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We have previously shown that adenosine and the aspartate salt of adenosine (IFC305) reverse pre-
established CCls-induced cirrhosis in rats. However, their molecular mechanism of action is not clearly
understood. Hepatic stellate cells (HSC) play a pivotal role in liver fibrogenesis leading to cirrhosis, mainly
through their activation, changing from a quiescent adipogenic state to a proliferative myofibrogenic

K_eywords: condition. Therefore, we decided to investigate the effect of IFC305 on primary cultured rat HSC. Our
Liver results reveal that this compound suppressed the activation of HSC, as demonstrated by the maintenance
E:;Z::z stellate cells of a quiescent cell morphology, including lipid droplets content, inhibition of a.-smooth muscle actin (c-
Adenosine SMA) and collagen a1(I) expression, and up-regulation of MMP-13, Smad7, and PPAR+y expression, three

key antifibrogenic genes. Furthermore, IFC305 was able to repress the platelet-derived growth factor
(PDGF)-induced proliferation of HSC. This inhibition was independent of adenosine receptors
stimulation; instead, IFC305 was incorporated into cells by adenosine transporters and converted to
AMP by adenosine kinase. On the other hand, addition of pyrimidine ribonucleoside as uridine reversed
the suppressive effect of IFC305 on the proliferation and activation of HSC, suggesting that intracellular
pyrimidine starvation would be involved in the molecular mechanism of action of IFC305. In conclusion,
IFC305 inhibits HSC activation and maintains their quiescence in vitro; these results could explain in part
the antifibrotic liver beneficial effect previously described for this compound on the animal model.

© 2010 Elsevier Inc. All rights reserved.
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mechanism for the HSC activation is not completely understood,
it is well accepted that suppression of HSC activation and
proliferation are important therapeutic strategies for the preven-
tion or treatment of liver fibrosis.

Adenosine is a natural purine ribonucleoside present within
and outside cells with many physiological actions. Adenosine is
mainly formed by the phosphohydrolysis of adenine nucleotides
and by hydrolysis of S-adenosyl homocysteine formed by the
demethylation of S-adenosyl methionine. Extracellular adenosine
can exert its function through activation of adenosine receptors or
can be transported into the cells via nucleoside transporters.
Within the cell, adenosine is phosphorylated to AMP by adenosine
kinase, deaminated to inosine by adenosine deaminase or
converted to S-adenosyl-homocysteine by S-adenosylhomocys-

1. Introduction

Liver fibrosis is a wound-healing process in response to a
chronic liver injury. Fibrosis is characterized by an increased
accumulation of extracellular matrix (ECM) proteins, especially
type I collagen. Hepatic stellate cells (HSC) are the main ECM
producing cells in the fibrotic liver. In normal liver, HSC are
quiescent vitamin A-storing cells, however, after a fibrogenic
stimulus, HSC are activated and transdifferentiated to myofibro-
blast-like cells, with a phenotype characterized by loss of vitamin A
storage, increased proliferation, expression of a-SMA, and exces-
sive synthesis of ECM proteins [1]. Although the molecular
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teine hydrolase [2,3]. Accumulation of intracellular AMP can
allostericaly stimulates AMP-activated protein kinase activity
(AMPK) [4] or can reduce pyrimidine nucleotides, by a process
known as “pyrimidine starvation” [5-7]. Adenosine has been
described by our group as an important compound that prevents
and reverses cirrhosis induced by carbon tetrachloride (CCly) in
rats [8-13]. We have determined that adenosine reverses
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experimental cirrhosis by enhancing liver collagenolytic activity,
stimulating hepatocyte proliferative capacities, as well as acceler-
ating normalization of parameters indicative of liver function and
reducing levels of oxidative stress. Adenosine’s beneficial effects
have been associated with a cell redox state modulation,
maintenance of liver energy availability, and an adequate
mitochondrial function of hepatic cells [8-13]. Recently, we
synthesized the aspartate salt of adenosine IFC305, which has a
longer half-life in the liver and its beneficial effects on CCly-
induced cirrhosis in rats are achieved with a lower dose [14].
IFC305 functions include the hepatoprotective effect of adenosine
and the additional possible effect of aspartate favoring the urea
cycle [15]. IFC305 reverses hepatic fibrosis decreasing expression
of some fibrogenic genes like collagen o1(I) and Tgfb1l and
reducing activated HSC in CCls-treated rats [14]. Although the
capacity of IFC305 to reverse fibrosis has been characterized in
liver rats, the study of the effect of this compound on individual
cells involved in hepatic fibrogenesis, such as HSC, would clarify
the mechanism of action at the molecular level. In the present
study, we focused on the effect of IFC305 on HSC. Herein, we report
that IFC305 inhibits the activation of HSC cultivated in vitro, and we
explore the possible mechanism of action.

2. Materials and methods
2.1. Chemicals

8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, A; antagonist),
MSX-3 (Apa antagonist), MRS 1754 (A,g antagonist), MRS 1523
(As antagonist), S-(4-nitrobenzyl)-6-thioinosine (NBTI, adenosine
transporter inhibitor), dipyridamole (adenosine transporter inhibi-
tor), 5’-amino-5’-deoxyadenosine p-toluenesulfonate salt (AMDA,
adenosine kinase inhibitor), salts and detergents were from Sigma-
Aldrich (St. Louis, MO). Human PDGF-BB and erythro-9-(2-hydroxy-
3-nonyl) adenosine hydrochloride (EHNA, adenosine deaminase
inhibitor) were from Calbiochem (La Jolla, CA). Pronase was from
Roche Diagnostics (Indianapolis, IN). Collagenase Type 4 was from
Worthington Biochemical Corporation (Lakewood, NJ). IFC305 is the
aspartate salt of adenosine synthesized by Probiomed S.A. de C.V.
(http://www.probiomed.com.mx, Mexico City, Mexico).

2.2. Hepatic stellate cell isolation and culture

HSC were isolated from normal male Wistar rats (500-600 g
body weight) by in situ enzymatic digestion of the liver with
collagenase/pronase and density gradient ultracentrifugation with
Accudenz® (Accurate Chemical, Westbury, NY) as previously
described [16]. HSC were cultured on plastic dishes in DMEM
(Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS)
(Multicell Wisent Inc., La Jolla, CA), 100 U/ml penicillin, and
100 pg/ml streptomycin (DMEM-10% FBS). The cells were seeded
at a density of 2.5 x 106 (7 days of culture) or 5 x 10° (2 days of
culture) per culture dish (diameter 10 cm). After 24 h of isolation,
the culture medium was replaced with DMEM-10% FBS containing
the indicated concentration of IFC305. The medium was changed
every other day for a total of 7 days, for continuous treatment or for
only 24 h, as indicated. Cell death was measured with an ELISA kit
(Cell Death Detection ELISA plus; Roche Diagnostics, Indianapolis,
IN) and lactate dehydrogenase release was measured with In Vitro
Toxicology Assay Kit, Lactic Dehydrogenase based (Sigma-Aldrich,
St. Louis, MO), according to manufacturer’s instructions.

2.3. Staining of lipids with Oil Red O

HSC were cultured on glass slides, fixed in 10% formalin saline
for 5min, washed with water and then placed in absolute

propylene glycol for 5 min. Cells were stained during 15 min with
a solution of 0.5% Oil Red O dissolved in propylene glycol pre-
warmed at 60 °C, rinsed in 85% propylene glycol for 5 min. After
rinsing with distilled water, cells were counterstained with Mayers
hematoxylin, neutralized in 10% ammonia, and mounted with
aqueous mounting medium.

2.4. Immunofluorescence staining

HSC were cultured on glass slides, fixed in 4% paraformaldehyde
in PBS for 30 min at 4 °C and permeabilized with 0.1% Triton X-100
in PBS for 3 min at room temperature. Unspecific binding sites
were blocked with 1% bovine serum albumin (BSA) in PBS for
20 min. F-actin stress fibers were stained incubating the cells with
Alexa Fluor 532 phalloidin (Invitrogen, Carlsbad, CA) in PBS with
1% BSA for 20 min. Finally, cells were mounted on Vectashield
mounting medium (Vector Laboratories, Burlingame, CA). Fluores-
cence was visualized with an Olympus Inverted Microscope model
IX71 and images captured with Evolution/QImaging Digital
Camera (Media Cybernetics, Bethesda, MD).

2.5. Real-time quantitative polymerase chain reaction (qPCR)

Total RNA from HSC was isolated using RNeasy Mini Kit (Qiagen,
Inc., Valencia, CA). For cDNA synthesis, reverse transcription was
performed using the High-Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA) following the manufacturer’s protocol.
Real-time quantitative PCR reactions (qPCR) were done in the ABI
PRISM 7000 Sequence Detection System (Applied Biosystems Foster
City, CA) using Platinum SYBR Green qPCR SuperMix-UDG with ROX
Kit (Invitrogen, Carlsbad, CA) according to manufacturer’s instruc-
tions. The primers used were: Collagen «(1)l, forward 5’-
TGGATTCCCGTTCGAGTACG-3' and reverse 5'-AGGTGATGTTCTGG-
GAGGCC-3’; MMP-13, forward 5-AAAGACTATCCCCGCCTCAT-3'
and reverse 5-TGGGCCCATTGAAAAAGTAG-3; TIMP-1, forward 5'-
GCCGTTTAAGGAACGGAAAT-3' and reverse 5'-ATGGCTGAACAGG-
GAAACAC-3’; Smad7, forward 5-GCATCTTCTGTCCCTGCTTC-3' and
reverse 5-CCGGTCTTCCTTTCCTTTTC-3; PPARy, forward 5'-
GACATCCCGTTCACAAGAGC-3' and reverse 5'-GCTTTATCCCCACA-
GACTCG-3'; ARP, forward 5-AGGTGGTGCTGATGGGCA-3' and
reverse 5'-CCTCCGGATGTGAGGCAG-3'. Relative mRNA transcript
levels were expressed in arbitrary units as n-folds of untreated
control (mean + SEM) after normalization to the acidic ribosomal
protein (ARP) mRNA.

2.6. Western blotting

Cultured HSC were washed twice with phosphate-buffered
saline (PBS), and were lysed with cell lysis buffer (50 mM Tris, pH
7.4, 150 mM NaCl, 0.5% Triton X-100, containing a mixture of
protease and phosphatase inhibitors). Lysates were centrifuged
and the supernatant was used as whole cell protein. Cell lysates
(20 g protein/well) were electrophoresed in SDS-polyacrylamide
gels and transferred to PDVF membranes. Membranes were
blocked for 1 h with 5% nonfat dry milk in TBST (50 mM Tris,
150 mM NaCl at pH 7.4, and 0.05% Tween 20). Protein was detected
by incubating overnight at 4 °C with antibodies against a-SMA
(Sigma-Aldrich, St. Louis, MO), cyclin D1, cyclin E, p27 (kip1), B-
actin, phospho-AKT (Ser-473) (Santa Cruz Biotechnology, Santa
Cruz, CA), phospho-p44/42 Map kinase (Thr-202/Tyr-204), phos-
pho-p70S6K (Thr-421/Ser-424), phospho-SAPK/JNK (Thr-183/Tyr-
185), SAPK/JNK, and phospho-AMPK (Thr-172) (Cell Signaling
Technology, Danvers, MA). Primary antibody binding was detected
with the respective horseradish peroxidase-conjugated secondary
antibody using Western blotting luminol reagent (Santa Cruz
Biotechnology, Santa Cruz, CA).
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2.7. Pull-down assay of GTP-bound Rho

Rho activation was analyzed with the Rho activation assay kit
(Upstate, Temecula, CA) following manufacturer’s instructions.
Briefly, cultured HSC were washed twice with Tris-buffered saline
(TBS) and lysed with Mg?* lysis/wash buffer (MLB) containing a
mixture of protease and phosphatase inhibitors. The extracts were
incubated for 45 min with the Rho Assay Reagent (Rhotekin RBD
bound to glutathione-agarose beads). Agarose beads were washed
three times with MLB and bound proteins were eluted in Laemmli
reducing sample buffer and analyzed by Western blotting with
anti-Rho (-A, -B, -C) clone 55. An aliquot from each extract without
agarose beads was also analyzed and corresponds to total Rho.

2.8. Cell proliferation assay

Cell proliferation was assessed by BrdU incorporation using a
colorimetric BrdU cell proliferation enzyme linked immunoassay
kit (ELISA) (Roche Diagnostics Co., Indianapolis, IN). Freshly
isolated HSC were seeded at a density of 2 x 10% cells/well in a
96-well plate, incubated overnight with DMEM-10% FBS, and
serum starved for 24 h. Then the cells were stimulated with PDGF-
BB (20 ng/ml) in the presence of the indicated concentration of
IFC305 in DMEM with BrdU for 24 h. In some experiments the
indicated inhibitors or uridine were added 30 min before IFC305
and PDGF-BB addition. After 24 h, BrdU incorporation in the
proliferating cells was detected following manufacturer’s instruc-
tions.

2.9. Statistical analysis

All values were expressed as mean + SEM of three independent
experiments. Statistical analysis was performed using the unpaired,
non-parametric Student’s t-test. Differences with a p-value of less
than 0.05 were considered statistically significant.

Qil red Phase contrast

F-actin

7 days
Control

3. Results
3.1. IFC305 prevents the activation of HSC in vitro

Freshly isolated HSC cultured on plastic become spontaneous-
ly activated and transdifferentiate from a quiescent to a
myofibroblast phenotype, similarly to the activation process seen
in vivo [1]. HSC activation is accompanied by changes in cell
morphology; after 7 days of culture, HSC displayed a myofibro-
blast morphology, characterized by expanded and flatten shape,
loss of refringent vesicles and extensive F-actin stress fibers
(Fig. 1B, E and H). In contrast, HSC cultured in the presence of
IFC305 (2.5-5 mM) maintained a stellate cell-like morphology
with dendrite-like processes, abundant perinuclear lipid droplets
and reduced F-actin stress fibers (Fig. 1C, F and I), similarly to
quiescent freshly isolated cells (Fig. 1A, D and G). Lactate
dehydrogenase release and trypan blue assays, as well as
apoptosis detection revealed that there were neither cytotoxic
effects nor differences in cell viability in the presence of IFC305, at
the tested concentration (data not shown). Next, we evaluated the
effect of IFC305 on the expression level of genes associated to the
activation process. We found that treatment of HSC with IFC305 at
concentrations ranging from 0.2 to 5 mM for 7 days prevented the
mRNA expression of collagen a1(I) in a dose-dependent manner,
whereas IFC305 at 5 mM stimulated the mRNA expression of
MMP-13, PPARvy, and Smad7, three important antifibrogenic
genes (Fig. 2A). IFC305 treatment also decreased the protein
expression of the HSC activation marker a-SMA and the cell cycle
proteins cyclin D1 and cyclin E (Fig. 2B).

Considering that IFC305 is the aspartate salt of adenosine, we
also investigated the effect on the cell morphology of HSC
cultivated for 7 days in the presence of adenosine or aspartic acid
(5 mM). We observed, essentially, the same effect on HSC
cultivated with adenosine as that obtained with IFC305 (5 mM),
but not with aspartic acid (data not shown). This result suggests

7 days
IFC 305

Fig. 1. Morphology of HSC cultivated for 7 days in the presence of IFC305. HSC cultivated for 1 day after isolation from normal rat livers, HSC cultivated for 7 days in absence
(Control) or presence of 5 mM IFC305. (A-C) Morphology of HSC observed with a phase-contrast microscopy. (D-F) Oil Red O staining of lipids (red color) and hematoxylin
counterstained (blue color). (G-I) F-actin stress fibers stained with Alexa Fluor 532 phalloidin. Magnification, 40x.
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Fig. 2. IFC305 regulates the expression of profibrogenic and antifibrogenic markers in HSC cultivated for 7 days. At 24 h after isolation, cells were incubated with the indicated
concentrations of IFC305 for 7 days, changing the medium every other day. (A) Real-time quantitative polymerase chain reaction (qPCR) analysis of the expression of collagen
al1(I), MMP-13, Smad7, PPARY, and TIMP-1 mRNA. Data were normalized to the acidic ribosomal protein (ARP) mRNA expression and are expressed as mean values + SEM of
three independent experiments. *P < 0.05 and **P < 0.01 versus cells with no IFC305 addition. (B) Western blot analysis of the expression of a-SMA, cyclin D1, and cyclin E proteins.
(C) Rho pull-down assay showing activated Rho (Rho-GTP) of HSC cultivated for 7 days without or with 5 mM IFC305. An aliquot from each extract without agarose beads was also

analyzed and corresponds to total Rho.

that the adenosine part of IFC305 might exert a greater effect in
modifying cellular morphology.

3.2. IFC305 blocks the activation of the Rho/ROCK intracellular
signaling pathway

Several research groups have demonstrated that the Rho/ROCK
signaling pathway plays an important role in the activation and
contraction of HSC [17,18]. HSC activation is accompanied by the
formation of actin stress fibers and focal adhesions. Rho has been
implicated in the morphological changes associated with HSC
activation by regulating the actin cytoskeleton [19]. Recently it has
been demonstrated that adenosine induces loss of actin stress
fibers and inhibits cellular contraction in activated HSC via Rho/
ROCK inhibition [20]. We observed that, as adenosine, IFC305
treatment reduced F-actin stress fibers (Fig. 1H versus I). We

therefore explored the effect of IFC305 on the formation of the Rho
active GTP-bound complex. Spontaneously activated HSC cultivat-
ed for 7 days had a remarkable level of activated Rho; in contrast,
HSC treated for 7 days with IFC305 had an almost completely
reduced activation of Rho (Fig. 2C). This result shows that IFC305,
like adenosine, avoids Rho activation and this effect might be
associated to the prevention of HSC activation and reduction of
actin stress fibers induced by IFC305.

3.3. IFC305 inhibits PDGF-BB-stimulated proliferation of HSC

Activated HSC become highly proliferative and PDGF is the most
potent mitogenic cytokine described for these cells [21]. We
evaluated the effect of IFC305 on HSC proliferation stimulated by
PDGF, measured by BrdU incorporation. Following isolation, HSC
were synchronized by serum starvation for 24 h, and then cell
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Fig. 3. IFC305 suppresses the PDGF-BB-stimulated proliferation of HSC. (A) Fresh
HSC were incubated overnight with DMEM-10% FBS and then serum starved for
24 h. After cellular synchronization, the cells were stimulated in the absence or
presence of PDGF-BB (20 ng/ml) and the indicated concentrations of IFC305 for
24 h. Cell proliferation was assessed by BrdU incorporation. Results are expressed as
percentage of control (untreated cells). Data are shown as mean + SEM of three
independent experiments. *P < 0.05 versus cells stimulated with PDGF-BB and
#P < 0.05 versus control cells. (B) Western blot analysis of different cell cycle
proteins. Cells were treated as in (A), but with 10 ng/ml of PDGF-BB. Total cell lysate
proteins were analyzed by Western blotting as described under Section 2.

proliferation was stimulated with PDGF-BB during 24 h in the
presence of different concentrations of IFC305. We found that
IFC305 dose-dependently reduced the PDGF-BB-stimulated pro-
liferation (Fig. 3A). Western blot analysis further revealed that
IFC305 reduced the expression of different cell cycle proteins
stimulated by PDGF-BB, with a marked reduction of cyclin D1, and
a lower effect on cyclin E. No changes were seen in the expression
of the cell cycle inhibitor protein p27*") with PDGF-BB or with
the different concentrations of IFC305 (Fig. 3B). Together these
data demonstrate that IFC305 inhibits HSC proliferation stimulat-
ed by PDGF-BB.

We also compared the effect of adenosine or aspartic acid with
that of IFC305 on the PDGF-BB stimulated proliferation of HSC. We
observed that both, adenosine (1 mM) and IFC305 (1 mM) inhibited
PDGF-BB-stimulated proliferation of HSC in a similar manner
(82.5 £ 2.6% and 76.5 + 3.3%, respectively). In contrast, aspartic acid
(1 mM) only reduced 27.7 + 4.3% PDGF-BB-induced proliferation. As in
the previous observation on the cell morphology of HSC with
adenosine, this result suggests that the adenosine part of IFC305
might have the principal effect on the inhibition of HSC proliferation.

3.4. IFC305 modulates the intracellular signaling pathways activated
by PDGF-BB

To explore further the molecular mechanism mediating the
inhibitory effect of IFC305 on PDGF-induced proliferation of HSC,
we examined the most important pathways stimulated by PDGF-
BB in HSC[22-25]. Increased phosphorylation of ERK, AKT, p70S6K,
and p-JNK was observed after 30 min of PDGF-BB stimulation; at
this early time point, IFC305 did not modify the activation of Erk
and AKT, it only slightly inhibited the activation of p70S6K and
markedly reduced the 54 kDa form of p-JNK (Fig. 4). However,
when stimulation with PDGF-BB was continued for 24 h, treatment
of HSC with IFC305 effectively inhibited PDGF-induced phospho-

30min 24h
PDGF-BB - + + - - + + -
IFC305 - -+ o+ - -+ + kDa
PERK = — 44142
pAKT e - -60
pp70SBK - ae — -70
B-actin i — — — --‘J -42
pINK . ; " -54/46
INK TS ——— -54/46

Fig. 4. IFC305 modulates the signaling pathways stimulated by PDGF-BB. Fresh HSC
were incubated overnight with DMEM-10% FBS and serum starved for 24 h. Then,
the cells were stimulated with PDGF-BB (10 ng/ml) and/or IFC305 (5 mM) for
30min or 24 h. Cells were lysed and analyzed by Western blotting with the
indicated antibodies.

AKT and p70S6K levels, and partially suppressed phosphorylation
of ERK (Fig. 4). At 24 h, we also observed an increment of the basal
phosphorylation of ERK and p70S6K, larger than the basal
phospho-levels at 30 min, probably due to the extended period
without serum (48 h). These results indicate that IFC305 does not
affect the early activation of ERK, p70S6K, and AKT pathway
induced by PDGF-BB, but inhibits the late stimulation at 24 h.

3.5. Adenosine receptors are not involved in HSC growth inhibition by
IFC305

Extracellular adenosine can exert its actions on cells either by
adenosine receptors or by entering the cells by adenosine
transporters [26,27]. To characterize the molecular mechanism
by which IFC305 inhibited HSC proliferation, we first addressed the
question whether this compound could be interacting with
adenosine receptors. We explored the possibility that IFC305
might inhibit HSC proliferation by a specific subtype of the four
known adenosine receptors; A;, Axa, Azg and As [3]. HSC were
pretreated for 30 min before the proliferation assay by BrdU
incorporation with different adenosine receptor antagonists. As
shown in Fig. 5A-E none of the antagonists used alone or in
combination prevented the IFC305-induced inhibition of prolifer-
ation. These results indicate that IFC305 effects are not mediated
via adenosine receptors activation, probably exerting its action by
an intracellular mechanism.

3.6. Involvement of adenosine kinase in IFC305-induced cell growth
inhibition

To determine if IFC305 might be entering the cell through
adenosine transporters to exert its anti-proliferative action, we
examined the effect of NBTI and dipyridamole, two inhibitors of
these transporters. We observed that both compounds significant-
ly reversed the IFC305-mediated growth inhibition (Fig. 6A and B),
suggesting that the uptake of IFC305 by an adenosine transporter is
involved in the inhibition of proliferation exerted by IFC305.
Intracellular adenosine can be metabolized by adenosine deami-
nase, which converts adenosine to inosine, or by adenosine kinase,
which catalyzes the formation of AMP from adenosine through its
phosphorylation. The action of IFC305 was not affected by EHNA,
an adenosine deaminase inhibitor (Fig. 6C), but it was significantly
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Fig. 5. Adenosine receptors are not involved in the IFC305-inhibition of the PDGF-BB-stimulated proliferation of HSC. BrdU incorporation assay was performed as in Fig. 3,
but the cells were pre-incubated in the presence of vehicles (open bars) or the indicated adenosine receptor antagonists (solid bars) for 30 min before the addition of 20 ng/ml
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inhibited by AMDA, an adenosine kinase inhibitor (Fig. 6D),
suggesting that IFC305 transported from the extracellular space
may inhibit HSC proliferation through its conversion to AMP by
adenosine kinase. Intracellular AMP could stimulate AMP-activat-
ed protein kinase (AMPK) by promoting its phosphorylation at the
threonine (Thr-172) on the alpha-subunit [4,28]. In order to test if
IFC305 could be inhibiting HSC proliferation via activation of
AMPK, we tried to detect an increased phosphorylation of Thr-172
with IFC305 treatment. As shown in Fig. 7, rather than increasing
phospho-AMPK levels, IFC305 inhibited both, basal and PDGF-
stimulated phosphorylation of AMPK. These results suggest that
AMPK activation would not be involved in the IFC305-mediated
inhibition of proliferation, although AMP formation inside the cell
is necessary for growth inhibition.

3.7. Uridine reverses the inhibitory effect of IFC305 on HSC
proliferation and activation

Several studies have demonstrated that extracellular adenosine
may cause intracellular pyrimidine starvation, thereby blocking
DNA synthesis and inhibiting cell growth. Accumulation of
intracellular AMP increases intracellular ATP and ADP levels but
reduces pyrimidine nucleotides, such as UTP, and this effect is
reversed when uridine is added to the extracellular space [5-7,29].

We therefore added uridine at different concentrations and
observed that IFC305-induced cell growth inhibition was reversed
(Fig. 8A), suggesting that intracellular pyrimidine starvation could
be involved in the IFC305-inhibition of proliferation. We further
investigated whether uridine would be involved not only in the
suppressive effect of IFC305 on HSC proliferation, but also in the
inhibitory effect of IFC305 on the HSC activation process. When
uridine was included in the medium of HSC cultivated with IFC305
for 7 days, the cells became activated as demonstrated by their loss
of stellate morphology characteristic of quiescent HSC and
expression of a-SMA (Fig. 8B and C). We also determined levels
of intracellular AMP by HPLC in HSC cultivated for 7 days in the
absence or presence of IFC305 or IFC305 plus uridine, and we
observed that in both cases AMP content was incremented at least
4-fold over the control (data not shown). Therefore, uridine
addition does not block the elevation of intracellular AMP levels
induced by IFC305, but instead it seems to regenerate the
pyrimidine nucleotide pool via the pyrimidine salvage pathway
[7] that may compensate the balance of nucleotide pools restoring
DNA synthesis and HSC proliferation. Collectively these results
suggest that extracellular IFC305 is incorporated into HSC by
adenosine transporters where it is converted to AMP by adenosine
kinase, and the increased AMP level may inhibit HSC cell growth
and activation through the unbalanced nucleotide pool.
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4. Discussion

In a previous study we demonstrated that the adenosine
aspartate compound IFC305 reversed established liver fibrosis in
rats [14]. To further characterize the molecular and cellular
mechanisms responsible for this reversing capacity, the present
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Fig. 7. Role of IFC305 on the phosphorylation of AMPK induced by PDGF. (A) Fresh
HSC were incubated overnight with DMEM-10% FBS and serum starved for 24 h,
then stimulated with 10 ng/ml PDGF-BB in the absence or presence of 5 mM IFC305
for 30 min or 24 h. Cells were lysed and analyzed by Western blotting with the
indicated antibodies. (B) Quantification of pAMPK bands normalized with [3-actin of
cells treated for 30 min. Data are shown as mean + SEM of three independent
experiments. *P < 0.01 versus control cells.

study explored the effect of IFC305 on the activation of primary rat
HSC cultivated in vitro. We found that IFC305 treatment suppresses
HSC activation, as assessed by the inhibition of «-SMA protein and
collagen a1(I) mRNA expression, prevention of Rho activation,
suppression of PDGF-stimulated proliferation and increased
expression of antifibrogenic genes such as PPARvy, Smad7, and
MMP-13.

Hepatic fibrosis is characterized by ECM components accumu-
lation, mainly type I collagen. The excess of ECM components is the
result of an imbalance between their production and degradation.
ECM degradation is done by matrix metalloproteinases (MMPs),
whose activity is negatively regulated by tissue inhibitors of matrix
metalloproteinases (TIMPs). During progression of liver fibrosis,
activated HSC produce an excess of type I collagen and have a
sustained production of TIMP-1 and -2, resulting in an excess of
collagen deposition. The main MMPs that can degrade native type |
collagen in humans are MMP-1 and -8 (MMP-13 is the rodent
equivalent of human MMP-1). In this study we demonstrate that
IFC305 is able to inhibit the production of collagen a1(I) mRNA,
and to increase the expression of MMP-13 mRNA, which may result
in an important decrease of collagen deposition, even though the
expression of TIMP-1 was not altered by the IFC305 treatment. Our
results are in agreement with a study that suggests that type I
collagen and MMP-13 mRNAs are reciprocally modulated in HSC,
when type I collagen expression is increased, MMP-13 expression
is diminished [30]. TGF-[3 is one of the most important fibrogenic
cytokines in different tissues, including liver, lung, and kidney.
Disruption of TGF-3 signaling pathway has been suggested as an
important antifibrotic therapy [31]. TGF-P signals through the
Type I, II, and Il (betaglycan) membrane receptors and by
intracellular Smad proteins, mainly Smad2, 3, 4, and 7. Smad7 is
the most important endogenous intracellular antagonist of TGF-3
signaling and its over-expression has been used to prevent HSC
activation in vivo and in vitro [32,33]. Increased expression of
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Fig. 8. Uridine reverses the inhibitory effect of IFC305 on HSC proliferation and
activation. (A) BrdU incorporation assay was performed as in Fig. 3, but the cells were
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20 ng/ml PDGF-BB and 1 mM IFC305. Results are expressed as percentage of control
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morphology observed with a phase-contrast microscopy. Magnification, 10x. (C)
Western blot analysis of «-SMA protein expression of HSC cultivated for 7 days with
[FC305 (5 mM) and uridine (1 mM) as indicated.

Smad7 induced by IFC305 treatment could result in the inhibition
of TGF-[3 signaling and inhibition of HSC activation. Another main
effect of IFC305 on HSC is an increase of PPAR7y expression. PPARy
is a ligand-dependent transcription factor that regulates adipocyte
differentiation and lipid metabolism. PPARYy is highly expressed in
quiescent HSC, but its expression is rapidly decreased during HSC
activation in vitro and in vivo [34]. Forced expression of PPARy can
reverse the activated HSC phenotype to the quiescent one [35], and
treatment of activated HSC with natural or synthetic ligands of
PPARv inhibits their activation [34,36]. Indeed, the PPARY ligands
15-deoxy-prostaglandin ]2 (15d-PGJ2) and ciglitizone are consid-
ered antifibrotic, and they have been proposed as therapy for
chronic liver diseases [37,38]. Thus, the increased expression of
PPARYy by HSC with IFC305 treatment could be contributing to
maintain their quiescent phenotype. One possible mechanism by
which IFC305 could be altering the transcription of these genes is
by modifying the metabolism of S-adenosyl methionine (SAMe)
involved in epigenetic changes such as DNA methylation. We have
previously demonstrated that there is a close relationship between
adenosine’s level, SAMe and transmethylation reactions in the liver
[39]. However a possible epigenetic modulation by IFC305 similar
to that of adenosine is being studied.

The Rho/ROCK signaling pathway has been implicated in the
activation of HSC. Several studies have determined that inhibition
of Rho signaling could prevent HSC activation [17,18,40]. Our
result demonstrates that HSC treated for 7 days with IFC305 have
an almost completely abated Rho activation, and this effect could
be contributing to maintain their quiescent state. IFC305 seems to
have a similar effect as that of adenosine because our result

coincides with a study demonstrating that adenosine inhibits the
Rho/ROCK signaling in activated HSC [20]. However, our results
differ from previous findings in which this research group reported
that adenosine stimulates collagen expression [41]. This could be
associated to differences in the cellular model, instead of primary
cultured HSC, these studies were mainly done with LX-2 cells, an
immortalized human HSC line, using a low concentration of
adenosine (10 wM) and different A, receptor agonists, such as
CGS21680 and NECA [41,42].

Another remarkable feature of HSC activation is their increased
proliferation, involved in sustaining liver fibrosis. PDGF is the
most potent growth factor for HSC and this cytokine and its
receptor are up-regulated as they become activated [23,43,44].
We found that IFC305 inhibits PDGF-stimulated proliferation
(Fig. 3A), and although IFC305 has no effect on the PDGF-induced
phosphorylation of Erk, AKT, and p70S6K at 30 min, when
stimulation is continued for 24 h, IFC305 inhibited their phos-
phorylation (Fig. 4); at these late time points, activation of ERK
and AKT is related to cell cycle progression [45,46]. The sustained
activation of ERK1 is required for the continued expression of
cyclin D1 in G1 cell cycle progression [45]. We also observed a
drastic reduction in cyclin D1 protein expression in HSC treated
with I[FC305 (Figs. 2 and 3). On the other hand, a late peak of ERK
and AKT activation is necessary for G2/M phase [46]. These results
indicate that IFC305 does not interfere with the early activation
pathways stimulated by PDGF, but inhibits the late ones,
necessary for cell cycle progression.

Our data showed that inhibition of PDGF-induced proliferation
by IFC305 is not mediated by adenosine receptors, since none of
the specific antagonists of each receptor type blocked the effect of
IFC305 (Fig. 5A-E). In contrast, the inhibition of adenosine
transporters by NBT1 and dipyridamole, as well as the inhibition of
adenosine kinase by AMDA, suggests that IFC305 inhibits PDGF-
induced proliferation by its uptake into cells through adenosine
transporters and its conversion to AMP by adenosine kinase,
leading to an increase in intracellular AMP levels (Fig. 6A, B and D).
Intracellular elevation of the AMP/ATP ratio could stimulate
activation of AMP-activated protein kinase (AMPK) by promoting
its phosphorylation at threonine (Thr-172) on the alpha-subunit
[4,28]. Recently, it has been reported that AMPK activation by
adiponectin, AICAR, or metformin inhibits proliferation of activat-
ed HSC and negatively modulates their activated phenotype
[47,48]. We therefore tried to detect an increased phosphorylation
of AMPK with IFC305. We observed that phospho-AMPK level was
slightly increased with PDGF, but this was not incremented with
IFC305 treatment, and the basal phosphorylation of AMPK was
even reduced with IFC305 (Fig. 7). These results suggest that AMPK
activation would not be involved in IFC305-mediated inhibition of
proliferation.

Another mechanism that has been proposed for the growth
inhibition by extracellular adenosine is by reducing pyrimidine
nucleotides through a mechanism known as “pyrimidine starva-
tion”. Accumulation of AMP generated by adenosine kinase action
can lead to inhibition of 5-phosphoribosyl-1-pyrophosphate
(PRPP) synthase [49,50]. This will lead to a decreased PRPP level,
an essential component in the purine and pyrimidine “de novo”
biosynthesis that finally will result in decreased UTP and CTP levels
[5]. Pyrimidine starvation can be relieved by addition of uridine
that is converted to UMP, which is used to synthetisize pyrimidine
nucleotides via the pyrimidine salvage pathway [7]. We showed
that uridine not only reversed the proliferative inhibition of HSC by
IFC305, but also reversed the inhibitory effect of this compound on
the activation process (Fig. 8), suggesting the importance of
pyrimidine starvation in cellular differentiation [51]. Thus, our
results suggest that the anti-proliferative effect of IFC305 requires
its uptake into cells by adenosine transporters followed by its
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intracellular conversion to AMP by adenosine kinase, leading to
increased levels of AMP, pyrimidine starvation, and inhibition of
DNA synthesis.

In conclusion, the present study demonstrates that the adenosine
aspartate compound, IFC305, suppresses the activation of primary
cultured HSC. IFC305 seems to maintain the quiescent state of HSC
maintaining PPARy expression and inhibiting Rho activation, which
isreflected on the decreased expression of the characteristic features
of activated HSC, such as collagen «1(I) and o-SMA. We also
demonstrate that IFC305 inhibits PDGF-BB-stimulated proliferation,
a fundamental feature of HSC activation, possibly through increased
AMP levels and pyrimidine starvation. This effect of IFC305 on
nucleotides metabolism probably impairs DNA synthesis and cell
proliferation. On the other hand, IFC305 increases the expression of
two critical antifibrogenic genes such as Smad7 and MMP-13. Some
of these findings are similar to the actions of [FC305 observed in our
previous in vivo experiment regarding HSC. In that study, we
observed that in the liver of CCls-induced cirrhotic rats, IFC305
treatment reduced the number of a-SMA activated HSC, increased
the amount of lipid-storing HSC, and up-regulated the gene
expression of PPARy [14]. We are aware that some of the in vitro
effects of IFC305 were observed at higher concentrations than those
that may be reached in vivo; nevertheless, we observed that this
compound had no toxic effects on cultured HSC and such
concentrations have been used for adenosine in other in vitro
studies [52,53]. Thus, our study proposes that HSC are an important
target of the antifibrotic action of IFC305, but it might be possible
that the beneficial effect in vivo could be more complex and involve
other hepatic cells. This study, together with our previous
observations on the protective effect of IFC305 on liver fibrosis,
suggests that this compound might offer therapeutic potential
through a variety of biochemical mechanisms.
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