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Supplementation of active hexose correlated compound (AHCC) improved the prognosis of postoperative
hepatocellular carcinoma patients. Excess production of nitric oxide (NO) by inducible NO synthase
(iNOS) is an inflammatory biomarker in liver injury. AHCC suppressed iNOS induction in hepatocytes,
suggesting that AHCC has a potential liver-protective effect. However, the active component in AHCC
responsible for NO suppressive activities has not been identified. The objective of this study was to iden-
tify this NO suppressive component and to investigate its mechanisms of action. AHCC was subjected to
fractionation by cation exchanger, size exclusion chromatography, and normal- and reversed-phase
HPLC. Aliquots of the fractions were added to primary cultured rat hepatocytes stimulated with interleu-
kin (IL)-1b, and NO production was assayed. By activity-guided fractionation and electron spray ioniza-
tion mass spectrometry analysis, adenosine was identified as one of the NO suppressive components in
AHCC. Adenosine inhibited NO production, and reduced the expression of iNOS protein and mRNA. It had
no effects on IjB degradation, but it inhibited NF-jB activation. Adenosine also inhibited the upregula-
tion of type I IL-1 receptor (IL-1RI). Experiments with iNOS promoter-luciferase constructs revealed that
adenosine decreased the levels of iNOS mRNA at the promoter transactivation and mRNA stabilization
steps. Adenosine decreased the expression of the iNOS gene antisense transcript, which is involved in
iNOS mRNA stability. Adenosine in AHCC suppressed iNOS induction by blocking NF-jB activation and
the upregulation of the IL-1RI pathways, resulting in the inhibition of NO production.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Under physiological conditions, endothelial nitric oxide syn-
thase (eNOS) is constitutively expressed and located in vascular
sinusoidal endothelial cells in the liver. Nitric oxide (NO) produced
by eNOS maintains hepatic circulation and endothelial integrity.
Under pathological conditions such as sepsis, hemorrhagic shock,
ischemia–reperfusion, hepatitis and cirrhosis, inducible NOS
(iNOS), which is negligible under physiological conditions, is
expressed in hepatic cells including hepatocytes and Kupffer cells.
In inflamed liver, iNOS gene expression is upregulated concomi-
tantly with the production of inflammatory mediators including
tumor necrosis factor (TNF)-a, interleukin (IL)-1 and interferon-c.
Excess production of NO by iNOS has been implicated as one of
the factors in liver injury, although NO has been reported to exert
either detrimental or beneficial effects depending on the injuries
and cell types involved.

We previously reported that in animal liver injury models with
various injures, such as ischemia–reperfusion, partial hepatectomy
and endotoxin shock, iNOS and NO are upregulated concomitantly
with the production of proinflammatory cytokines in the liver
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[1–6]. In these studies, drugs showing liver-protective effects
inhibited the induction of iNOS and NO production as well as the
decreased production of various inflammatory mediators. Further-
more, in vitro experiments on primary cultured hepatocytes
revealed that these drugs also inhibited the induction of iNOS
and NO production [3,6,7]. Thus, downregulating NO production
is considered an indicator of liver protection.

Functional food, active hexose correlated compound (AHCC), is
an extract prepared from cultured mycelium of a Basidiomycetes
mushroom. Recent reports have shown that supplementation with
AHCC exerts a general positive effect on the immune system, as
well as anti-inflammatory and anti-oxidant effects [8–13]. AHCC
is a mixture of poly- and oligo-saccharides, amino acids, lipids,
minerals, etc., in which oligosaccharides are the major compo-
nents, comprising approximately 74% of the mixture. These oligo-
saccharides are believed to account for the immuno modulatory
activities of AHCC [14,15]. We previously reported that in the liver,
the supplementation of AHCC reduced recurrence and improved
the survival period in postoperative patients with hepatocellular
carcinoma [16]. AHCC inhibited NO production and iNOS induction
in proinflammatory cytokine-stimulated hepatocytes [17,18].

However, the molecular component and the mechanisms by
which AHCC suppresses iNOS induction, presumably protecting
the liver, have not been identified. In the current study, the NO
suppressive component in AHCC was pursued as a possible liver-
protecting factor. We sought to identify the NO suppressive compo-
nent in AHCC with a series of chromatographic methods and to
clarify the mechanisms involved in iNOS suppression using primary
cultured hepatocytes as an in vitro liver injury (inflammation)
model.
2. Materials and methods

2.1. Materials

AHCC was generously provided by Amino Up Chemical Co., Ltd
(Sapporo, Japan). Recombinant human IL-1b (2 � 107 U/mg pro-
tein) and authentic adenosine were purchased from MyBioSource
(San Diego, CA, USA) and Nacalai Tesque (Kyoto, Japan), respec-
tively. [c-32P]Adenosine-50-triphosphate (ATP; �222 TBq/mmol)
was obtained from DuPont-New England Nuclear Japan (Tokyo,
Japan). Rats were kept at 22 �C under a 12 h/12 h light/dark cycle,
and they received food and water ad libitum. All animal experi-
ments were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the National Institutes of
Health and approved by the Animal Care Committee of Kansai
Medical University.
2.2. Extraction of AHCC

To estimate the effect of the organic solvent concentration on
the recovery of soluble compounds, dried AHCC (20 mg) was
extracted with 1 ml of 20%, 40% and 80% (v/v) acetonitrile contain-
ing 10 mM HCl by vigorous stirring. The extract was collected by
centrifugation at 13,000 rpm (16,060�g) (Heraeus Biofuge Fresco;
Thermo Scientific, Waltham, MA, USA). Aliquots (500 ll) of the
extract were dried under vacuum to estimate solid recovery.

For the identification of the compound that can suppress IL-1b-
induced iNOS expression and NO production in primary cultured
rat hepatocytes, 10 g of AHCC was extracted with 200 ml of 80%
acetonitrile containing 10 mM HCl. The supernatant was prepared
by centrifugation at 5000 rpm (8450�g) using a CA-9 rotor (Tomy,
Tokyo, Japan). The supernatant was filtered through No 5C filter
paper (Advantec, Tokyo, Japan). The extract was evaporated at
50 �C and dissolved in 3 ml of distilled water.
2.3. Chromatographic fractionation

The compound(s) in the 80% acetonitrile extract was first frac-
tionated by solid phase extraction using a spin column packed with
a strong cation exchanger (AG50W�8; Bio-Rad Laboratories, Her-
cules, CA, USA). The resin was thoroughly washed with 10 mM
HCl containing 50% methanol and packed into two polypropylene
columns (120 mm � 10 mm i.d., with 5 ml reservoir, Muromac L,
Muromachi Technos, Tokyo, Japan). Elution was performed by cen-
trifugation at 1400 rpm (3200�g) for 30 min. For equilibration, the
same solution (1 ml) was applied to each column and the elution
step was repeated 3 times. The concentrated acetonitrile extract
(1.5 ml) was applied to the each. After elution of the sample, the
resin was washed with 1 ml of 10 mM HCl containing 50% metha-
nol (5 times). All effluents were combined and used as an unab-
sorbed fraction. The compounds absorbed by the column were
eluted by 1 ml of 7.5 M ammonia containing 50% methanol
(8 times). All effluents were combined and used as an absorbed
fraction.

The absorbed fraction was dried under vacuum and dissolved
into 1 ml of 0.1% trifluoroacetic acid containing 30% acetonitrile
for size exclusion chromatography (SEC). The SEC sample was fil-
tered through a Cosmonice filter W (0.45 lm, Nacalai Tesque).
Two hundred microliters of the clarified sample was injected into
a SEC column (Superdex Peptide, 10/300, GE Healthcare, Bucking-
hamshire, UK) equilibrated with 0.1% trifluoroacetic acid contain-
ing 30% acetonitrile (5 times). Elution was performed at 0.5 ml/
min. Fractions were collected every minute. The SEC fraction with
the activity was dried under vacuum and dissolved in 0.5 ml of
10 mM HCl containing 80% acetonitrile and injected into a normal
phase HPLC column (Sugar D, 250 � 10 mm i.d., Nacalai Tesque).
The elution was performed by a binary gradient with 10 mM HCl
containing 5% acetonitrile (solvent A) and 100% acetonitrile (sol-
vent B). The column was equilibrated with 80% B at 4 ml/min.
The gradient profile was as follows: 0–15 min, 80% B; 15–30 min,
80–50% B; 30–40 min, 50% B; 40–40.1 min, 50–80% B; 40.1–
60 min, 80% B. Fractions were collected every 0.5 min.

The active fraction was subjected to a series of reverse phase
HPLC procedures with different columns. First, the active fraction
was dried under vacuum and dissolved into 0.5 ml of 0.1% ammo-
nium formate at pH 6.0 and injected to a reverse phase column
with ion exchangers (Scherzo SM-C18, 150 mm � 4.6 mm i.d.,
Intact, Kyoto, Japan) equilibrated with 0.1% ammonium formate
at pH 6.0 (solvent A). The elution was performed by binary gradi-
ent elution with solvent A and 0.1% ammonium formate at pH
6.0 containing 80% acetonitrile (solvent B) at 1 ml/min. The gradi-
ent profile was as follows: 0–5 min, 0–10% B; 5–20 min, 10–30% B;
20–30 min, 30–50% B; 30–40 min, 50–100% B; 40–50 min, 100% B;
45–45.1 min, 100–0% B; 45.1–60 min, 0% B. The column was main-
tained at 45 �C. The active fraction obtained by the first reverse
phase HPLC was dried under vacuum and dissolved into 0.1% for-
mic acid and injected to a conventional reverse phase column
(Inertsil ODS-3, 250 � 4.6 mm i.d., GL Science, Tokyo, Japan). The
elution was performed by a binary gradient with 0.1% formic acid
(solvent A) and 0.1% formic acid containing 80% acetonitrile (sol-
vent B) at 1 ml/min. The gradient profile was as follow: 0–
20 min, 0–50% B; 20–30 min, 50–100% B; 30–35 min, 100% B;
35–35.1 min, 100–0% B; 35.1–50 min, 0% B. The column was main-
tained at 45 �C.

2.4. Electron spray ionization mass spectrometry (ESI-MS) analysis

The LCQ mass spectrometer with an ESI probe (Thermo Fisher
Scientific, Waltham, MA, USA) was used. The detection of parent
and daughter ions was achieved in the positive ion mode using
an auto tune protocol. The final active fraction was directly infused
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into the ESI-MS system using a microsyringe at a flow rate of 3 ll/
min.

2.5. Primary cultures of hepatocytes

Hepatocytes were isolated from male Wistar strain rats
(200–220 g; Charles River, Tokyo, Japan) by collagenase (Wako
Pure Chemicals, Osaka, Japan) perfusion [19,20]. Isolated hepato-
cytes were suspended in culture medium at 6 � 105 cells/ml,
seeded onto 35 mm plastic dishes (2 ml/dish; Falcon Plastic,
Oxnard, CA, USA) and cultured at 37 �C in a CO2 incubator under
a humidified atmosphere of 5% CO2 in air. The culture medium
was Williams’ medium E (WE, Sigma Chemical Co., St. Louis, MO,
USA) supplemented with 10% newborn calf serum, Hepes
(5 mM), penicillin (100 U/ml), streptomycin (0.1 mg/ml), dexa-
methasone (10 nM) and insulin (10 nM). After 5 h, the medium
was replaced with fresh serum- and hormone-free WE, and the
cells were cultured overnight before use in experiments. The num-
bers of cells attached to the dishes was calculated by counting the
nuclei [21] and using a ratio of 1.37 ± 0.04 nuclei/cell (mean ± SE,
n = 7 experiments).

2.6. Treatment of cells with AHCC fractions from column
chromatography or authentic adenosine

On day 1, the cells were washed with fresh serum- and hor-
mone-free WE and incubated with IL-1b (1 nM) in the same med-
ium in the presence or absence of AHCC fractions for 8 h or
adenosine for the indicated times. The doses of the sample are indi-
cated in the appropriate figures and their legends.

2.7. Determinations of NO production and lactate dehydrogenase
(LDH)

Culture medium was used for measurements of nitrite (a stable
metabolite of NO) to reflect NO production by the Griess method
[22]. The culture medium was also used for measurements of
LDH activity to reflect cell viability using a commercial kit (Roche
Diagnostics, Mannheim, Germany).

2.8. Western blot analysis

Total cell lysates were obtained from cultured cells as described
previously [6] with minor modifications as follows. Cells (1 � 106 -
cells/35 mm dish) were lysed in 100–200 ll of solubilizing buffer
(10 mM Tris–HCl, pH 7.4, containing 1% Triton X-100, 0.5% Nonidet
P-40, 1 mM EDTA, 1 mM EGTA, phosphatase inhibitor cocktail
(Nacalai Tesque), 1 mM phenylmethylsulfonylfluoride (PMSF) and
protease inhibitor cocktail (Roche Diagnostics)), passed through a
26 gage needle, allowed to stand on ice for 30 min and then centri-
fuged (16,000�g for 15 min). The supernatant (total cell lysate)
was mixed with sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE) sample buffer (final: 125 mM Tris–HCl,
pH 6.8, containing 5% glycerol, 2% SDS and 1% 2-mercaptoethanol),
subjected to SDS–PAGE and electroblotted onto a polyvinylidene
difluoride membrane (Bio-Rad, Hercules, CA, USA). Immunostain-
ing was performed using primary antibodies against mouse iNOS
(Affinity BioReagents, Golden, CO, USA), human IjBa, mouse type
I IL-1 receptor (IL-1RI) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and rat b-tubulin (internal control; Clone TUB2.1; Sigma), fol-
lowed by visualization with an ECL blotting detection reagent (GE
Healthcare Biosciences Corp., Piscataway, NJ, USA).

In the case of the detection of Akt, total cell lysates prepared
from 100 mm dishes (5 � 106 cells/dish) were precleared with Pro-
tein A (Sigma) and then mixed with a mouse monoclonal antibody
against human Akt1 (Akt5G3; Cell Signaling, Beverly, MA, USA) and
Protein G-Sepharose (Pharmacia LKB Biotech, Uppsala, Sweden).
After incubation overnight at 4 �C, the immunocomplexes were
centrifuged (16,000�g for 5 min). The beads were washed with sol-
ubilizing buffer, dissolved in SDS–PAGE sample buffer, and ana-
lyzed by western blotting using rabbit polyclonal antibodies
against human Akt and phospho-(Ser473) Akt (Cell Signaling) as
primary antibodies. In the case of p65, nuclear extracts were
immunoprecipitated with an anti-p65 antibody (H286; Santa Cruz
Biotechnology). The bands were analyzed by western blotting
using an antibody against human NF-jB p65 (BD Transduction
Laboratories, Lexington, KY, USA).

2.9. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was extracted from cultured hepatocytes using a
guanidinium–phenol–chloroform method [23] with Trizol reagent
(Invitrogen, Carlsbad, CA, USA) or a phenol-free, filter-based total
RNA isolation kit (RNAqueous Kit; Ambion, Austin, TX, USA)
according to the manufacturer’s instructions. The RNA was then
treated with a TURBO DNA-free Kit (Ambion) if necessary. For
strand-specific RT-PCR analysis, cDNA was synthesized from total
RNA with strand-specific primers, and step-down PCR was per-
formed using PC708 (Astec, Fukuoka, Japan), as previously
described [24,25] with minor modifications. For the iNOS, IL-1RI
and elongation factor-1a (EF; internal control) mRNAs, an oli-
go(dT) primer was used for RT and the primer sets 50-
CCAACCTGCAGGTCTTCGATG-30 and 50-GTCGATGCACAACTGGGT-
GAAC-30 (257 bp product), 50-CGAAGACTATCAGTTTTTGGAAC-30

and 50-GTCTTTCCATCTGAAGCTTTTGG-30 (327 bp product), and 50-
TCTGGTTGGAATGGTGACAACATGC-30 and 50-CCAGGAAGAGCTT-
CACTCAAAGCTT-30 (325 bp product) were used for PCR, respec-
tively. For the antisense transcript of iNOS, the sense primer 50-
TGCCCCTCCCCCACATTCTCT-30 was used for RT, and the primer
set 50-CCTTTGCCTCATACTTCCTCAGA-30 and 50-ATCTTCATCAAG-
GAATTATACACGG-30 (211 bp product) was used for PCR. The PCR
protocols for iNOS and EF or IL-1RI were as follows: 10 cycles of
(94 �C, 1 min; 72 �C, 2 min); 15 cycles of (94 �C, 1 min; 65 �C,
1 min 30 s; 72 �C, 20 s); and 5 or 15 cycles of (94 �C, 1 min;
60 �C, 1 min 30 s; 72 �C, 20 s), respectively. The PCR protocol for
the antisense transcript was: 10 cycles of (94 �C, 1 min; 65 �C,
1 min 30 s; 72 �C, 20 s); 15 cycles of (94 �C, 1 min; 60 �C, 1 min
30 s; 72 �C, 20 s); and 5 cycles of (94 �C, 1 min; 55 �C, 1 min 30 s;
72 �C, 20 s). The amplified products were analyzed by 3% agarose
gel electrophoresis with ethidium bromide, and the levels of iNOS,
IL-1RI, EF and antisense-transcript were semi-quantified using a
UV transilluminator. The cDNAs for the rat iNOS mRNA and anti-
sense-transcript were deposited in DDBJ/EMBL/GenBank under
Accession Nos. AB250951 and AB250952, respectively.

2.10. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared according to Schreiber et al.
[26] with minor modifications [27]. Briefly, the dishes were placed
on ice, washed with Tris–HCl-buffered saline, harvested with the
same buffer using a rubber policeman and centrifuged (1840�g
for 1 min). The precipitate (2 � 106 cells from two 35 mm dishes)
was suspended in 400 ll of lysis buffer (10 mM Hepes, pH 7.9,
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 500 U/ml trasylol,
0.5 mM PMSF and 1 mM dithiothreitol) and incubated on ice for
15 min. After the addition of Nonidet P-40 (final: 0.625%), the cells
were lysed by vortexing (2–3 times for 1 min each) and centrifuged
(15,000�g for 1 min). The nuclear pellet was resuspended with
extraction buffer (10 mM Hepes, pH 7.9, 0.4 M NaCl, 0.1 mM EDTA,
0.1 mM EGTA, 500 U/ml trasylol, 0.5 mM PMSF and 1 mM
dithiothreitol), followed by continuous mixing for 20 min and cen-
trifugation (15,000�g for 5 min). Aliquots of the supernatant
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(nuclear extract) were frozen in liquid nitrogen and stored at
�80 �C until use.

Binding reactions (total: 15 ll) were performed by incubating
nuclear extract aliquots (4 lg of protein) in reaction buffer
(20 mM Hepes, pH 7.9, 1 mM EDTA, 60 mM KCl, 10% glycerol and
1 mg of poly(dI-dC)) with the probe (approximately 40,000 cpm)
for 20 min at room temperature. In the case of supershift assays,
the nuclear extracts were incubated in the presence of anti-p50
and anti-p65 antibodies (nuclear factor (NF)-jBp50 (NLS) and
NF-jBp65 (H286); Santa Cruz Biotech) or cold probes as a compet-
itor (250-fold excess) for 30 min at 4 �C, followed by incubation
with the labeled probe. The products were electrophoresed at
100 V in a 4.8% polyacrylamide gel in high ionic strength buffer
(50 mM Tris–HCl, 380 mM glycine and 2 mM EDTA, pH 8.5), and
the dried gels were analyzed by autoradiography. An NF-jB con-
sensus oligonucleotide (50-AGTTGAGGGGA-CTTTCCCAGGC-30)
from the mouse immunoglobulin j light chain was purchased
(Promega, Madison, WI, USA) and labeled with [c-32P]ATP and T4
polynucleotide kinase. The protein concentration was measured
by the method of Bradford [28] with a binding assay kit (Bio-
Rad) using bovine serum albumin as a standard.

2.11. Construction of luciferase reporter plasmids and expression
plasmids

The 1.2 kb 50-flanking region including the TATA box of the rat
iNOS gene was inserted into the pGL3-Basic vector (Promega) to
create pRiNOS-Luc-SVpA [27]. The rat cDNA for the 30-untranslated
region (UTR) of the iNOS mRNA was amplified with the primers
50-tgctctaGACAGTGAGGGGTTTGGAGAGA-30 and 50-gcggatcctttaT
TCTTGATCAAACACTCATTTT-30, and the resulting cDNA was
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2.12. Transfection and luciferase assay

Transfection of cultured hepatocytes was performed as
described previously [29,30]. Briefly, hepatocytes were cultured
at 4 � 105 cells/dish (35 � 10 mm) in WE supplemented with
serum, dexamethasone and insulin for 7 h, before being subjected
to magnet-assisted transfection (MATra). The reporter plasmids
pRiNOS-Luc-SVpA or pRiNOS-Luc-30UTR (1 lg) and the CMV pro-
moter-driven b-galactosidase plasmid pCMV-LacZ (1 ng) as an
internal control were mixed with MATra-A reagent (1 ll; IBA
GmbH, Göttingen, Germany). After incubation for 15 min on a
magnetic plate at room temperature, the medium was replaced
with fresh WE containing serum. The cells were cultured overnight
and then treated with IL-1b in the presence or absence of adeno-
sine. The luciferase and b-galactosidase activities of the cell
extracts were measured using PicaGene (Wako Pure Chemicals)
and Beta-Glo (Promega) kits, respectively.
2.13. Statistical analysis

The results shown in the figures are representative of 3–4 inde-
pendent experiments yielding similar findings. Differences were
analyzed by the Bonferroni–Dunn test, and values of P < 0.05 were
considered to indicate significant differences.
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3. Results

3.1. Purification and identification of the NO suppressive component
in AHCC

In our previous study, we reported that AHCC water extract
inhibited the induction of NO production [17]; its IC50 (the half-
maximal inhibitory concentration of NO production in IL-1b
treated hepatocytes) was 2.5 mg AHCC equivalents/ml. Such a NO
suppressive component(s) in AHCC could be extracted with 80%
acetonitrile (Fig. 1A, right), and the 80% acetonitrile extract
containing 2.5 mg AHCC equivalents/ml also inhibited 50% of NO
production. The recovery of the extractable substance with 20%,
40% and 80% acetonitrile extracted approximately 80%, 70% and
20% of the total AHCC by weight (Fig. 1A, left), respectively.
Because the 80% acetonitrile extract contained lower amounts of
non-active components such as proteins and polysaccharides in
comparison with the water extract, this extract was used for fur-
ther purification steps to identify the NO suppressive component.

The 80% acetonitrile extract of AHCC (IC50; 2.5 ± 0.5 mg AHCC
equivalents/ml) was subjected to solid phase extraction using
strong cation exchanger. Unexpectedly, the majority of NO sup-
pressive activity was found in the absorbed fraction (IC50;
6.5 ± 1 mg AHCC equivalents/ml, Fig. 1B). The AG50W�8 absorbed
fraction was fractionated by size exclusion chromatography. Only
Fr. III, which is the monosaccharide size, suppressed NO production
(IC50; 11 ± 2 mg AHCC equivalents/ml, Fig. 1C). Further purification
was followed by normal phase HPLC, and NO suppressive activity
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occurred in Fr. A (IC50; 15 ± 2 mg AHCC equivalents/ml, Fig. 1D),
first reverse phase HPLC (Fig. 1E), and second reverse phase chro-
matography (Fig. 1F).

The purity was confirmed by electron spray ionization mass
spectrometry analysis (ESI-MS, Fig. 1G). ESI-MS and MS/MS analy-
ses revealed that the final active fraction (purified fraction from the
second reverse phase HPLC (Fig. 1F), compound A) consisted of
nearly two ion peaks, designated 1 (m/z 267.9) and 2 (136.1).
MS/MS analysis of peak 1 resulted in conversion to peak 2. The
mass to charge ratios of peaks 1 and 2 corresponded to protonated
adenosine and adenine, respectively. For further confirmation, the
retention time and activity of the final active compound A were
compared to those of ‘‘authentic adenosine’’. The retention time
of compound A was exactly same as that of authentic adenosine
by reverse phase HPLC (Fig. 1H). Compound A in the final fraction
showed a NO suppressive effect in a dose dependent manner cor-
responding to authentic adenosine (IC50; 15 ± 2 lg compound A
or adenosine/ml, Fig. 1I). The results indicated that compound A,
which was responsible for the NO suppressive activity in primary
cultured hepatocytes and was isolated from AHCC, was adenosine.
In the following experiments, the mechanisms of authentic adeno-
sine involved in the suppression of NO production were
investigated.
3.2. Adenosine inhibits NO production and iNOS induction
in IL-1b-stimulated hepatocytes

The proinflammatory cytokine IL-1b stimulates the induction of
iNOS gene expression, which is followed by increased production
of NO, in primary cultures of rat hepatocytes [29,31]. The simulta-
neous addition of adenosine (10–100 lg/ml) and IL-1b decreased
the production of NO and the expression of the iNOS protein in a
time- and dose-dependent manner (Fig. 2A and B). Adenosine
had a maximal effect (more than 90% inhibition) at 100 lg/ml,
but it showed no cellular cytotoxicity as evaluated by the release
of lactate dehydrogenase into the culture medium (Fig. 3) and Try-
pan blue exclusion in hepatocytes (data not shown). RT-PCR anal-
ysis demonstrated that adenosine inhibited the expression of iNOS
mRNA (Fig. 2C), suggesting that adenosine inhibited the induction
of iNOS gene expression at a transcriptional and/or post-transcrip-
tional step.

3.3. Adenosine decreases iNOS mRNA synthesis and stabilization

We carried out transfection experiments with iNOS promoter-
firefly luciferase constructs, pRiNOS-Luc-SVpA and pRiNOS-
Luc-30UTR (Fig. 4A), which detect the activities of iNOS promoter
transactivation (iNOS mRNA synthesis) and iNOS mRNA stabiliza-
tion, respectively [32,33]. IL-1b increased the luciferase activities
of these constructs, and adenosine significantly reduced both of
these luciferase activities (Fig. 4B and C). Recently, we found that
the natural antisense transcript of the iNOS gene was expressed
and involved in the stabilization of iNOS mRNA [33]. In support
of this observation, iNOS antisense transcript analysis by RT-PCR
revealed that IL-1b increased the expression of the iNOS gene anti-
sense transcript in a time-dependent manner and that adenosine
markedly reduced the levels of the antisense transcript (Fig. 4D).

3.4. Adenosine has no effect on IjB degradation but inhibits NF-jB
activation

IL-1b stimulates the degradation of IjB proteins after phosphor-
ylation by IjB kinase, which is followed by the activation of NF-jB.
IL-1b enhanced the degradation of the IjBa protein at 30–60 min,
and the IjBa protein recovered to initial levels at 120 min (Fig. 5A).
Adenosine had almost no effects on the degradation of the IjBa
protein or its recovery at 15–120 min (Fig. 5A). However, an elec-
trophoretic mobility shift assay with nuclear extracts revealed that
adenosine decreased nuclear NF-jB levels at 3–5 h, suggesting that
adenosine may inhibit the translocation of NF-jB from the



A

B

C

Fig. 2. Effects of adenosine on the induction of NO production and iNOS in proinflammatory cytokine-stimulated hepatocytes. Cultured hepatocytes were treated with IL-1b
(1 nM) in the presence or absence of adenosine. (A) Effects of adenosine (100 lg/ml) treatment for the indicated times on NO production (IL-1b, open circles; IL-
1b + adenosine, filled circles; adenosine, filled triangles; controls (without IL-1b and adenosine), open triangles) or the iNOS protein (lower). (B) Effects of treatment with
various doses of adenosine (10–100 lg/ml) for 8 h on NO production or the iNOS protein (lower). The levels of nitrite were measured in the culture medium (data are
presented as means ± SD for n = 3 dishes/point; ⁄P < 0.05 vs. IL-1b alone). In the western blotting panels, cell lysates (20 lg of protein) were subjected to SDS–PAGE in a 7.5%
gel and immunoblotted with an anti-iNOS or anti-b-tubulin antibody. (C) Effects of adenosine (100 lg/ml) treatment for the indicated times on the expression of iNOS mRNA.
Total RNA was analyzed by strand-specific RT-PCR to detect iNOS mRNA using EF mRNA as an internal control.

Fig. 3. Effects of adenosine on cellular cytotoxicity. The cells were treated with IL-
1b (1 nM) in the presence or absence of adenosine (10–100 lg/ml) for 8 h. The LDH
activities were measured in the culture medium (data are means ± SD for
n = 3 dishes/point).
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cytoplasm to the nucleus and DNA binding (Fig. 5B). In support of
this observation, immunoprecipitation–western blotting of nuclear
extracts showed that adenosine decreased the levels of NF-jB sub-
unit p65 in the nucleus at 3 and 4 h (Fig. 5C).
3.5. Adenosine decreases the upregulation of type I IL-1
receptor (IL-1RI)

IL-1b stimulates the upregulation of IL-1RI through the activa-
tion of phosphatidylinositol 3-kinase (PI3K)/Akt in addition to acti-
vating NF-jB in hepatocytes [34]. Adenosine had no effect on the
phosphorylation (activation) of Akt (data not shown), which is a
downstream kinase of PI3K. In contrast, adenosine inhibited the
increased expression of IL-1RI mRNA at 1–5 h (Fig. 6A) and the
IL-1RI protein at 4–6 h (Fig. 6B).

3.6. Delayed adenosine administration inhibits NO production
and iNOS induction

The above results demonstrated that adenosine had no effects
on early trigger events including IjB degradation and Akt activa-
tion but that it inhibited downstream events, NF-jB activation
and IL-1RI upregulation. These data suggested that adenosine
may influence late steps in the induction of iNOS gene expression.
Thus, we examined whether delayed administration of adenosine
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Fig. 4. Effects of adenosine on the transactivation of the iNOS promoter and the expression of the iNOS gene antisense transcript. (A) Schematic representation of the
promoter region of the iNOS gene. Two reporter constructs are shown beneath the iNOS gene and the mRNA. The constructs consist of the rat iNOS promoter (1.2 kb), a
luciferase gene and the SV40 poly(A) region (pRiNOS-Luc-SVpA) or iNOS 30-UTR (pRiNOS-Luc-30UTR). ‘An’ indicates the presence of a poly(A) tail. The iNOS 30-UTR contains
AREs (AUUU(U)A � 6), which contribute to mRNA stabilization. (B and C) Each construct was introduced into hepatocytes, and the cells were treated with IL-1b (1 nM) in the
presence or absence of adenosine (100 lg/ml) for 8 h for pRiNOS-Luc-SVpA (B) and for 4 h for pRiNOS-Luc-30UTR (C). The luciferase activities were normalized by the b-
galactosidase activity. The fold activation was calculated by dividing the luciferase activity by the control activity (without IL-1b and adenosine). The data are the means ± SD
for n = 4 dishes. ⁄P < 0.05 vs. IL-1b alone. (D) The cells were treated with IL-1b (1 nM) in the presence or absence of adenosine (100 lg/ml) for the indicated times. Total RNA
was analyzed by strand-specific RT-PCR to detect the iNOS gene antisense transcript (AST). RT(�): a negative control PCR using total RNA without RT.
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Fig. 5. Effects of adenosine on the degradation of the IjBa protein and the
activation of NF-jB. The cells were treated with IL-1b (1 nM) in the presence or
absence of adenosine (100 lg/ml) for the indicated times. (A) Cell lysates (20 lg of
protein) were subjected to SDS–PAGE in a 12.5% gel, followed by immunoblotting
with anti-IjBa or anti-b-tubulin antibody. (B) Activation of NF-jB. Nuclear extracts
(4 lg of protein) were analyzed by an electrophoretic mobility shift assay. (C)
Nuclear translocation of NF-jB subunit p65. Nuclear extracts were immunopre-
cipitated, and the immunoprecipitates were analyzed by western blotting with an
anti-p65 antibody. Representative results of three independent experiments are
shown. The bands corresponding to NF-jB or p65 were quantitated by densitom-
etry (lower; mean ± SD; n = 3 experiments). ⁄P < 0.05 vs. IL-1b alone.
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influences NO production and iNOS induction. Adenosine was
added to the medium 0–4 h after treatment with IL-1b. The
delayed administration of adenosine markedly inhibited NO
production and iNOS protein expression at 1–2 h after IL-1b treat-
ment, although the magnitude of inhibition decreased in a time-
dependent manner (Fig. 7).
4. Discussion

In this study, we found that adenosine was one of the NO sup-
pressive components in AHCC. By activity-guided fractionation
with a series of column chromatography experiments and ESI-MS
analysis, adenosine was isolated and identified as a NO suppressive
compound (Fig. 1). Adenosine, which is a well-known purine
nucleoside, is released from metabolically active cells into the
extracellular space and plays an important role in a variety of path-
ophysiological processes. Adenosine regulates many biological
responses including inflammation by interactions with a variety
of adenosine receptors such as A(1), A(2A) and A(3).

Recent evidence indicates that adenosine has anti-inflamma-
tory effects, primarily involving the inhibition of iNOS induction.
Sands et al. [35] reported that the expression of the A(2A) adeno-
sine receptor suppressed multiple inflammatory responses in
human umbilical vein endothelial cells and rat C6 glioma cells
in vitro, where the induction of iNOS and the activation of NF-jB
were inhibited in rat C6 glioma cells. Treatment with adenosine
kinase inhibitor stimulated extracellular adenosine release and
reduced the LPS/interferon-c-mediated production of NO and the
induction of iNOS and TNF-a gene expression in glial cells [36].
A(2A) adenosine receptor stimulation suppressed inflammation
and preserved cardiac function after myocardial infarction in mice
[37]. iNOS mRNA and protein expression, as well as plasma nitrate-
nitrite (stable metabolites of NO), were reduced in part through the
reduction in NF-jB activation [37]. Combined therapy with an A(3)
adenosine receptor agonist and methotrexate in adjuvant-induced
arthritic rats yielded an additive anti-inflammatory effect [38]. The
A(3) adenosine receptor agonist had anti-inflammatory potential
in the mouse macrophage cell line RAW 264.7 and a mouse sepsis
model in vivo [39]. The expression of proinflammatory biomarkers
including iNOS, IL-1b and TNF-a was suppressed in macrophage
cells and lung tissues of mice.

We previously reported that clinical drugs such as edaravone
(free radical scavenger) [2] and FR183998 (Na+/H+ exchanger
inhibitor) [3] have liver protective effects in animal models of liver
injuries. These drugs inhibited the expression of a variety of
inflammatory mediators including TNF-a and iNOS. In our
in vitro injury model of primary cultured rat hepatocytes, IL-1b
stimulated the expression of TNF-a and cytokine-induced neutro-
phil chemoattractant (CINC)-1 (human analog of IL-8) mRNA in
parallel with the expression of iNOS mRNA, as we reported
recently [40]. Adenosine was also found to inhibit the expression
of TNF-a and CINC-1 mRNA (our unpublished observation). We
believe that the regulation of iNOS induction and proinflammatory
cytokines with adenosine may have therapeutic potential for liver
injury.

Using primary cultured rat hepatocytes, we examined the
mechanisms of adenosine involved in the inhibition of iNOS induc-
tion. It is known that the induction of iNOS gene expression is reg-
ulated by transactivation of the iNOS promoter (mRNA synthesis)
and posttranscriptional modifications involving mRNA stability
[41]. There are two essential signaling pathways for iNOS induc-
tion, the activation of NF-jB through the degradation of IjB and
the upregulation of IL-1RI through the activation of PI3K/Akt
[34]. In experiments with iNOS promoter constructs, adenosine
was found to inhibit iNOS induction at the steps of mRNA synthesis
and stabilization (Fig. 4). In the former process, adenosine likely
reduced the transactivation of the iNOS promoter (Fig. 4B) at least
partly through the inhibition of NF-jB activation (Fig. 5B and C).
However, adenosine did not inhibit IjBa degradation (Fig. 5A).
Sands et al. reported that A(2A) adenosine receptor expression
inhibited NF-jB activation in rat C6 glioma cells and human umbil-
ical vein endothelial cells, although the receptor expression
blocked IjBa degradation in the former cells but not in the latter
cells [35]. NF-jB activation may be inhibited in a cell type-specific
manner.

In concert with NF-jB translocation, the upregulation of IL-1RI,
which stimulates the phosphorylation of NF-jB subunit p65, is
required for the transcriptional activation of the iNOS gene, as
we reported previously [34]. In the present study, we found that
adenosine decreased the expression of IL-1RI mRNA and protein
(Fig. 6A and B), presumably leading to the inhibition of p65 phos-
phorylation and decreased DNA binding of NF-jB, resulting in
decreased iNOS promoter transactivation.

The 30-untranslated region (UTR) of the iNOS mRNA in rats has
six AREs (AUUU(U)A), which are associated with ARE-binding pro-
teins such as HuR and heterogeneous nuclear ribonucleoproteins L/
I (PTB), thus contributing to the stabilization of the mRNA [42].
Recently, we found that the antisense strand corresponding to
the 30-UTR of iNOS mRNA is transcribed from the iNOS gene and
that the iNOS mRNA antisense transcript (asRNA) plays a key role
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Fig. 6. Effects of adenosine on the upregulation of IL-1RI. The cells were treated with IL-1b (1 nM) in the presence or absence of adenosine (100 lg/ml) for the indicated times.
(A) Total RNA was analyzed by strand-specific RT-PCR to detect IL-1RI mRNA, using EF mRNA as an internal control. (B) Cell lysates (50 lg of protein) were subjected to SDS–
PAGE in a 7.5% gel and immunoblotted with an anti-IL-1RI or anti-b-tubulin antibody. Representative results of three independent experiments are shown. The bands
corresponding to IL-1RI were quantitated by densitometry (lower; mean ± SD; n = 3 experiments). ⁄P < 0.05 vs. IL-1b alone.
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in stabilizing the iNOS mRNA by interacting with the 30-UTR and
ARE-binding proteins [33]. Drugs such as edaravone (free radical
scavenger) [7] and FR183998 (Na+/H+ exchanger inhibitor) [3,5],
which inhibited iNOS induction in primary cultured hepatocytes
and damaged livers, respectively, destabilized the iNOS mRNA
through the suppression of its asRNA. In our in vitro model, aden-
osine also destabilized iNOS mRNA through the inhibition of iNOS
asRNA expression (Fig. 4D).

Accumulated evidence indicates that cellular responses trig-
gered by extracellular nucleotides and nucleosides occur by
defined ATP (P2) and adenosine (P1) receptors, respectively, and
play a prominent role in many aspects of health and diseases. In
multiple disease states, ATP serves as danger signals and is
involved in enhanced receptor activation in a myriad of pathologic
processes. In contrast, adenosine is a potent inhibitor of inflamma-
tory processes and the adenosine receptors play a key role as a sup-
pressor of inflammatory responses in a variety of cells, as reported
previously [35–39]. Recent review has shown the regulation of
purinergic signaling by ectonucleotidases to play an important role
in the acute vascular pathobiology of inflammatory organs includ-
ing the liver [43]. Other workers [35,37,39] and we found that the
activation of signaling pathway via adenosine receptors inhibited
the induction of iNOS, suggesting that adenosine receptor-medi-
ated inhibition of NF-jB activation may be a critical aspect of its
anti-inflammatory signaling properties. It seems likely that adeno-
sine can induce de-regulation of the NF-jB signaling pathway in
inflammatory cells, resulting in the inhibition of inflammatory
processes.

In this study, we found that the 80% acetonitrile extract inhib-
ited NO production in IL-1b-treated hepatocytes; the IC50 was
2.5 mg AHCC equivalents/ml, which is similar to this value in the
water extract, as we reported previously [17]. Authentic adenosine
inhibited 50% of NO production at a concentration of 15 lg/ml
(56 lM) (Figs. 1I and 2B), assuming that there is 15 lg adeno-
sine/ml in 2.5 mg AHCC, if the only NO suppressive component
in AHCC is adenosine. However, when we measured the levels of
adenosine in AHCC by chromatographic analysis (data not shown),
there was approximately 0.5 mg adenosine/g AHCC, that is, 1.25 lg
adenosine/2.5 mg AHCC. Thus, AHCC contains only one-tenth the
amount of adenosine that was expected from the experiments with
the 80% acetonitrile extract.

These observations indicate that multiple NO suppressive com-
ponents, including adenosine, may inhibit the induction of NO pro-
duction cooperatively in AHCC extract. Furthermore, in our
previous reports, AHCC water extract [17] and the AHCC sugar frac-
tion [18] had no effects on the activation of NF-jB, whereas aden-
osine markedly inhibited its activation in the present study.
Different mechanisms of the inhibition of NO production between
these AHCC extracts and adenosine also suggest the possibility that
a NO suppressive component(s) is present in AHCC in addition to
adenosine. We detected a water-soluble fraction with an NO sup-
pressive effect in AHCC, which differs from adenosine, and its puri-
fication (and identification) is underway.

As we mentioned above, adenosine receptor-mediated inhibi-
tion of NF-jB activation is a critical aspect of its anti-inflammatory
signaling properties. In this study, we demonstrated that adeno-
sine had no effects on early trigger events such as IjB degradation
and also on NF-jB activation at 1 and 2 h, although adenosine
inhibited at 3 h and thereafter (Fig. 5). These observations
prompted us to investigate whether delayed administration of
adenosine influences the induction of iNOS. We have found that
the addition of adenosine 1 and 2 h after IL-1b treatment caused
a significant reduction in NO production and iNOS protein expres-
sion (Fig. 7). It can therefore be presumed that the delayed addition
of adenosine at 1 and 2 h inhibits NF-jB activation as similar to its
simultaneous addition (Fig. 5), while the delayed addition at 3 and
4 h has no effects on NF-jB activation at all. This observation may
be of clinical importance because the initiation of therapeutic
treatment is usually delayed from the onset of diseases. Thus,
our simple in vitro experiment with cultured hepatocytes may be
adequate for screening liver-protective drugs because it is rapid
and inexpensive compared with animal models of liver injury.
However, the liver-protective effects of drugs deduced from this
model need to be examined and supported in animal models.

Functional food AHCC is a mixture of various substances such as
carbohydrates, amino acids and lipids as mentioned before. Among
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Fig. 7. Effects of delayed adenosine administration on the production of NO and the
expression of iNOS protein in hepatocytes. The cells were treated with IL-1b (1 nM)
in the presence or absence of adenosine (100 lg/ml) for the indicated times.
Adenosine was added 0–4 h after the treatment of IL-1b. (A) Schematic represen-
tation of delayed adenosine administration (closed bars, IL-1b + adenosine; open
triangles, termini of experiments). (B) The effects of adenosine on NO production
(upper) and iNOS protein (lower) were analyzed 8 h after adenosine addition, while
the positive control cells (IL-1b alone) were incubated for 8–12 h. The levels of
nitrite were measured in the culture medium (the data are shown as the
means ± SD for n = 3 dishes/point; ⁄P < 0.05 vs. IL-1b alone). In the western blotting
panels, cell lysates (20 lg of protein) were subjected to SDS–PAGE in a 7.5% gel and
immunoblotted with an anti-iNOS or anti-b-tubulin antibody. Representative
results of three independent experiments are shown.

Y. Tanaka et al. / Nitric Oxide 40 (2014) 75–86 85
them, oligosaccharides are reported to account for a variety of
AHCC actions including the immune modulatory and anti-inflam-
matory effects. In this study, we demonstrated that adenosine
inhibited the expression of iNOS gene expression and had liver pro-
tective effects in our in vitro liver injury model. Further, AHCC can
probably have other NO suppressive components in addition to
adenosine. Therefore, we are not certain that adenosine alone is
preferable to AHCC. However, it cannot negate the possibility that
adenosine may have better actions than AHCC in organ injuries
including the liver through the inhibition of iNOS and inflamma-
tory cytokines.

In conclusion, adenosine is one of the NO suppressive compo-
nents in AHCC. Adenosine inhibited iNOS gene expression at the
transcriptional and posttranscriptional steps in part through the
reduction of NF-jB activation in hepatocytes. Adenosine may have
therapeutic potential for various liver injuries.
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