydro-

2-furanyl]-beta-D-glucopyranoside
37 (1S,3R,4R,5R)-1,3,4-trihydroxy-5-([(2E)-3-(4- Ci7H2009 386.1941 [M+H]* 7.58E+07

hydroxy-3-methoxyphenyl) prop-2-enoyl]

oxyl}cyclohexane-1-carboxylic acid
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Table A7 (continued) Fraction 4.

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW  Reference ion
(Most Common Adduct)

38 DL-Tryptophan C11H1oNLO, 432.1632 [M-HT 7.34E+07
39 5,7-dihydroxy-2-(3-hydroxy-4- Cy1Hp0011 448.1006 [M+H]* 7.23E+07

([(2S,3R,4S,55,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl) oxan-2-ylJoxy) phenyl)-4H-

chromen-4-one
40 2,3-Dihydroxybenzoic acid C7HgO4 902.2692 [M+H]* 6.20E+07
a1 (-)>-Caryophyllene oxide Cy5H540 150.1045 [M+H]* 5.98E+07
a2 L-(-)-Carvone CioH140 154.0266 [M+H]* 5.95E+07
43 7-([(2S,3R,4S,5S,6R)-4,5-dihydroxy-6- CagHs50024 154.0266 [M+H]* 6.82E+07

(hydroxymethyl)-3-([(2S,3R,4R,5R,65)-3,4,5-
trihydroxy-6-methyloxan-2-ylJoxy)oxan-2-
ylJoxy)-5-hydroxy-2-(4-hydroxyphenyl)-3-
([(2S,3R,4S,55,6R)-3,4,5-trihydroxy-6-
(([(2R,3R,4R,5R,65)-3,4,5-trihydroxy-6-
methyloxan-2-ylJoxy)methyl)oxan-2-ylJoxy)-

4H-chromen-4-one

Get



Table A7 (continued) Fraction 4.

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW Reference ion
(Most Common Adduct)
44 3-([(2R,35,45,5R,65)-6-([2-(3,4- CoaHypyO1s 220.1827 IM+H]* 5.85E+07
dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-
chromen-3-ylJoxy)-3,4,5-trihydroxyoxan-2-
ylImethoxy)-3-oxopropanoic acid
45 2,4-Dihydroxybenzoic acid C7HgO4 550.0959 [M+H]* 5.62E+07
46 5-0O-(4-coumaroyl)-D-quinic acid (isomer 1) Cy6H1808 358.1264 [M-H] 5.07E+07
a7 5-O-(4-coumaroyl)-D-quinic acid (isomer 2) Ci6H1508 338.1002 [M-H] 4.88E+07
a3 3-[3-(beta-D-Glucopyranosyloxy)-2- CigH2,09 338.1002 [M-H] 4.57E+07
methoxyphenyl]propanoic acid
49 3-[3-(beta-D-Glucopyranosyloxy)-2- Cy5H,2009 344.1107 [M-H] 3.66E+07
hydroxyphenyl]propanoic acid
50 (15,3R,4R,5R)-1,3,4-trihydroxy-5-([(2E)-3-(4- Cy7H000g 368.1107 [M-H] 3.03E+07
hydroxy-3-methoxyphenylprop-2-
enoyl]oxy)cyclohexane-1-carboxylic acid
51 N-Acetyl-DL-tryptophan Cy3H1aN5,O4 368.1107 [M-H] 2.60E+07
52 Riboflavin Cy7H,0N4Og 206.1004 [M-H] 2.59E+07
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Table A7 (continued) Fraction 4.

Average Peak Area

No. Tentative phytochemical Formula Theoretical MW  Reference ion
(Most Common Adduct)
53 1,3,5-trihydroxy-4-([(2E)-3-(3-hydroxy-4- Ci7H200, 286.1053 [M-HT 2.58E+07
methoxyphenyl)prop-2-
enoylJoxy)cyclohexane-1-carboxylic acid
54 D-(-)-Salicin Cy3H1507 376.1383 [M-H] 2.31E+07
55 Benzyl 6-O-beta-D-glucopyranosyl-beta- CioH2011 432.1632 [M-H] 2.29E+07
D-¢clucopyranoside
56 (+)-Abscisic acid Cy5H,00,4 264.1362 [M-H] 1.35E+07
57 D-(-)-Salicin Ci3H1g04 286.1053 [M-H] 1.27E+07
58 5-Hydroxytryptophan Cy1H15N50O5 220.0848 [M-H] 9.43E+06
59 2-(4-Hydroxyphenylethyl 6-O-[(2R,3R,4R)-  CioH»01; 432.1632 [M-H] 6.84E+06
3,4-dihydroxy-4-
(hydroxymethyUtetrahydro-2-furanyl]-
beta-D-glucopyranoside
60 1,3,5-trihydroxy-4-([(2E)-3-(3-hydroxy-4- Ci7H2000 368.1107 [M-H] 5.20E+06

methoxyphenyl)prop-2-enoyl]oxy)

cyclohexane-1-carboxylic acid
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Table A8 Polyphenol contents and antioxidant activities of the fractions obtained from column chromatography of WF-MLCE.

DPPH’ scavenging

FRAP value . ABTS'* scavenging activity
. TPC TFC activity
Fraction
pmol TE/g  umol Fe2'/g pmol TE/g
TE/g (mg/mL) (mg/mL)
F1 16.90¢ 54.50°¢ 43.48° 79.40° 33.11¢ 5.45° 131.03¢ 2.91°
+0.74 + 5.56 +2.11 + 391 + 348 +0.26 + 553 + 0.30
F2 6.73¢ 8.204 24.23° 44.38° 12.244 9.45° 53.97¢ 7.51¢
+0.70 +1.22 + 1.63 + 3.02 + 0.65 +1.49 + 3504 +0.99
F3 8.53 11.28¢ 39.81¢ 72.79¢ 22.29 < 6.81° 83.90°¢ 6.07¢
+ (0.78 + 1.23 + 3.62 + 6.70 + 221 + 1.21 + 9.76 + (0.81
Fa 76.88° 131.45° 399.64° 730.79° 259.49 © 0.54° 640.24° 0.672
+9.16 + 9.81 + 2335 + 4311 + 2295 +0.08 + 575 + 0.08
F5 158.10° 565.882 1269.387 2322.422 5325872 0.23° 2475.63° 0.13°
+12.08 + 19.71 +179.24 + 323.25 + 18.90 +0.02 + 182.40 +0.03

Results are expressed as mean + SD on a dry weight basis in triplicate experiment. The values with significant differences (p < 0.05) are
indicated within the same column by

different superscript letters. F1-F5, Fraction 1-5; TPC, total phenolic content; TFC, total flavonoid content; FRAP, ferric reducing
antioxidant power assay; EC50, effective

concentration that performed 50% antioxidant activity; GAE, gallic acid equivalents; QE, quercetin equivalents; and TE, Trolox equivalents.
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