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ABSTRACT The anti—herpes simplex virus type 1 and anti-herpes simplex virus type 2 effects of apple pomace, a by-
product from the cider-processing industry, were investigated. The mechanisms of antiviral action were assessed using a
battery of experiments targeting sequential steps in the viral replication cycle. The anti-herpetic mechanisms of apple pomaces
included the inhibition of virus attachment to the cell surface and the arrest of virus entry and uncoating. Quercitrin and
procyanidin B2 were found to play a crucial role in the antiviral activity.
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INTRODUCTION

APPLE POMACE is a by-product of the cider-processing
industry representing about 35% of the original fruit.
The disposal of pomace has an added cost to the beverage
industry, especially in regions with an ancient and vast tra-
dition in cider consumption associated to high production
rates, which is the case in Asturias where about 20,000 tons
of pomace is generated every year. The use of apple pomace
as compost without some kind of pretreatment may not
continue to be acceptable due to evident environmental
concerns. Furthermore, this product is a poor animal food
because of its low protein content and its season-restricted
availability. For these reasons, the exploration of potential
alternative uses for this waste is needed.'

In recent years, the nutritional value of apple pomaces has
been demonstrated and these by-products have been re-
garded as a food additive due to their high content in anti-
oxidant polyphenols and dietary fiber.>* The beneficial
effects of apple pomaces on health include the improvement
of lipid metabolism; the decrease in lipid peroxidation®; the
cholesterol lowering; the prevention, reduction, and treat-
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ment of diverticular and coronary heart diseases; the pre-
vention of asthma and other chronic diseases; and the
inhibition of cancer cell proliferation.’

Herpes simplex virus type 1 (HSV-1) and 2 (HSV-2) are
enveloped viruses with large, linear, double-stranded DNA
genomes. These viruses are major human pathogens re-
sponsible for long-term latent infections with periods of
recurring viral replication associated to a broad spectrum of
diseases. The herpes-associated clinical symptoms vary
from mild self-limiting skin vesicular lesions to severe
manifestations such as encephalitis, conjunctivitis, pneu-
monia, and hepatitis.®” The lack of effective vaccines, the
moderate-to-high toxicity of the available anti-herpes
compounds, and the appearance of resistant viral strains,
especially among immunocompromised patients, highlight
the need for new drugs.

In a previous study, we have reported the strong anti-
herpetic and antioxidant effects of apple pomace crude ex-
tracts' but data concerning the mechanisms underlying the
antiviral effects and the putative responsible phytochemicals
are still missing. The pomace used on our previous work was
made from a blend of distinct apple varieties (namely poly-
varietal pomace). The differences between Asturian ap-
ple varieties regarding their phenolic profiles as well as
their antioxidant activities have been well established.® In
this study, we describe the anti-HSV-1 and anti-HSV-2
activity of pomace produced from single-cultivar apples
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(mono-varietal pomace) and investigated their putative anti-
herpetic mode of action through a comprehensive series of
mechanistic assays.

MATERIALS AND METHODS
Reagents

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) and commercial standards of proto-
catechuic acid, cafeic acid, chlorogenic acid, trans-cinnamic
acid, phloridzin, hyperin, quercitrin, isoquercitrin, and pro-
cyanidin B2 were purchased from Sigma-Aldrich.

Apple pomace and extraction procedure

Three different single-cultivar apple varieties were used
separately to make the pomaces analyzed throughout this
work: Meana, De la Riega, and Carrio, referred to as M,
DR, and C, respectively. The pomaces were dried, groun-
ded, extracted with 70% acetone, and lyophilized as previ-
ously reported.®

Viruses and cells

HSV-1 and HSV-2 clinical isolates were obtained from
the Virology Service of Asturias University Central Hospital
(Asturias, Spain) and propagated in Vero cells (ECACC No.
84113001). Virus titrations were performed using both the
endpoint dilution method first reported by Reed and
Muench® and by plaque assay. Vero cells were propagated
in Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco
BRL) supplemented with 10% fetal bovine serum (Sigma)
and maintained in DMEM without bovine serum.

Cytotoxicity assay

Increasing concentrations of the test sample were added
to confluent Vero cells in 96-well plates, with a replicate
number of six wells per concentration. After 72-h incu-
bation, the MTT solution (0.5 mg/mL) was added and the
plates were incubated for 3h. The formazan precipitate
was dissolved with 2-propanol and the ODs7onm Wwas
measured using a pQuant Spectrophotometer (Biotek In-
struments) with a reference wavelength of 620nm. The
resulting cell viability was calculated as first described by
Mosmann.'”

Antiviral activity assays

Ninety-six—well plates containing confluent cell mono-
layers were preincubated for one hour with increasing
noncytotoxic concentrations of the test sample (100 uL/well
of 25-1600 pg/mL solutions, with a replicate number of six
wells per test concentration) and HSV-1 or HSV-2 (10
TCIDsp) was added to each well. The plates were incu-
bated at 37°C in a 5% CO, humidified atmosphere and
observed daily for cytopathic effect (CPE) using a light
microscope. When CPE was observed in all virus control
wells, the percentage of wells with CPE was determined for
each treatment concentration, as has been described.''!3

Acyclovir (ACV) at concentration varying from 0.1 to
10 pug/mL served as a positive control.

Time of addition assay

The anti-HSV effect of apple pomace extracts when ad-
ded to cell cultures at different moments during the course of
virus infection and replication was investigated by means of
a modified plaque assay.'* The analyzed sample (3 x ECs)
was added at different time intervals with respect to the
infection with 200 pfu of either HSV-1 or HSV-2. Each
extract was added to cell cultures 1h before infection, si-
multaneously with the infective virus and 2, 4, 8, or 14h
after infection. After 1-h adsorption, the virus inocula were
removed and the cells were washed with phosphate-buffered
saline (PBS). The extract was re-added to the wells in which
the additions were done 1h before infection and simulta-
neously with the infective virus. The rest of wells in the plate
were replenished with fresh DMEM and the pomace extract
was added at the corresponding time points. After the last
addition of the extract, the culture medium was replaced by
a 1.5% methylcellulose overlay containing an identical
concentration of the test extract. The plates were further
incubated at 37°C in a 5% CO, atmosphere and observed
daily using an inverted light microscope, until the appear-
ance of viral lysis plaques in the mock-treated (virus con-
trol) wells. After 72-96 h of incubation, the cells were fixed
with 10% formaldehyde and stained with 0.5% crystal violet
in 20% methanol. For each time of addition the percentage
of inhibition (%I) was calculated as follows: (1 —number of
viral plaques in treated wells/number of viral plaques in
virus control) x 100.

Adsorption inhibition assay

The effects of apple pomace extracts on virus attachment
to cells were investigated as follows: 12-well plates con-
taining confluent Vero cell monolayers were incubated for
1 h at 4°C. Increasing noncytotoxic concentrations of the
test extract (500 uL/well of either 50, 100, 300, 500, or
700 pg/mL solutions) were added in duplicate and 200 pfu
of HSV-1 or HSV-2 were immediately added. The plates
were further incubated at 4°C for 3h to allow virus ad-
sorption. Afterward, the medium was removed, the cell
monolayers were gently washed with DMEM without bo-
vine serum, a 1.5% methylcellulose overlay was added to
each well, and the plates were finally incubated at 37°C in a
5% CO, atmosphere for 96 h or until complete development
of viral lysis plaques in mock-treated (virus control) wells.
The percentage of inhibition (%I) was calculated as previ-
ously indicated in the time of addition method.

Virucidal assay

The virus suspensions were mixed with identical volumes
of the test extract, or the equivalent quantity of culture
medium (negative control) and then incubated at room
temperature (25°C) for 30 min. The residual virus infectious
titers were further determined, as previously reported.'>
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Penetration inhibition assay

The effects of apple pomaces on HSV-1 and HSV-2 cell
entry were assessed using a previously described assay'®
with minor modifications. The experiment was performed in
12-well plates using a virus inoculum of 200 pfu/well and
the same test concentrations used in the adsorption inhibi-
tion assay (500 uL/well of 50, 100, 300, 500, or 700 ug/mL
solutions).

Real-time (quantitative) polymerase chain reaction

To investigate the effect of apple pomaces on viral DNA
synthesis, a quantitative polymerase chain reaction (QPCR)
experiment was conducted as follows: 24-well plates con-
taining confluent Vero cells were preincubated for 1 h at 4°C.
Each well was then infected at MOI=0.5 with HSV-1 or
HSV-2 and the plates were maintained at 4°C to synchronize
infection. Following 1-h adsorption at 4°C the inocula were
removed, the cells were washed with PBS, the wells re-
plenished with fresh medium, and the plates were further
incubated at 37°C for 2 h to allow virus entry and uncoating.
Afterward, the medium was removed and the pomace ex-
tracts (3x ECsp) were added (3 h post-infection). At 6, 8, 12,
24, 36, and 50h post-infection the supernatants were re-
moved and the cell monolayers were scraped and used
to extract DNA (QIAAmp DNA Mini Kit, QIAgen). The
viral DNA was quantified by real-time PCR using a Light-
cycler 2.0 equipment (Roche). The specific oligonucleotides
GCCGTGTGACACTATCGTCCATA (forward primer) and
TTGTTATACCCCTCCTCCTCGTAA (reverse primer)
were used to amplify an 87 bp-fragment within HSV-1 US5
(envelope glycoprotein J, gJ) gene (see GenBank sequence
NC_001806 for further details). Ten-fold dilutions of a
plasmid containing a 222-bp fragment including the just-
mentioned HSV-1 target sequence were used as standards
for quantitation. For HSV-2, the following specific primers
were employed: AGACGTGCGGGTCGTACACG (forward
primer) and GGCGCGGTCCCAGATCGGCA (reverse
primer), which amplify a 101-bp fragment within the HSV-2
US4 (envelope glycoprotein G, gG) gene (see GenBank se-
quence NC_001798). Ten-fold dilutions of a plasmid con-
taining a 196-bp fragment including the just-mentioned
HSV-2 target sequence were used as standards for quanti-
tation. An identical procedure was followed with untreated
infected cells (negative) and ACV-treated infected cell
(positive) controls. ACV (3 ug/mL) served as positive con-
trol for virus inhibition.

Statistics

Statistical analyses were performed with the Statistica 6.1
software. The differences in antiviral activity were analyzed
using Student unpaired #-tests. Values of P <.05 were con-
sidered indicative of statistical differences. The concentra-
tion of the sample reducing cell viability by 50% (mean
cytotoxic concentration, CCsp) and that reducing viral-
induced CPE by 50% (mean effective concentration, ECsg)
was calculated by regression analysis using the dose—
response curves generated from the experimental data. A

selectivity index (SI) was calculated for each extract and
virus, by dividing the CCsy by the ECs value.

RESULTS AND DISCUSSION

The cytotoxic effects of apple pomace extracts on Vero
cell cultures were evaluated using the MTT colorimetric
assay, based on the formazan production by mitochondrial
enzymes in viable cells. The presence of apple pomace
extracts showed to be rather innocuous for the cells up to
10 mg/mL approximately. No pronounced morphological
changes were observed in Vero cells at the CCsg value by
microscope examination of monolayers (data not shown).
The acetone extracts from single-cultivar apple pomaces
used in this work were two- to three-fold less toxic than the
acetone extract obtained from a poly-varietal pomace.!

The inhibitory effects of apple pomace extracts on in vitro
HSV-1 and HSV-2 replication have previously been reported
for a poly-varietal pomace.' In this work, the anti-herpetic
effects of single-cultivar pomaces were investigated. SI
values >2 were considered as indicative of specific antiviral
activity, as has been previously suggested.!”"!® The pomaces
analyzed strongly inhibited viral-induced CPE at non-
cytotoxic concentrations, with the exception of the pomace
C against HSV-1, whose ECsy value could not be deter-
mined at the concentrations tested (Table 1). However, the
putative existence of anti-HSV-1 activity of pomace C at
greater concentrations cannot be ruled out. The inhibition
recorded was concentration dependent for all apple pomace,
since a gradual reduction in the percentage of CPE was
observed to be associated with increasing concentration of
the extracts (data not shown). The SI values found for apple
pomaces ranged from 12.5 to 28.1.

To investigate the mode of action of apple pomace ex-
tracts, a battery of mechanistic experiments were per-
formed including a time-of-addition assay, adsorption
inhibition experiments, virucidal assays, viral penetration
inhibition assays, and a qPCR-based DNA synthesis inhi-
bition experiment. As observed in the time-of-addition
assays (Fig. 1), inhibition values close to 100% were re-
corded for both tested samples for HSV-1 and all three
tested samples for HSV-2, if added 1h before or during
virus inoculation. The inhibitory effects decreased to 20%—
60% if added 2h post-inoculation, and even lower (2%—
20%) if added 4 h post-inoculation, suggesting that the apple
pomaces mainly targeted early viral replication events, that is,
adsorption, penetration, and/or viral uncoating.

The apple pomace extracts added during virus adsorption
protected Vero cells to different extents from HSV-1 and
HSV-2 infection, in a concentration-dependent manner (Fig.
2). At 300 ug/mL (30-fold lower than the CCsg value of C,
the most toxic pomace) the pomace extracts inhibited virus
adsorption by more than 75%, except for pomace C extract,
whose strongest HSV-2 adsorption inhibition was recorded
at the highest tested concentration (700 pug/mL).

Phenolic compounds are known to prevent virus attach-
ment to the cell surface by two main mechanisms: dena-
turation of viral envelope molecules leading to irreversible
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TABLE 1. ANTI-HERPES SIMPLEX VIRUS TYPE 1 AND ANTI-HERPES SIMPLEX VIRUS TYPE 2 ACTIVITY
OF APPLE POMACE EXTRACTS AND STANDARDS OF IDENTIFIED METABOLITES

Antiviral activity

Cytotoxicity Anti-HSV-1 Anti-HSV-2
Sample CCso (ng/mL) ECso (11g/mL) S ECso (ng/mL) S
Pomace M 11,827+1852 946.9+19.1 12.5 757.0+60.8 15.6
Pomace DR 15,251 +£3503 1012186 15.1 541.8+59.1 28.1
Pomace C 9466 £260 > 1600 <5.92 33744252 28.0
Procyanidin B2 323.6+£33.2 33.23+£1.33 9.74 24.22+1.2 13.4
Quercitrin 1211£17.3 560.9+31.6 2.16 514.3+34.2 2.35
Isoquercitrin 453.4+69.7 >300 <2 >300 <2
Chlorogenic acid 273.9+14.6 >200 <2 >200 <2
Cinnamic acid 550.3+12.7 >400 <2 >400 <2
Protocatechuic acid 328.2+£60.3 >200 <2 >200 <2
Cafeic acid 80.36+7.75 >50 <2 >50 <2
Phloridzin > 1000 >500 N/D >500 N/D
Hyperin >1000 >500 N/D >500 N/D
ACV 1454+£120 0.9+£0.01 1615 0.8£0.12 1817

Data are presented as the mean values from three independent experiments with their standard deviations. ACV served as positive control.
CCso, mean cytotoxic concentration; HSV, herpes simplex virus type; ECso, mean effective concentration; SI, selectivity index; M, Meana; DR, De la Riega;
C, Carri6; N/D, not determined; ACV, acyclovir.
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inactivation of virions, with the consequent decrease in
infectivity (namely virucidal activity) and/or by interact-
ing with cell surface receptors required for virus attach-
ment.'*2? To investigate the ability of apple pomace to
directly inactive extracellular virions, a virucidal assay
was carried out. After incubating HSV-1 or HSV-2 sus-
pensions with apple pomace extracts at concentrations
ranging from 500 to 5000 ug/mL ( ~ 1-15-fold greater than
the ECs values), the decrease in virus infectious titers was
about 0.3 logio or lower. It is generally accepted that a
good virucidal agent must be able to reduce virus titers by
2 logio; that is equivalent to inactivating 99% of the virions
in the preparation.?! The lack of virucidal activity sug-
gested that the observed adsorption inhibition (Fig. 2)
exerted by apple pomaces would probably take place
through an interaction with cell surface receptors prior to
(or during) adsorption, rather than acting on extracellular
virions as described for the majority of antiviral com-
pounds found in plants.'®-?°

A strong concentration-dependent inhibition was also
recorded when the apple pomace extracts were added to the
infected cells during virus entry and uncoating. At a con-
centration of 300 pug/mL all pomace extracts blocked virus
penetration/uncoating by more than 50% (Fig. 3).

It is well documented that HSV DNA synthesis starts
shortly after penetration within the infected cells (3 h post-
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FIG. 4. Time course of HSV-1 (A) and HSV-2 (B) DNA yields, in
the presence or absence of apple pomace extracts, determined by real-
time polymerase chain reaction. VC, untreated (negative) virus con-
trol. Acyclovir (ACV, 3 ug/mL) served as positive control.

inoculation).?>** A real-time PCR assay was used to eval-
uate the inhibitory activity of pomaces on DNA synthesis
over time. HSV-1 and HSV-2 intracellular DNA levels
found in pomace-treated cells (Fig. 4) showed a kinetic
behavior similar to that of untreated virus controls. Thus,
apple pomaces had no inhibitory effects on HSV-DNA
synthesis. ACV-treated controls showed viral DNA amounts
similar to the DNA concentration in the inoculum
throughout the time course of the experiment (Fig. 4).

The phytochemical profiles of the Asturian apple varieties
used in this work have previously been reported.® They
contained polyphenols including phenolic acids (proto-
catechuic, chlorogenic, cafeic, and cinnamic acids), flavan-
3-ols and procyanidins (epicatechin, procyanidin B2, trimer
Cl1, and tetramer), dihydrochalcones (phloridzin and
phloretin-2-xyloglucoside), and flavonols (hyperin, rey-
noutrin, quercitrin, isoquercitrin, and avicularin).® In an at-
tempt to understand the relationships between the chemical
composition of apple pomaces and their antiviral effects, we
evaluated the anti-herpetic activity of several commercial
standards of compounds (Table 1) previously identified in
these extracts. Only procyanidin B2 and the flavonol quer-
citrin showed significant anti-herpes virus activity (Table 1),
in agreement with previous studies.’®?* In contrast, no
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antiviral activity was found for protocatechuic acid, cin-
namic acid, chlorogenic acid, isoquercitrin, hyperin, or
phloridzin (the most abundant compound in these apple
pomaces) (SI<2). Our results clearly differ from those of
Chiang et al.*® who reported anti-HSV-1 and anti-HSV-2
activity for caffeic and chlorogenic acids in BCC-1/KMC
cells. In our hands, using Vero cells, caffeic acid was the
most toxic compound and no effect on viral-induced CPE
was observed up to 50 ug/mL. Supporting this finding,
Schnitzler et al.*® reported no inhibitory effects for caffeic
acid on HSV-1 propagation. This compound was unable to
protect Vero cells from HSV-1 infection when the cells or
virions were separately pretreated and it was also unable to
block viral DNA replication.?® Data concerning a putative
anti-herpetic action of phloridzin, chlorogenic acid, and
hyperin are scarce in the scientific literature. Although anti-
herpetic effects for isoquercitrin have been reported,”’ no
activity for this metabolite was found in our study model.
Furthermore, the lack of anti-herpes activity of cinnamic
and protocatechuic acids has previously been reported.?®

The antiviral activity found for apple pomaces suggests
their potential use as a therapeutic candidate for the treat-
ment of herpetic diseases. Apple pomaces could be included
in topical formulations to treat vesicular skin lesions or to
prevent sexually acquired HSV infections, which strongly
predispose to human immunodeficiency virus acquisition.
This approach may represent an environment-friendly al-
ternative for the revalorization of this residue, generated in
excessive amounts by the cider industry in Asturias and
many other cider-producing regions. The proven harmless-
ness of apple pomaces together with their high contents in
antioxidant metabolites also supports their potential to be
included in nutraceutical and dietary supplements or as a
food-enrichment additive.
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