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a b s t r a c t

Lentinula edodes mycelia solid culture extract (MSCE) contains several bioactive molecules, including
some polyphenolic compounds, which exert immunomodulatory, antitumor, and hepatoprotective ef-
fects. In this study, we examined the anti-hepatitis C virus (HCV) activity of MSCE and low-molecular-
weight lignin (LM-lignin), which is the active component responsible for the hepatoprotective effect
of MSCE. Both MSCE and LM-lignin inhibited the entry of two HCV pseudovirus (HCVpv) types into
Huh7.5.1 cells. LM-lignin inhibited HCVpv entry at a lower concentration than MSCE and inhibited the
entry of HCV particles in cell culture (HCVcc). MSCE also inhibited HCV subgenome replication. LM-lignin
had no effect on HCV replication, suggesting that MSCE contains additional active substances. We
demonstrate here for the first time the anti-HCV effects of plant-derived LM-lignin and MSCE. The
hepatoprotective effect of LM-lignin suggests that lignin derivatives, which can be produced in abun-
dance from existing plant resources, may be effective in the treatment of HCV-related diseases.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Mushrooms reportedly exhibit immunomodulatory, antitumor,
antiviral, antibacterial, and antiparasitic effects [1]. Lentinula edodes
is a common edible mushroom in Japan and China. Hot-water ex-
tracts of L. edodes mycelia cultured on solid medium are sold
commercially as nutritional supplements. The main components of
L. edodes mycelia solid culture extract (MSCE) are sugars, proteins,
and polyphenolic compounds that exhibit a variety of pharmaco-
logic activities, such as hepatoprotective [2e5], anti-tumor [6] and
immunomodulatory [7] effects. In a previous study, we fractionated
MSCE to determine the active component responsible for the
hepatoprotective effect. The activity was analyzed by measuring
the protective effect of MSCE on carbon tetrachloride-induced
injury in cultured primary rat hepatocytes; the strongest effect
was observed in a fraction consisting primarily of lignin hydrolysate
[8].

Lignin is a polymeric natural product found in abundance in the
plant kingdom and is a highly heterogeneous polymer of
phenylpropanoid monomers. Culture of L. edodes mycelia on solid
lignocellulose-containing medium results in secretion of a lignin-
degrading peroxidase that produces low-molecular-weight lignin
hydrolysate [9]. Various physiologic activities of lignin derivatives
have been reported [10], including anti-HIV [11], immunostimula-
tory [12], and antioxidant activities [8]. Thus lignin, which is pre-
sent in abundance in the environment, might be a promising source
for producing pharmaceuticals.

Clinical reports have indicated that MSCE effectively alleviates
the symptoms of chronic hepatitis C infection. Progression of hep-
atitis C virus (HCV) infection may cause liver fibrosis and chronic
hepatitis, in turn leading to cirrhosis and ultimately to hepatocel-
lular carcinoma. Standard therapy consists of pegylated interferon-a
and ribavirin, and the combined use of these agents with an HCV
nonstructural protein inhibitor has been recognized as an effective
hepatitis C therapy. However, the treatment has numerous draw-
backs such as side effects, high cost, and the high possibility of
resistant strain emergence [13]. Recently, direct antiviral agents
(DAAs) have been used clinically, with very high sustained virologic
response and fewer side effects than interferon-based treatments.
Unfortunately, the high cost of DAA-based treatments imposes a
heavy burden on national healthcare systems. Therefore, alternative
antiviral treatments that are available worldwide to patients with
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HCV are needed. Recent studies have shown that plant-derived
flavonoids and polyphenols exhibit anti-HCV activity through
various mechanisms, including inhibition of virus entry and
genome replication [14e17]. These plant-derived compounds could
become effective, safe, and low-cost anti-HCV pharmaceuticals.

In this study, we demonstrate for the first time the anti-HCV
effect of MSCE. Our results indicate that among the various com-
ponents in MSCE, low-molecular-weight lignin functions primarily
in inhibiting HCV entry into cells.

2. Materials and methods

2.1. Cell culture

Huh7.5.1 cells were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% FCS. Huh7.5.1 1bFeo cells, kindly
provided by Dr. N. Sakamoto (Hokkaido University, Japan), were
cultured in Dulbecco's modified Eagle's medium supplemented
with 10% FCS and 500 mg/ml of G418. The cells were maintained in a
5% CO2 atmosphere at 37 �C.

2.2. Preparation of viruses

Cell-culture-derived HCV (HCVcc) was produced from Huh7.5.1
cells expressing MT miR-122 according to the method of a previous
report [18], with minor modifications. Infectious titer was deter-
mined using a focus-forming assay and expressed in focus-forming
units (FFUs) [19]. Pseudotype vesicular stomatitis virus (VSV)
bearing HCV envelope glycoproteins (HCVpv) and VSV envelope
glycoproteins were prepared as described previously [20].

2.3. Assays of inhibition of HCVpv and VSVpv infection

Huh7.5.1 cells were treated with pseudotype virus or mixtures
of pseudotype virus and MSCE (Kobayashi Pharmaceutical Co. Ltd.,
Ibaraki, Osaka, Japan) or alkaline hydrolysate of lignin (ligninAH;
SigmaeAldrich, St. Louis, MO, USA) at the indicated concentrations.
After an additional 24 h of culture, luciferase activity was measured
using a commercially available kit (PicaGene, Toyo Ink, Tokyo,
Japan) and luminometer (Tristar LB941; Berthold Technologies, Bad
Wildbad, Germany) according to the manufacturer's instructions.
Cell viability was assessed with a WST-8 kit (Nacalai Tesque) ac-
cording to the manufacturer's instructions.

2.4. Assay of inhibition of HCVcc infection

Huh7.5.1 cells were treated for 2 h with HCVcc or mixtures of
HCVcc and ligninAH preincubated for 30 min at the indicated con-
centrations. The cells were then washed and cultured for an addi-
tional 24 h, after which HCV RNA was extracted and analyzed by
qRT-PCR as follows. Total RNA was isolated from cells using an
RNeasy mini kit (QIAGEN, Valencia, CA). HCV genomic RNA was
reverse transcribed and amplified using a Taqman RNA-to-Ct 1-step
kit (Life Technologies, Gaithersburg, MD) with sense (50- GAG TGT
CGT GCA GCC TCC A - 30) and antisense (50- CAC TCG CAA GCA CCC
TAT CA -30) primers. The kinetics of cDNA amplification were
monitored using a ViiA 7 Real-Time PCR System (Life Technologies)
with a reporter probe corresponding to nucleotides 238 to 267 of
the 5’-conserved region of the HCV genotype (50-GCC CGC AAG ACT
GCT AGC CGA GTA GTG TTG G -30) conjugated with 6-
carboxyfluorescein and 6-carboxytetramethylrhodamine at the 50

and 30 termini, respectively (Integrated DNA Technologies, Coral-
ville, IA, USA). Intracellular GAPDH mRNAwas also amplified using
a Taqman RNA-to-Ct 1-step kit (Life Technologies) with sense (50-
TGT AGT TGA GGT CAA TGA AGG G -30) and antisense (50- ACA TCG
CTC AGA CAC CAT G -30) primers and a reporter probe (50- AAG GTC
GGA GTC AAC GGA TTT GGT C -30) conjugated with 6-
carboxyfluorescein and IowaBlackFQ and ZEN quencher at the 50

and 30 termini and internal position, respectively (Integrated DNA
Technologies). Values for the HCV genomic RNAwere normalized to
those for GAPDH mRNA.

2.5. Assay of inhibition of HCV subgenome replication

Huh7.5.1 1bFeo cells were treated with MSCE or ligninAH for
72 h, after which RNA was isolated from cells and prepared using
TRIzol reagent (Life Technologies, Carlsbad, CA, USA). First-strand
cDNA was synthesized using AMV reverse transcriptase (TaKaRa
Bio, Otsu, Japan) and a random 6mer oligonucleotides primer (Life
Technologies) and S100 Thermal cycler (BioRad Laboratories Inc.,
Hercules, CA, USA). The expression of each cDNA was estimated
using SYBR Premix Ex TaqII (Tli RNaseH Plus) (TaKaRa Bio) ac-
cording to the manufacturer's protocol. Fluorescent signals were
analyzed using a StepOne plus system (Applied Biosystems). Genes
were amplified using the following primer pairs: HCV subgenome,
50- CGT AAC ACC AAC GGG CGC GCC ATG -30 and 50- CTC GTC CTG
CAG TTC ATT CAG GGC -3’; GAPDH, 50- GGT CTC TGA CTT CAA CA -30

and 50- GTG GTC GTT GAG GGC AAT G - 3’. Expression of the HCV
subgenome was normalized to that of GAPDH.

2.6. Statistical analysis

Values are expressed as the mean ± SD. Dunnett's test was used
for statistical analyses. A P value of less than 0.05 was considered
indicative of statistical significance.

3. Results

3.1. Anti-HCV effect of MSCE

We examined the anti-HCV effects of MSCE in vitro using HCV
pseudotype virus (HCVpv). Fig.1 shows the inhibitory effect ofMSCE
on entry of HCVpv into Huh7.5.1 cells. MSCE significantly inhibited
the entry of HCVpv in a dose-dependent manner, and the inhibitory
effect was observed with two types of HCVpv with different enve-
lope proteins derived from genotype 1a (H77 strain) and 1b (Con1
strain). Cell viability did not change at the indicated doses.

3.2. Inhibition of HCV entry by low-molecular-weight lignin

A previous study showed that low-molecular-weight lignin
(LM-lignin) is the hepatoprotective component in MSCE (lig-
ninMSCE) [8]. As it is very difficult to purify LM-lignin fromMSCE, we
examined whether a lignin derivative has a direct inhibitory effect
on HCV using a commercially available alkaline hydrolysate of
lignin (ligninAH). Fig. 2 shows that ligninAH inhibited the entry of
two types of HCVpv in a dose-dependent manner. Compared with
inhibition by MSCE, only one-tenth of the concentration of ligninAH
was needed to demonstrate inhibitory activity. Cell viability did not
change at the indicated doses. These results suggest that ligninMSCE
contributes to the anti-HCV effect primarily through inhibition of
HCV entry.

The effect of MSCE and ligninAH on VSV entry into Huh7.5.1 cells
was examined to determine the specificity of the viral entry inhi-
bition activity (Supplimental Fig. S1). AlthoughMSCE inhibited VSV
entry, ligninAH had no effect, suggesting that MSCE contains other
components that inhibit VSV entry.

We next examined the inhibition of virus entry by ligninAH using
actual HCV particles, HCVcc [19]. Huh7.5.1 cells were incubated in
the presence of HCVcc and ligninAH for 2 h, after which the



Fig. 1. Inhibition of HCV entry by MSCE. Huh7.5.1 cells were infected with HCVpv (A, B: H77; C, D: Con1) and simultaneously treated with MSCE. Twenty-four hours after HCVpv
infection, luciferase activity (A, C) and cell viability (B, D) were assayed. All data represent the mean ± SD (n ¼ 3, *P < 0.05 vs. vehicle-treated group, as determined using Dunnett's
test).
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additive-containing medium was replaced with fresh medium.
Cells were examined for the presence of HCV genomic RNA 72 h
later. The results showed that the level of HCV genomic RNA
decreased with ligninAH treatment in a dose-dependent manner
(Fig. 3).

Fig. 4 shows the effects of MSCE and ligninAH on HCV replication.
MSCE significantly inhibited replication of the HCV subgenome,
whereas ligninAH had no effect. Thus, the anti-HCV effect of ligninAH
appears to be limited to inhibition of virus entry. LigninAH was not
cytotoxic to Huh7.5.1 cells up to a concentration of 1 mg/ml (data
not shown).

4. Discussion

Shiitake mushroom fruiting bodies are commonly used for hu-
man consumption in Asia. In this study, we examined components
isolated by hot-water extraction from the mycelia of Lentinula
edodes cultivated on solid medium. MSCE have been shown to
suppress the secretion of inflammatory cytokines in mice with
ConA-induced liver injury (unpublished data). In a previous study,
we showed that MSCE inhibits liver fibrosis in chronic hepatitis
induced by dimethylnitrosamine [2]. As the hepatoprotective effect
was observed following oral administration of MSCE [3], the com-
ponent(s) responsible for the effect must be absorbed in the in-
testine and then transported to the liver. We showed for the first
time in this study that MSCE inhibits HCV entry in vitro using a
human hepatic cancer cell line. Our results suggest that MSCE
treatment may retard the progression of HCV-related diseases.

MSCE is composed primarily of sugars, proteins, and poly-
phenols. In our previous study, a lignin-rich digestion fraction
exhibited hepatoprotective activity [8]. Undegraded lignin is a
high-molecular-weight phenolic polymer that consists of a



Fig. 2. Inhibition of HCVpv entry by ligninAH. Huh7.5.1 cells were infected with HCVpv (A, B: H77; C, D: Con1) and simultaneously treated with MSCE or ligninAH. Twenty-four hours
after virus infection, luciferase activity (A, C) and cell viability (B, D) were assayed. All data represent the mean ± SD (n ¼ 3, *P < 0.05 vs. vehicle treated group, as determined using
Dunnett's test).
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phenylpropane carbon skeletonwith 3 carbons in the benzene ring.
Although undegraded lignin does not exhibit antioxidant activity,
the LM-lignin-rich fraction of the MSCE does exhibit superoxide
dismutase (SOD)-like activity. It has been reported that lignin ex-
erts antioxidant activity following degradation to the low-
molecular-weight form [21]. A mycelium-derived lignin-degrad-
ing peroxidase appears to produce hepatoprotective LM-lignin.
Commercially available LM-lignin also exhibits both SOD-like and
hepatoprotective activities [8]. Low-molecular-weight lignin de-
rivatives produced from abundant natural plant resources thus
hold promise as potential agents for treating various liver diseases.

In this study, ligninAH strongly inhibited the entry of HCV into
cultured cells. LigninAH was as effective as a ten-fold amount of
MSCE. The IC50 of ligninAH was approximately 5 mg/ml, and ligninAH
was found to be non-toxic to Huh7.5.1 cells at least to a concen-
tration of 1 mg/ml. The effects of ligninAH and MSCE on another
virus, VSV, differed from the effects on HCV. MSCE inhibited the
entry of VSV in a dose-dependent manner, whereas ligninAH had no
effect on VSV entry at the same concentration that almost
completely inhibited HCV entry. These results suggest that anMSCE
component(s) other than LM-lignin is responsible for inhibiting
VSV entry. Alternatively, it is possible that the lignin formed by
enzymatic digestion of the mycelia has different virus specificity
than the lignin produced by alkaline hydrolysis.

The mechanism through which LM-lignin inhibits HCV entry is
unclear. Several cell surface receptors for HCV entry have been
reported to date, including CD81, claudin-1, low-density lipoprotein
receptor, occludin, and SR-BI [22]. Because ligninAH demonstrated
inhibitory activity soon after addition, it is not likely that the gene
expression of cell surface receptors was affected. It has been shown
that prior to binding to the receptors, HCV attaches to cells through
interaction between viral apolipoprotein E (apoE) and heparan
sulfate on the cell surface [23]. Raghuraman reported that heparan
sulfate and the lignin sulfate formed by chemical sulfation of nat-
ural lignin are structurally similar [24]. Thus, LM-lignin might
inhibit the attachment step by binding to viral apoE before the



Fig. 3. Inhibition of HCVcc entry by ligninAH. Huh7.5.1 cells were infected with HCVcc
and simultaneously treated with ligninAH. Two hours after infection, HCVcc particles
were washed out. Seventy-two hours after HCVcc infection, HCV genomic RNA and
GAPDH mRNA were isolated from the cells and analyzed by qRT-PCR. Data represent
the mean ± SD (n ¼ 3, *P < 0.05 vs. vehicle treated group, as determined using
Dunnett's test).
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interactionwith cell surface heparan sulfate. Further analyses using
various lignin derivatives are needed to clarify the mechanism of
HCV entry inhibition.

Biological activity has been reported for various lignin de-
rivatives and hydrolysates, including sulfonated lignin [25], ligno-
phenols [26], and ligninMSCE [8]. As for antiviral activity, sulfated
lignin is known to inhibit the entry of human immunodeficiency
virus (HIV) and herpes simplex virus, which infect host cells
through heparan sulfate [12,25]. Worldwide, many patients are co-
infected with HCV and HIV. Antiviral agents that are effective
against both HCV and HIV would therefore be tremendously
beneficial. Our research suggests that lignin derivatives may be
effective in treating HCV and HIV co-infection. In this study, we
found that LM-lignin is not only minimally cytotoxic, it also
strongly inhibits HCV entry into hepatocytes; thus, it might also
prove to be suitable as an anti-HIV agent. The results of our study
indicate that lignin derivatives, which can be produced from
abundant existing plant resources, are promising antiviral agents.
Fig. 4. Inhibition of HCV subgenome replication by MSCE. Huh7.5.1 1bFeo cells con-
taining an HCV subgenome replicon were treated with MSCE or ligninAH at the indi-
cated concentrations for 72 h, after which HCV subgenome RNA and GAPDH mRNA
were isolated from the cells and analyzed by qRT-PCR. Data represent the mean ± SD
(n ¼ 3, *P < 0.05 vs. vehicle treated group, as determined using Dunnett's test).
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