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Abstract

Green tea polyphenol epigallocatechin gallate (EGCG) is a strong anti-oxidant that has previously
been shown to reduce the number of plaques in HIV-infected cultured cells. Modified EGCG
palmitoyl-EGCG (p-EGCG), is of interest as a topical antiviral agent for Herpes Simplex Virus
(HSV-1) infections. This study evaluated the effect of p-EGCG on HSV-infected Vero cells.
Results of cell viability and cell proliferation assays indicate that p-EGCG is not toxic to cultured
Vero cells and show that modification of the green tea polyphenol epigallocatechin gallate
(EGCG) with palmitate increases the effectiveness of EGCG as an antiviral agent. Furthermore, p-
EGCG is a more potent inhibitor of Herpes Simplex Virus 1 (HSV-1) than EGCG and can be
topically applied to skin, one of the primary tissues infected by HSV. Viral binding assay, plaque
forming assay, PCR, real-time PCR, and fluorescence microscopy were used to demonstrate that
p-EGCG concentrations of 50 uM and higher block the production of infectious HSV-1 particles.
p-EGCG was found to inhibit HSV-1 adsorption to Vero cells. Thus, p-EGCG may provide a
novel treatment for HSV-1 infections.
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Introduction

Herpes (oral infection with Herpes simplex virus type 1 (HSV-1) or genital infection with
HSV type 2 (HSV-2)) represents one of the most common infectious diseases in humans
(Spear et al. 2006; Xu et al. 2006). In the United States (US), between 1999 and 2004,
57.7% of surveyed individuals ages 14 — 49 were seropositive for HSV-1 and 17% were
seropositive for HSV-2 (Xu et al. 2006). Each year in the US, half a million people show
new symptoms of HSV infections and the number of first time reported cases increases
annually (Stanberry 2006). Therefore, controlling the spread of HSV is considered a
significant public health issue (Stanberry et al. 2000).

Green tea polyphenols (GTPs) are a major component of extracts of green tea leaves from
the Camellia sinensis plant. The most abundant GTP (that can accumulate to concentrations
up to 1 mg/ml) in green tea is epigallocatechin gallate (EGCG), an antioxidant (Kanaka et al.
1989; Sharangi 2009; Sueoka et al. 2001). The US Food and Drug Administration has
classified EGCG as a safe compound (Paterson and Anderson 2005) and it has been shown
to have a number of beneficial effects, including antiviral activity (Ciesek et al. 2011;
Hauber et al. 2009; He et al. 2011; Ho et al. 2009; Morfin and Thouvenot 2003; Sharangi
2009; Williamson et al. 2006; Yamaguchi et al. 2002). Importantly, EGCG has been shown
to inhibit HSV-1 and HSV-2 infection of Vero cells (Isaacs et al. 2008). Inhibition of HSV
infection by EGCG was concentration dependent and only effective prior to virus
adsorption; it did not affect viral production. However, it has been reported that EGCG
damaged the viral envelope of HSV-1 (Isaacs et al. 2008; Kanaka et al. 1989).

A major advantage of EGCG as a potential antiviral agent is that it is non-toxic, and can be
consumed or applied topically (Paterson and Anderson 2005). However, EGCG is unstable
in aqueous solution and readily oxidizes, resulting in a loss of activity (Chen et al. 2009;
Chen et al. 2003). It has been proposed that fatty acid-modified polyphenols could be
effective HSV antiviral agents that could be formulated in lipophilic preparations (Chen et
al. 2009). EGCG lipid esters are 24-fold more effective than EGCG as inhibitors and
inactivators of the influenza virus (Mori et al. 2008) and are therefore candidate HSV
antiviral agents for topical application.

Here, we test the effect of palmitoyl-EGCG (p-EGCG) as compared to EGCG on HSV-1
infection of Vero cells, hypothesizing that p-EGCG will be more effective than EGCG at
inhibiting HSV-1 with palmitoylation increasing the affinity of EGCG for the viral envelope
(Isaacs et al. 2008; Kanaka et al. 1989).

Materials and Methods

Cells culture maintenance

Vero cells were purchased from ATCC (Manassas, VA) and were cultured until confluent in
Dulbecco’s Minimal Essential Media (DMEM) with 5% Fetal Bovine Serum (FBS) and 1
pg/ml gentamicin at 37 °C and 5% CO».

HSV-1 UL46 virus maintenance

To facilitate monitoring of the /n vitro HSV-1 viral life cycle the HSV-1 UL46 virus
(purchased from ATCC (Manassas, VA)) was used (Willard 2002). This virus has a green
fluorescent protein (GFP) gene fused to the sequence of the C-terminus of the viral protein
(UL46-GFP) UL46 under the control of the UL46 promoter that encodes the tegument
protein VP11/12 (Willard 2002). Passage of virus was performed in T25 flasks and cells
were allowed to reach complete cytopathic effect (CPE). The media was then collected,

Food Chem Toxicol. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

de Oliveira et al. Page 3

centrifuged to remove cellular debris, and the supernatant containing virus was stored at —80
°C.

Preparation of green tea polyphenol solutions

EGCG (>90%) was purchased from Pulimeidi Biotechnology Co., Ltd. (Hangzhou, China),
and mono-palmitoyl-EGCG (p-EGCG) was a gift from Dr. Kunihiro Kaihatsu, Department
of Organic Fine Chemicals, Institute of Scientific and Industrial Research, Osaka University,
Osaka, Japan. EGCG dissolved in DMEM media and palmitoyl-EGCG dissolved in 100%
ethanol were each used at concentrations of 12.5, 25, 50, 75, and 100 pM.

Observation of cell morphology

Cell morphology was assessed using an ACCU-Scope 3002 microscope with an attached
camera by comparing treated and untreated samples. Vero cells were plated in 6-well plates,
grown for 24 hours, and then different concentrations of palmitoyl-EGCG were added to the
wells. After one hour, the palmitoyl-EGCG was removed by aspiration and the cells were
washed with PBS. Fresh media was added to the wells, and cells were examined for
morphological changes after an additional 24 hours of incubation.

Cell viability assay

Vero cells were plated in 6-well plates and after 24 hours different concentrations of p-
EGCG were added to each well. After one hour, the polyphenols were aspirated and the cells
were washed with PBS. DMEM media was put back into each well and cells were incubated
for 24 hours. Cells were trypsinized and harvested. Then the cells were counted using a
hemocytometer and trypan blue, which only stains dead cells blue. The viability was
determined by the proportion of viable cells to control levels at different treatments. The
result was illustrated as relative cell viability with the control as 100% viable.

Cell proliferation assay

Vero cells were plated into 96-well plates; after 24 hours, cultures of 70-80% confluent cells
were treated with different concentrations of EGCG (12.5 uM, 25 pM, 50 pM, 75 uM) and
palmitoyl-EGCG for 1 hour. Polyphenols were then aspirated and 100 pl of fresh DMEM
was added to each well. Twenty-four hours later, cell proliferation was determined using a
tetrazolium reduction-based kit (G5421, Promega Corp.). The formation of soluble formazan
from [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS) was measured by spectrophotometric determination of
absorption at 490 nm using a plate reader (Akkarawongsa et al. 2009). The cell proliferation
assay was carried out in triplicate. The relative cell proliferation was determined by the
proportion of absorbance at 490 nm of treated cells to the control levels (considered as 100%
proliferation) at different concentrations.

Viral titer determination using plaque assay

HSV-1 virions were treated with different concentrations of EGCG or palmitoyl-EGCG
(12.5 uM, 25 uM, 50 pM, 75 uM) for 1 hour at 37 °C. No EGCG or p-EGCG was added to
the control plate. Treated HSV-1 virions were then serially diluted from 1071 to 1077 fold
prior to infection.

Vero cells were plated in 6-well plates and allowed to reach confluence. Cells in different
wells were then infected with different dilutions of 100 pul HSV-1 and allowed to adsorb for
1 hour at 37 °C under 5% CO,. Viruses that had not been adsorbed were then aspirated.
Plates were then overlaid with a nutrient medium-containing agar and incubated. Plaques
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were visualized by staining cells with crystal violet, observed, and counted within 50 hours.
The plaque assay was carried out in triplicate.

Fluorescence microscopy study

Cells were grown on glass cover slips and allowed to reach confluence. They were then
infected with either control HSV-1 or HSV-1 (MOI = 1) previously treated with 75 uM p-
EGCG for 1 hour. Cells without treatment served as negative controls. Non-adsorbed virus
was then removed by aspiration and the cells were washed with PBS followed by addition of
fresh media. After a period of 8, 10 or 12 hours, cells were stained with 300 pl of 300 nM
DAPI (4,6-diamidino-2-phenylindole) stain for 5 minutes at 37 °C in the dark. Cells were
then fixed with a 1:1 acetone and methanol solution for 15 minutes at —20 °C. The cover slip
containing cells were then glued to the slide using a drop of nail polish. Cells were then
visualized under a Zeiss AxioVision fluorescence microscope with a Hamamatsu ORCA-ER
digital camera.

Binding assay

The binding assay was performed at 4 °C, a temperature that allows the virus to bind to
cellular receptors but not enter the cells. Thus, the only mechanism that a potential inhibitor
can disrupt in this assay is virus binding to the cell. Viruses were treated with 75 uM of p-
EGCG for one hour prior to performing the assay. Vero cells were plated in 6-well plates
and allowed to reach confluence. The plates were then removed from the incubator and were
left at room temperature for about 15 minutes. All the plates were put on ice for 15 min and
incubated at 4 °C for 10 min. One hundred pl of p-EGCG treated or control viruses were
used to infect the cells and plates were incubated at 4 °C for 1 hour to allow virus to bind to
the cells. The unbound viruses were removed by washing wells 3 times with cold PBS.
Plates were overlaid with a nutrient medium-containing agar and incubated. Plaques were
visualized as described in plaque assay. The binding assay was carried out in triplicate.

DNA extraction from HSV-1 infected cells

Cells were grown on 60 mm plates and allowed to reach confluence. Cells were then
infected with HSV-1 treated with EGCG, p-EGCG, or neither for 1 hour. After adsorption,
cells were washed with PBS and fresh media was added. After 12 hours (Koyama and
Adachi 1997; Wang et al. 2010), cells were trypsinized and DNA was extracted using the
Qiagen Dneasy Blood & Tissue Kit (Qiagen Sciences, Germantown, MD, USA) following
the protocol provided by the manufacturer for cultured cells. DNA concentration was then
measured by using a NanoDrop™ 1000 Spectrophotometer (Thermo Scientific, Wilmington,
DE, USA).

Primer design and Polymerase chain reaction (PCR) amplification of viral genes

Three sets of primers were designed to prime different regions of the HSV-1 genome based
on published sequences. Primers were designed to amplify the HSV-1 US6 (encoding
glycoprotein D), HSV-1 GFP, or HSV-1 UL46 (encoding VP11/VVP12) genes. The
sequences, melting temperature (Tm) and size of amplicons of forward and reserve primers
are list in Table 1. 100 ng of DNA extracted from HSV-1/Vero cells was added to each PCR
reaction. Standard PCR amplification was performed in 25 pl reactions with an initial
denaturation at 95 °C for 2 minutes followed by 30 cycles of denaturation at 95 °C for 30
seconds, annealing at 60 °C for 1 minute and extension at 72 °C for 30 seconds followed by
a final extension period at 72°C for 10 minutes. Confirmation of the correct amplicon size
was determined by 1% agarose gel electrophoresis and ethidium bromide staining. The
densities of the amplicons were analyzed under UV light using Kodak Image Station 440CF
(Perkin Elmer Life Science, Waltham, MA). Amplicons were also verified by sequencing
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using 3130 GENETIC ANALYZER sequencer (Applied Biosystems, Carlsbad, CA) to
confirm the proper amplification.

Real-time quantitative polymerase chain reaction of genomic HSV-1 DNA

A set of primers that amplify the HSV-1 gene US6 (encoding glycoprotein D) was designed
for use in real-time polymerase chain reaction. This set includes 5’-
CAACCCTACAACCTGACCATC-3’ for the forward primer and 5’-
TTGTAGGAGCATTCGGTGTAC-3’ for the reverse primer to prime an approximate
product size of 100 nucleotides. Real-time quantitative PCR was carried out according to the
manufacturer’s protocol for SYBR Green Comparative Ct method. The samples were run on
ABI StepOnePlus Real-Time PCR System (Applied Biosystems; Carlsbad, CA). The real-
time PCR analysis was carried out in triplicate including negative controls (no template).

Statistical analyses

All assays were performed in triplicates and the data were analyzed using one way Analysis
of Variance (ANOVA) (p<0.05) by SPSS.

Results

EGCG and p-EGCG concentrations up to 75 uM have no significant effect on Vero cell
morphology

Vero cells were exposed to 0-75 pM of EGCG and palmitoyl-EGCG for only 1 hour. Cells
were observed 48 hours later with phase-contrast microscopy. No significant changes in cell
morphology were observed at any tested concentration of EGCG or palmitoyl-EGCG (p-
EGCQG) (data not shown). Thus, Vero cells appear to tolerate 1 hour exposure to EGCG and
p-EGCG at concentrations up to 75 uM.

Cell viability assay shows that p-EGCG does not reduce Vero cell viability

The cell viability was then determined by using trypan blue and hemocytometer direct cell
count to detect the effect of p-EGCG on Vero cells. Similar numbers of cells were recovered
at all concentrations of EGCG tested. The viability was determined as the percentage of
viable (non-stained) cells at different treatments, compared to the control level. The results
are shown in Figure 1. Figure 1 shows a minimum of 98.86% of the cells remain viable after
one hour of treatment with p-EGCG at concentrations up to 75 uM. The viability of the
treated cells was similar to the control. As the concentration of p-EGCG is increased, the
percentage of cell death does not increase. Therefore, concentrations up to 75 UM p-EGCG
can be used to treat HSV-1 and study its inhibitory effects.

Cell proliferation assay reveals that p-EGCG, like EGCG, is not toxic to Vero cells

To determine if Vero cells exposed to various concentrations of EGCG or p-EGCG for one
hour, followed by 48 hours of EGCG/p-EGCG-free incubation, could proliferate, cellular
metabolism was measured using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Although we
expected Vero cells to respond to p-EGCG in a dose-dependent manner, cell proliferation
experiments revealed that exposure to all concentrations of p-EGCG inhibited proliferation
by ~10%, which is less than the effect on proliferation levels seen with EGCG (Figure 2).
These results are consistent with the minor decrease in cell viability (p< 0.05) seen by direct
counting of p-EGCG treated cells (Figure 1). Thus, Vero cells exposed to high
concentrations of EGCG and p-EGCG are competent for cell proliferation, suggesting that
these compounds are not toxic to Vero cells.

Food Chem Toxicol. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

de Oliveira et al. Page 6

p-EGCG reduces HSV-1 titers more effectively than EGCG

The effect of 1 hour exposure to 50 pM EGCG or palmitoyl-EGCG on HSV-1 titers was
determined using a plaque assay. Treatment of a viral suspension with 50 uyM EGCG
decreased PFU/ml by 92.15 £ 0.15% (Figure 3). Remarkably, treatment with 50 uM p-
EGCG resulted in no detectable plaques; that is, a greater than 99% reduction in plaque
formation as shown in Figure 3. Thus, these results confirm our hypothesis that the
palmitoylation of EGCG would increase its antiviral activity.

To determine what concentrations of p-EGCG effectively inhibit HSV-1, virion suspensions
were treated for 1 hour at 37 °C with different concentrations of p-EGCG; treated virions
were then used to infect Vero cell monolayers and the resulting titer was determined with a
plaque assay. As shown in Figure 4 (repeated in triplicate), exposure of virion particles to
12.5 UM p-EGCG caused a 51.89+2.66% decrease in HSV-1 PFU; exposure to 25 UM p-
EGCG caused a 80.16+1.38% decrease in HSV-1 PFU, and exposure to p-EGCG at
concentrations above 50 UM resulted in a >99% decrease in titer. The plaque forming units
were significantly different from the control (o< 0.05). Collectively, these experiments
demonstrated that non-toxic concentrations of EGCG or p-EGCG can effectively inhibit the
ability of HSV-1 to complete its lytic cycle. Since both 50 and 75 M concentrations of p-
EGCG resulted in a >99% decrease in titer and were found to be non-toxic to Vero cells, we
focused on the 75 pM concentration of p-EGCG in subsequent experiments.

Fluorescence microscopy confirms the effectiveness of EGCG and p-EGCG against HSV-1
infection of Vero cells

To determine if a stage of the viral replication cycle is blocked by EGCG and p—-EGCG
treated HSV-1, we observed the localization of tegument-GFP to see if viral particles were
formed. The tegument connects the HSV-1 capsid to the host-derived viral envelope and
thus represents completion of one of the last stages of the viral reproductive cycle. To this
end, Vero cells infected with untreated or treated (75 uM p-EGCG for 1 hour) HSV-1
virions were examined with fluorescence microscopy at 8, 10 and 12 hours post-infection
and compared to uninfected cells. The samples were stained with DAPI and observed for
changes in cell nuclei and for the presence of GFP-labeled HSV-1 virions. Non-infected
Vero cells showed a typical flattened “cobblestone” epithelial pattern of growth, the DAPI-
stained nuclei had smooth margins with no evident granules; green fluorescent granules
(viral particles) were absent as shown in Figure 5.1. In contrast, Vero cells 8 to 12 hours
post-infection with untreated HSV-1 showed significant morphological changes typical of
lytic viral infection (Figure 5.2). A significant level of GFP expression was observed, and
there were numerous fluorescent clusters of viral particles. GFP positive granules could be
observed through 12 hours post-infection and looked very similar at 8 or 10 hours post
infection. The cells were rounded, and the nuclei showed significant granulation and loss of
margins. The extent of nuclear granulation and margin loss continued to increase through 12
hours post infection (Figure 5.3). The morphology of cells infected with virions treated with
75 UM p-EGCG closely resembled non-infected cells at all time points. The cells maintained
their flattened cobblestone appearance, and the nuclei remained intact. Relatively few GFP-
positive granules could be seen. Together, these observations indicate that treatment of
HSV-1 virus particle with 75 uM p-EGCG prevented completion of the lytic cycle in Vero
cells.

Binding assay

To determine if p-EGCG is able to inhibit the binding of HSV-1 to Vero cells, a binding
assay was carried out to allow the virus to bind to cellular receptors but not to enter the cells.
Attached viral particles can later enter the cells after incubation at higher temperature, and
they can complete the lytic cycle. The results (repeated in triplicate) indicated that p-EGCG
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is able to inhibit >99% of binding. This suggests that p-EGCG is able to block viral
glycoprotein(s) and efficiently inhibit the binding of HSV-1 to host receptors (Figure 6).

PCR amplification of HSV-1 genes in EGCG or p-EGCG treated Vero cells suggests that the
replication of the viral genes encoding glycoprotein D, GFP and VP11/12 is reduced

To determine if EGCG and p-EGCG treatment resulted in the production of fewer viral
genomes, PCR was used to measure the relative levels of viral DNA using three different
HSV-1 genes. PCR products from each sample were purified and sequenced to confirm the
expected genes coding for glycoprotein D, GFP, or VP11/12. As shown in Figure 7,
treatment of viral particles with 75 pM EGCG or p-EGCG resulted in decreased viral
replication relative to untreated virions. The detectable levels of viral genes encoding
glycoprotein D, GFP and VP11/12 12 hours post infection were lower (Figure 7), suggesting
there is a significant reduction in viral genome replication in EGCG and p-EGCG treated
cultures.

Real-time PCR confirms that EGCG and p-EGCG treatments block the replication of the
viral genes encoding glycoprotein D, GFP and VP11/12

Since PCR suggested a reduction in the levels of viral genomic DNA, quantitative real-time
PCR of the viral US6 gene encoding glycoprotein D was therefore used to quantify the
relative block of viral DNA replication 12 hours after infection with EGCG or p-EGCG
treated virions. The DNA from control HSV-1/Vero cells, EGCG treated, and p-EGCG
treated HSV-1/ Vero cells was isolated at 12 hours post-infection and US6 gene levels were
measured with real time PCR. Treatment with EGCG caused a 95% reduction in the
concentration of HSV-1’s US6 gene relative to concentration in Vero cells infected with
untreated virions as shown in Figure 8 (repeated in triplicate) whereas p-EGCG had a much
greater effect with a 99.5 % reduction in concentration of HSV-1’s US6 gene (Figure 8).
Thus, the concentration of HSV-1 DNA in treated cells was significantly reduced in the
presence of EGCG or p-EGCG (p< 0.05).

Discussion

Although infection with HSV-1 or -2 is typically asymptomatic, viral activation results in
epithelial lesions that are painful, recurrent, ulcerative, and infectious. HSV-1 causes cold
sores and lesions of the mouth and lip, as well as herpes keratitis, a leading cause of corneal
blindness in the United States. HSV-1 is also emerging as an inducer of genital herpes in
developing countries (Xu et al. 2006), although HSV-2 is the primary cause of most cases of
genital herpes. In rare cases, HSV-2 can also cause encephalitis (Stanberry et al. 2000; Xu et
al. 2006). Frequent HSV outbreaks can have major psychological and social impacts on
infected individuals. Further, HSV lesions provide a facile route for HIV infection during
sexual activity (Van de Perre et al. 2008; Wald and Link 2002). HSV-1 and -2 are
enveloped, double stranded DNA viruses with ~152 Kb genomes and have capsids of ~200
nm in diameter (Garner 2003). The virion consists of three major structures, an outer portion
called the envelope, which includes 11 glycoproteins, a tegument layer composed of 15
proteins, and an icosahedral capsid enclosing the viral DNA (Foster et al. 1998; Garner
2003; Willard 2002). The tegument proteins connect the capsid to the viral envelope.

HSYV infection is initiated by envelope glycoprotein C binding to cell surface proteoglycan
heparin sulfate on epithelial cells and glycoprotein D binding to one of three entry receptors;
this results in strong virion attachment to the host cell (Akhtar and Shukla 2009; Carfi et al.
2001; Shukla and Spear 2001; Spear et al. 2006). Glycoproteins B, D, H and L form a
complex that results in fusion of the viral envelope with the host cell membrane, allowing
the virus to enter the cell. The viral capsid is transported to the nucleus where the viral DNA
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content is released. Persistent lifetime infection is maintained by the virus infecting and
becoming latent in the cell bodies of neurons. Activation (e.g., by other viral infections,
stress or injury) and axonal transport can lead to reinfection of epithelial cells and a
recurrence of lesions.

Although many efforts have been made, there is currently no effective vaccine against HSV
infection, which successfully evades the immune system during latent infections (Belshe et
al. 2012; Bernstein and Stanberry 1999; Toka et al. 2004). Nucleotide analogs targeting viral
replication represent the primary treatment for infection, but they do not provide a cure
(Brady and Bernstein 2004; Fatahzadeh and Schwartz 2007; Morfin and Thouvenot 2003).
Moreover, the virus can develop resistance due to mutations in the DNA polymerase gene
(Brady and Bernstein 2004; Frobert et al. 2008; Lebel and Boivin 2006; Piret and Boivin
2011). Therefore, new medications are required to block infection and to prevent viral
shedding by an infected individual (Morfin and Thouvenot 2003). EGCG has been reported
to lack marked cytotoxic effects on non-cancerous cells (Babich et al. 2005; Weisburg et al.
2004). Data presented here indicate that both EGCG and p-EGCG have similar cytotoxicity
towards African green monkey kidney-derived Vero cells at concentrations up to 75 pM.
Pilot studies with 100 uM of EGCG and p-EGCG have shown no increase in toxicity.
Cellular metabolism retains 90% of its normal activity, suggesting that EGCG and p-EGCG
are not toxic at the concentrations used in this study. EGCG is unstable in aqueous solution
and readily oxidizes, resulting in a loss of activity (Chen et al. 2009; Chen et al. 2003).
Therefore, aqueous topical solutions must be prepared fresh, making it unsuitable for the
preparation of medications. Several experimental approaches used here demonstrated that
palmitoyl-EGCG, and to a lesser extent EGCG, had a powerful inhibitory effect on the
HSV-1 lytic cycle, consistent with a previous report for the effects of EGCG (lsaacs et al.
2008). Treatment of virions for 1 hour with 50 pM EGCG and p-EGCG and removed after 1
hour absorption caused a 92% and >99% respectively, reduction in infectivity as measured
by plaque formation. Unlike the effect of p-EGCG on Vero cell metabolism, the effect on
HSV-1 was dose-dependent (Figure 8). Moreover, p-EGCG treatment caused a >99%
reduction in the amount of HSV-1 genome DNA synthesized 12 hours after infection,
whereas EGCG caused a 95% reduction.

In this study, the EGCG or p-EGCG was removed after one hour of viral adsorption, but still
resulted in a significant inhibition of viral production by Vero cells. One potential
mechanism for this inhibitory effect of EGCG and p-EGCG on the HSV-1 lytic cycle is by
blocking virion entry into cells, which was observed for the effect of EGCG on HIV and
influenza virus infection (Song et al. 2005; Williamson et al. 2006). Alternatively (or in
addition), the virion particles could be damaged, as has been observed previously for the
effect of EGCG on HSV (Isaacs et al. 2008). While these may be the dominant
mechanism(s), some HSV-1 DNA persisted after infection of Vero cells with EGCG or p-
EGCG treated virions serving as effective PCR templates for HSV-1 genes, suggesting some
viral particles enter the cells and the genomes are replicated although no detectable plaques
are formed. Therefore, p-EGCG may also affect intracellular genome trafficking, and/or
virion assembly to form viable virus particles. Further work will be required to test these
possibilities and further clarify the mechanisms of action. Collectively, the results from this
study demonstrate that lipophilic p-EGCG is a potent inhibitor of HSV-1 infection of
epithelial cells /in vitro at non-toxic doses. The fatty acid derivative is stable to air exposure,
vaginal pH (lsaacs et al. 2008; Lambert et al. 2006; Sang et al. 2005; Zhu et al. 1997), and is
a more effective antiviral agent against HSV-1 than EGCG. Palmitoyl-EGCG therefore
offers a potentially useful approach to prevent infection by topical application on epithelial
tissues. A case study has been reported recently that the topical application of lipophilic
EGCG could be a potential effective treatment for HSV (Zhao et al. 2012). Use of p-EGCG
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could have significant public health benefits, and warrants further study in appropriate
models.

Conclusion

EGCG is a strong anti-oxidant that has previously been shown to reduce the number of HIV
plaques in tissue culture (Williamson et al. 2006). Modification of the green tea polyphenol
epigallocatechin gallate (EGCG) with palmitate increases the effectiveness of EGCG as an
antiviral agent. Palmitoyl-EGCG (p-EGCG) is of interest since it can be topically applied to
skin, one of the primary tissues infected by Herpes Simplex Virus. Here, we show that p-
EGCG is a more potent inhibitor of Herpes Simplex Virus 1 (HSV-1) than EGCG and that
p-EGCG is not toxic to Vero cells in culture by cell viability and cell proliferation assays.
Significantly, p-EGCG was found to inhibit HSV-1 adsorption to Vero cells. Thus, p-EGCG

may provide a novel treatment for HSV-1 infections.
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Figure 1.

Cell viability of Vero cells treated with different concentrations of p-EGCG. The numbers
represent the mean of three replicates and the y-error bars represent SD.
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Figure 2.

Cell proliferation studies of Vero cells treated with different concentrations (0, 50 and 75
uM) of EGCG and p-EGCG using MTS assay. The means of results of triplicate tests of
EGCG treated samples (blue) and p-EGCG treated samples (red) represent the average of
triplicate trials. The y-error bars represent SD.
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Figure 3.

PFU of HSV-1/Vero, HSV-1 treated 50 uM EGCG/Vero, HSV-1 treated 50 uM p-EGCG/
Vero. The numbers represent the mean of triplicates and the y-error bars represent SD.
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Figure 4.
PFU of HSV-1 treated with different concentrations of p-EGCG. The numbers represent the
mean of triplicate trials and the y-error bars represent SD.
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Figure 5.

Fluorescence microscopic observations of control Vero cells and p-EGCG treated HSV-1
infection of Vero Cells. 5.1. Control Vero cells monolayer (400%). (A) Phase contrast; (B)
DAPI stain; (C) GFP. 5.2. GFP expression and 5.3. DAPI stain at 8-12 hours post-infection
for HSV-1 (+/- p-EGCG) of Vero cells at (A) 8 hours no p-EGCG (A’) 8 hours + p-EGCG;
(B) 10 hours no p-EGCG; (B”) 10 hours + p-EGCG; (C) 12 hours no p-EGCG; (C’) 12 hours
+ p-EGCG. The arrows show the granulation and loss of margins in the HSV-1 infected
cells.
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Figure 6.
Binding assay of HSV-1, with or without 75 uM p-EGCG, with Vero cells. The numbers
represent the mean of three trials and the y-error bars represent SD.

Food Chem Toxicol. Author manuscript; available in PMC 2014 February 01.




1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

de Oliveira et al. Page 21

1 2 3 4 5 Ampliconsize (nt)

GlycoproteinD 938

GFP 717

VP11/12 957
Figure 7.

Gel electrophoresis of PCR products. Top: PCR of HSV-1 glycoprotein D gene US6. 100 ng
of DNA extracted from HSV-1/Vero cells was added to each PCR reaction. Middle: PCR of
HSV-1 GFP gene UL46. Bottom: PCR of HSV-1 VP11/12 tegument gene UL46. Lane 1:
HSV-1/Vero; Lane 2: 75 uyM EGCG-HSV-1/Vero; Lane 3: 75 uM palmitoyl-EGCG-HSV-1/
Vero; Lane 4: Vero cells only; Lane 5: Negative control.
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Figure 8.

Percentage relative to control of concentration of US6 gene in EGCG-HSV-1/Vero and p-
EGCG-HSV-1/Vero cells relative to HSV-1/ Vero cells with no EGCG or p-EGCG based on
RT-PCR. Percentage calculated based on the relative expression with comparative Ct (n=3).
Y-error bars indicate SD.
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Table 1
The sequences, Tm and size of amplicons of the designed primers used in PCR for analysis of HSV-1/Vero
cell DNA.
Primers Target Nucleotide sequence (5’ to 3°) Tm | Amplicon
genes (°C) (nt)
gD1f AGACGTCCGGAAACAACCCTACAA | 64.6
HSV-1 US6 752
gD1r ACACAATTCCGCAAATGACCAGGG | 64.6
GFPf TGACCCTGAAGTTCATCTGCACCA | 64.6
HSV-1 GFP 717
GFPr AACTCCAGCAGGACCATGTGAT | 627
VP11/12f ACCAAGCCTTGATGCTCAACTCCA | 64.6
HSV-1 US46 957
VP11/12r ACAACACGGTTCCCGAGAGTTTGA | 64.6
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