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Abstract: Herpes simplex virus-1 (HSV-1) causes a wide range of infections from mild to life-
threatening in the human population. There are effective treatments for HSV-1 infections that are
limited due HSV-1 latency and development of resistance to current therapeutics. The goal of
this study was to investigate the antioxidant and antiviral effects of embelin on HSV-1 in cultured
Vero cells. Oxidative stress was verified by an extensive production of a reactive oxygen species
(ROS) HyO;,. Vero cells were infected with a recombinant strain of HSV-1 and antiviral assays,
time course attachment, penetration, and post penetration assays, confocal microscopy, qPCR, and
antioxidant assays were conducted. Our results lead to the conclusion that embelin is noncytotoxic at
concentrations tested ranging from 20 to 70 uM. Treatment of HSV-1 virions with embelin resulted in
98.7-100% inhibition and affected the early stage of HSV-1 infection of Vero cells, by inhibiting the
attachment and penetration of HSV-1 virions to host cells. Treatment of virions with concentrations
of embelin ranging from 35 to 60 uM significantly reduced the production of H,O, In conclusion,
embelin reduces oxidative damage caused by HSV-1 infection and is an effective antiviral to reduce
the infection of HSV-1 in cultured Vero cells. Further studies are needed to explore the possibility of
embelin as a medicinal agent.
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1. Introduction

Herpes simplex virus-1 (HSV-1), a member of the family Herpesviridae, subfamily
Alphaherpesvirinae, is an enveloped virus with a double-stranded (ds) DNA genome that
causes a wide range of infections in humans from mild, uncomplicated mucocutaneous
infections to life-threatening ones [1]. The dsDNA is enclosed within an icosahedral protein
surrounded by a lipid bilayer [2]. HSV-1 has become a global health concern with 67% of
the world population (estimated 3.4 billion) between the ages of 0 and 49 infected [34].

Entry of the virus to initiate lytic infection involves multiple surface glycoproteins
[glycoprotein B (gB), glycoprotein C (gC), glycoprotein D (gD), glycoprotein H (gH), and
glycoprotein L (gL)] interacting with surface receptors on the host cell. Specifically, gC
and gB bind loosely to heparan sulfate proteoglycans followed by high-affinity binding of
gD binding to entry receptors [5-7]. A number of cell receptors interact with gD. Some of
these known receptors include the herpes virus entry mediator, nectin-1, and 3-O-sulfated
heparan sulfate [8,9]. This induces a conformational change leading to the formation of
a fusion complex composed of gB, gH, and gL. The viral nucleocapsid and tegument are
released into the cytoplasm [8]. There is evidence for an atypical method of endocytic entry
not mediated by clathrin-coated pits or caveolae [10]. Following entry of the virus into the
cytoplasm, the virus particles travel to the nucleus where the viral DNA enters through the
nuclear pore complex, and the viral genome replicates and is transcribed [11]. Virions are
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assembled in the cytoplasm and released by lysing the infected cell. Upon release, these
new virions are capable of infecting new host cells [12].

HSV-1 is the viral causative agent of genital and oral herpes. These contagious and
long-lasting infections cause painful blisters or ulcers at the site of infection [13]. The virus
enters a latent phase in sensory ganglia, preventing clearance by the immune system [2].

Acyclovir, a nucleoside analog, its derivatives and their respective prodrugs, vala-
cyclovir and famciclovir, are effective treatments for HSV-1 infections [4,14]. Acyclovir
triphosphate is a substrate for the viral DNA polymerase that terminates viral DNA syn-
thesis [15]. The latent stage and the development of resistance present limitations to the
use of these drugs [8,16]. Additionally, despite efforts through the years, there does not
exist a successful vaccine [17,18]. Since the virus can remain latent, it can be reactivated at
any time. It is important to continue to search for novel antiviral compounds due to the
ability of the virus to develop resistance to therapeutics. Research has reported that many
biological plant-based compounds have demonstrated antiviral activity against HSV-1 in-
fections. Plant based compounds such as curcumin, resveratrol, pomegranate rind extract,
Cornus canadensis extract, and extracts from Camellia sinensis (epigallocatechin gallate and
its lipophilic modifications, and theaflavins) have demonstrated activity against HSV-1
infections [19-29]. Several studies have determined that polyphenols inhibit adsorption
and penetration during the viral lytic cycle [23,25-29].

Induction of oxidative stress is a mechanism used by several viruses. Human immun-
odeficiency virus (HIV) infection results in the accumulation of reactive oxygen species
(ROS) mediated by glycoprotein 120 [30] and Tat proteins [31]. Influenza A viruses induce
oxidative stress mediated by an over-production of ROS [32,33]. This increase in ROS
was accompanied by a reduction in the antioxidant glutathione [34] and an increase in
virus titer [32]. Surface antigens of hepatitis B virus (HBV) were reported to mediate ROS
production; increased endoplasmic stress was linked to higher ROS production [35,36].
Curcumin, a polyphenol, inhibited an enzymatic reaction of apurinic/apyrimidinic en-
donuclease 1 (APE1). Inhibition of APE1 redox function decreased cell proliferation [37,38].
Curcumin inhibited Kaposi’s sarcoma-associated herpesvirus infection and inhibited angio-
genesis [38]. Treatment with direct acting antivirals was found to improve the circulating
redox status of patients with chronic hepatitis C infections [39].

Embelin (2,5-dihydroxy-3-undecyl-1,4-benzoquinone) is an orange solid derived from
berries of the Embelia ribes plant found throughout India and is not water soluble; however,
it can dissolve in organic solvents. Embelin has shown excellent antioxidant activity when
scavenging the superoxide radical [40].

Embelin has demonstrated many biological activities including anxiolytic, anti-
inflammatory, antioxidant, anticonvulsant, antidepressant, anthelmintic, antimicrobial,
and anticancer [41-48]. Embelin has been studied as an antibacterial agent and was
shown to be effective against Staphylococcus aureus, Streptococcus pyogenes, Shigella flexneri,
Shigella sonnei and Pseudomonas aeruginosa [47]. A more recent study has shown that
embelin provides promising antibacterial activity against some Gram-positive bacteria
and bacteriostatic activity against Gram-negative ones [49]. Only minimal studies
have been conducted to determine its antiviral properties. Extracts of Embelia schimperi
(embelin and 5-O-methylembelin) inhibited infection of hepatitis C virus [50].

Embelin was found to have antiviral activity against influenza virus A/Puerto
Rico/8/34 (HIN1) strain when applied directly to extracellular virions. In silico molecu-
lar docking analysis indicated that embelin interacts with the receptor binding domain
of the viral hemagglutinin of influenza virus A [51]. Cell culture experiments combined
with in silico docking analyses determined that embelin inhibited hepatitis B virus
(HBV) by interacting with the HBV polymerase [52]. A recent computational study
demonstrated the feasibility of covalent bond formation between embelin and the main
protease of SARS-CoV-2, 3CLP™ [53].

Studies indicate that embelin is non-cytotoxic at concentrations tested [41,42,52].
Embelin was also shown to protect against oxidative stress in cells by reduction of its
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quinone ring and its long alkyl C10 tail may facilitate cell membrane insertion. The long
lipophilic tail likely influences its biological activity in a highly specific manner. [41]. Due
to its bioactivity and safe administration, the antioxidant embelin is an ideal compound
to examine its antiviral activity, its effect on ROS production, and potential as a novel
therapeutic agent to inhibit HSV-1 infections. The goal of this study is to investigate the
antiviral effects of the antioxidant embelin on HSV-1 in cultured Vero cells.

2. Materials and Methods
2.1. Cell Culture

Vero cells (CCL-81) [American Type Culture Collection (ATCC), Manassas, VA, USA]
were cultured until 70-80% confluent in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) (Serum Source International, Charlotte,
NC, USA) and 1% gentamicin sulfate (10 mg/mL, BioWhittaker, Lonza, VWR South
Plainfield, NJ, USA) at 37 °C and 5% COs,.

2.2. Preparation of Virus

A recombinant strain of HSV-1, GHSV-UL46 (ATCC VR-1544) which contains the
sequence for green fluorescent protein (GFP) fused to the structural tegument protein
pULA46 [54] was used for all experiments. Virus was passaged in T25 flasks and Vero cells
were allowed to display full cytopathic effect (CPE) (MOI = 0.3). The media containing
virus was then collected, centrifuged, and the supernatant stored at —80 °C.

2.3. Embelin

Purified embelin (Indofine Chemical Co., Hillsborough, NJ, USA) was dissolved in
dimethyl sulfoxide (DMSO) to prepare a 10 mM stock. The stock was diluted in media to
prepare concentrations ranging from 10 uM to 70 uM and stored at 4 °C.

2.4. Cell Proliferation Assays

Vero cells were cultivated for 24 h in a 96-well plate until 70-80% confluent. Increasing
concentrations of embelin ranging from 20 uM to 70 pM were added to cells. After 1 h
of incubation, the solution was aspirated. Media was then added to the wells and cells
were incubated at 37 °C under 5% CO; for 56 h. For quantitative analyses, a CellTiter
96 AQueous Cell Proliferation Assay (Promega, Madison, WI, USA) was utilized. This
assay measures cell viability by the reduction of MTS tetrazolium to formazan, where
absorbance of 490 nm is related to cell proliferation. Following manufacturer’s instructions,
20 uL of the MTS solution were added to the 100 uL. of media in each well and the
plate was incubated at 37 °C and 5% CO, for one hour. The absorbance was measured
using Infinite PRO 200 microplate reader (Tecan Life Sciences US, Raleigh, NC USA).
Cell proliferation for each treatment condition was then calculated using the following
formula: % proliferation = ((Treated cells—Blank)/(Cells only—Blank)) x 100%. Mean
and standard deviation (SD) of four replicates were calculated using the Microsoft Excel
function (Microsoft Office, New York, NY, USA).

2.5. Antiviral Assays
2.5.1. Cell Proliferation Assay

To determine embelin’s antiviral effects on HSV-1, Vero cells were cultivated for 24 h in
a 96-well plate until 70-80% confluent. The virus was treated with increasing concentrations
of embelin up to 54 uM for 1 h. Cells were infected (MOI = 1) with embelin treated virus one-
hour post infection, any unabsorbed virus-containing media was aspirated and replaced
with DMEM. Cells were incubated at 37 °C and 5% CO;. After 48 h, the cell proliferation
was measured using the CellTiter 96 Aqueous Cell Proliferation Assay (Promega, Madison,
WI, USA) as described above.
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2.5.2. Cell Viability Assay

A Viral ToxGlo assay (Promega, Madison, WI, USA) was conducted to quantitatively
measure the cellular ATP, representing cell viability, and to determine the cytopathic effects
(CPE) of viral infection. To determine embelin’s antiviral effects on HSV-1, Vero cells were
cultivated for 24 h in a 96-well plate until 70-80% confluent. The virus was treated with
increasing concentrations of embelin up to 54 uM for 1 h. Cells were infected (MOI = 1)
with embelin treated virus for 1 h; one-hour post infection (hpi), any unabsorbed virus-
containing media was aspirated and replaced with DMEM. Cells were incubated at 37 °C
and 5% CO; for 48 h. Following manufacturer’s instructions, 100 pL of ToxGlo reagent was
added to the cells and the plate was incubated for 15 min. Luminescence, RLU (relative
luminescence units), was measured with an Infinite Pro 200 microplate reader (Tecan Life
Sciences US, Raleigh, NC, USA). Cell viability, determined by the ToxGlo assay, was then
plotted against HSV-1 treatment using the following equation: % Viability = ((Cells infected
with treated HSV-1—Blank)/(Cells only—Blank)) x 100%. Mean and SD of four replicates
were calculated using the Microsoft Excel function.

2.6. Quantitative Polymerase Chain Reaction (gPCR)

To prepare for qPCR, the cells were grown in a 6-well plate at 37 °C and 5% CO,
until 70-80% confluent. The cells were infected with HSV-1 treated with 54 uM of em-
belin for one hour (MOI = 0.6). Uninfected cells served as a negative control. Cells
infected with untreated HSV-1served as positive control. After 1 h of infection the
media was aspirated from the cells and fresh media was added. DNA was collected
12 hpi using DNeasy Blood & Tissue kit (QIAGEN USA, Germantown, MD, USA). The
primers HSV-1 gD forward 5-CAACCCTACAACCTGACCATC-3" and HSV-1 gD reverse
5-TTGTAGGAGCATTCGGTGTAC-3' were used. qPCR was performed using Applied
Biosystems™ SYBR™ Green PCR Master Mix on MicroAmp™ Optical 96-Well Reaction
Plate (ThermoFisher Scientific, Waltham, MA, USA). A 10-fold serial dilution was carried
out up to the 10~° dilution in order to determine the standard curve equation and R2. This
calculation was performed using the Microsoft Excel function.

2.7. Microscopic Observations
2.7.1. Inverted Microscopic Observation

Vero cells were cultivated for 24 h in a six-well plate until 70-80% confluent. Increasing
concentrations of embelin ranging from 10 uM to 70 uM were added to cells. After 1 h
of incubation, the solution was aspirated. Media was then added to the cells and treated
cells were incubated at 37 °C under 5% CO, and observed for a period of three days after
treatment. Cells were examined, using an inverted microscope to observe morphological
changes in the cells.

Vero cells were cultivated for 24 h in a six-well plate until 70-80% confluent HSV-1
virions were treated with increasing concentrations of embelin up to 54 uM for 1 h. Cells
were infected (MOI = 1) with untreated or embelin treated virus for 1 h. One-hour post
infection (hpi), any unabsorbed virus-containing media was aspirated and replaced with
DMEM. Cells were incubated for 72 h at 37 °C and 5% CO,.

2.7.2. Fluorescent Microscopy

To prepare cells for microscopy, the cells were grown on glass cover slips in 6-well
plates. Vero cells were incubated at 37 °C and 5% CO, until 70-80% confluent. When
confluent, the cells were infected with treated or untreated HSV-1. The virus was treated
with 54 uM of embelin for one hour. Uninfected cells served as a negative control. Cells
infected with untreated virus served as positive control. After one hour of infection the
media was aspirated from the cells and replaced with media. The cells on the coverslip
were prepared and fixed 12 hpi. The cells were first treated with 300 uL of DAPI (4,6-
diamidino-2-phenylindole) (Sigma Aldrich) stain for 5 min at 37 °C in the dark. Then
the cells were fixed using 2-4% paraformaldehyde for 10-20 min followed by PBS wash.
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Mounting medium, containing 90% glycerol, and 10% phosphate buffered saline (PBS) was
used to fix the coverslips on the slides. The slides were observed using a Zeiss Axio Scope
A1 microscope (Zeiss US, Peabody, MA, USA).

2.8. Study of the Inhibitory Mechanism of Embelin on HSV-1 Infective Cycle
2.8.1. Binding Assay

Vero cells were grown for 24 h in a 96-well plate until 70-80% confluent. The plate
was pre-incubated at 4 °C for 30 min. Subsequently, the media was removed from the
cells. The virus was treated with increasing concentrations (0, 20, 40, 54, and 60 uM) of
embelin. Treated and untreated HSV-1 virions were incubated at room temperature for
one hour followed by infection of the cells on ice. The plate was incubated for 1 h at 4 °C,
then unbound HSV-1 was carefully aspirated from the cells using a multichannel pipettor.
Fresh media was added to cells in each well [55]. The plate was incubated at 37 °C and 5%
CO; for 48 h and assayed using the Viral ToxGlo assay (Promega, Madison, WI, USA) as
described previously. Mean and SD (four replicates) were calculated using the Microsoft
Excel function.

2.8.2. Penetration and Post Penetration Assay

Vero cells were grown in a 96-well plate until 70-80% confluent. The media was then
removed from the cells and the cells were infected with 100 uL of HSV-1. The plate was
incubated at 4 °C for 2 h to ensure attachment but not penetration of the HSV-1. At room
temperature various concentrations (0, 20, 40, 50, 54, and 56 uM) of embelin were added.
The plate was incubated at room temperature for 10 min for the penetration assay. For
the post penetration assay, various concentrations of embelin (0, 20, 40, 50, 54, and 56 uM)
were added after the virus particles entered the cells for 30 min at room temperature [55].
This was followed by the addition of 100 uL of 1X phosphate buffer saline (PBS) (pH 3.0) to
each well to inactivate the virions. The media was removed carefully using a multichannel
pipettor followed by the addition of 100 uL of fresh 5% FBS DMEM. Finally, after 48 h,
viability was determined using the Viral ToxGlo (Promega, Madison, W1, USA) assay. The
plate was read using the Infinite 2000 PRO microplate reader (Tecan Life Sciences US,
Raleigh, NC, USA). Mean and SD (four replicates) were calculated using the Microsoft
Excel function.

2.9. Study of Antioxidant and Antiviral Activity

The ROS-Glo HyO, assay kit (Promega Corp., Madison, WI, USA) was used to assess
oxidative stress induced by viral infection by measuring the levels of H,O,, a product of
various reactive oxygen species (ROS). According to the manufacturer, an increase in HyO,
can reflect a general increase in cellular ROS levels. The ROS-Glo™ Assay uses a substrate
that directly reacts with H,O, to generate a luminescent signal proportional to the level of
H,0O; present.

Vero cells were plated in a 96-well plate and allowed to reach 80% confluency, then
infected with embelin treated or untreated virus for 1 h as described in the previous
infection assays. The lytic assay protocol for product Cat#G8820 (Promega, Madison, WI,
USA) was followed. Cells were then incubated at 37 °C in a humidified CO; atmosphere
for 18 h to allow infection, after which 20 uL of H,O, substrate solution was added to each
well and cells were incubated for an additional 6 h, for a total of 24 h of infection. After
incubation, 100 puL of the ROS-Glo detection solution reaction was added to each well and
incubated for 20 min. Luminescence, RLU (relative luminescence units) was measured
with an Infinite Pro 200 microplate reader (Tecan Life Sciences US, Raleigh, NC, USA).

2.10. Statistical Analyses

Student’s t-test statistical difference was performed using the Microsoft Excel function
TTEST (Microsoft Office, New York, NY, USA). The analysis used two tailed distribution
with two-sample unequal variance test. Cell viability for each treatment condition was then
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Percentage of cell proliferation

calculated using the following formula: % Viability = ((Treated cells — Blank)/(Cells only
— Blank)) x 100%. Then, percent inhibition was calculated from the formula = 100 x (1
— (Embelin treatment — cells only)/(cells only — no treatment)); the MAX function was
set at 100. Standard deviation (o) was calculated using the excel function STDEV. The
Z prime score was calculated using the formula: 1 — (3 x o Positive control + 3 X o
negative control)/ (Positive control — negative control) to assess the viability of the assay.
A minimum of three replicates was performed in each of the conditions in question.
Elimination of any dataset point outliers was done using the Data Rejection analysis by
Dixon’s Q test.

3. Results
3.1. Cytotoxicity Study of Treatment of Vero cells with Embelin

Vero cells were treated with increasing concentrations of embelin, up to 70 uM concen-
tration and 2% DMSO [27] although the maximum percentage of DMSO in this assay was
0.7%. The cell proliferation was quantified using the MTS assay. The cells were grown in a
96-well plate and incubated for 1 h with increasing concentrations of embelin (20-70 uM).
The assay was performed after 56 h of incubation and absorbance was measured at 490 nm.
Percent proliferation ranged from a low of 84.21%-100% (Figure 1). This demonstrates that
embelin does not exert toxic effects on cells up to 70 uM concentrations.

MTS assay to quantify cell proliferation after Embelin treatment

100.00 100.21 98.93
S 88.25 88.38
I I I | I I I
CELLS ONLY 20 UM 40 1M 50 uM 54 uM 65 UM 70 uM

Embelin concentration (uM )

Figure 1. Vero cells were treated for 1 h with increasing concentrations of embelin. Embelin is non-cytotoxic to Vero cells at

concentrations ranging from 20 to 70 uM. The results of cell proliferation assay of increasing concentrations of embelin

treatment, 56 h post treatment are reported. Means are shown with standard deviations of four replicates.

3.2. Antiviral Effects of Embelin on HSV-1
3.2.1. Proliferation Assay of Vero Cells Infected with HSV-1 and Embelin Treated HSV-1

To quantitatively study the effect of treatment of embelin on HSV-1 infection of Vero
cells, proliferation of cells was assessed by the MTS assay. Concentrations of embelin at
0, 18, 36, 45, 47.5, 50, and 54 uM were used in this study. The results shown in Figure 2a
demonstrated dose dependent inhibition with cell proliferation increasing with increasing
concentration of embelin. The results indicate that treatment of HSV-1 with 54 uM em-
belin resulted in the highest cell proliferation (Figure 2a); this result is comparable to the
proliferation of uninfected Vero cells.
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Percent Inhibition

120.00

100.00

MTS proliferation assay of Vero cells infected with Embelin-treated HSV-1

120

s
=}

3

S
(=3

[
=4

102.54

69.20
* *
. 45.22
36.46 * picesid y
: 33.46 36.01
*
223

neg control

[
o
o
S

60.00

40.00

20.00

68.50
39.14
35.01 31.94 I 34.55 I

pos control 18 uM 36 uwM 45 uw 47.5 uwM 50 uM 52 uM 54 uM

Embelin concentration (uM)

(a)

Inhibition of embelin-treated HSV-1 infection measured by proliferation

100.00

0.00

18 uM 36 uM 45 M 47.5 WM 50 uM 54 uM

Embelin concentration (uM)

(b)

Figure 2. Treatment of HSV-1 virions affects cell proliferation of HSV-1 infected cells. (a) Cell proliferation determined

by CellTiter 96 AQueous cell proliferation assay was utilized 48 hpi; * = significant difference p < 0.05 compared to the

negative control. Means are shown with SD (four replicates). (b) The percent of antiviral inhibition of treatment of HSV-1

with different concentrations of embelin indicates that 54 M concentration effectively inhibits HSV-1 infection.

Percent inhibition following infection with embelin-treated HSV-1 was determined
by the MTS assay. The calculated percentage of inhibition as measured by the MTS
assay ranged from 35% when HSV-1 was treated with 18 uM embelin to 100%, when
HSV-1 was treated with 54 uM concentration of embelin. The percent inhibition reached
100% inhibition with the 54 uM sample and 68% with the 50 uM treatment, respectively
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(Figure 2b). The percent of antiviral inhibition of embelin concentrations on HSV-1 with
the greatest inhibition occurring with 54 uM treatment.

3.2.2. Viral ToxGlo ATP Detection Assay

The Viral ToxGlo assay quantifies cellular ATP as a measure of metabolically active vi-
able cells This assay measured the effect of treatment of HSV-1 with various concentrations
of embelin. Cell viability was measured by luminescence (RLU) at 48 hpi and is shown in
Figure 3a.

ToxGlo ATP assay of Vero cells infected with embelin- treated HSV-1

100,000
90,000 %k 3k %k %
80,000
70,000 %k 5k
()]
£ 60,000
8
g %00 * %
g 40,000
30,000
20,000
10,000
" -
Cells only 0 uM 40 uM 50 uM 54 uM
**= signifcant difference P<0.01 Embelin concentration (uM)
(@)
Inhibition of Embelin-treated HSV-1 infection measured by detection of
120 ATP
100 98.70
100
£
3 80 74.14
2
g 60
5 45.44
&
40
20
0.00
0
Cells only 0 uM 40 uM 50 UM 54 uM

Embelin concentration (M)
(b)

Figure 3. Treatment of HSV-1 with embelin affects cell viability. (a) The effect on cell viability of treatment of HSV-1 with
various concentrations of embelin was determined by the Viral ToxGlo ATP assay. Viability was measured by luminescence
(RLU) at 48 hpi. There was a significant difference in cell viability between cells infected with untreated virus and cells
infected with HSV-1 treated with embelin at concentrations ranging from 40 to 54 uM; ** = significant difference p < 0.01. (b)
The percent inhibition of HSV-1 infection following treatment of virions with embelin as measured by detection of ATP
(indicating metabolically viable cells) reached 98.7% when HSV-1 was treated with 54 M embelin.
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The results indicated that the RLU decreased significantly for the O uM concentra-
tion (untreated HSV-1 control). The embelin treated HSV-1 increased the RLU in a dose
dependent manner. The RLU of the 54 uM treated sample was equivalent to the RLU of
uninfected Vero cells. This illustrated that 54 uM embelin treated HSV-1 does not affect
cell viability (Figure 3a). The Student T test indicated that there are significant differences
in cell viability when Vero cells are infected with HSV-1 treated with concentrations of
embelin ranging from 40 to 54 uM as compared to the Vero cells infected with untreated
HSV-1 (p < 0.01).

The greatest percentage of inhibition was observed with the 54 uM treatment at over
98% inhibition followed by 74% inhibition at the 50 uM treated HSV-1. Percent inhibition,
as measured by the ToxGlo ATP Detection assay is shown in Figure 3b.

3.3. Microscopic Observation of Vero Cells, HSV-1 Infected Vero Cells and Embelin Treated HSV-1
Infected Vero Cells

3.3.1. Inverted Microscopic Observation

To demonstrate the antiviral effects of embelin on HSV-1, the virus was treated with
embelin for 1 h before infecting the Vero cells. Increasing concentrations of embelin were
administered and 54 uM was confirmed to be the most effective at inhibiting the infection
of HSV-1 in Vero cells (Figure 4C). Untreated HS5V-1 (positive control) resulted in rounding
and lifting of the Vero cell monolayer (Figure 4B). The morphology of the Vero cells infected
with HSV-1 treated with embelin is consistent with the morphology of the uninfected Vero
cells and the mock-infected treated with 2% DMSO (Figure 4D). The data demonstrate
the antiviral effects of embelin at 54 uM concentration against HSV-1 (Figure 4C). This
observation is consistent with the previous results of inhibition (Figures 2b and 3b).

Figure 4. Treatment of HSV-1 with embelin protects Vero cells from cytotoxic damage. The morphology
of Vero cells under different experimental conditions are shown. Images were taken through a Biostar
inverted microscope (Reichert) following 48 h incubation at 37 °C and 5% CO;, (A) Vero cells; (B) Vero
+ HSV-1; (C) Vero cells + HSV-1 treated with 54 uM of Embelin; (D) Vero cells + 2% DMSO. Figure 4A
shows Vero cells only and the morphology of the cells demonstrates a healthy, intact monolayer. Image
4B shows the effect of infecting Vero cells with HSV-1. Figure 4C shows no change in morphology of the
Vero cells infected with HSV-1 treated with 54 uM of Embelin treated HSV-1 48 hpi. Figure 4D shows the
administration of 2% DMSO presenting no toxicity for the vehicle solution.
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3.3.2. Fluorescent Microscopy

The HSV-1 strain contains a GFP fusion to the structural tegument protein pUL46.
This enabled visualization of the effects of treatment of HSV-1 with embelin in infected cells
through fluorescent microscopy 12 hpi (Figure 5). GFP (green) represents the virus and
DAPI (blue) represents the nucleus of the host cells. There is a difference in the expression
of GFP between the untreated and treated HSV-1 infected Vero cells at 12 hpi.

Figure 5. Expression of GFP is inhibited in HSV-1 infected cells when virions were treated with embelin. Fluorescent

microscopy images of Vero cells only (left), HSV-1 infected cells (middle) and 54 uM Embelin treated HSV-1 infected cells

(right) are shown. Viral particles with GFP appear green and the Vero cell nuclei are blue. Images were taken of the cells

12 hpi.

3.4. Study of the Mechanisms of Embelin on HSV-1 Infective Cycle
3.4.1. Inhibition of Binding by Embelin Treated HSV-1

The antiviral activity of embelin on the binding of HSV-1 virions to host cells was
determined by infecting Vero cells with HSV-1 treated with increasing concentrations of
embelin for 1 h at 4 °C. This allowed for the binding to occur but not the penetration of the
virus. After 48 h, luminescence was measured. There was a significant difference between
the binding of treated virions and untreated virions (Figure 6a). Inhibition of binding was
significant when antiviral activity was calculated as a result of treatment of HSV-1 with
concentrations of embelin as low as 20 uM (Figure 6b). This indicates that embelin inhibits
the binding stage of the HSV-1 infection cycle.

3.4.2. Inhibition of Penetration by Embelin Treated HSV-1

In order to determine the antiviral effects of embelin at the point of penetration of the
virus into the host cell, Vero cells grown in a 96 well plate were infected with HSV-1 at 4 °C
for 2 h to ensure attachment but not penetration of the virions. Then a treatment of the
cells for 10 min was performed at varying concentrations of embelin at room temperature
during the penetration step [55]. After the addition of 100 uL Viral ToxGlo ATP Detection
Buffer, luminescence was measured. Effects of treatment with embelin were observed
(Figure 7a). Luminescence, which is correlated with cell viability, increased as embelin
concentration increased. Highest cell viability occurred when HSV-1 was treated at 54 uM
and 56 uM concentrations, respectively, with no significant difference determined between
these and the Vero cell control. Treatment with each concentration, however, resulted in
a significant difference between infection with the untreated HSV-1 (0 pM) and infection
with each HSV-1 treated with each concentration of embelin. When the antiviral activity
was calculated, 54 uM and 56 uM treatments had the highest percent inhibition reaching
over 97% and 94%, respectively (Figure 7b). This demonstrates that embelin has antiviral
activity in the penetration step of the viral cycle. The data indicated that treatment of
HSV-1 with embelin affected antiviral activity during the initial stages of viral entry in the
infection cycle—binding (Figure 6a,b) and penetration (Figure 7a,b).
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ToxGlo ATP assay of binding of Vero cells with embelin-treated

HSV-1
400,000
* * * N
350,000 *
300,000
3
=
§ 250,000
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£
=3 150,000
100,000
50,000
0
Cells only 0 uM 20 1M 40 M 54 uM 60 uM
*= significant difference P<0.05 Embelin concentration (HM)
(a)
12000 Inhibition of binding Vero cells infected with embelin-treated HSV-1
100.00 100.00
10000
8093
80.00
E 40.00 I
0.00
20 uM 40 uM 54 uM 60 uM

Concentration of Embe lin (uM)

(b)

Figure 6. Treatment of HSV-1 virions with embelin inhibits binding. (a) The antiviral effects of embelin on the binding step
of the viral cycle are reported. Cell viability was measured by luminescence of Vero cells following infection with different
concentrations of embelin treated HSV-1. (b) The results of the percent inhibition resulting from treatment of HSV-1 with
various concentrations of embelin ranging from 20 uM to 60 uM are reported.
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ToxGlo ATP assay of penetration phase of Vero cells infected
with embelin-treated HSV-1
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Figure 7. Treatment of HSV-1 with embelin inhibits the penetration step. (a) Cell viability as measured by luminescence
48 hpi indicates that treatment of virions with embelin significantly increased cell viability. (b) The percent inhibition of
penetration stage of HSV-1 infection when virions were treated with embelin at concentrations ranging from 20 uM to
56 uM is reported. The greatest percentage of inhibition resulted from treatment of virions with 54 pM embelin.

3.4.3. Inhibition of Post Penetration by Embelin Treated HSV-1

The antiviral effect of embelin on the post penetration step of the viral cycle was
determined by infecting Vero cells with HSV-1 at 4 °C for 2 h to ensure attachment but
not penetration of the HSV-1. Cells were then treated with embelin after the virus had
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entered the cells for 30 min at 37 °C and 5% CO,. Cell viability was measured 48 hpi. The
results indicated that treatment with embelin after adsorption and penetration did not
affect HSV-1 infection. There is minimal difference in the values obtained with addition
of various concentrations of embelin and amount of luminescence resulting from viral
infection control (0 M embelin) (Figure 8). This further suggested that embelin is able to
inhibit early stages of the virus infection cycle but has no effect after the entry of HSV-1.

ToxGlo ATP assay of post-penetration phase of Vero cells
infected with embelin-treated HSV-1

800,000 *
*
700,000
3
§ 600,000
2
€ 500,000 I
=
400,000 [ L] ] ] o
Cells DMSO 0O uM 20 uM 40 uM 50 pM 52 UM 54 UM
only
*= significant difference P<0.05 Embelin concentration (uM)

Figure 8. Treatment of HSV-1 infected cell with embelin post penetration does not affect cell viability. HSV-1 infected cells
were treated with concentrations of embelin ranging from 20 uM to 54 uM post-penetration. DMSO represents the vehicle
control up to 2% administration of DMSO. There is no significant difference in cell viability when HSV-1 infected cells are
treated with embelin.

3.5. Effect of Antiviral Treatment on Circulating Redox Balance

H,0, induces oxidative stress in vascular cells [56]. To assess the impact of treatment
with embelin on protection from oxidative damage, we measured production of H,O, as
an indicator of oxidative stress. Oxidative stress is determined by an extensive production
of HyO,. When Vero cells were treated with embelin and an H,O, substrate solution, there
was a significant reduction in HyO, as compared to production in untreated Vero cells at
each concentration tested (25-65 uM embelin). Treatment of virions with concentrations of
embelin ranging from 35 to 60 uM significantly reduced the production of the ROS H,O,
(Figure 9). These results indicate that embelin reduces oxidative damage to Vero cells and
the oxidative damage caused by HSV-1 infection.
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Effects of embelin on the levels of ROS in HSV-
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Figure 9. ROS generation is decreased in Vero cells treated with embelin at concentrations ranging
from 25 to 65 uM and in Vero cells infected with embelin treated HSV-1 at concentrations of embelin
ranging from 35 to 65 pM. Vero cells had lower overall H,O, levels when infected with embelin
treated HSV-1 in comparison to the untreated HSV-1 control. Statistical analysis was performed
using the Excel function TTEST. The analysis used two tailed distribution with two-sample unequal
variance test.

4. Discussion

One strategy that viruses use to manipulate host cell machinery in viral infections
is modulation of the intracellular redox state. An imbalance of the redox state towards
oxidant conditions is a key event during viral infections. Polyphenols are antioxidants that
may protect cells against oxidative damage. This study explored the role of the antioxidant
embelin as an antiviral agent against HSV-1 infection of cultured Vero cells. Embelin was
determined to be non-cytotoxic to Vero cells at the concentrations tested. Treatment of
virions with embelin resulted in increased cell proliferation and viability, inhibition of virus
infection at the early stages of infection, and reduction in the levels of hydrogen peroxide,
H,0,. H,O, is a major redox metabolite that functions in redox sensing, signaling and
regulation [57]. It occurs as a metabolite of oxygen in aerobic metabolism in mammalian
cells [58]. HSV-1 infection of neural cells increased ROS levels as early as 1 hpi and ROS
levels remained elevated at 24 hpi [59].

Infection of Vero cells with HSV-1 led to increased ROS levels in addition to decreased
ATP in cells. Embelin effectively inhibited the cytotoxic effects of HSV-1 infection. The
inhibitory effect of embelin may be attributed to its role as an antioxidant.

In this study it was determined that embelin has no toxic effects on the cell up to
70 uM (Figure 1). This finding aligned with previous studies that report embelin as a safe,
non-cytotoxic compound [41,42,52]. We then treated the HSV-1 virions with embelin to
observe the antiviral effects. Cell proliferation, an indicator of the cellular response to
embelin treatment on HSV-1, infection was measured. Treatment of HSV-1 with embelin at
concentrations ranging from 40-54 uM effectively inhibited infection. Treating the virus
resulted in 102.5% cell viability as compared to uninfected cells (Figure 2a). When the
percent inhibition was calculated, the percent inhibition was the highest at 54 uM calculated
at 100% and 98.7%, respectively (Figures 2b and 3b). Cell viability was also assessed by
measuring the amount of ATP in infected cells (Figure 3a). The percent of inhibition, as
determined by the detection of ATP, reached 98.7% when HSV-1 was treated with 54 uM
concentration of embelin. Antiviral effects of embelin were observed using microscopy at
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an inhibitory concentration of 54 M (Figures 4 and 5). The antiviral effect of embelin was
also demonstrated by the reduction in the synthesis of HSV-1 DNA (Figure 3).

We investigated the inhibitory mechanism of embelin. Treatment with embelin af-
fected the early stage of HSV-1 infection of Vero cells, the efficacy of which may be due
to the insertion of embelin in the Vero cell membrane [41]. Embelin, at concentrations
ranging from 20 to 60 uM, inhibited the binding stage of HSV-1 infection (Figure 7a,b)
and penetration at concentrations ranging from 20 to 56 uM (Figure 7a,b). The proposed
antiviral mechanism of embelin is consistent with the action of other antivirals [23,25-28].
Additionally, this action may be attributed to the excellent antioxidant activity of embelin,
when sequestering the superoxide radical [40,41].

Computational studies have revealed the mechanism by which quinone derivatives
can inhibit SARS-CoV-2 {53]. Previous studies reported specific modes of action in the
biological activities of embelin. Embelin inhibited the nuclear factor—«kB (NF-«kB) signaling
pathway leading to suppression of NF-«B anti-apoptotic and metastatic gene products [60].
Embelin suppressed paraquat-induced lung injury through suppressing oxidative stress,
inflammatory cascade, and MAPK/NF- kB signaling pathway [61]. As an anti-cancer
agent, embelin suppressed the signal transducer and activator of transcription 3 (STAT-3)
pathway to suppress cell proliferation and invasion in cancer cells [62].

Viral infections result in oxidative cell damage due to disruption of cellular antioxidant
mechanisms [63]. ROS levels increased in neural cells following HSV-1 entry and replica-
tion [59]. HSV-1 infection and oxidative stress have been linked to the neurodegeneration
associated with Alzheimer’s disease [64]. Influenza A infection of cultured cells led to
increased levels of ROS that correlated with an increase in virus titer [32]. Additionally,
oxidative stress is involved in cellular damage associated with hepatitis C and human
immunodeficiency co-infections and suggest that altered redox status promotes cellular
damage [65]. Direct acting antivirals restored circulating redox homeostasis in patients
affected with chronic hepatitis C infection [39]. Curcumin was found to be an inhibitor
to APE1 (Apurinic/apyrimidinic endonucleasel) redox function, affecting many genes
and pathways. Curcumin inhibited Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic
replication [38]. We have shown that treatment with embelin reduced ROS caused by
HSV-1 infection (Figure 9). Future studies are required to provide additional information
on the therapeutic potential of embelin, such as determining the selectivity index required
for drug development.

5. Conclusions

In conclusion, embelin reduces oxidative damage caused by HSV-1 infection and is an
effective antiviral to reduce the infection of HSV-1 in cultured Vero cells. Further studies
are needed to explore the possibility of embelin as a medicinal agent.

Author Contributions: Conceptualization: T.E., L. H.L., M.R. and S.D.A.; formal analysis: T.E., L.H.L.
and S.D.A,; funding acquisition: L.H.L. and S.D.A.; investigation: T.E. and S.D.A.; methodology: T.E.,
L.H.L. and S.D.A; resources: M.R. and S.D.A.; writing—original draft: T.E., L.H.L.,, M.R., F.C. and
S.D.A.; writing—review and editing: T.E., L.H.L.,, M.R,, E.C. and S.D.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded in part by the Science Honors Innovation Program and the
Faculty Scholarship Program of Montclair State University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the text of this article.

Conflicts of Interest: The authors declare no conflict of interest.



Microorganisms 2021, 9, 434 16 of 18

References

1.  Whitley, R].; Roizman, B. Herpes simplex virus infections. Lancet 2001, 357, 1513-1518. [CrossRef]

2. Roizman, B; Pellett, PE. The family Herpesviridae: A brief introduction. In Fields Virology, 4th ed.; Knipe, D.M., Howley, PM.,
Griffin, D.E., Lamb, R.A., Martin, M.A., Roizman, B., Straus, S.E., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA,
2001; Volume 2, pp. 66-73. ISBN -100781718325.

3. Looker, K].; Magaret, A.S.; May, M.T; Turner, KM.E.; Vickerman, P.; Gottlieb, S.L.; Newman, L.M. Global and Regional Estimates
of Prevalent and Incident Herpes Simplex Virus Type 1 Infections in 2012. PLoS ONE 2015, 10, e0140765. [CrossRef]

4. James, C.; Harfouche, M.; Welton, N.J.; Turner, KM.E.; Abu-Raddad, L.J.; Gottlieb, S.L.; Looker, K.J. Herpes simplex virus: Global
infection prevalenceand incidence estimates. Bull. World Health Organ. 2020, 98, 315-329.

5. Clarke, R.W. Forces and Structures of the Herpes Simplex Virus (HSV) Entry Mechanism. ACS Infect. Dis. 2015, 1, 403-415.
[CrossRef]

6.  Subramanian, R.P.; Geraghty, R.J. Herpes simplex virus type 1 mediates fusion through a hemifusion intermediate by sequential
activity of glycoproteins D, H, L, and B. Proc. Natl. Acad. Sci. USA 2007, 104, 2903-2908. [CrossRef]

7. Heldwein, E.E.; Lou, H.; Bender, EC.; Cohen, G.H.; Eisenberg, R.J.; Harrison, S.C. Crystal Structure of Glycoprotein B from
Herpes Simplex Virus 1. Science 2006, 313, 217-220. [CrossRef]

8. Agelidis, A.M.; Shukla, D. Cell entry mechanisms of HSV: What we have learned in recent years. Future Virol. 2015, 10, 1145-1154.
[CrossRef] [PubMed]

9.  Spear, P.G. Herpes simplex virus: Receptors and ligands for cell entry. Cell. Microbiol. 2004, 6, 401-410. [CrossRef]

10. Nicola, A.V; Straus, S.E.; Bubi¢, I.; Wagner, M.; Krmpoti¢, A.; Saulig, T.; Kim, S.; Yokoyama, W.M.; Jonji¢, S.; Koszinowski, U.H.
Cellular and Viral Requirements for Rapid Endocytic Entry of Herpes Simplex Virus. J. Virol. 2004, 78, 7536-7544. [CrossRef]

11. Newcomb, WW.; Booy, EP.; Brown, J.C. Uncoating the Herpes Simplex Virus Genome. J. Mol. Biol. 2007, 370, 633-642. [CrossRef]
[PubMed]

12.  Mettenleiter, T.C.; Klupp, B.G.; Granzow, H. Herpesvirus assembly: An update. Virus Res. 2009, 143, 222-234. [CrossRef]

13.  McQuillan, G.; Kruszon-Moran, D.; Flagg, E.W.; Paulose-Ram, R. Prevalence of Herpes Simplex Virus Type 1 and Type 2 in
Persons Aged 14—49: United States, 2015-2016. NCHS Data Brief 2018, 1-8.

14. Tyring, S.K.; Beutner, K.R.; Tucker, B.A.; Anderson, W.C.; Crooks, R.J. Antiviral therapy for herpes zoster: Ran-domized, controlled
clinical trial of valacyclovir and famciclovir therapy in immunocompetent patients 50 years and older. Arch. Fam. Med. 2000, 9,
863. [CrossRef]

15.  Reardon, J.E.; Spector, T. Herpes simplex virus type 1 DNA polymerase. Mechanism of inhibition by acyclovir triphosphate. J.
Biol. Chem. 1989, 264, 2540193.

16. Liang, H.; Gao, D.; Yu, W.; Chen, C.; Deng, Y.; Lei, Y.; Lu, J.; Xie, Q.; Xiong, S. Antiviral Activity and its Mecha-nism of LCVN
Against HSV-1 Acyclovir-resistant Strains. J. Pharm. Biomed. Sci. 2018, 8, 41-47.

17.  Royer, D.J.; Cohen, A.W,; Carr, D.J. The current state of vaccine development for ocular HSV-1 infection. Expert Rev. Ophthalmol.
2015, 10, 113-126. [CrossRef] [PubMed]

18.  Chentoufi, A.A.; Kritzer, E.; Yu, D.M.; Nesburn, A.B.; Benmohamed, L. Towards a Rational Design of an Asymptomatic Clinical
Herpes Vaccine: The Old, the New, and the Unknown. Clin. Dev. Immunol. 2012, 2012, 1-16. [CrossRef]

19. Zandi, K.; Ramedani, E.; Mohammadi, K.; Tajbakhsh, S.; Deilami, I.; Rastian, Z.; Fouladvand, M.; Yousefi, F.; Farshadpour,
F. Evaluation of Antiviral Activities of Curcumin Derivatives against HSV-1 in Vero Cell Line. Nat. Prod. Commun. 2010, 5,
1935-1938. [CrossRef] [PubMed]

20. Annunziata, G.; Maisto, M.; Schisano, C.; Ciampaglia, R.; Narciso, V.; Tenore, G.C.; Novellino, E. Resveratrol as a Novel
Anti-Herpes Simplex Virus Nutraceutical Agent: An Overview. Viruses 2018, 10, 473. [CrossRef] [PubMed]

21. Docherty, J.; Fu, M.; Hah, J.; Sweet, T.; Faith, S.; Booth, T. Effect of resveratrol on herpes simplex virus vaginal infection in the
mouse. Antivir. Res. 2005, 67, 155-162. [CrossRef] [PubMed]

22.  Docherty, J.].; Smith, J.S.; Fu, M.M.; Stoner, T.; Booth, T. Effect of topically applied resveratrol on cutaneous herpes simplex virus
infections in hairless mice. Antivir. Res. 2004, 61, 19-26. [CrossRef]

23. Flores, D.J.; Lee, L.H.; Adams, S.D. Inhibition of curcumin-treated Herpes Simplex Virus 1 and 2 in Vero cells. Adv Microbiol. 2016,
6,276-287. [CrossRef]

24. Houston, D.M.].; Bugert, ].J.; Denyer, S.P.; Heard, C.M. Potentiated virucidal activity of pomegranate rind extract (PRE) and
punicalagin against Herpes simplex virus (HSV) when co-administered with zinc (II) ions, and antiviral activity of PRE against
HSV and aciclovir-resistant HSV. PLoS ONE 2017, 12, e0179291. [CrossRef]

25. Lavoie, S.; Coté, I.; Pichette, A.; Gauthier, C.; Ouellet, M.; Nagau-Lavoie, F.; Mshvildadze, V.; Legault, J. Chemical composition
and anti-herpes simplex virus type 1 (HSV-1) activity of extracts from Cornus canadensis. BMC Complement. Altern. Med. 2017,
17,1-12. [CrossRef]

26. De Oliveira, A.; Prince, D.; Lo, C.-Y; Lee, L.H.; Chu, T.-C. Antiviral activity of theaflavin digallate against herpes simplex virus
type 1. Antivir. Res. 2015, 118, 56—67. [CrossRef] [PubMed]

27. Patel, S.N.; Adams, S.D.; Lee, L.H. Inhibition of Herpes Simplex Virus-1 by the Modified Green Tea Polyphenol EGCG-Stearate.
Adv. Biosci. Biotechnol. 2018, 9, 679-690. [CrossRef]

28. Cantatore, A.; Randall, S.D.; Traum, D.; Adams, S.D. Effect of black tea extract on herpes simplex virus-1 infection of cultured

cells. BMC Complement. Altern. Med. 2013, 13, 1-139. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(00)04638-9
http://doi.org/10.1371/journal.pone.0140765
http://doi.org/10.1021/acsinfecdis.5b00059
http://doi.org/10.1073/pnas.0608374104
http://doi.org/10.1126/science.1126548
http://doi.org/10.2217/fvl.15.85
http://www.ncbi.nlm.nih.gov/pubmed/27066105
http://doi.org/10.1111/j.1462-5822.2004.00389.x
http://doi.org/10.1128/JVI.78.14.7508-7517.2004
http://doi.org/10.1016/j.jmb.2007.05.023
http://www.ncbi.nlm.nih.gov/pubmed/17540405
http://doi.org/10.1016/j.virusres.2009.03.018
http://doi.org/10.1001/archfami.9.9.863
http://doi.org/10.1586/17469899.2015.1004315
http://www.ncbi.nlm.nih.gov/pubmed/25983856
http://doi.org/10.1155/2012/187585
http://doi.org/10.1177/1934578X1000501220
http://www.ncbi.nlm.nih.gov/pubmed/21299124
http://doi.org/10.3390/v10090473
http://www.ncbi.nlm.nih.gov/pubmed/30177661
http://doi.org/10.1016/j.antiviral.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16125258
http://doi.org/10.1016/j.antiviral.2003.07.001
http://doi.org/10.4236/aim.2016.64027
http://doi.org/10.1371/journal.pone.0179291
http://doi.org/10.1186/s12906-017-1618-2
http://doi.org/10.1016/j.antiviral.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25818500
http://doi.org/10.4236/abb.2018.912046
http://doi.org/10.1186/1472-6882-13-139
http://www.ncbi.nlm.nih.gov/pubmed/23777309

Microorganisms 2021, 9, 434 17 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

De Oliveira, A.; Adams, S.D.; Lee, L.H.; Murray, S.R.; Hsu, S.D.; Hammond, J.R.; Dickinson, D.; Chen, P.; Chu, T.-C. Inhibition of
herpes simplex virus type 1 with the modified green tea polyphenol palmitoyl-epigallocatechin gallate. Food Chem. Toxicol. 2013,
52,207-215. [CrossRef] [PubMed]

Shatrov, V.A; Ratter, F.; Gruber, A.; Drooge, W.; Lehmann, V. HIV Type 1 Glycoprotein 120 Amplifies Tumor Necrosis Factor-
Induced NF-kB Activation in Jurkat Cells. AIDS Res. Hum. Retrovir. 1996, 12, 1209-1216. [CrossRef] [PubMed]

Gu, Y,; Wu, R.F; Xu, Y.C,; Flores, S.C.; Terada, L.S. HIV Tat Activates c-Jun Amino-terminal Kinase through an Oxidant-Dependent
Mechanism. Virology 2001, 286, 62-71. [CrossRef] [PubMed]

Jung, K.I.; Ko, D.-H.; Shin, N.; Pyo, C.W.; Choi, S.-Y. Endoplasmic reticulum-associated degradation potentiates the infectivity of
influenza A virus by regulating the host redox state. Free. Radic. Biol. Med. 2019, 135, 293-305. [CrossRef] [PubMed]

Amatore, D.; Sgarbanti, R.; Aquilano, K,; Baldelli, S.; Limongi, D.; Civitelli, L.; Nencioni, L.; Garaci, E.; Ciriolo, M.R,; Palamara,
A.T. Influenza virus replication in lung epithelial cells depends on redox-sensitive pathways acti-vated by NOX4-derived ROS.
Cell Microbiol. 2015, 17, 131-145. [CrossRef]

Nencioni, L.; Iuvara, A.; Aquilano, K.; Ciriolo, M.R.; Cozzolino, E; Rotilio, G.; Garaci, E.; Palamara, A.T. Influen-za A virus
replication is dependent on an antioxidant pathway that involves GSH and Bcl-2. FASEB J. 2003, 17, 758-760. [CrossRef] [PubMed]
Lee, H.; Inn, K.-S.; Kim, H.; Lee, S.-A.; Kim, B.-].; Kim, H.-I; Won, Y.-S. Upregulation of endoplasmic reticulum stress and reactive
oxygen species by naturally occurring mutations in hepatitis B virus core antigen. J. Gen. Virol. 2015, 96, 1850-1854. [CrossRef]
Lee, I.-K.; Lee, S.-A.; Kim, H.; Won, Y.-S.; Kim, B.-J. Induction of endoplasmic reticulum-derived oxidative stress by an occult
infection related S surface antigen variant. World J. Gastroenterol. 2015, 21, 6872-6883. [CrossRef]

Bapat, A.; Glass, L.S.; Luo, M,; Fishel, M.L.; Long, E.C.; Georgiadis, M.M.; Kelley, M.R. Novel Small-Molecule Inhibitor of
Apurinic/ Apyrimidinic Endonuclease 1 Blocks Proliferation and Reduces Viability of Glioblastoma Cells. ]. Pharmacol. Exp. Ther.
2010, 334, 988-998. [CrossRef]

Li, H.; Zhong, C.; Wang, Q.; Chen, W.; Yuan, Y. Curcumin is an APE1 redox inhibitor and exhibits an antiviral activity against
KSHYV replication and pathogenesis. Antivir. Res. 2019, 167, 98-103. [CrossRef] [PubMed]

Rosanna, V.; Francesco, B.; Francesco, C.; Giorgia, D.B.; Rosanna, T.; Naik, B.V.; Archana, M.; Gaetano, S. Direct-acting antivirals
restore systemic redox homeostasis in chronic HCV patients. Free. Radic. Biol. Med. 2020, 156, 200-206. [CrossRef]

Caruso, F.; Paumier, S.; Rossi, M. X-ray Crystal Structure of Embelin and Its DFT Scavenging of Superoxide Radical. J. Comput.
Chem. 2017, 39, 1143-1148. [CrossRef]

Caruso, F; Rossi, M.; Kaur, S.; Garcia-Villar, E.; Molasky, N.; Belli, S; Sitek, ].D.; Gionfra, F.; Pedersen, J.Z.; Incerpi, S. Antioxidant
Properties of Embelin in Cell Culture. Electrochemistry and Theoretical Mechanism of Scavenging. Potential Scavenging of
Superoxide Radical through the Cell Membrane. Antioxidants 2020, 9, 382. [CrossRef] [PubMed]

Huang, T.; Qian, H.; Chen, Y.; Li, X,; Gong, W.; Jiang, G.; Zhang, W.; Cheng, S.; Li, X; Li, P. X-linked inhibitor of apoptosis protein
inhibitor Embelin induces apoptosis via PI3K/Akt pathway and inhibits invasion in osteosarcoma cells. J. Cancer Res. Ther. 2018,
14, 648. [CrossRef]

Kumar, G.K.; Dhamotharan, R.; Kulkarni, N.M.; Mahat, M.Y.A.; Gunasekaran, J.; Ashfaque, M. Embelin reduces cutaneous TNF-o
level and ameliorates skin edema in acute and chronic model of skin inflammation in mice. Eur | Pharmacol. 2011, 662, 63—69.
[CrossRef]

Xu, M.; Cui, J.; Fu, H.; Proksch, P; Lin, W.; Li, M. Embelin Derivatives and Their Anticancer Activity through Microtubule
Disassembly. Planta Medica 2005, 71, 944-948. [CrossRef]

Joy, B.; Sivadasan, R.; Emilia, A.T.; John, M.; Sobhan, PK.; Seervi, M. Santhoshkumar, T.R. Lysosomal destabilization and cathepsin
B contributes for cytochrome c release and caspase activation in Embelin-induced apoptosis. Mol. Carcinog. 2010, 49, 324-336.
[CrossRef] [PubMed]

Singh, D.; Singh, R.; Singh, P.; Gupta, R.S. Effects of Embelin on Lipid Peroxidation and Free Radical Scavenging Activity against
Liver Damage in Rats. Basic Clin. Pharmacol. Toxicol. 2009, 105, 243-248. [CrossRef]

Chitra, M.; Devi, C.S.; Sukumar, E. Antibacterial activity of embelin. Fitoterapia 2003, 74, 401-403. [CrossRef]

Chitra, M.; Sukumar, E.; Suja, V.; Devi, S. Antitumor, Anti-Inflammatory and Analgesic Property of Embelin, a Plant Product.
Chemotherapy 1994, 40, 109-113. [CrossRef]

Radhakrishnan, N.; Gnanamani, A. 2,5-DIihydroxy-3-undecyl-1,4-benzoquinone (Embelin)-a second solid gold of India- a review.
Int. |. Pharm. Pharm. Sci. 2014, 6, 23-30.

Hussein, G.; Miyashiro, H.; Nakamura, N.; Hattori, M.; Kakiuchi, N.; Shimotohno, K. Inhibitory effects of Sudanese medicinal
plant extracts on hepatitis C virus (HCV) protease. Phytother Res. 2000, 14, 510-516. [CrossRef]

Hossan, S.; Fatima, A.; Rahmatullah, M.; Khoo, T.].; Nissapatorn, V.; Galochkina, A.V,; Slita, A.V.; Shtro, A.A.; Nikolaeva, Y.;
Zarubaev, V.V, et al. Antiviral activity of Embelia ribes Burm. f. against influenza virus in vitro. Arch. Virol. 2018, 163, 2121-2131.
[CrossRef]

Parvez, M.K.; Rehman, T.; Alam, P.; Al-Dosari, M.S.; Alqasoumi, S.I.; Alajmi, M.F. Plant-derived antiviral drugs as novel hepatitis
B virus inhibitors: Cell culture and molecular docking study. Saudi Pharm. J. 2019, 27, 389-400. [CrossRef]

Caruso, F; Rossi, M.; Pedersen, J.Z.; Incerpi, S. Computational studies reveal mechanism by which quinone derivatives can
inhibit SARS-CoV-2. Study of embelin and two therapeutic compounds of interest, methyl prednisolone and dexamethasone. J.
Infect. Public Health 2020, 13, 1868-1877. [CrossRef]

Willard, M. Rapid Directional Translocations in Virus Replication. J. Virol. 2002, 76, 5220-5232. [CrossRef] [PubMed]


http://doi.org/10.1016/j.fct.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23182741
http://doi.org/10.1089/aid.1996.12.1209
http://www.ncbi.nlm.nih.gov/pubmed/8870842
http://doi.org/10.1006/viro.2001.0998
http://www.ncbi.nlm.nih.gov/pubmed/11448159
http://doi.org/10.1016/j.freeradbiomed.2019.03.021
http://www.ncbi.nlm.nih.gov/pubmed/30905731
http://doi.org/10.1111/cmi.12343
http://doi.org/10.1096/fj.02-0508fje
http://www.ncbi.nlm.nih.gov/pubmed/12594179
http://doi.org/10.1099/vir.0.000134
http://doi.org/10.3748/wjg.v21.i22.6872
http://doi.org/10.1124/jpet.110.169128
http://doi.org/10.1016/j.antiviral.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31034848
http://doi.org/10.1016/j.freeradbiomed.2020.06.007
http://doi.org/10.1002/jcc.24915
http://doi.org/10.3390/antiox9050382
http://www.ncbi.nlm.nih.gov/pubmed/32380755
http://doi.org/10.4103/0973-1482.203599
http://doi.org/10.1016/j.ejphar.2011.04.037
http://doi.org/10.1055/s-2005-871250
http://doi.org/10.1002/mc.20599
http://www.ncbi.nlm.nih.gov/pubmed/19943316
http://doi.org/10.1111/j.1742-7843.2009.00429.x
http://doi.org/10.1016/S0367-326X(03)00066-2
http://doi.org/10.1159/000239181
http://doi.org/10.1002/1099-1573(200011)14:7&lt;510::AID-PTR646&gt;3.0.CO;2-B
http://doi.org/10.1007/s00705-018-3842-6
http://doi.org/10.1016/j.jsps.2018.12.008
http://doi.org/10.1016/j.jiph.2020.09.015
http://doi.org/10.1128/JVI.76.10.5220-5232.2002
http://www.ncbi.nlm.nih.gov/pubmed/11967336

Microorganisms 2021, 9, 434 18 of 18

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Harden, E.A.; Falshaw, R.; Carnachan, S.M.; Kern, E.R.; Prichard, M.N. Virucidal activity of polysaccharide extracts from four
algal species against herpes simplex virus. Antivir. Res. 2009, 83, 282-289. [CrossRef]

Coyle, C.H.; Kader, K.N. Mechanisms of H202-Induced Oxidative Stress in Endothelial Cells Exposed to Physiologic Shear Stress.
ASAIOJ. 2007, 53, 17-22. [CrossRef] [PubMed]

Mahendran, S.; Badami, S.; Maithili, V. Evaluation of antidiabetic effect of Embelin from Embelia ribes in alloxan induced diabetes
in rats. Biomed. Prev. Nutr. 2011, 1, 25-31.

Sies, H.; Chance, B. The steady state level of catalase compound I in isolated hemoglobin-free perfused rat liver. FEBS Lett. 1970,
11, 172-176. [CrossRef]

Kavouras, ].H.; Prandovszky, E.; Valyi-Nagy, K.; Kovacs, S.K.; Tiwari, V.; Kovacs, M.; Shukla, D.; Valyi-Nagy, T. Herpes simplex
virus type 1 infection induces oxidative stress and the release of bioactive lipid peroxidation by-products in mouse P19N neural
cell cultures. J. NeuroVirol. 2007, 13, 416-425. [CrossRef] [PubMed]

Ahn, K.S,; Sethi, G.; Aggarwal, B.B. Embelin, an Inhibitor of X Chromosome-Linked Inhibitor-of-Apoptosis Protein, Blocks
Nuclear Factor-«B (NF-«B) Signaling Pathway Leading to Suppression of NF-kB-Regulated Antiapoptotic and Metastatic Gene
Products. Mol. Pharmacol. 2006, 71, 209-219. [CrossRef]

Sreeharsha, N. Embelin impact on paraquat-induced lung injury through suppressing oxidative stress, inflammatory cascade,
and MAPK/NEF-«B signaling pathway. J. Biochem. Mol. Toxicol. 2020, 34, e22456. [CrossRef]

Heo, ].Y,; Kim, HJ.; Kim, S.-M.; Park, K.-R.; Park, S.-Y.; Kim, SW.; Nam, D.; Jang, H.-J.; Lee, S.-G.; Ahn, K.S,; et al. Embelin
suppresses STAT3 signaling, proliferation, and survival of multiple myeloma via the protein tyrosine phosphatase PTEN. Cancer
Lett. 2011, 308, 71-80. [CrossRef] [PubMed]

Delgado-Roche, L.; Mesta, F. Oxidative Stress as Key Player in Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
Infection. Arch. Med Res. 2020, 51, 384-387. [CrossRef]

Kristen, H.; Sastre, I.; Mufioz-Galdeano, T.; Recuero, M.; Aldudo, J.; Bullido, M.]. The lysosome system is severely impaired
in a cellular model of neurodegeneration induced by HSV-1 and oxidative stress. Neurobiol. Aging 2018, 68, 5-17. [CrossRef]
[PubMed]

Gravier-Hernandez, R.; Valle, L.G.-D.; Valdes-Alonso, L.; Hernandez-Ayala, N.; Bermudez-Alfonso, Y.; Hernandez-Requejo,
D.; Rosell-Guerra, T.; Hernandez-Gonzalez-Abreu, M.C. Oxidative stress in hepatitis C virus-human immunodeficiency virus
co-infected patients. Ann. Hepatol. 2020, 19, 92-98. [CrossRef] [PubMed]


http://doi.org/10.1016/j.antiviral.2009.06.007
http://doi.org/10.1097/01.mat.0000247157.84350.e8
http://www.ncbi.nlm.nih.gov/pubmed/17237644
http://doi.org/10.1016/0014-5793(70)80521-X
http://doi.org/10.1080/13550280701460573
http://www.ncbi.nlm.nih.gov/pubmed/17994426
http://doi.org/10.1124/mol.106.028787
http://doi.org/10.1002/jbt.22456
http://doi.org/10.1016/j.canlet.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21565443
http://doi.org/10.1016/j.arcmed.2020.04.019
http://doi.org/10.1016/j.neurobiolaging.2018.03.025
http://www.ncbi.nlm.nih.gov/pubmed/29689425
http://doi.org/10.1016/j.aohep.2019.05.009
http://www.ncbi.nlm.nih.gov/pubmed/31607646

	Introduction 
	Materials and Methods 
	Cell Culture 
	Preparation of Virus 
	Embelin 
	Cell Proliferation Assays 
	Antiviral Assays 
	Cell Proliferation Assay 
	Cell Viability Assay 

	Quantitative Polymerase Chain Reaction (qPCR) 
	Microscopic Observations 
	Inverted Microscopic Observation 
	Fluorescent Microscopy 

	Study of the Inhibitory Mechanism of Embelin on HSV-1 Infective Cycle 
	Binding Assay 
	Penetration and Post Penetration Assay 

	Study of Antioxidant and Antiviral Activity 
	Statistical Analyses 

	Results 
	Cytotoxicity Study of Treatment of Vero cells with Embelin 
	Antiviral Effects of Embelin on HSV-1 
	Proliferation Assay of Vero Cells Infected with HSV-1 and Embelin Treated HSV-1 
	Viral ToxGlo ATP Detection Assay 

	Microscopic Observation of Vero Cells, HSV-1 Infected Vero Cells and Embelin Treated HSV-1 Infected Vero Cells 
	Inverted Microscopic Observation 
	Fluorescent Microscopy 

	Study of the Mechanisms of Embelin on HSV-1 Infective Cycle 
	Inhibition of Binding by Embelin Treated HSV-1 
	Inhibition of Penetration by Embelin Treated HSV-1 
	Inhibition of Post Penetration by Embelin Treated HSV-1 

	Effect of Antiviral Treatment on Circulating Redox Balance 

	Discussion 
	Conclusions 
	References

