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a b s t r a c t

Cirrhosis is a complex process that involves a dynamic modification of liver cell phenotype associated
to gene expression changes. This study investigates the reversing capacity of an adenosine derivative
compound (IFC305) on a rat model of liver cirrhosis and gene expression changes associated with it. Rats
were treated with IFC305 or saline for 5 or 10 weeks after cirrhosis induction (CCl4 treatment for 10
weeks). Fibrosis score, collagenase activity and amount of hepatic stellate cells (HSC, activated and with
a lipid-storing phenotype) were measured in livers. In addition, gene expression analysis was performed
using 5K DNA microarrays and quantitative RT-PCR. Treatment of cirrhotic rats with IFC305 for 5 or
10 weeks compared to saline control, induced: (1) reduction of fibrosis (50–70%) and of collagen, of �-
SMA and desmin proteins, as well as of activated HSCs in liver, (2) increased collagenase activity and
Cl4 hepatotoxicity
iver transcriptome

cell number of lipid-storing HSC, (3) improved serum parameters of liver function, such as reduced
activity of aminotransferases and bilirubin. Expression of 413 differential genes, deregulated in cirrhotic
samples, tended to be normalized by IFC305 treatment. Some genes modulated at transcript level by
IFC305 were Tgfb1, Fn1, Col1a1, C9, Apoa1, Ass1, Cps1, and Pparg. The present study shows that IFC305
reverses liver fibrosis through modulation of adipogenic and fibrosis-related genes and by ameliorating

nder
cirrh
hepatic function. Thus, u
potential in patients with

. Introduction

Cirrhosis or extensive liver fibrosis in patients is still an impor-
ant cause of death worldwide. Although mortality due to cirrhosis
as decreased in several countries during the last two decades, it

s still extremely high in developing countries like Mexico (Bosetti

t al., 2007). Cirrhosis is a highly dynamic pathological state asso-
iated to hepatic cells differentiation, phenotype changes, and
ellular behavior, these events are induced by chronic liver injury
hat produces an inflammation process that lead to liver fibro-

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
-SMA, �-smooth muscle actin; ECM, extracellular matrix proteins; HSC, hepatic
tellate cell; SAH, S-adenosyl homocysteine; SAMe, S-adenosyl methionine.
∗ Corresponding author at: Instituto de Fisiología Celular, Universidad Nacional
utónoma de México (UNAM), Apdo. postal 70-243, México 04510, D.F., Mexico.
el.: +52 55 5622 5614.

E-mail address: vchagoya@ifc.unam.mx (V.C. de Sánchez).

357-2725/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.biocel.2009.11.005
standing of the anti-cirrhotic effect of IFC305 might have therapeutical
osis.

© 2009 Elsevier Ltd. All rights reserved.

genesis, for review (Bataller and Brenner, 2005). Chronic damage
of the liver produces hepatocyte-nodular lesions due to high cell
turnover, whereas hepatic stellate cells (HSC), with a quiescent
retinoid-storing phenotype, are activated to fibrogenic prolifera-
tive cell type that lack the retinoid-storing ability, these activated
HSC also resemble a myofibroblast phenotype characterized by
overproduction of extracellular matrix proteins (ECM), such as col-
lagen, fibronectin, tenasin, and ondulin. Thus, parenchymal liver
tissue is replaced by accumulated scar fibrous tissue, leading to
deterioration of hepatic function (Friedman, 2005). Liver failure
is associated, for example, with a disturbed urea cycle produc-
ing excessive blood ammonia and hepatic encephalopathy (Blei,
2004).

Chronic CCl4-intoxication of rats has been extensively used

as model of liver fibrosis, resulting in cirrhosis when prolonged
for more than 8–12 weeks (Iredale, 2007). We reported previ-
ously the fibrosis-reversing capacity of adenosine treatment on
CCl4-induced cirrhotic rats. This effect has been associated with
enhanced collagenolytic activity, diminution of tissue inhibitor

http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:vchagoya@ifc.unam.mx
dx.doi.org/10.1016/j.biocel.2009.11.005
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f metalloproteinases (TIMPs) 1 and 2, modulation of cell redox
tate, maintenance of liver energy availability, and preserva-
ion of an adequate mitochondrial function of hepatic cells
Hernandez-Munoz et al., 1994, 1997, 2001). Adenosine has been
roposed as a promising hepatoprotector substance for hepatic
irrhosis.

In this study, we used IFC305, an adenosine-aspartate deriva-
ive, which hypothetically includes the hepatoprotective effect of
denosine and the additional possible effect of aspartate favor-
ng urea cycle in the liver as reported (Yassuda Filho et al., 2003).
he results presented here, in CCl4-model rats, demonstrate that
reatment with IFC305 reversed hepatic fibrosis, reduced pres-
nce of activated HSCs, increased the number of lipid-storing HSCs,
nd modified global gene expression of fibrogenesis and lipid
etabolism-related genes, as well as the rate-limiting enzymes of

he urea cycle (Yamamoto and Sugihara, 1988). Our findings sug-
est that reversal of fibrosis by IFC305 could be therapeutically
fficacious in the treatment of cirrhosis.

. Materials and methods

.1. Chemicals

CCl4 was from Merck Mexico (Mexico), all other reagents were
rom Sigma Chemical Co. (St. Louis, MO). IFC305 is the aspartate salt
f adenosine 2-aminosuccinic acid–2-(6-amino-9H-purin-9-yl)-5-
hydroxymethyl)tetrahydrofuran-3,4-diol (1:1). It was obtained as

white solid with the following properties; molecular Weight
00.34, melting point 285 ◦C, water-soluble. Synthesized by Pro-
iomed S.A. de C.V. (http://www.probiomed.com.mx, Mexico City,
exico).

.2. Animals treatment and induction of cirrhosis with CCl4

Male Wistar rats (n = 25) weighing 100–110 g were rendered

irrhotic by chronic treatment with CCl4. Animals were intraperi-
oneally injected (0.4 g/kg) three times a week during 10 weeks
ith a solution of 1/6 of CCl4 in vegetable oil. Cirrhosis-induced

ats were divided in five groups (Fig. 1). At time zero (Ci-0 group),
ats were euthanized 24 h after cessation of CCl4, two groups were

ig. 1. Experimental groups to evaluate the IFC305 effect on the CCl4-induced cir-
hosis model. Chronic treatment of CCl4 for 10 weeks induced cirrhosis. Male rats
ere divided in five groups; one was euthanized after CCl4 withdrawal (Ci-0), while

he other groups were treated with saline solution (SS) or IFC305 during 5 or 10
eeks, groups Ci-5, Ci10, Ci+A5 and Ci+A10, respectively. A group of rats without

reatment (NL) was included in the experiments.
iochemistry & Cell Biology 42 (2010) 287–296

intraperitoneally treated with saline solution during 5 (Ci-5) or
10 (Ci-10) weeks and two groups were intraperitoneally treated
with IFC305 at a 50 mg/kg dose, three times weekly, for 5 (Ci+A5)
or 10 (Ci+A10) weeks, all the experiments include an additional
group of rats without treatment (NL). Animals were euthanized
with sodium pentobarbital, liver was recovered, rinsed in saline
solution, and frozen with liquid nitrogen or fixed with formalde-
hyde, routinely processed, embedded in paraffin, and sectioned.
Animals were obtained from the animal facility of the National
Autonomous University of Mexico (UNAM), all procedures were
conducted according to our institutional guidelines for the care and
use of laboratory animals.

2.3. Fibrosis parameters measured in liver

Histological sections of liver were stained with Masson’s
trichrome to evaluate collagen deposition. For quantitative fibrosis
data, 10 high power fields (100×) from histological sections were
analyzed with the MBF ImageJ processing software for microscopy
(Abramoff et al., 2004). Blue fibrotic areas and red parenchymal tis-
sue were detected and measured using color threshold tools in the
software.

Total collagen was extracted from liver as described
(Hernandez-Munoz et al., 1990). Liver homogenates were washed
with ethanol and then with Tris buffer, pH 7.4, to eliminate soluble
protein, collagen was extracted with 0.25 M acetic acid under
continuous shaking at 4 ◦C for 24 h, it was hydrolyzed in 6N HCl
at 110 ◦C for 24 h; after neutralization, its hydroxyproline content
was quantified as described (Rojkind and Gonzalez, 1974). Free
hydroxyproline was oxidized by chloramine-T to pyrrol, this
product reacts with Ehrlich’s reagent to produce a chromophore
that was measured spectrophotometrically at 560 nm. Colla-
genase activity was determined in liver extracts, as previously
described (Maruyama et al., 1982); briefly, 100 mg of protein of
liver homogenates in 0.05 M Tris, 0.2 M NaCl, 5 mM CaCl2 and 0.1%
Triton X-100, at pH 7, was used as enzyme source and as substrate
the purified collagen from rat tail, reaction was performed in
10 mM CaCl2 at 37 ◦C for 24 h, collagen degradation products
were measured by their free hydroxyproline content, as described
above.

2.4. Serological parameters of liver function

Serum albumin, bilirubin, alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) activities were determined as
previously described (Hernandez-Munoz et al., 1990).

2.5. Immunological detection of activated HSC in histological
sections and liver extracts

Histological sections were used for �-smooth muscle actin (�-
SMA) immunostaining, with the primary monoclonal antibody
anti-�-SMA (clone 1A4 Sigma Chemical Co.) diluted at 1:200,
incubating overnight (4 ◦C), and secondary biotinylated antibody
diluted at 1:100, incubating for 1 h at room temperature, the color
was revealed using the avidin–biotin complex (ABC) method. Total
proteins from liver samples were separated by SDS-PAGE, trans-
ferred into nitrocellulose membranes, and incubated overnight
at 4 ◦C with monoclonal anti-�-SMA and then with peroxidase-

conjugated goat anti-mouse antibody. Alternatively membranes
were incubated with goat polyclonal anti-desmin (Santa Cruz
Biotechnology) and then with peroxidase-conjugated anti-goat
antibody. Peroxidase activity was detected by enhanced chemi-
luminescence (Amersham) and quantified by densitometry using
ImageJ tools.

http://www.probiomed.com.mx/
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Activation of HSC in rats can be identified with several markers
such as alpha-smooth muscle actin (�-SMA), desmin and others
(Van Rossen et al., 2009). Positive cells to �-SMA were detected
by immunohistochemistry in hepatic fibrous septa of CCl4-treated
rats from 0 to 10 weeks after hepatotoxin’s withdrawal (Fig. 3A).

Table 1
Primer sequences used in quantitative RT-PCR.

Gene symbol Forward (F) and reverse (R) primers

Fn1 F: CACGGTTTCCCATTACGC
R: GCCATTTTCTCCCTGACG

Col1a1 F: TGGATTCCAGTTCGAGTATG
R: AGGTGATGTTCTGGGAGGCC

Tgfb1 F: AGGGCTACCATGCCAACTTCT
R: CCGGGTTGTGTTGGTTGTAGA

Pparg F: GACATCCCGTTCACAAGAGC
R: GCTTTATCCCCACAGACTCG

Apoa1 F: CCCAGTTTGAATCCTCCAC
R: CCTCGTTCCACTTCTCCTG

Cps1 F: CTATTCTGAGATGTGAGATGGCTTC
R: AGCGCTGTACTGCCTGTAGTGGAA
J.I. Pérez-Carreón et al. / The International Journ

.6. Quantification of lipid-storing perisinusoidal cells in
oluidine blue-stained sections

To quantify lipid-storing cells, 1-�m thick sections were
btained from samples embedded in Epon 812, and stained with
oluidine blue (1% dissolved in 1% sodium tetraborate buffer; pH
.25) as described by Hautekeete et al. (1998). The sections were
xamined in 10 microscopic fields at 40×, and the number of non-
arenchymal cells with lipid droplets per 100 hepatocytes was
ounted.

.7. RNA isolation and quality verification

Frozen liver samples were used for total RNA isolation by TriPure
ased extraction (Roche Applied Science). Quantity and purity were
etermined by measuring the optical density at 260/280 nm in a
V-spectrophotometer. RNA quality was verified by agarose-gel
lectrophoresis and rRNA 28S/18S > 1.7 ratios were obtained.

.8. DNA microarray analysis

Spotted DNA microarrays were produced in our institutional
NA microarray-facility using five-thousand 70-mer oligos (Rat
rray-Ready Oligo Sets vers. 1.0, Operon Biotechnologies, USA).
rinting of arrays, probe preparation, hybridization, scanning of
rray images, and data analysis are fully detailed by Luna-Moreno
t al. (2007). Briefly, 10 �g of pooled total RNA (five animals
er experimental group) were used for cDNA synthesis incor-
orating dUTP-Cy5. Normal liver dUTP-Cy3-labeled cDNA was
sed as common reference. Equal quantities of Cy5- and Cy3-

abeled cDNA were hybridized to the oligo rat arrays. Array images
ere analyzed with ArrayPro analyzer software (Media Cyber-
etics, Inc.). Background correction, lowest normalization and
election of differentially expressed genes were performed with
enArise software (http://www.ifc.unam.mx/genarise/). Differen-

ially expressed genes were selected according to the Z-score
Cheadle et al., 2003), this function identifies differential expressed
enes by calculating an intensity-dependent Z-score that mea-
ures the number of standard deviations (SD) from the mean
Luna-Moreno et al., 2007). Differential genes were considered up-
egulated when Z-score > 2 SD or down-regulated if Z-score < −2
D. Additionally the fold-change value (Cy5/Cy3 ratio) was com-
uted from background-corrected and normalized Cy3 and Cy5

ntensities for each element. The level of similarity of gene expres-
ion patterns was obtained by hierarchical clustering analysis, as
etermined by Euclidean distance and a complete linkage method
sing the web-available software Hierarchical Clustering Explorer
http://www.cs.umd.edu/hcil/hce/).

.9. Quantitative RT-PCR

cDNA synthesis was performed from 2 �g of total RNA using
uperScript II-reverse transcriptase reagents (Invitrogen). All
uantitative PCR assays were performed independently in 5 ani-
als/group in triplicate, with standard dilution curves, using qPCR

it for SYBR Green (Sigma) on ABI prism 7000 (Applied Biosys-
em). PCR reactions were optimized for all genes to obtain one
CR product that corresponded to the size predicted by the primer
esign (Table 1). Expression data were normalized with endoge-
ous control 18s rRNA using Taqman probe (Applied Biosystem)
nd presented as folds of normal liver expression.
.10. Statistical analysis

Determinations were expressed as mean ± SEM of five animals
s indicated in the figure footnotes. Statistically significant differ-
iochemistry & Cell Biology 42 (2010) 287–296 289

ences among experimental groups were determined by one-way
ANOVA and the Bonferroni’s multiple comparison post hoc test.
Significance was set at p < 0.05.

3. Results

3.1. Effects of IFC305 treatment on rat cirrhosis

Accumulated liver fibrosis of CCl4-treated rats associated to
reduction of hepatic parenchymal tissue was clearly denoted by
Masson’s trichrome staining (Fig. 2A), decreased fibrosis was evi-
dent in liver of IFC305-treated animals (Fig. 2B). Quantitative
analysis of histological sections shows that liver fibrosis corre-
sponded to 16% of the area in Ci-0 group and remained at 8% at
10 weeks after CCl4 withdrawal (Fig. 2C). Presence of liver fibro-
sis was associated to a reduced liver parenchyma area from 74%
(Ci-0) to 85% at 10 weeks (Ci-10) (Fig. 2D). Treatment of cirrhotic
rats with IFC305 for 5 or 10 weeks accelerated fibrosis resolution,
leaving only 4% of fibrotic area, while increasing parenchyma liver
area from 87 to 90%. The elevated liver collagen content (Fig. 2E)
was related to reduced collagenase activity in saline-treated groups
(Fig. 2F); collagen was decreased by IFC305 treatment to half-level
at 5 and 10 weeks as compared to saline-treated rats, and colla-
genase activity was increased as clearly evidenced at 10 weeks.
Reduction of fibrosis by IFC305 could be associated to increased
collagenolytic activity in cirrhotic livers.

3.2. Recovery of liver function parameters by IFC305 treatment

Serum samples of cirrhotic rats of groups Ci-0, Ci-5 and Ci-10
displayed elevated AST, ALT and bilirubin levels, reflecting chronic
hepato-biliary injury in cirrhotic rats after CCl4 cessation (Table 2).
Furthermore, serum albumin was relatively reduced as compared
to normal control rats. IFC305 treatment for 5 weeks reduced sig-
nificantly (p < 0.05) bilirubin and serum transaminase activities;
whereas IFC305 treatment for 10 weeks significantly (p < 0.05)
increased the serum albumin level.

3.3. Reduction of activated HSC by IFC305 treatment
Ass1 F: CCAGGAAGAAGGCACTGAAG
R: CGCCGTGAGACACATACTTG

C9 F: GTCAAAACGGAGGCACAG
R: CTTGGCAGTGAGGATTCG

http://www.ifc.unam.mx/genarise/
http://www.cs.umd.edu/hcil/hce/
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Fig. 2. IFC305 reduces fibrosis and collagen in cirrhotic livers. Masson’s trichromic stained histological section revealed marked fibrosis in cirrhotic livers Ci-5 (A) and
m image
c EM of
d r Ci-1
r

I
5
S
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w
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oderate fibrosis in rats treated with IFC305 for 5 weeks Ci+A5 (B). Quantitative
ollagen (E) and collagenase activity (F) in liver extracts. Data represent mean ± S
ifference (p < 0.01) when compared to their respective experimental group Ci-5 o
eferred to the web version of the article.)
FC305 treatment reduced the presence of �-SMA-positive cells by
0% when compared to saline-treated cirrhotic rats (Fig. 3B and C).
imilarly, as assessed through western blot analysis, this treatment
educed abundance of �-SMA and desmin proteins in liver extracts
hen compared to CCl4-cirrhotic rats (Fig. 3D). This reduction cor-

able 2
erological parameters of liver function.

Group Albumina Bilirubinb ALTc ASTc

Control 3.5 ± 0.098 0.8 ± 0.063 42 ± 1.558 179 ± 5.369
Ci-0 2.2 ± 0.039* 2.3 ± 0.271* 324 ± 14.318* 396 ± 33.544*

Ci-5 3.1 ± 0.189 2.1 ± 0.210* 300 ± 13.045* 389 ± 29.646*

Ci-10 2.5 ± 0.061* 1.4 ± 0.144* 145 ± 11.316* 229 ± 15.707
Ci+A5 3.6 ± 0.119 1.0 ± 0.046** 81 ± 9.295** 215 ± 14.555**

Ci+A10 3.1 ± 0.065** 1.1 ± 0.127 119 ± 8.717 237 ± 16.569

ean ± SEM of 5 animals/group.
lanine aminotransferase (ALT) and aspartate aminotransferase (AST).
a g/dL.
b mg/dL.
c U/dL.
* Statistical difference compared to control group.

** Statistical difference compared to Ci-5 or Ci-10 group.
analysis of fibrosis blue areas (C) and parenchyma red areas (D). Amount of total
5 rats/group. *Statistical difference (p < 0.01) compared to NL group. **Statistical

0. (For interpretation of the references to color in this figure legend, the reader is

responded to more than 50% when compared with groups at 5 or
10 weeks.

3.4. Restored presence of lipid-storing HSC by IFC305 treatment
in cirrhotic rats

Morphological analyses of histological sections of a normal liver
stained with toluidine blue revealed typical HSC in a quiescent state
with abundant lipid droplets in their cytoplasm, the number of
HSCs detected was 6 per 100 hepatocytes (Fig. 4A and D). A sig-
nificant decrease (less than 1 cell/250 hepatocytes) of lipid-storing
HSCs was detected in Ci-0 and Ci-5 groups of cirrhotic rats (Fig. 4B
and D); IFC305 treatment during 5 weeks almost restored the pres-
ence of HSCs (5 cells/100 hepatocytes) with more than four lipid
droplets per cell (Fig. 4C and D).
3.5. Effect of IFC305 on global gene expression profiles in cirrhotic
livers

Total RNA from liver of experimental groups was obtained for
DNA microarrays analysis to study gene expression patterns associ-
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Fig. 3. Effect of IFC305 on the presence of and activated HSCs in the cirrhotic liver. Immunohistochemical staining of �-SMA-positive cells in fibrous septa of a rat of group
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i-5 (A) and from a rat treated with IFC305 Ci-A5 (B). Quantitative image analysi
epresentative western blot images are shown at the bottom and the densitometr
ata represent mean ± SEM from 5 rats/group. *Statistical difference (p < 0.05) com
xperimental group Ci-5 or Ci-10.

ted to the effect of IFC305 in cirrhotic rats. The two-color (Cy5/Cy3)
icroarray experiment was designed to hybridize samples from

ach group against a common reference, a pool of RNA from livers
f five untreated rats. Differentially expressed genes were selected
rom cirrhotic groups (Ci-0, Ci-5 and Ci-10) by the Z-score method
Luna-Moreno et al., 2007) and compared to the IFC305-treatment
roups (Ci+A5 and Ci+A10). The detailed list of 413 selected genes is
iven in the Supplementary Table A and projected as a hierarchical
lustering in Fig. 5A. Differential genes were grouped by their simi-
arities at transcript level, as up-regulated (red) or down-regulated
green). Based on their molecular function, the highest proportion
as classified as signal transduction genes (Supplementary Figure
). From selected genes, those genes involved in TGF-� signaling
athway, lipid metabolism, urea cycle, and fibrogenesis were iden-
ified and highlighted in Fig. 5A. When gene expression profile was
ompared by two-dimensional hierarchical clustering (genes and
xperimental groups) and similarity of groups was represented in a
endrogram (Fig. 5B), the highest similarity pattern corresponded
o both IFC305 treatments at 5 and 10 weeks, whereas the highest

ifference was found between Ci+A5 and Ci-5 groups implying that
he IFC305 treatment was able to modify the gene expression pat-
ern of cirrhotic livers. Graphs in Fig. 5C further reveal that global
xpression of both, up-regulated genes (upper panel) and down-
egulated genes (lower panel), in cirrhotic livers (Ci-5 and Ci-10),
-SMA-positive cells (C). Protein level of �-SMA and desmin in liver extracts (D);
lysis in the upper part. �-Actin immunodetection was used as a loading control.
to NL group. **Statistical difference (p < 0.05) when compared to their respective

is modified by IFC305 treatment with a clear tendency towards the
normal liver expression (ratio of 1).

3.6. Effect of IFC305 on gene expression as analyzed by qRT-PCR

The IFC305 effect on some genes involved in liver fibrosis
and cirrhosis was determined through qRT-PCR using SYBR Green
method and specific primers (Table 1). Transcript level of the
fibrogenesis-related genes Fn1 and Col1a1 was higher in cirrhotic
than in normal livers, and IFC305 treatment reduced gene expres-
sion to a normal level (Fig. 6). Expression of these two genes is
modulated by the TGF-� signaling pathway and some of these
related genes were modulated at the transcript level as shown by
DNA microarray analysis (Fig. 5A, black gene symbols), the expres-
sion of Tgfb1 was increased markedly in cirrhotic rats of Ci-0 and
Ci-5 groups, and treatment of IFC305 during 5 weeks reduced this
transcript level to the normal value (Fig. 6). Significant differences
of gene expression between saline and IFC305-treated rats at 5
weeks were found; for example, the high expression of comple-

ment C9 and Apoa1 genes in cirrhotic livers was reduced by IFC305
treatment. The peroxisome proliferator-activated receptor gamma
(PPAR�) regulates cellular fatty acid storage, adipogenesis of fibrob-
lasts and there are interesting findings that support the role of
this receptor in reversion of activated HSCs toward quiescent HSCs
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Fig. 4. Effect of IFC305 on the presence of HSC with lipid droplets in the cirrhotic liver. Liver thin histological sections stained with toluidine blue to denote lipid-storing
HSCs (arrows) from a normal rat (A), a rat of group Ci-5 activated HSCs (head arrow) (B), and a rat of group Ci+A5 (C). Number of non-parenchymal cells with lipid droplets
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ere counted and normalized by the number of hepatocytes in a microscope with a
p < 0.05) compared to NL group. **Statistical difference (p < 0.05) when compared t

Hazra et al., 2004a). Congruently with reports that shows declined
xpression of its gene Pparg in liver fibrosis (de Gottardi et al.,
006; Yang et al., 2006), we found a low transcript level of Pparg

n cirrhotic livers; Ci-0 and Ci-10 groups revealed a significant sta-
istical difference when compared to normal liver values; whereas
FC305 treatment restored Pparg levels to values similar to those
f the normal liver. DNA microarray analysis revealed three genes
nvolved in ornithine and urea metabolism (Fig. 5A, green gene
ymbols), the transcript level of Ass1 was reduced to 30–40% of
hat of the normal liver, whereas, in Ci+A5 and Ci+A10 groups, a
artial recovery to 60–80% of normal liver expression level was
bserved. Similarly, Cps1 expression was reduced in the Ci-5 group
nd restored to normal level in the Ci+A5 group, even the Ci+A10
roup showed increased Cps1 transcript level over normal expres-
ion. Thus, through this quantitative analysis of mRNA abundance,
he IFC305 shows capabilities to modulate gene expression of some
mportant genes involved in liver fibrogenesis.

. Discussion

This in vivo study was designed to analyze the effect of an
denosine derivative compound, IFC305, on the reversibility of
Cl4-induced liver cirrhosis in rats. Fibrogenic events, such as

ncreased collagen deposition, decreased number of quiescent HSCs
nd increased presence of fibroblastic �-SMA-positive cells per-
isted in cirrhotic samples at 5 and 10 weeks after CCl4 cessation.
arameters indicative of liver dysfunction (AST, ALT, and bilirubin)
ere increased in rat sera. Other indicators of liver damage were
eduction of hepatic parenchyma, reduction of liver collagenase
ctivity, and low albumin serum levels. Particularly, the IFC305
reatment was able to reverse several fibrosis markers, including
melioration of serological parameters of liver function. Further-
ore, some differential genes deregulated in cirrhotic samples
objective. (D) Data represent mean ± SEM from 5 rats/group. *Statistical difference
r respective experimental group Ci-5 or Ci-10.

identified by DNA microarray were modulated by IFC305 treatment
with tendencies to normal expression (Fig. 5).

We have previously studied the fibrogenic reversing capac-
ity of adenosine on rat livers (Hernandez-Munoz et al., 1994,
1997, 2001) and, as shown in the present study, the adenosine
derivative, IFC305, possesses similar hepatoprotective capacities
towards reducing fibrosis. Considering previous findings of adeno-
sine effects on experimental cirrhosis, we infer that IFC305 effects
may be attributed to its adenosine constituent. Adenosine is a
purine nucleoside that acts as chemical messenger with autocrine,
paracrine, and endocrine actions (Chagoya de Sanchez, 1995). The
multiphysiological action of adenosine could be mediated through
diverse biochemical events, cell signaling mediated by adenosine
receptors (A1, A2a, A2b, and A3), energy homeostasis of the cell
involving phosphotransfer reactions of adenine nucleotides, as well
as through the methionine-homocysteine cycle that is important
for methyl group transfer reactions such as DNA methylation.
Under physiological conditions, adenosine is mainly formed by two
metabolic sources, the phosphohydrolysis of adenine nucleotides
and the hydrolysis of S-adenosyl homocysteine formed by the
demethylation of S-adenosyl methionine (SAMe). Reduced lev-
els of adenine nucleotides and SAMe have been detected in
patients with liver damage, including cirrhosis (Duce et al., 1988;
Hernandez-Munoz et al., 1991; Martinez-Chantar et al., 2002). Rats
liver of CCl4-induced cirrhosis, similarly to liver of human cir-
rhotic patients, showed that metabolic sources of adenosine are
impaired as a result of the diminution of adenine nucleotides,
the loss of energy status and redox equilibrium of cells. Evi-

dence with adenosine treatment, which restituted these metabolic
routes, indicates its hepatoprotective actions (Chagoya de Sanchez
et al., 1995; Hernandez-Munoz and Chagoya de Sanchez, 1994;
Hernandez-Munoz et al., 1992, 1994, 1997). Some results obtained
by dietary supplementation of adenosine-related metabolites such
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Fig. 5. Effect of IFC305 treatment on global gene expression profile in cirrhotic livers. (A) Hierarchical clustering of 413 differential genes (Selected by Z-score value) comparing
experimental treatments. Color value indicates the normalized Cy5/Cy3 ratio compared with normal liver NL (ratio 1). Symbol of genes involved in lipid metabolism (red),
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ignatures between Ci-A and Ci groups at both times (5 and 10 weeks). (C) Plots of u
xpression tends to normal expression in Ci-A groups when compared to Ci grou
ifference). (For interpretation of the references to color in this figure legend, the re

s nucleotides (Carver, 1994; Perez et al., 2004) and SAMe admin-
stration (Karaa et al., 2008; Marchesini et al., 1992) showed
epatoprotective action, and are in agreement with this potential
ction of adenosine on liver damage induced in animal models.

During fibrogenesis, activated HSC phenotype is characterized
y loss of lipid droplets containing retinoids, high expression of
CM components, and elevated expression of intermediate fila-
ents, such as �-SMA and desmin. IFC305 was able to reduce
-SMA-positive cells and the abundance of �-SMA and desmin pro-

eins in liver extracts increased also the number of lipid-storing
SCs in cirrhotic livers (Figs. 3 and 4); the proposed mechanis-

ic possibilities for this result are induction of myofibroblastic
ells apoptosis, inhibition of HSCs activation and their prolifera-
ive capacity, and re-differentiation of myofibroblastic cells to an
-SMA-negative phenotype. Several substances, such as curcumin,
elenium, tetrandine and an Hsp90-inhibitor have shown hepato-
rotective effects in vivo through different molecular mechanisms
f action, just as the induction of apoptosis in HSC or delaying
heir activation (Ding et al., 2009; Myung et al., 2009; Priya and

udhakaran, 2008; Yin et al., 2007).

Recent reviews point out the importance of the diminution of
PAR� in HSCs activation during experimental and human cirrho-
is, as well as its re-expression for the reversal of pro-fibrogenic
henotype (Atzori et al., 2009; Mann and Mann, 2009). PPAR�
e right side. (B) Unsupervised hierarchical clustering denotes differential profile
ulated (upper panel) and down-regulated genes (lower panel) denote that average
*Statistical difference (p < 0.001) in groups indicated with a diagonal line (mean
is referred to the web version of the article.)

is a member of the nuclear-receptor superfamily that transcrip-
tionally regulates adipogenic cellular phenotype, proliferation,
lipid uptake and storage. Its activation is ligand-dependent, ago-
nists, such as thiazolidinediones, have been proposed to induce
PPAR� dependent responses in the liver (Marra and Pastacaldi,
2002); for example, treatment with rosiglitazone resulted in inhi-
bition of experimental-induced cirrhosis through reduction of HSC
proliferation (Bruck et al., 2009). Increased expression of PPAR�
(vector-mediated expression or induced by its ligand 15dPGJ2) in
activated HSCs reverses their phenotype to a quiescent state with
accumulation of retinoids, reduced stress fibers, and prominent
dendritic processes (Hazra et al., 2004a,b). It is notable that the
reduced transcript level of Pparg in cirrhotic livers in our model
is being re-established by IFC305 treatment, indicating a probable
prevention of HSCs activation and/or a reversion of activated HSCs
to a quiescent state with accumulation of lipid droplets.

Confirming the potential of this adenosine compound to revert
cirrhosis, both up- and down-regulated genes in cirrhotic groups
tended to be normalized with IFC305 treatment. As expected, high

transcript levels of the profibrotic cytokine, Tgfb1, and two ECM
genes, fibronectin 1 (Fn1) and collagen type 1 alpha 1 (Col1a1)
were detected in cirrhotic livers (Fig. 6). Increased expression of
ECM genes in fibrotic livers could be induced by activated HSCs
(Ramadori et al., 1992; Stefanovic et al., 1997), and the main fibro-
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enic mediator is TGF-� (Knittel et al., 1996). IFC305 treatment
educed expression of these genes, supporting the idea that HSCs
ctivation is one cellular target of this compound. Furthermore
set of nine differential genes related to TGF-� signaling (Tgfb1,
mad7, Fkbp1a, Hnf3a, Tgfb2, Mapk3, Cbp, Smad1, Mapk14) was
dentified by DNA microarray analysis; this pathway plays a cen-
ral role in a number of developmental and pathological processes
ncluding liver fibrosis (Verrecchia and Mauviel, 2007). TGF-� acti-
ates HSCs through two intracellular signaling downstream of the
ed by quantitative RT-PCR. The mRNA level of Fn1, Col1a1, Tgfb1, C9, Pparg, Apoa1,
values were normalized to eukaryotic 18S rRNA control gene level. Data represent
*Statistical difference (p < 0.05) when compared to their respective experimental

TGF-� receptors: the Smad and the p38 (Mapk14) signaling; both
pathways are independently involved in collagen (Col1a1) gene
expression (Parsons et al., 2007; Tsukada et al., 2005). Although
changes in gene expression, such as the TGF-� signaling in cirrhotic

livers could be associated to activation of HSCs, it must be consid-
ered that the resultant gene expression in the fibrotic liver comes
from different hepatic and inflammatory cells. Nonetheless, IFC305
had the ability to reduce the high Tgfb1 expression in the whole
tissue.
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Other genes with increased expression in cirrhotic rats were
polipoprotein genes (Apoa1, Apoa2, Apoa4, Apoc1, Apoc3, Apoe),
hich could be the result of a disturbed lipid metabolism in the

iver. Increased mRNA level of Apoa1 has been associated with liver
teatosis in humans (Mathurin et al., 1996). Transcriptional regula-
ion of human apolipoproteins AI, AIV, and CIII has been determined
o be stimulated by the TGF-� cytokine through Smad 3/4 signaling
Zannis et al., 2001). Thus, decreased mRNA levels of apolipopro-
ein genes in the IFC305-treated groups could be due to decreased
xpression of the Tgfb1 gene.

One of the major complications of patients with cirrhosis is
epatic encephalopathy characterized by increased blood ammo-
ia level (Mesejo et al., 2008). Ammonia detoxification mainly
ccurs in the liver through the urea cycle and the two main rate-
imiting enzymes of this cycle are argininosuccinate synthetase 1
Ass1) (Husson et al., 2003) and carbamoyl-phosphate synthetase

(Cps1). We found that cirrhotic rats presented lower transcript
evels of Ass1 and Cps1 than normal rats and high blood level of
mmonia has been measured in the CCl4-induced cirrhosis model
Yamamoto and Sugihara, 1987). Considering that IFC305 treat-

ent restored partially their hepatic expression (Figs. 5 and 6)
ts use for the treatment of patient with cirrhosis and hepatic
ncephalopathy could be promising.

In conclusion, this study provides support that IFC305 treat-
ent reversed liver fibrosis and ameliorated hepatic function in

he CCl4-induced cirrhotic rats. The IFC305 reversing effect could
e associated to a modulation of fibrosis-related genes at the mRNA

evel, restoring their normal expression, possibly avoiding activa-
ion of HSCs and inducing re-differentiation of the activated HSCs.
hus, fully understanding and exploring the IFC305’s anti-cirrhotic
ffect could lead to a considerable clinical potential in patients with
hronic liver diseases.
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