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INTRODUCTION

Hepatitis C virus (HCV) is a major cause of viral hepati-
tis and currently infects approximately 170 million people
worldwide”. An infection by HCV causes high rates of
chronic hepatitis (> 75%) and progresses to liver cirrhosis
and hepatocellular carcinoma ultimately”. A total of 27%
and 25% of individuals that develop liver cirrhosis and
hepatocellular carcinoma worldwide, respectively, arise in
HCV-infected people!”. The World Health Organization
reported that between 350000 and 500000 people die
from HCV-related diseases each year. However, there is
no effective vaccine against HCV infection at present.

Currently, the combination of pegylated o-interferon
and a broad spectrum antiviral drug, ribavirin, is used
as the standard therapy for chronic HCV infection™,
Howevert, its option is unfortunately limited by efficacy,
tolerability, and significant side-effects. Therefore, it had
been required to establish a new therapeutic modality
without serious adverse effects. Recently, direct-acting
antivirals (DAAs) that inhibit HCV-specific proteins have
be clinically investigated'™”. For example, boceprevir and
telaprevir are new DAAs that were first approved by the
United States Food and Drug Administration (FDA) in
2011"”. DAAs are expected to provide new promising
treatment options in hepatitis C patients; however, at
present, they face difficulties to disseminate worldwide
due to high costs. Therefore, new anti-HCV agents that
are safe, economical, and complementary with present
therapies, are still required.

Since the development of HCV-related liver cirrhosis
and hepatocellular carcinoma requites a prolonged petriod
(20-30 years), the progression of this disease may be influ-
enced by a diet including dairy products. Interest in func-
tional foods and their ingredients as natural resources for
cancer prevention and treatment is increasing! . Eating
habits, foods, nutrients contained in them, and other food
constituents play important roles on the development
of several types of cancer and 35% of cancer deaths are
estimated to be possibly related to dietary factors'”. Poly-
phenols detived from various fruits and vegetables have
recently been suggested to be effective in the prevention
of cancer. The South Kyushu region of Japan, including
the prefecture of Miyazaki, has been recognized as a high
prevalence area of HCV and it emerges as a social issue.
Therefore, attempts were made to identify functional food
ingredients having suppressive activities against HCV rep-
lication as an industry-academia-government collabora-
tion study"”. By screening of 1700 samples from 283 ag-
ricultural products in Miyazaki prefecture, we found that
oligomeric proanthocyanidin, a polyphenolic ingredient
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abundantly contained in the leaves of the blueberry plant,
suppressed the expression of HCV subgenomic RNA in
an HCV replicon cell systemm].

In this review, we presented an overview of func-
tional foods and ingredients efficient for HCV infection,
the chemical structural characteristics of oligomeric pro-

anthocyanidin, and its action mechanism.

HCV LIFE CYCLE AND ANALYTICAL

TOOL

HCV belongs to Hepacivirus genus of the Flaviviridae fam-
ily and has a positive-sense single stranded RNA of 9.6
kb wrapped with enveloped membrane!™. After their ad-
sorption on the surface of host cells, HCV particles are
internalized into endocytic compartments and viral ge-
nomic RNA is then released into the cytoplasm by fusion
of the viral envelope and cellular membrane. Genomic
RNA serves as mRNA for viral proteins and is translated
into a single polyprotein (3011 amino acids), resulting in
4 structural proteins (Core, E1, E2, and p7) and 6 non-
structural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) by post-translational processing (Figure 1A).
It also serves as a template for viral genome replication.
Non-translated regions (NTRs), 5’NTR and 3’NTR, are
connected with the HCV polyprotein-coding region, and
modulate viral protein synthesis and genome replication.

The assembly of these viral components occurs on the
endoplasmic reticulum (ER) membrane. Viral proteins
and genomic RNA assemble on the cytoplasmic side of
the membrane and then progeny virions bud into the ER
lumen, followed by their release to the extracellular space.
In the life cycle of HCV, each viral protein functions as
described below!". Core is a highly basic protein that
encapsidates HCV genomic RNA. E1 and E2 are glyco-
proteins integrated into the viral envelope. p7 functions
as an ion channel and an antiviral drug, amantadine, is the
p7 ion channel blocker!. Importantly, several steps of
HCV infectious process are coordinated by NS proteins.
NS2 and NS3 are a cysteine protease and serine prote-
ase, respectively, that play roles in the post-translational
processing of viral proteins. NS3 serine protease activity
requires NS4A as a cofactor. NS4B and NS5A have been
suggested to serve in viral assembly on the ER membrane
and NS5B is an RNA-dependent RNA polymerase. Many
studies to date have reported that these viral proteins are
assoclated not only with viral replication, but also patho-
genicity za interactions with various host proteins. The
identification of host proteins associated with the HCV
life cycle is very important for anti-HCV drugs, and the
HCV replicon cell system has contributed significantly
to the development of these drugsm’m. This system con-
sists of the human hepatocellular carcinoma line Huh-7
in which the transfected luciferase gene connected with
HCV subgenomic RNA including the downstream cod-
ing regions of NS3 and the expression of HCV subge-
nomic RNA can be quantified by luciferase activity (Figure
1B). It provides a useful tool for HCV drug development
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Figure 1 Structure of the hepatitis C virus genome and cell system for an-
ti-hepatitis C virus drug discovery. A: HCV genomic RNA and viral proteins.
HCV genomic RNA encodes a single polyprotein of 3011 amino acids. After
being translated, the polyprotein is processed into 4 structural proteins (Core,
E1, E2, and p7) and 6 non-structural (NS) proteins (NS2, NS3, NS4A, NS4B,
NS5A, and NS5B). The polyprotein-coding region is flanked by 5" and 3'NTRs.
Viral RNA also serves as a template for viral genome replication and both NTRs
modulate viral protein synthesis and genome replication; B: The HCV replicon
cell system. Huh-7 cells were transfected with the luciferase gene connected
with HCV subgenomic RNA including the downstream coding regions of NS3.
The expression of HCV subgenomic RNA could be quantified by luciferase ac-
tivity. HCV: Hepatitis C virus; NTRs: Non-translated regions.

and the elucidation of mechanisms undetlying HCV
genome replication!”. We have used this HCV replicon
system to screen functional foods with anti-HCV activity.

THERAPEUTIC OPTIONS FOR CHRONIC
HCV INFECTION

Currently, the combination of pegylated a-interferon and
a broad spectrum antiviral drug, ribavirin, is used as the
standard therapy for chronic HCV infection®”. How-
ever, the HCV genotype is an important determinant of
its efficacy and tolerability. Whereas the virological re-
sponse to this combination therapy is more than 70% for
genotypes 2 and 3, it is less than 50% for genotype e,
Furthermore, this therapy causes significant side-effects
such as thrombocytopenia, flu-like symptoms, fever, rash,
anorexia, and thyroid dysfunction. Depression and irrita-
bility that are expressed as neuropsychological disorders
during therapy impair quality of life universally. There-
fore, it had been required to establish a new therapeutic
modality without setrious adverse effects.

Recently, DAAs that inhibit HCV-specific proteins
have been clinically investigatedp’sl. Two DAAs, bocepre-
vir and telaprevir first came to the HCV drug market
and were approved by FDA in May 2011. Boceprevir
or telaprevir was used as triple therapy with pegylated
a-interferon and ribavirin for hepatitis C patients with
genotype 1", These DAAs are inhibitors against HCV
NS3/4A setine protease and bind covalently with active
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site of the enzyme” . The triple therapy using bocepre-
vir or telaprevir significantly increased the rate of sus-
tained virological response (SVR) for naive or previous
treated hepatitis C patients with HCV genotype 12
After that, next generation DAAs, ABT-450/t, simepre-
vir, and faldaprevir, which are also NS3/4A protease
inhibitors, have been reported to have advantages of
their convenience and improved side effects proﬁlep”‘?’z].
Further, daclatasvir and sofosbuvir, which are an NS5A
replication complex inhibitor and a nucleotide analogue
NS5B polymerase inhibitor, respectively, also increased
SVR rate™ ™, Notably, the combination of these DAAs
only was the highly effective treatment for patients with
HCV genotype 1P and it is feasible to treat HCV with-
out interferon and ribavirin.

While patients with hepatitis C can be treated by
above mentioned DAAs without significant side-effects,
it requires high medical costs and limits access to the
therapy in cost-sensitive countries™. Of the 20 countties
with the high prevalence of HCV, 12 are categorized as
low ot lower-middle income countries™. Therefore, new
anti-HCV agents that are safe, economical, and comple-
mentary with present therapies, are still required and we
focus attention on functional foods and their ingredients.

FUNCTIONAL FOOD INGREDIENTS
EFFECTIVE FOR HCV

The development of HCV-related liver cirrhosis and
hepatocellular carcinoma requires a prolonged period
(20-30 years). Therefore, the progression of the disease
and HCV infectivity may be influenced by a diet includ-
ing dairy products. Functional foods and their ingredients

are known to be capable of modulating various biologi-
cal processes such as apoptosis and have been attracting
interest as natural resources for the prevention and treat-
ment of cancer!'™""*". Dietary polyphenols derived from
various fruits and vegetables have been suggested to be
effective in cancer prevention. Although the importance
of functional food ingredients as DAAs against HCV is
not fully recognized, these findings suggest that they con-
tribute to the elimination of the virus.

Several functional food ingredients have been re-
ported to interfere with different steps of the HCV life
cycle. Epigallocatechin-3-gallate (EGCG) (Figure 2A) and
curcumin (Figure 2B), which are ingredients of green tea
(Camellia sinensis) and the Indian spice turmeric (Cur-
cuma longa), respectively, inhibit the entry of HCV into
host cells""*. Quercetin (Figure 2C), a flavonoid that
is abundantly contained in onions, apples, berries, and
red wine, has been shown to inhibit NS3 protease activ-
itym]. Punicalagin (Figure 2D) and its related substance
punicalin from the pomegranate (Punica granatum L.) re-
duced the replication of HCV™. Naringenin (Figure 2E)
from the grapefruit (Citrus X paradisi Macfady.) has been
identified as an ingredient that interferes with viral as-
sembly*, Diosgenin (Figure 2F) and epicatechin (Figure

2G), which are contained in yams (Dioscorea spp.) and

December 27,2014 | Volume 6 | Issue 12 |



Ishida Y et a/. Oligomeric proanthocyanidin suppresses HCV subgenomic replication

A OH B 0] ]
OH AN 0
= \CH3
HO 0] W\ OH
AW OH HO
0]
., “SCHs
»
//o
C OH

OH OH
0 OH
OH HO
OH

o}
OH
OH 0
E OH
HO\,;:j/‘/
OH °
F G OH
OH
HO (o] W
.,
7/ oH
OH
HoY

Figure 2 Chemical structure of functional food ingredients with anti-hepatitis C virus activities. A: Epigallocatechin-3-gallate; B: Curcumin; C: Quercetin; D:

Punicalagin; E: Naringenin; F: Diosgenin; G: (-)-epicatechin.

green tea, respectively, also affect the signal transduction anum) and consists of at least 7 flavonoid compounds,
pathways of host cells and inhibit HCV replication via was also found to interfere with several steps of HCV
the signal transducer and activator of transcription 3 and infectious process, such as NS5B polymerase activity and
cycloxygenase-2 pathways, respectivelymm. The finding virus entry and transmission”". As shown in Figure 2,
that curcumin and quercetin also inhibited HCV replica- most ingredients are polyphenol compounds and, EGCG
tion by associating with sterol regulatory element binding (A), quercetin (C), naringenin (E), and epicatechin (G)
protein-1 and heat shock proteins, respectively, indicated have similar chemical structures. There may be a charac-
the existence of multifunctional ingredientsm’sm. Silyma- teristic structure modulating viral proteins and their asso-
rin, which is an extract from milk thistle (Silybum mari- ciations with host proteins.
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Figure 3 Chemical structures of a flavan-3-ol and proanthocyanidin. A:
(+)-catechin; B: An example of a procyanidin B-type polymer with an (-)-epicat-
echin based structure.

Clinically, the supplementation of vitamin group has
been reported to increase SVR rates in chronic hepatitis
C patients who underwent the standard therapy with
pegylated o-interferon and tibavirin®, Regarding sig-
nificant side-effects of the standard therapy, a tomato-
based functional food abundant in natural antioxidants
alleviated the severity of anemia caused by tibavirin and
improved the tolerance to the drug™.

OLIGOMERIC PROANTHOCYANIDIN
FROM BLUEBERRY LEAVES HAS
SUPPRESSIVE ACTIVITY AGAINST HCV
SUBGENOME REPLICATION /N VITRO

To identify functional food ingredients effective for
hepatitis C, we comprehensively screened the extracts of
commonly ingested agricultural products (1700 samples
from 283 species) grown in Miyazaki prefecture, Japan
using an HCV replicon cell system“?’]. Samples having
high antioxidative activities were first selected irrespective
of edible part or non-edible patt, and then the inhibitory
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activities against HCV subgenomic RNA replication were
examined using the system. We found that extracts of
blueberry leaves significantly suppressed the replication.
Furthermore, by comparing the inhibitory activities us-
ing leaves from various kinds of blueberry species, it was
found that the leaves of rabbit-eye blueberry (Vaccinium
virgatum Aiton) had the highest activity"”. Rabbit-eye
blueberry is cultivated in a region with a warm climate,
such as the southern areas of Japan, including Miyazaki
prefecture. Its leaves have been also reported to be good
sources of polyphenols and natural antioxidants®™.

We identified oligomeric proanthocyanidin as the
blueberry leaf-derived inhibitor of HCV subgenomic
RNA replicationm. Proanthocyanidin is a polyphenol
and has polymerized structures in which more than two
flavan-3-ol units such as catechin (Figure 3A) and epicat-
echin (Figure 2G) are covalently linked. Figure 3B shows
an example of the chemical structure of proanthocyani-
din. Proanthocyanidin possesses two interflavan bonds,
in which the A-type and B-type have two bond linkages
(C4—C8 and O7—C2) and one linkage (C4—C8 or C4
—C0), respectively[sﬂ, and both types co-exist in proan-
thocyanidin from the rabbit-eye blueberty plantm. While
catechin, epicatechin, EGCG, and dimers such as procy-
anidin B2 did not exhibit inhibitory activity against HCV
subgenomic expression in our experimental system, pro-
anthocyanidin oligomer having polymerization degree of
8 to 9 markedly inhibited this expression”. This finding
suggested that the HCV inhibitory activity of oligomeric
proanthocyanidin in the replicon assay may require an
oligomerized structure.

Proanthocyanidins are abundantly contained in vari-
ous plants and foods™ and contribute to organoleptic
properties such as bitterness and astringency[wl. Proan-
thocyanidin-containing foods and nutritional supplements
are known to have benefits in health promotion. United
States Department of Agriculture Database reported
proanthocyanidin contents of various foods, showing
that apple peel, red kidney beans, pinto beans, cacao
beans, cocoa, grape seeds, several nuts (almonds, hazel-
nuts, pecans, and pistachios), sorghum, and cinnamon are
proanthocyanidin-rich™. Blueberry fruits are also rela-
tively proanthocyanidin-rich; however, the fruits did not
show significant HCV inhibitory activity compared to the
leaves (unpublished data). In the fruits, proanthocyanidin
contents of monomer, dimer, trimer, 4-6mer, 7-10mer,
and polymer with degrees of polymerization greater than
10mer are 3.406, 5.71, 4.15, 19.57, 14.55, and 129.05 mg
per 100 g edible portion, respectively[(’m. As the inhibitory
activity required the oligomeric structure of proanthocy-
anidin having a polymerization degree of 8 to 9 but not
polymer and fresh blueberry leaf contained 3000-4000
mg proanthocyanidins per 100 g total extracts”, leaves
but not fruits from blueberry are likely suitable for the
prevention of HCV-related diseases. With regard to the
oral uptake, oligomeric proanthocyanidin seems to elute
off by boiling for cooking as shown with pint beans'™
Therefore, oligomeric proanthocyanidin from blueberry
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Figure 4 Identification strategy of candidate proteins involved in the
proanthocyanidin-mediated inhibition of hepatitis C virus subgenomic ex-
pression™™®. Total proteins were extracted from hepatitis C virus (HCV) replicon
cells and then proanthocyanidin-binding and catechin-binding proteins were
purified by affinity chromatography using sepharose beads coupled with pro-
anthocyanidin and catechin, respectively. Purified proteins were separated by
two-dimensional electrophoresis followed by detecting spots of proteins having
higher affinity to proanthocyanidin than catechin (arrows). Mass spectrometric
analysis and further screening by a siRNA-based replicon assay showed that
hnRNP A2/B1, A/B, K, and L are candidate proteins involved in the oligomeric
proanthocyanidin-mediated inhibition of HCV subgenomic expression. hnRNP:
Heterogeneous nuclear ribonucleoprotein.

leaves might be ingested as a hot water extract such as
herbal tea. However, absorption efficiency of oligomeric
proanthocyanidin in the intestine may be very low.

Proanthocyanidin has also been reported to possess
anti-viral activity against other viruses, herpes simplex
virus and human immunodeficiency virus type 1079 o
the best of our knowledge, we first reported that the pro-
anthocyanidin oligomer inhibited the expression of HCV
subgenomic RNA". However, the effects of oligomeric
proanthocyanidin on HCV replication in hepatocytes
vivo currently remain unknown.

ACTION MECHANISM OF OLIGOMERIC
PROANTHOCYANIDIN IN HCV REPLICON

CELLS

The suppression of HCV subgenomic RNA replica-
tion by oligomeric proanthocyanidin has been attracting
increasing attention. Polyphenolic compounds gener-
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ally have high antioxidant activities""'"*, Therefore,
the nonspecific antioxidant activity of polyphenols may
contribute to the suppression of HCV subgenomic RNA
replication by oligomeric proanthocyanidin. However, we
examined other polyphenolic compounds in our HCV
replicon assay, and found that constitutional units such
as catechin and epicatechin did not display suppressive
activity, which requires the oligomerized structure of
proanthocyanjdinm. While it currently remains unknown
whether proanthocyanidin oligomer can be translocated
within the cells in spite of the structure, the ingredient
has been reported to be absorbed from the digestive
tract®™”’, implying the internalization into cells. Oligo-
meric proanthocyanidin appears to suppress HCV sub-
genomic RNA replication »iz a specific association with
certain intracellular molecules.

Proteomic approach using two-dimensional differen-
tial gel electrophoresis combined with mass spectrometry
provides a powerful tool to determine the cellular re-
sponse to functional foods™. To clarify the action mech-
anism of oligomeric proanthocyanidin in HCV replicon
cells, we performed proteomic analysis of proanthocy-
anidin-binding proteins purified by affinity chromatogra-
phym]. Then, cellular proteins from replicon cells having
higher affinity to proanthocyanidin than catechin were
identified by a mass spectrometric analysis, and whether
the proteins identified were associated with HCV RINA
expression was further examined using a siRNA-based
replicon assay (Figure 4). Four heterogeneous nuclear
tibonucleoproteins (hnRNPs), haRNP A/B, A2/B1, K,
and L, were suggested to be possible cellular binding
proteins of oligomeric proanthocyanidin. While siRNA
targeting hnRNP A/B, K, and L. showed weak inhibitory
activities, the knockdown of hnRNP A2/B1 significantly
suppressed HCV subgenomic rephcationm].

HnRNPs comprise a family of RNA-binding proteins
that are involved in diverse RNA-related biological pro-
cesses!™. They are multifunctional proteins composed
of major and minor hnRNP proteins, and hnRNP A/B,
A2/B1, K, and L that we identified belonged to the
major hnRNPs'™. Previous studies demonstrated that
these hnRNPs regulated the metabolism of RINA such as
pre-mRINA splicing and transcriptionmm]. For example,
hnRNP A2/B1 was shown to affect the alternative splic-
ing of several tumor suppressors and oncogenes in glio-
blastoma cells"™. Furthermore, several studies reported
interactions and cooperation between these hnRNPs""7.
hnRNP A2 and hnRNP L have also been shown to ex-
ist as a complex and regulate the expression of glucose
transporter-1 by binding to mRNA 3’NTR**"\

In the HCV life cycle, hnRNPs are associated with
HCV genome RNA and regulate its replication. hnRNP
A1, which exhibits high homology with hnRNP A2/B1,
was shown to facilitate HCV replication »iz binding to
the HCV 5’ and 3'NTRs (Figure 1), and the replication
was significantly suppressed by the double knockdown
of hnRNP A1 and hnRNP A2, hnRNP K and hnRNP
L are also NTR-binding proteins®*, Furthermore, all
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the hnRINPs we identified as the target protein candidates
of oligomeric proanthocyanidin were included in HCV
3FNTR-binding proteins[w. Collectively, these findings
suggested that a complex composed of hnRNP A2/B1,
A/B, K, and L may serve in HCV genome replication
by binding to NTRs and oligomeric proanthocyanidin is
an inhibitor of the replication complex. This possibility
should be addressed in a further study.

CONCLUSION

Currently, a combination of pegylated recombinant in-

terferons and ribavirin is used as the standard therapy
for hepatitis C patients. Recently emerged DAAs are
expected to provide new promising treatment options in
hepatitis C patients. However, their high medical costs
may make difficult to disseminate wotldwide. We demon-
strated that extracts of blueberry leaves suppressed HCV
subgenome replication 7 vitro, and their active ingredient
was oligomeric proanthocyanidinm. Investigations into
the underlying action mechanism suggested that proan-
thocyanidin may be an inhibitor of several hnRNPs such
as hnRNP A2/ B1™. On the other hand, it currently re-
mains unknown whether the oligomeric form of proan-
thocyanidin, which is required for the inhibition of HCV
replication, can be efficiently absorbed from the digestive
tract to maintain effective plasma concentrations iz vivo.
However, further basic research on the action mechanism
of oligomeric proanthocyanidin against HCV replication
may open ways to develop novel anti-HCV drugs and
supplements for hepatitis C patients worldwide.
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