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ABSTRACT: Hepatitis C virus (HCV) causes various liver complications, including fibrosis,
cirrhosis, and steatosis, and finally progresses toward hepatocellular carcinoma (HCC). The
current study aimed to explore the antiviral activity of the traditional Pakistani medicinal plant
Salix nigra (S. nigra) known as black willow against the hepatitis C virus (HCV). The anti- nhexane  Methanol Byl Water

acetate

HCV activity of S. nigra was established against stable Hep G2 cell lines expressing the HCV p— N

NS3 gene. Various plant-derived compounds with anti-HCV activity were identified, making ) J Uptake Assy
phytotherapy a promising alternative to conventional treatments due to their cost-effectiveness s3ene < S5 Protein

and milder side effects. The two extraction methods (Maceration and Soxhlet) and four e,/ g

solvents (n-hexane, methanol, ethyl acetate, and water) were used to obtain crude extracts from / |
S. nigra. Cytotoxicity testing showed that methanol (CCs, 25 g/mL) and water (CCs, 30 ug/

mL) extracts were highly toxic, while ethyl acetate and n-hexane (CCg, > 200 ug/mL) extracts '
were nontoxic at low concentrations (10—50 pg/mL), making them suitable for further anti-
HCYV investigations. Stable transfection of the NS3 gene was successfully performed in Hep G2
cells, creating a cellular expression system for studying virus—host interaction. The ethyl acetate extract of S. nigra exhibited
significant inhibition of NS3 gene expression (mRNA and protein levels). The phytochemical analysis of S. nigra was also performed
using the high-performance liquid chromatography (HPLC) technique. The phytochemical analysis identified several polyphenolic
substances in the extracts of S. nigra. Our results concluded that the extracts of S. nigra have significantly reduced the expression of
the NS3 gene at mRNA and protein levels. These findings contribute to the global efforts to combat hepatitis C by offering plant-

based treatment options for HCV management.
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1. INTRODUCTION having a helicase domain at its C-terminus and a protease
domain at its N-terminus.® According to studies, NS3’s
helicase activity is necessary for viral replication. The unfolding
of secondary structures within the HCV genome, the
unwinding of the duplex generated by the positive and
negative strands during replication, and the displacement of
proteins that might prevent viral replication are some of the
proposed functions of NS3 helicase.” NS3 protein is included
in the DExH helicase family, which falls under superfamily 2. It
moves in the 3’ to §’ direction to exert unwinding action on
RNA or DNA substrates.”

Medicinal plants are an important source of phytochemicals
that are inclusively used in drug industries as raw materials."’
Natural products are preferably used as synthetic drugs, which

Hepatitis C virus (HCV) infection is the most important
Flaviviridae infection with major global health problems. HCV
is the principal cause of liver cirrhosis and fibrosis that finally
progresses toward hepatocellular carcinoma.” Globally 170—
200 million people are infected with HCV, including 10—17
million in Pakistan.’* About six major HCV genotypes and
multiple subtypes have been identified globally.5 In Pakistan,
the seroepidemiology of HCV among the general public is
6.8%, while 6% of the population was seen with active HCV
infection.® The HCV genome (~9.6 kb in length) encodes a
single large open reading frame, producing ~3000 amino acid
polypeptides that are co- and post-translationally cleaved by
viral and host proteases into structural (Core, E1 & E2) and
nonstructural proteins (NS2, NS3, NS4A, NS4B, NSSA,

NSSB).” The small protein p7, which is generated by cleavage Received: ~ August 21, 2023
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and serves as an ion channel and viroporin, is thought to be
present in the virion.” E1 and E2 both contribute to attaching
the viral particle to the host. NS3-NSS$ are necessary for viral
replication in addition to their functions in particle formation
and secretion. NS3 is a nonstructural dual-function protein
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are associated with many side effects, whereas the former has
low or no side effects. A number of natural compounds have
been reported to have antiviral activities as they interfere with
the virus life cycle, its entrance into the host, and replication."’
Substantial studies have been conducted on the extracts and
compounds isolated from medicinal plants that have activity
against different microorganisms causing human infections.'*"”
A wide variety of natural compounds have shown anti-HCV
activities'”'* and have shown hepato-protective effects as
described for silymarin, epigallocatechin-3-gallate, caffeine, and
naringenin.'> Therefore, phytotherapies against antiviral
infections are considered as an alternative approach to explore
further.'"® Natural compounds of medicinal plants have a
characteristic low cost of production, high structural diversity,
and milder or no side effects than conventional therapies.
Furthermore, more than half of the drugs administered
presently in treating various diseases have been derived from
microorganisms and plants.'® Nearly 70-80% of individuals
globally depend on medicinal plants to cure multiple human
diseases including viral infections.'” Multiple traditional
medicine systems like Chinese medicine and Ayurveda have
gained popularity and are utilized in different parts of the
globe.zo Direct—acting antiviral (DAAs) drugs have been used
for HCV treatment.”' However, the high costs and potential
for developing resistance presented by current therapy
demonstrate the need for developing highly efficient novel
antivirals or combined therapies that target different stages of
the viral pathways.'” Recently high relapse rates of current
therapy have been reported against HCV patients in Pakistan®”
inferring the need for local novel strategic therapies to find
alternative potent and targeted therapies for the eradication of
this deadly infection. The search for new and effective
treatments for HCV infection has therefore become a major
research priority. One promising approach is the use of
medicinal plants with potential anti-HCV activity. Several
medicinal plants and their active compounds have been
reported to exhibit anti-HCV activity through various
mechanisms including inhibition of viral entry, replication,
and assembly. For example, the extract of Phyllanthus niruri, a
plant used in traditional medicine for liver diseases, has been
shown to inhibit HCV replication by targeting the viral RNA
polymerase.”” Curcumin, a polyphenol extracted from
turmeric, has been shown to inhibit HCV entry by blocking
viral attachment to host cells.** The Black Willow, Salix nigra,
is a deciduous tree belonging to the family Salicaceae. In North
America, black willows may be found all across wetlands,
marshes, and floodplains. It has a long history of usage in many
forms of folk medicine, and its potential medicinal effects are
generally accepted.”® The range of black willow (S. nigra), a
species of willow that is threatened in North America, extends
from the southern United States to the southeast of Canada. It
prefers damp locations and rapidly spreads into new ones along
riverbanks, stream margins, and wetland habitats. Its hydro-
philia originates from its usefulness in preventing soil erosion
and preserving riverine habitats. Due to their perceived
medicinal value, different parts of the Black Willow tree have
been included in therapies by indigenous communities and
traditional medical systems. Black willow bark has traditional
medicinal uses for aches and pains.”® Salicin, a component of
the plant, is an analgesic and anti-inflammatory agent with
characteristics similar to those of aspirin. Infusions and
decoctions made from black willow bark have been used for
centuries to cure fevers and reduce body temperature, much

like salicin. Inflammatory illnesses, including arthritis and joint
pain, have been treated with Black Willow bark due to the
salicin content’s potential to suppress inflammatory responses.
Salicin has analgesic properties. Hence, Black Willow bark
decoctions have been used historically to treat headaches and
migra.ines.27 Wounds, burns, and skin irritations have been
treated by using poultices or infusions made from Black Willow
bark, which may hasten the healing process and decrease local
inflammation. Historically, people have used remedies made
from black willow to ease their stomachaches. The antipyretic
and febrifuge properties of Black Willow bark have been the
subject of several ethnomedical practices, suggesting that it
may be useful in treating malaria and other febrile disorders.
Traditional wisdom may have uncovered some promising
medicinal uses for Black Willow, but further study is required
to validate these uses, understand how it works, and find
appropriate dosages.”® The current study focuses on the
antiviral activity of the S. nigra medicinal plant by targeting the
HCV NS3 gene, which is crucial for viral replication.

2. METHODOLOGY

2.1. HCV Genotype 3a Sample Collection. Those
Patients who tested positive for HCV-3a were selected for
blood sample collection. The method described by Idrees et al.
(2008)*” was used for the determination of HCV genotyping.
Those samples which were confirmed for genotype 3a were
selected for isolation of RNA. The blood was used to isolate
the important nonstructural gene, namely, NS3, which is an
important antiviral target in HCV therapeutics. The purpose of
the study was fully explained to the participating patients, and
written consent was signed from each patient. The following
factors were taken into consideration during the sample
collection.

2.2. Criteria for Inclusion. Patients having HCV must be
at least 18 years old. Patients tested positive for HCV through
RNA and ELISA tests. Patients whose DNA and ELISA tests
for HBV were negative. Patients showed no signs of liver
failure. Patients did not receive any treatment therapy for HCV
during or before the time of enrollment.

2.3. Blood Samples Collection. BD Vacutainer tubes
were used to collect about 5 mL of blood from patients who
tested positive for HCV. Serum was obtained by centrifugation
for 10 min at 2000g. Serum was isolated through serum
separation tubes. The isolated serum was stored at =70 °C.

2.4. Complementary DNA Synthesis and Amplifica-
tion of NS3 Gene. The patients with genotype 3a who were
chronically infected with HCV were selected. The RNA from
the HCV-positive patients was extracted using a commercially
available RNA isolation kit (Gentra, Life Technologies)
according to the manufacturer’s instructions. The RNA was
reverse-transcribed using Moloney murine leukemia virus
reverse transcriptase (M-MLV RT; Invitrogen Life Technol-
ogies, CA). The gene was amplified from cDNA using
additional gene-specific primers. The primers were designed
using Primer3 software with reference sequence GU294484.1
as a template. After web and neb cutter analyses were
performed, restriction sites and Kozak sequences were
introduced. The primer sequences are shown in Table 1.

2.5. Cloning of the NS3 Gene in the Mammalian
Expression Vector and Sequencing. Following amplifica-
tion, the gene was cloned into pcDNA3.1 at designated
restriction sites (Invitrogen Life Technologies, CA). Plasmid
pcDNA3.1 contains the genetic code for the whole NS3

https://doi.org/10.1021/acsomega.3c06193
ACS Omega 2023, 8, 42987—-42999


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Primers Used for the HCV NS3 Genotype
Including a Gene with Housekeeping Gene GAPDH and
Estimated Product Size

serial primer product
no. name sequences (5'- 3') size bp
1 NS3-F GGCCGTGAGGTGTTGTTGG 1953
2 NS3-R TGGTTACTTCCAGATCGGCTG
3 GAPDH-F TTTGGCTACAGCAACAGGGT 224
4 GAPDH-R  ACATGACAAGGTATGCCCCT

protein. The PCR method was used to insert BamHI and NotI
recognition sites at the gene’s 3’ and S’ ends. Following
enzyme digestion, the gene was subcloned into pcDNA3.1
(Invitrogen Life Technologies, CA). Each plasmid containing a
distinct HCV-3a gene was verified by using PCR, restriction
digestion, and sequencing. The sequence of the NS3 gene
(accession number OQ915126) has been submitted to
GenBank.

2.6. Cell Culture and Transfection. Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 mg/mL
streptomycin, penicillin, and 10% fetal bovine serum was used
to cultivate and sustain Hep G2 cell lines for the investigation
(FBS; Sigma-Aldrich). After seeding 6-well plates with 5 X 10°
cells per well, we cultured the cells until they reached 70—80%
confluence. When the cell confluence reached 75%, they were
transfected with 10 mg of linearized pcDNA3.1/NS3 using
lipofectamine reagent (Invitrogen Life Technologies, CA).
After 6—8 h of incubation, the transfection medium was
changed out for media with 100 mg/mL of penicillin,
streptomycin, and 10% fetal bovine serum.

2.7. Extraction of RNA from Cell Lines and Expression
Analysis. Using an RNA extraction kit (Gentra, Life
Technologies), total RNA was extracted from Hep G2 cells
to verify efficient transfection and expression of NS3 in Hep
G2 cell lines. Next, cDNA was synthesized from total RNA
using antisense primers specific to each gene of interest. To
verify mRNA, we amplified the reverse-transcribed RNA for
each gene using Taq polymerase and gene-specific primers
(Table 1). All PCR results were run on an agarose gel of 1.2%
concentration, stained with ethidium bromide (0.5 mg/mL),
and photographed under UV illumination.

2.8. Western Blotting and Protein Isolation from Hep
G2 and Stably Transfected Cell Lines. After 72 h, Hep G2
cells were lysed, and total cell lysate protein was extracted for
protein expression analysis. After washing in PBS, pellets of
cells were centrifuged at 8000 rpm for 3 min to remove debris.
Protein lysis buffer (60 mL) was added, and the mixture was
vortexed for S s before being placed on ice for 15 min. After
being spun for 10 min, it was spun at 13,000 rpm for 15 min at
48.0 °C. 60 ug of the extracted protein was transferred to a
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel at 16 V for 90 min using a semidry blotting
system (Bio-Rad). A Hybond-C additional nitrocellulose
membrane was substituted for the previous membrane. After
two washes in PBS-Tween and 1 h in a 5% skim milk-blocking
solution, the membrane proteins spent the night incubated
with monoclonal antibodies that recognize the NS3 gene
(NS3-5¢c-69938). The primary antibodies were detected by
incubating the blot at room temperature for 1 h with a 1:1000
dilution of a specific antimouse secondary antibody conjugated
to alkaline phosphatase (Sigma). After being rinsed three times
with PBST, the membrane was incubated with Nitro-blue

tetrazolium and S-bromo-4-chloro-30-indolyphosphate (NBT/
BCIP) substrate for 15—30 min at 37 °C.

2.9. Evaluation via Immunofluorescence. Overnight,
cloned NS3 gene containing Hep G2 cell lines was cultured on
glass coverslips at 20 °C before being fixed with 4%
formaldehyde. Inhibition of fixed cells was achieved with 1%
donkey serum in 1PBS. The NS3 protein was detected by
treating cells with the particular gene—antibody (1:100). After
incubating the cells for 2 h in PBS, the secondary donkey
antimouse IgG antibody conjugated with fluorescein iso-
thiocyanate was added (FITC, 1:100; Chemicon). After the
coverslips were cleaned and mounted on slides, a fluorescence
microscope was used to examine the samples.

2.10. Hep G2 NS3 Genotype 3a Stable Cell Line
Generation and Establishment. Hep G2 cells were
transfected with 10 mg of the linearized plasmid DNA
construct (pcDNA3.1/NS3). At 72 h post-transfection, the
cells were split onto 60 mm culture plates and subjected to
selection with G418 sulfate (Gibco), initially at a concentration
of 1 mg/mL for around S weeks. The medium was switched
after 72 h. Stable cell lines were generated by selecting,
cultivating, and multiplying G418-resistant colony clones. The
expression of HCV genotype 3a NS3 protein in these cells was
confirmed using RT-PCR, Western blotting, and immuno-
fluorescence assays.

2.11. Selection of Plant. Several native plants are found in
Asian and Pakistani pharmacopeias that have long been utilized
for the treatment of liver issues. However, the effectiveness of
these conventional medicinal plants is yet to be found.*® This
research work was designed for the evaluation of cytotoxicity
and anti-HCV activity of a local Pakistani plant namely, S.
nigra, studied for their activity against the nonstructural protein
NS3 of HCV-3a.

2.12. Plant Extract Formation. Plants that were fully
grown, healthy, and free of infection were chosen for the study.
Various plant parts, such as samples of leaves and roots, were
cleaned using distilled water to get rid of any dirt and allowed
to air-dry for 3 weeks at room temperature. An electric grinder
was used to ground the fully dried plant components into a
fine powder. The plant materials underwent two processes,
maceration and Soxhlet extraction for crude extraction. With
increasing polarities, n-hexane, methanol, ethyl acetate, and
water were utilized as the four extraction solvents.

2.13. Solvent Extraction by Maceration. For crude
extraction, 30 g of the plant sample was diluted in 300 mL of
all four solvents (n-hexane, methanol, ethyl acetate, and water)
using a sterilized beaker. The beaker was wrapped in parafilm
and set in a magnetic stirrer. The solution was agitated on the
magnetic stirrer every 16 h to achieve full extraction for 7 days.
Whatman filter paper grade-1 was used to filter the extraction
solutions, and the solvent was evaporated through a rotary
evaporator. After the entire evaporation of the solvent, the
dried extract was collected with a spatula. Extract yield was
determined after the extract. The crude extraction process was
performed in triplicate, and the resulting extracts were
collected in a sample bottle.

2.14. Soxhlet Extraction. 30 g of the plant sample powder
was loaded into the thimble. Whatman filter paper grade-1 was
used for making a thimble. The thimble was then adjusted in
the main chamber. Now, the apparatus has been set up. 300
mL of the chosen solvents was added to a round-bottom flask
and placed onto the heating mantle. Wax was used to seal the
joints. A reflux condenser was attached to the extractor. The
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condenser was connected to an inlet and an outlet pipe. The
extracting solvent was heated until boiling and left to extract
for the required amount of time. This process was carried out
for 4—10 cycles. The extract was then transferred from the
round-bottom flask to the Petri plate and evaporated at 40 °C
in the rotary evaporator until a drop of solvent did not leave a
residue. The extract was collected and weighed, and the extract
yield was determined. The extraction was performed in
triplicate, and the resulting crude extracts were combined in
a sample bottle. The Soxhlet and maceration extracts were
combined and used for further processing.

2.15. Cell Viability Assay. The cytotoxicity of each plant
extract was monitored on Hep-G2 cell lines. The 3-amino-7-
dimethylamino-2-methylphenazine hydrochloride or neutral
red uptake assay’' with some modifications was performed to
calculate the minimum lethal dose for each plant extract.
Neutral red uptake assay is an effective method for assessing a
compound’s potential cytotoxicity or the viability of treated
cells. It employs a colorimetric approach that aids in
determining the number of living cells, based on the idea
that living cells will take up this dye as their lysosomes can
attach to the supravital dye, while nonviable cells are unlikely
to keep the dye. Living cells will be able to keep the pH stable
through oxidative phosphorylation. After the cells were
incubated with the dye, a spectrophotometric study was used
to quantify the dye that binds to the cells by measuring the
absorbance of light at a wavelength between 540 and 560 nm.
The absorbance indicates the amount of dye that has
accumulated. A higher absorbance means more dye has
accumulated, whereas a lower absorbance suggests less dye
has accumulated and perhaps more serious cell damage and
death. Solutions for staining and destaining were first made to
perform a neutral red uptake experiment. After about 24 h of
incubation at 37 °C, the Neutral Red dye solution was
employed following syringe filtering. Both solutions were
stored in brown bottles at room temperature. In brief, the cells
were added at a density of 2 X 103 cells per well in a 96-well
plate and cultured in DMEM at 37 °C and 5%CO2. The next
day, the cells were exposed to plant extracts at increasing
concentrations ranging from (10—100 ug/mL) and steriliza-
tion was done through a 0.2 pm syringe filter. Extract dilutions
were prepared in such a manner that the total amount of
DMSO in every single well was kept to a maximum of 0.1%.
The cells of the control group also received treatment of 0.1%
DMSO. Following incubation for 24 h, the morphology of the
cells was determined by microscopical examination. After
extracting the extract and DMEM solution, 150 uL of a 1-100
DMEM-diluted Neutral Red dye mixture was poured into each
well. The plate was then incubated for 60 min at 37 °C. After
carefully removing the NR media, the cells were next washed
with 1X PBS. After gentle aspiration of the PBS, 200 uL of the
destaining solution was added to each well of the plates. The
Bio-Tec microplate reader was used to read the plates after
they had been gently spun on a plate shaker for 15 min.
Calculating the 50% cytotoxic concentration (CCS0) required
an absorbance measurement at 540 nm. This is the lowest
concentration at which cell viability is reduced to 50%. Using
DMSO control cells, each experiment’s percentage of cell
viability was calculated using the following formula:

Absorb fT
%Cellviability = bsorbance of Test X 100

Absorbance of Control (1)

2.16. Inhibition in NS3 Region of HCV by S. nigra in
Hep-G2 Cells. Hep-G2 cells were cultured in 24-well plates
for 24 h prior to transfection studies. After the medium was
discarded, 1 mL of PBS was used to wash the cells.
Lipofectamine TM 2000 (Invitrogen Life Technologies,
Carlsbad, CA) was used to transiently transfect cells with
expression plasmids expressing HCV NS3 protease in the
presence and absence of S. nigra 100 g extract and interferon.
Total RNA was extracted using Trizol reagent following the
protocol provided by the manufacturer (Invitrogen Life
Technologies, Carlsbad, CA). cDNA was generated from 1 g
of RNA using a Revert Aid TM First Strand cDNA Synthesis
Kit (Fermentas, St. Leon-Rot/Germany) in order to examine
the impact of S. nigra on the HCV NS3 gene. PCR (Applied
Biosystems, Inc.) was used to examine gene expression using a
2 PCR Mix (Fermentas). The amplified DNA samples were
analyzed on an agarose gel at a concentration of 2%. The DNA
bands could be seen in direct UV light, allowing the gels to be
photographed by using the gel documentation system. After 48
h of transfection, the cells were lysed and proteins were
extracted from the total cell lysate. Transfected Hep-G2 cells
were employed as a negative control. We separated 60 ug of
protein on an SDS-PAGE gel at 10% and then transferred the
protein to a nitrocellulose membrane.

2.17. Preparation of the Extracts for HPLC-UV
Analysis. As per the published method, HPLC-UV character-
ization and quantification were performed. About 1 g of the
powdered plant sample was diluted in 20 mL each of methanol
and water (1:1) to prepare the extract for HPLC analysis. After
being heated at 70 °C in a water bath for an hour, the mixture
was centrifuged for 10 min at 4000 rpm. Following that, 2 mL
of the plant sample was filtered using Whatman filter paper
into HPLC vials and designated with the appropriate codes.
The samples were analyzed using an Agilent 1260 infinity high-
performance liquid chromatography (HPLC) system, and the
bioactive compounds were separated using an Agilent Zorbax
Eclipse XDB-C18 column with gradient system consisting of
solvents A (methanol, acetic acid, and deionized water, v/v,
900:20:80) and solvent B (methanol, acetic acid, and
deionized water, v/v, 100:20:880). For the investigation of
phenolic compounds, the ultraviolet array detector (UVAD)
was programmed at 250 nm. The retention durations, UV
spectra, and relevant standards were used to identify phenolic
compounds, while the % peak area of the samples and the
reference standard were used for quantification by employing
the given formula

_ Ax X Cs(#8,1) X V(ml)
T AsX Sample(wt. ing) (2)

where Cx is the sample concentration; As is the standard peak
area; Ax is the sample peak area; and Cs is the standard
concentration (0.09 pug/mL).

2.18. Statistical Analysis. The experiments were carried
out in triplicate to test the reliability of the results. The
statistical comparisons were made by one-way ANOVA
following the Tukey HDS test. Results will be considered
significant at p < 0.0S.

3. RESULTS

3.1. Patient Enrollment Criteria. Only HCV-infected
patients were enrolled in the current study after being screened
for HCV genotype 3a infection.

https://doi.org/10.1021/acsomega.3c06193
ACS Omega 2023, 8, 42987—-42999


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

3.2. Amplification of the Nonstructural NS3 Gene of
HCV-3a. The FavorPrep Viral Nucleic Acid Extraction Kit was
used to isolate RNA from the serum samples. Reverse
transcription was performed to generate negative sense
cDNA of the extracted RNA using primers that were unique
to the HCV gene. The cDNA was synthesized by using the
3’'UTR antisense primer. The nonstructural gene NS3 of the
HCV genotype 3a of the Pakistani isolate was amplified using
the created cDNA as a template. The primer sets that provide
complete gene amplification were employed in subsequent
investigations after the primers were adjusted for the ideal
amplification of the HCV NS3 gene. The NS3 HCV gene’s
estimated size was 1953 base pairs. NS3A gene amplification of
the HCV-3a genotype is given in Figure 1. The predicted

Figure 1. NS3 gene amplification of the HCV-3a genotype. Lane 1,
1kb ladder, Lane 2, negative control, and Lanes 3—8, NS3 gene.

product size of the NS3 gene, 1956 bp, was identified. The
NS3 gene of the locally isolated HCV-3a genotype was
submitted to the gene bank with accession code 0Q915126.
This verified sequence NS3 of local HCV-3a was utilized for
additional research.

3.3. Construction of Plasmids. Mammalian expression
vectors were designed to examine the efficacy of an anti-HCV
test based on the production of the nonstructural gene (NS3)
of HCV genotype 3a (Figure 2). In this study, we used the
mammalian expression vector pcDNA3.1. The amplified gene
was cloned into the pcDNA3.1 mammalian expression vector
inside the designated restriction sites after digestion by the
relevant restriction enzymes. Successful pcDNA3.1/NS3
clones were confirmed by restrictive digestion. The cytome-
galovirus (CMV) promoter is included in the pcDNA3.1
vector, which facilitates the transduction of eukaryotic cells for
both transient and long-term expression studies.

3.4. Selection of Mammalian Cell Lines. The con-
structed plasmids of the NS3 gene were initially transiently
transfected into three distinct cell lines, HEK-293, Hep-G2,
and Hep-G2, to optimize transfection conditions and
subsequently assess the expression level of the targeted gene
in these hosts. We chose the cell line whose gene expression
level was higher for stable transfection at the mRNA and
protein levels. The Hep-G2 cell line showed higher expression
than the other two cell lines. So, Hep-G2 cell lines were picked
for stable transfection.

3.5. Generation/Establishment of Stable Cell Line.
Hep-G2 cell lines were transfected with a linearized expression
vector using the lipofectamine reagent. The transfected cells
were cultured with 1 mg/mL G418 added for selection at 24 h
post-transfection. Approximately 4 weeks of culture at this

concentration resulted in most of the cells displaying no
symptoms of G418 resistance. From colonies of G418-resistant
cells, cell lines were selected and grown at a 500 mg/mL
dosage. When the cell lines were grown separately, there were
some differences in their growth rates.

3.6. Expression Analysis of NS3 Gene in Stable Cell
Lines. To determine whether NS3 RNA was present in
transfected G418-resistant cells, total RNA was isolated from
independently produced cell lines of the targeted HCV gene
and untransfected Hep-G2 cells (control cells). Extracted RNA
was reverse-transcribed into complementary DNA (cDNA)
with the use of reverse transcriptase enzyme (MMLV) and
gene-specific primers. Additional processing was performed on
the cDNA so that gene-specific primers are used to amplify the
NS3 gene. Figure 3 shows the expected size of the HCV-3a
NS3 gene.

3.7. NS3 Protein Expression Analysis in Stable Cell
Line. Western blotting was used for evaluating the protein
expression. The stable clones confirmed by RT-PCR were
grown further and subjected to protein extraction and Western
blot analysis. Untransfected Hep G2 cells served as a negative
control. Utilizing monoclonal antibodies specific to NS3, the
68—70 kDa protein bands for NS3 were confirmed (Figure 4).
No substantial decrease in protein expression was noticed,
suggesting that stable cell lines for the NS3 gene were
generated. Following verification through RT-PCR and
Western blotting, these stable cell lines were preserved as
cryovials and used in subsequent experiments.

3.8. Stable Cell Lines Immunofluorescence Assay.
With fluorescent-labeled antibodies, immunofluorescence was
used to visualize expressed proteins in compartments within
the cells. NS3-specific monoclonal primary antibodies were
used to treat stable cell lines, followed by fluorescent conjugate
secondary antibodies. Confirmation of living cells was done
after counterstaining with DAPIL Mostly proteins of each gene
expressed in the cytoplasm of the cells, with minor leakage
expression, were also noticed when the cells expanded to 80—
100% confluence. Cell lines expressed HCV nonstructural
protein in the cytoplasm at both 20—30 and 80—90%
confluence, as demonstrated by immunofluorescence assay.
Immunostaining was done to detect NS3 protein expression in
20 and 80% confluent stable cell lines (Figure §).
Untransfected cells as negative control received the same
treatment with anti-NS3 primary antibodies and fluorescently
labeled secondary antibodies. Stable cell lines of Hep G2 cells
showing good expression of the NS3 gene further proceeded
for cytotoxicity and antiviral studies.

3.8.1. Plant Selection. S. nigra belongs to family Salicaceae,
a medicinal plant utilized in Pakistani pharmacopeia, was
chosen in the current study for having the potential to inhibit
the nonstructural NS3 protein of HCV. The plant samples
were gathered while conducting an ethnobotanical survey of
Dir lower, Malakand Division Khyber Pakhtunkhwa, Pakistan,
in May—August 2020, Because of their significance and
widespread usage as herbal medicine by local Ayurvedic and
homeopathy practitioners, the plant species was identified with
taxon number 242417201 (http://www.eﬂoras.org/). The
current study focuses on the selected plants’ fully grown and
matured leaves. The selection of plant components was made
considering their proven therapeutic uses in homeopathic and
Ayurvedic medicine, particularly for their potential role in
hepato-protective or antiviral therapies.
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Figure 2. Map of cloning vector pcDNA3.1 with the cloned HCV NS3 gene (Green) at the BamHI and Notl restriction sites.

3.9. Plant Sample Collection and Extract Formation.
During an ethnobotanical trip to Dir lower, Pakistan, S. nigra
leaves were collected. The selection of this plant was based on
the knowledge that its freshly harvested leaves are utilized to
make herbal infusion for the treatment of liver-related
problems in the northern regions, including Dir lower of
Pakistan. It is also used in homeopathic medications and has
been reported to possess bioactivity. The leaves were washed
and air-dried for a week. The leaves were then ground into a
fine powder using an electric grinder. For crude extraction, 30
g of powdered leaves was added to each solvent (n-hexane,
methanol, ethyl acetate, and water). Two procedures
(maceration and Soxhlet extraction) were used for crude
extraction, and the procedures were repeated three times to
prevent phytochemicals from losing their bioactivity due to
high temperature in the Soxhlet method. Whatman filter paper

42992

grade-1 was used to filter the extraction solution, and the
solvent was evaporated in an oven at 35—40 °C. The crude
extracts were combined, and the %yield of crude extract was
determined by employing eq 2. Overall, methanol produced
the highest yield of crude extract from S. nigra, which may
extract most of the polar and semipolar components by
penetrating the cell wall and membrane. Then, water extracts
polar components and ethyl acetate extracts semipolar
components. When compared with the maceration method,
the quantity of extracts achieved through Soxhlet’s hot
extraction was greater for all solvents. This may be because
higher temperatures loosen cell walls more than cold
maceration, resulting in a higher concentration of the extracted
phytochemicals. Table 2 demonstrates the % yield of S. nigra
extracted using separate solvents and 2 independent
procedures of extraction.
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Figure 3. RT-PCR test result of NS3 stable transfected Hep G2 cells.
Lane 1, 1kb DNA ladder, Lanes 2—S5, chosen NS3 cell lines following
propagation and selection on 1 mg/mL G418 for a month, Lane 6,
negative control.

3.9.1. Cytotoxicity Analysis of S. nigra Plant Extracts on
Hep G2 Cells. Hep G2 cells were exposed to extracts of S. nigra
at different concentrations of 10—100 and 100—1000 xg/mL
for cytotoxicity analysis. The initial screening was conducted
with methanol extract, followed by water extract, ethyl acetate
extract, and n-hexane extract. The procedures were replicated,
and the mean results were used to plot the dose—response
profile of the extracts. Neutral Red assay was used to detect the
amount of cell viability after 24 h of treatment with S. nigra
extracts. Based on the results of the spectrophotometric
analysis of the Neutral Red assay, a cytotoxicity plot was
generated for the extract as shown in Figure 6. Water and
methanol extracts have an average CCs, value of 25—30 ug/
mL and cause significant cell death; therefore, they were
deemed toxic and not used in antiviral activity studies. Within
16—24 h of exposure, cells shrank, detached from the plate,
and exploded, demonstrating that methanol and water extracts
are toxic. The CCy value of ethyl acetate and n-hexane extracts
is greater than 100 pg/mL; they were determined as nontoxic
and their concentrations ranging from 10 to 50 pg/mL were

used to study the antiviral activities of these extracts on the
stable cell lines (Hep G2) expressing HCV NS3 gene.

3.10. Anti-HCV Potential of S. nigra Extracts.
3.10.1. NS3 Gene Expression Analysis of Extract-Treated
Stable Cell Lines. The anti-HCV activity of S. nigra extracts
was checked on the expression of the NS3 gene of stable cell
lines. Six-well plates loaded with 400 pg/mL G418 media were
used to propagate and maintain the stable Hep G2 cell lines
expressing the targeted gene. The cells, after achieving 70%
confluence, were exposed to various nontoxic doses of S. nigra
extracts, and the expression of targeted gene was observed after
24 h of treatment. Stable untreated Hep G2 cell lines served as
a positive control. The experiments were replicated for
verification. Cytotoxicity testing revealed that no extract of S.
nigra was toxic to Hep G2 cells at doses up to 50 ug/mL. The
IC50 values for all methanol and water extracts were 37 and 42
pug/mL, respectively, while the IC50 values for n-hexane and
ethyl acetate were equal to 100 pg/mL. Stable Hep G2 cells
expressing the NS3 gene were treated with sterilized S. nigra
extracts of all 4 solvents at concentrations ranging from 10 to
50 pg/mL to find the anti-HCV activity of these extracts. The
dried crude extracts were diluted with analytical-grade DMSO.

3.10.2. Analysis of NS3 Gene Expression in Cells Treated
with S. nigra Extracts. Total RNA was extracted from Hep G2
cells treated with S. nigra extracts at various doses to track the
expression of the NS3 gene at the mRNA level. The same
procedure was carried out for the positive control samples.
TRIzol reagent was used to extract total RNA and the
extracted RNA was quantified through Nanodrop. MMLV
reverse transcriptase enzyme was used to synthesize cDNA
from the extracted RNA samples. This procedure was also
carried out for untransfected negative control samples. The
expression was normalized with GAPDH (internal control).
For semiquantitative analysis of changes in gene expression at
the mRNA level, the cDNA samples were used in PCR studies
employing gene-specific primers. Stable cells that had not been
treated were employed as the positive control, whereas
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Figure 4. NS3 stable cell line Western blotting result: Lane A, protein Ladder; Lane B, negative control (untransfected cells), and Lane C-G,

positive NS3 clones.
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Figure S. Stable NS3 cell lines immunofluorescence. (A) Immunostaining with anti-NS3 antibodies and a secondary antibody labeled with
fluorescence, (B) counterstaining with DAPI, and (C) cells with 80% confluency.

Table 2. % Yield of S. nigra Extracts in Various Solvents

distilled ethyl
Sr.,no. S. nigra water methanol acetate n-hexane
1 Soxhlet 20% 20% 18% 10%
extraction
2 maceration 15% 15% 7% 5%
120% -
CCsy M> 25 pg/ml == Methanol ™ Water
CCso W>30 pg/mL Ethyl Acetate n-Hexane
100% ~
80% +
£
=
§ 60% -
3
O 40% -
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Figure 6. Analysis of the cytotoxicity of herbal extract of S. nigra on
Hep G2 cells: Evaluation of various S. nigra extracts at varying
concentrations from 10 to 100 pg/mL. Neutral Red assay suggested
that methanol and water extracts exhibited cytotoxic properties at
concentrations greater than 10 yg/mL, with CCs values of 25 ug/mL
for methanol, 30 ug/mL for water, 100 pg/mL for ethyl acetate, and
n-hexane extracts. As the CCs, value of ethyl acetate and n-hexane
extracts is greater than 100 yg/mL, they were determined as nontoxic
and their concentrations ranging from 10 to 60 yg/mL were used to
study the antiviral activities of these extracts on the stable cell lines
expressing HCV NS3 gene.

untransfected cells were the negative control. 1.2% Agarose gel
was used to analyze PCR products.

3.10.3. Influence of S. nigra Extracts on the Expression of
NS3 Gene at the mRNA Level. Total RNA was extracted from
Hep G2 cells treated with various S. nigra extracts after 24 h of
treatment, and RT-PCR was used to analyze the expression of
the NS3 gene at the mRNA level. RT-PCR results showed
decreased expression of the NS3 gene in cells treated with
ethyl acetate extracts (Figure 7), with no effect on the internal
control GAPDH expression (Figure 8). Untreated cells were
used as positive control. Cells treated with ethyl acetate and n-
hexane extracts showed no significant effect on the expression
of NS3 gene. The RT-PCR results confirmed the anti-HCV
activity of S. nigra extracts by suppressing the expression of the
NS3 gene in Hep G2 cells treated with ethyl acetate extracts.

3.10.4. Treatment of Stable Cell Lines with S. nigra
Extracts for Analysis of Protein Expression. The stable Hep

1.9 kb NS3

Figure 7. S. nigra extract effects on NS3 gene expression at varying
concentrations: results of RT-PCR: Lanes 1—2: untreated cells as
positive controls, Lanes 2—7: extract at increasing doses (10, 20, 30,
40 and SO pg/mL), Lane 8: DNA 1kb ladder. At 30 and SO ug/mL
concentrations of ethyl acetate extracts of S. nigra, NS3 gene
expression decreased by 50 and 80%—90%, respectively. Band
intensity decreased, confirming the inhibitory impact of the S. nigra
extract on NS3 gene expression. Band intensity decreased, confirming
the inhibitory impact of S. nigra extract on NS3 gene expression.

G2 cell lines expressing NS3 protein were seeded in 60 mm
Petri plates with a density of 4 X 10 cells per plate and grown
on 400 pg/mL of G418 selection medium. The cells after
reaching 70% confluency were treated with nontoxic
concentrations of S. nigra extracts. The protein expression of
stable NS3 cell lines was analyzed after 48 h of treatment with
nonlethal concentrations ranging from 10 to 50 ug/mL of
various S. nigra extracts (n-hexane, methanol, ethyl acetate, and
water extracts) to check their anti-HCV capability. The
extracts were sterilized by passing them through a 22 mm
syringe filter. Different dilutions (10—S0 ug/mL concen-
trations) of dried crude extracts were made using analytical-
grade DMSO. After 48 h of treatment, Total proteins were
isolated from extract-treated cells and used for further protein
expression analysis. Proteins from untreated cells (positive
control) were also isolated. The procedures were replicated
three times.

3.10.5. Protein Expression Analysis of Extract-Treated
Stable Cell Lines. Total proteins were extracted after treating
the cells with S. nigra extracts for 48 h. Proteins were also
isolated from the positive and negative control samples. The
extracted proteins were quantified, run on a 12% SDS gel,
transferred to nitrocellulose membranes, and subjected to
Western blotting. The procedures were replicated. Monoclonal
antibodies of NS3 were used in Western blotting analysis for
checking the inhibitory effect of S. nigra extracts on the
expression of the NS3 protein. Ethyl acetate extracts
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Figure 8. RT-PCR results of stable NS3 cell lines treated with S. nigra extracts using GAPDH as an internal control. Lane 1; DNA ladder 100bp,
Lanes 2—7: cells exposed to S. nigra extracts at rising concentrations from 10 to 50 pg/mL, Lane 8: untreated cells as positive control.
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Figure 9. Effect of various S. nigra extract doses on nonstructural NS3 protein expression: S. nigra-treated NS3 stable cell line Western blot analysis,
Lane A: Marker protein, Lane B: negative control, Lane C: untreated cells as positive control, Lanes D-H: extract at increasing doses (10, 20, 30,
40, 50 pg/mL). The expression of the HCV-3a NS3 protein was clearly reduced by approximately 50% at a dose of 30 yg/mL, and by 80 to 90% at
a concentration of 50 yg/mL, proving the inhibitory effect of S. nigra extracts on the NS3 protein of HCV-3a genotype.
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Figure 10. HPLC-UV chromatogram of the S. nigra methanol extract.
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Table 3. S. nigra Methanolic Extract Compounds Were Identified Using the HPLC-UV

sample no. of retention time phenolic compounds
extract peak (min) identity
S. nigra 1 2.6 malic acid

2 28.8 pyrogallol

3 30.2 mandelic acid

peak area of peak area of concentration identification
sample standard (ug/mL) reference
9996.814 40.323 223.126 reference standard
37.808 1.014 1076.100 reference standard
37.626 72.0 0.470 reference standard

significantly reduced the expression of targeted protein,
confirming its inhibitory effect. The NS3 protein was isolated
from untreated and treated stable cell lines, and Western blot
was used to analyze the results (Figure 9).

3.10.6. Phenolic Compounds Identification in Extracts of
S. nigra Using HPLC-UV. Standard HPLC-UV chromatog-
raphy images of S. nigra methanol extracts are displayed in
Figure 10. A total of three compounds, malic acid, pyrogallol,
and mandelic acid, were identified in the plant S. nigra. These
three compounds were identified with the reference standard.
The identification and quantification of each phenolic
component and their peak locations and retention times
(Rt) in the chromatogram are listed in Table 3. The typical
phenolic constituents in methanol extract were used to identify
each phenolic compound in the extract.

4. DISCUSSION

Traditional medicinal plants are common in Pakistan, with
more than half of the local population referring traditional
medical practitioners, mostly Hakeem (traditional doctors),
when confronted with a medical problem because the
traditional healthcare system is culturally acceptable, easily
accessible, and comparatively inexpensive compared to costly
allopathic therapy. Numerous traditional medicinal plants and
herbs have been found to have antiviral properties against
various viruses.”> This study aimed to uncover the cytotoxicity
and anti-HCV activities of S. nigra extracts on the expression of
NS3 gene of HCV-3a using stable Hep G2 cell lines. Different
compounds derived from plants including Honokiol,”> ECG
(Epicatechin gallate),”* gallic acid,”® and EGCG (Epigalloca-
techin gallate)*” are identified to have anti-HCV activity.
Therefore, phytotherapies against antiviral infections are
considered an alternate approach to be explored further.”
Natural compounds of medicinal plants have a characteristic
low cost of production, high structural diversity, and milder or
no side effects than conventional therapies.”® Furthermore,
more than half of the bulk of drugs administered presently in
treating various diseases have been derived from micro-
organisms and plants.”’

The S. nigra, or black willow, has been used by Native
American communities for centuries as a medicinal remedy.*”
It contains salicin, which has been studied for its potential anti-
inflammatory and analgesic effects.’” Salicin is chemically
similar to the active ingredient in aspirin. S. nigra bark has been
used for centuries as an analgesic. Some Native American
communities, such as the Cherokee, relied on it as a folk
remedy for things like headaches and muscle tension.”’ Since
salicin is contained in S. nigra, it is possible that it, like other
willow species, has anti-inflammatory properties. It has been
used to alleviate the discomfort of inflammation. In addition, it
has been used as a fever reducer in traditional medicine.
Wounds and other areas experiencing localized pain and
inflammation have been treated using S. nigra poultices and
infusions.”'

An indigenous medicinal plant utilized in Pakistani
pharmacopeia S. nigra was chosen to check if it has the
potential to inhibit the HCV-3a nonstructural protein NS3
expression in stable generated Hep G2 cell lines. The selection
of plant components was made in consideration of their proven
therapeutic uses in homeopathic and ayurvedic medicine,
particularly for their potential role in hepato-protective or
antiviral therapies. Two procedures (maceration and Soxhlet
extraction) were used for crude extraction from the selected
plants through 4 solvents (n-hexane, methanol, ethyl acetate,
and water). S. nigra extracts were examined for potential
cytotoxic properties on Hep-G2 cells before the evaluation of
their impact on the level of expression of the HCV
nonstructural NS3 gene. The S. nigra crude extracts were
prepared using DMSO (sigma) at a concentration of 10 mg/
mL, and this was used to evaluate the cytotoxicity of the plant
extracts. The findings from the cytotoxicity testing revealed
that S. nigra, methanol, and water extracts were highly
cytotoxic having CCg, values ranging from 25 to 30 ug/mL.
After 24 h of treatment, it was found that up to 95% of extract-
treated cells were dead. Only ethyl acetate and n-hexane
extracts of S. nigra up to 200 ug/mL concentration were
selected for the inhibition of the NS3 gene.

It is helpful to use stably transformed cell culture models to
test new antivirals against viral proteins that have been
expressed specifically in the host.”” With the use of viral
vectors, the desired recombinant gene is incorporated into the
genome of the host cell during stable transfection. Using a
specific marker or antibodies is necessary for stable trans-
fection, which supports gene expression over an extended
period of time. While in transient transfection, circular plasmid
insertion is used instead of integrating the desired gene into
the host genome; as a result, transiently transfected genetic
material can be lost by external influences or diluted out during
cell division.*’

Hep G2 cells derived from liver cells were chosen for stable
transfection of the NS3 gene because of their cellular structure
and machinery resembling the HCV natural host, leading to a
better expression of the viral gene than HEK-293 cells, which
are derived from kidney cells. Stable transfection was verified
by using RT-PCR on the RNA isolated from each cell line of
the NS3 gene. The presence of a 1.9 kb fragment of the NS3
gene was confirmed on an agarose gel. Western blotting
confirmed the functional expression of NS3, with bands of 70
kDa. Fluorescent-labeled antibodies are useful for the
subcellular localization of expressed proteins, and positive
immunofluorescence results confirmed the successful gener-
ation of stable cellular expression systems of NS3 protein. This
cell-culture-based expression system is useful in figuring out
how the virus interacts with the host, the pathophysiology of
the disease, and how it progresses. It also serves as a model for
studies of these targeted HCV genes as potential therapeutic
targets for the prevalent genotype in Pakistan.

It is also not certain that successful stable transfection will
occur if cell lines are grown under optimal selection pressure.
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Because of its own defense system, the host machinery can
suppress foreign genes. For choosing the host cell line, 3
different cell lines were transiently transfected, and conditions
for stable transfection were optimized.”’ In our study, the .
nigra plant and its 4 crude extracts were investigated to
evaluate their potential antiviral activity, The S. nigra indicated
a significant decrease in expression of the NS3 gene. Methanol
extracts of S. nigra and the ethyl acetate extract of S. nigra
exhibited antiviral properties, whereas the ethyl acetate extract
of S. nigra at concentrations ranging from 40 to SO ug/mL
inhibited the expression of the NS3 gene up to 80—90%.

It is always important to know the phytoconstituents of
extracts under investigation. Therefore, plants were subjected
to a phytochemical analysis. The plants under study were also
previously analyzed for phytoconstituents. HPLC-UV techni-
que was employed for the identification of compounds in the
extracts of selected medicinal plant. The HPLC technique is an
analytical method that is increasingly used since it is both a
highly sensitive procedure and one that offers significant
information on the analytes.”* The identification of several
polyphenolic substances was made possible by developing the
HPLC method to investigate polyphenols in medicinal
plants.**

The crude extracts of this medicinal plant were selected for
further evaluation of their phytochemical analysis by using
HPLC. S. nigra is a Salicaceae tree with flavonoids, lignin, and
phenolic compounds in its leaves. It has been used for its
antiperiodic, antipyretic, sterile, antirheumatic, and pain-
relieving effects (52). Scientists have studied the antibacterial
activity of S. nigra leaf extract against various bacterial
pathogens, including Escherichia coli, Salmonella Typh, and
Salmonella paratyphi. S. nigra, is known to possess antimicro-
bial activity and have biological compounds that are used to
treat ailments from the beginning of human civilization,***°
Several phytochemicals including alkaloids, resins, and phenols
have been found in S. nigra ethanolic plant extract. It has
shown tremendous antimicrobial activity against pathogenic
microorganisms, especially against Staphylococcus aureus.*®
Based on our HPLC analysis, three compounds, malic acid,
pyrogallol, and mandelic acid, were identified in the S. nigra
plant extract. The ethyl acetate of S. nigra significantly reduced
the expression level of NS3 at the mRNA and protein levels.
The results of the present investigation will contribute to the
achievement of the WHO goal of eliminating the hepatitis C
virus and its effects by 2030 by providing potential plant-based
treatment options for the management of HCV infection.

B CONCLUSION

From these results, it is concluded that S. nigra has a
significantly reduced expression of NS3 gene at both mRNA
and protein levels. The extracts of the selected plant might be
utilized as potential candidates for the management of HCV
infection. The phytochemical analysis identified several
polyphenolic substances in the extracts of S. nigra. Plants
contain millions of compounds and are considered as factories
of natural products; therefore, in the future, more research
work is required to study the phytochemical composition of S.
nigra completely. Moreover, bioassay-guided fractionation
procedures are required to isolate bioactive anti-HCV
compound(s) from the selected plant. Further, these findings
contribute to the global efforts in combating HCV and provide
valuable insights into plant-based treatment options for viral

infections, supporting the goal of eliminating the hepatitis C
virus by 2030.
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