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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common 
cancer in the world. The HCC is a complex pathology asso-
ciated with chronic liver disease and cirrhosis caused by 
diverse etiologies.1 The mortality rate is very high mainly 
due to the difficulty in achieving early detection and effi-
cient therapies for its treatment. There is an urgent need for 
safe chemoprevention against HCC. Animal models of 
hepatocarcinogenesis are crucial for understanding the cel-
lular and molecular aspects of tumor development and for 
pharmacological testing. Although genetically engineered 
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models of HCC are useful for demonstrating the oncogenic 
and tumor-suppressive roles of cellular and viral genes,2 
chemically induced hepatocarcinogenesis models can 
cause both cirrhosis and HCC. Specifically, the diethylni-
trosamine (DEN)-induced hepatocarcinogenesis model 
produces HCC in a background of fibrosis resembling the 
liver microenvironment of almost all HCC patients.3

Adenosine is a purine nucleoside that exerts its function 
by activation of adenosine receptors (A1AR, A2aAR, 
A2bAR, and A3AR) or by its uptake into cells via nucleo-
side transporters. Inside the cell, adenosine is phosphoryl-
ated, deaminated, degraded to uric acid, or transformed 
into S-adenosylhomocysteine, and its metabolism is very 
active, resulting in a short half-life.4 IFC-305 is the aspar-
tate salt of adenosine that has a longer half-life than adeno-
sine in the liver, which increases its effects.5 This adenosine 
derivative compound prevents and reverts carbon tetra-
chloride (CCl4)-induced cirrhosis from structural and 
physiological points of view and also a recovery of lipid 
droplets in stellate liver cells as observed by transmission 
electron microscopy.6 Transcriptome studies have shown 
that more than half of the dysregulated genes in cirrhosis 
are normalized by IFC-305 treatment, favoring the recov-
ery of hepatic functions, including the liver regenerative 
capacity lost in cirrhosis, and promoting the recovery of 
damaged DNA through proliferative cell nuclear antigen 
(PCNA) and p53.7 IFC-305 showed a cancer chemopre-
ventive effect in the Solt–Farber protocol, which induces 
HCC without liver cirrhosis.8 Considering the hepatopro-
tective effects of IFC-305 in fibrogenesis and hepatocar-
cinogenesis, we were interested in evaluating the effect of 
IFC-305 in a model that combines cirrhosis and multifocal 
HCC, through weekly treatment with DEN.9–11 We meas-
ured the fibrosis level and the proportion of preneoplastic 
nodules through histological determination of two known 
tumor markers of hepatocarcinogenesis in the rat: 
γ-glutamyl transferase (GGT) and glutathione S-transferase 
pi (GSTP).12 The proliferation and apoptotic rates in liver 
tissues were evaluated, as well as the expression of cell 
signaling and cell cycle proteins participating in HCC.

Materials and methods

Chemicals

IFC-305 is the aspartate salt of adenosine prepared with 
adenosine free base (MP Biomedicals, LLC, Illkirch, France) 
and l-aspartic acid (MP Biomedicals, Inc., Eschwege, 
Germany) as described (patent no. MX220780; US 8,507,459 
B2).8,13 N-diethylnitrosamine, salts, and detergents were 
obtained from Sigma–Aldrich (St. Louis, MO).

Animal treatment and experimental groups

Male Wistar rats (200 g) were obtained and housed at the 
Animal Facility of the National Autonomous University of 

Mexico (UNAM). All procedures were conducted accord-
ing to our institutional guidelines for laboratory animals. 
Rats (n = 6) were intraperitoneally injected with DEN at 
50 mg/kg body weight once a week for 12 weeks to induce 
cirrhosis (12-DEN), and another group received DEN for 
16 weeks followed by a 2-week wash-out period for HCC 
development (18-DEN).9 One group was intraperitoneally 
treated with IFC-305 at 50 mg/kg body weight three times 
weekly from the beginning of DEN administration for 12 
(12-D + IFC) or 18 (18-D + IFC) weeks. Another group 
received IFC-305 from weeks 12 to 18 (12-18-D + IFC), as 
described in Figure 1. Age-matched normal rats were used 
as controls. Rats were weighed every week. At the end of 
the treatments, animals were deeply anesthetized for euth-
anization with pentobarbital sodium (PISA Agropecuaria, 
Hidalgo, México), blood was collected, livers were 
removed and weighed, one liver fraction was frozen for 
further experiments, and another liver fraction was fixed in 
paraformaldehyde.

GGT activity in liver tissue

Frozen liver sections were processed following Rutenberg 
et al.’s14 protocol.15 Sections were fixed for 10 min in 96% 
ethanol and incubated with substrate solution (125 µg/mL 
γ-glutamyl-4-methoxy-2-naphtyl-amine (GMNA), 500 µg/
mL glycyl-glycine, and 500 µg/mL Fast Blue BB salt in 
10 mM Tris, pH 7.4). Then, the slides were washed with 
deionized water and incubated with 0.1 M CuSO4 for 
5 min. Once the slides were dried, they were scanned and 
the number of lesions positive for GGT activity and their 
cumulative areas were quantified using ImageJ software.

Quantitative reverse transcription–polymerase 
chain reaction analysis

Total RNA was obtained from frozen liver samples using 
an RNeasy Mini Kit (Qiagen, Inc., Valencia, CA). RNA 
quality was verified by agarose gel electrophoresis, and 
rRNA 28S/18S > 1.7 ratios were utilized. cDNA was syn-
thesized from 2 µg of total RNA using a High-Capacity 
RNA to cDNA Kit (Applied Biosystems, Inc., Foster City, 
CA). mRNA determinations were carried out using 
TaqMan® gene expression assay with the following FAM 
dye–labeled probes for rat (Applied Biosystems, Inc.): 
GSTP (Rn00561378_gH), thymidylate synthase (Tyms; 
Rn00569849_m1), and hepatocyte growth factor (HGF; 
Rn00566673_m1). The housekeeping genes used for nor-
malization were VIC dye–labeled probes for 18S rRNA 
(Rn03928990) and actin-β1 (Rn00667869). Data analysis 
was performed using the 2−ΔΔCt method.

Apoptosis assay

Apoptosis was analyzed by terminal deoxynucleotidyl 
transferase–mediated dUTP nick end labeling (TUNEL) 
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assay following the manufacturer’s protocol (DNA 
Apoptosis TUNEL Kit; Roche Diagnostics Corp., 
Indianapolis, IN). The apoptosis index was calculated as 
the percentage of TUNEL-positive nuclei after counting at 
least five random fields at 40× magnification.

Western blot

Liver samples were homogenized with radioimmunopre-
cipitation assay (RIPA) buffer containing protease and 
phosphatase inhibitors (Roche Diagnostics Corp.). 
Western blotting was performed as described previously.7 
The following antibodies were used: PCNA (Upstate 
Biotechnology, Inc., Lake Placid, NY); cyclin D1, cyclin 

E, cyclin A, Cdk2, Cdk4, Cdk6, p16, p27, p21, pRb, 
gankyrin, and β-actin (Santa Cruz Biotechnology, Santa 
Cruz, CA); Met, Mdm2 (murine double minute 2), and 
p53 (Chemicon International, Temecula, CA); E2F1 and 
poly(ADP-ribose) polymerase (PARP; BD PharMingen 
Corp., San Jose, CA); and cleaved caspase-3 (Asp175; 
Cell Signaling Technology, Inc., Danvers, MA). 
Densitometry of bands was performed with Quantity One 
software (Bio-Rad Laboratories, Hercules, CA).

Immunohistochemical analysis

Immunohistochemical staining of PCNA, GSTP, A2aAR, and 
A3AR protein expression.  Paraffin-embedded liver sections 

Figure 1.  Experimental groups to evaluate the effect of IFC-305 on a sequential rat model of cirrhosis-HCC induced by DEN. (a) 
Rats were injected with DEN for 12 weeks to induce cirrhosis (12-DEN) and for 16 weeks to induce HCC development (18-DEN). 
IFC-305 was administered from the beginning of DEN injection as a prevention scheme (12-D + IFC; and 18-D + IFC). IFC-305 was 
administered from weeks 12 to 18 of DEN administration as a cirrhosis reversion and cancer prevention scheme (12-18-D + IFC). 
(b) Effects of DEN and IFC-305 on body weight measured each week. (c) Effects of DEN and IFC-305 on liver/body-weight ratios at 
the end of the treatments. The data represent mean ± standard error of the mean (SEM; n = 6 rats/group).
*p < 0.05 compared to the control group; ***p < 0.001 compared to the control group.
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(4-µm thick) were analyzed using the Dako EnVi-
sion® + System-HRP (DAB; Dako, Carpinteria, CA) as 
previously described.7 Primary antibodies directed against 
the following proteins were diluted 1/100: PCNA clone 
PC10 (Dako), GSTP (MBL International Corporation, 
Woburn, MA), and A2aAR and A3AR (Alpha Diagnostic 
International, San Antonio, TX). Images of five random 
fields (n = 4 rats) at 40× magnification were captured using 
an Evolution™/QImaging Digital Camera (Media Cyber-
netics, Inc., Bethesda, MD), and the percentage of PCNA-
positive hepatocytes was counted using Image-Pro Plus 7 
(Media Cybernetics, Inc.).

Statistical analysis

The data are expressed as the mean ± standard error of the 
mean (SEM) of at least four animals, as indicated in the 
figure legends. Statistically significant differences among 
the experimental groups were determined by one-way 
analysis of variance (ANOVA) with multiple comparisons. 
Significance was set at p < 0.05. Graphs were created with 
the GraphPad Prism software version 6.0.

Results

Effect of IFC-305 on liver fibrogenesis and body 
weight in the hepatocarcinogenesis model

In the model of cirrhosis-HCC induced by DEN cirrhosis 
is predominantly observed in the liver at 12 weeks, and at 
multifocal HCC appears at 18 weeks. All groups of rats 
treated with DEN exhibited significantly (p < 0.01) lower 
body-weight gain than did rats in the control group (Figure 
1(b)). When liver/body-weight ratios were compared, 
only the 18-DEN and 18-D + IFC groups demonstrated a 
significantly increased proportion of 42% compared to 
controls (Figure 1(c)). Fibrosis status in experimental 
groups was visualized by quantitative analysis of histo-
logical sections with Masson’s trichrome staining and by 
measuring gene expression of collagen type 1 alpha 1 
(Col1a1) (Supplementary Figure 1(a)–(d)). DEN-treated 
rats, including IFC-305-treated rats, showed a marked 
increase in fibrosis compared to the control rats 
(Supplementary Figure 1(b)). The rats treated with DEN 
showed increased collagen type 1 alpha 1 (Col1a1) mRNA 
expression, and the two groups treated with IFC-305 since 
the beginning of DEN administration (12-D + IFC and 
18-D + IFC) showed reduced Col1α1 mRNA expression. 
However, the 12-18-D + IFC group retained high expres-
sion levels compared to the other groups (Supplementary 
Figure 1(d)). This result suggests that Col1α1 mRNA 
expression is diminished by the adenosine derivative 
when it is given at the beginning of DEN administration 
(12-D + IFC and 18-D + IFC groups).

IFC-305 treatment inhibits preneoplastic 
lesion development in DEN-induced 
hepatocarcinogenesis

The effect of IFC-305 treatment on preneoplastic lesions 
development in DEN-treated rats was determined by 
examining the expression of two enzymes of glutathione 
metabolism and oxidative stress: GGT and GSTP com-
monly used as tumor markers in liver chemical carcino-
genesis.16,17 In the 12-DEN group, the GGT-positive 
nodular area at the cirrhosis stage demonstrated an accu-
mulated tissue area of 6.5%, whereas in the 12-D + IFC 
group, this area was reduced to 3.3% (Figure 2(a) and (b)). 
During the multinodular HCC period, the GGT-positive 
tissue area significantly increased, reaching 37.5% in the 
18-DEN group. Both IFC-305-treated groups (18-D + IFC 
and 12-18-D + IFC) showed a statistically significant 
reduction in GGT-positive areas compared to the 18-DEN 
group (Figure 2(b)). The highest level of Gstp1 mRNA 
expression corresponded to the 18-DEN group. Although 
the 18-DEN groups with the IFC-305 treatment tended to 
present diminished Gstp1 mRNA expression levels, these 
groups did not show statistically significant differences 
(Figure 2(c)). The reduced proportion of nodular GGT-
positive lesions suggested a cancer chemopreventive effect 
of IFC-305 in liver chemical carcinogenesis.

Effect of IFC-305 on apoptosis in HCC groups

To determine whether tumor reduction by IFC-305 was 
due to apoptosis induction, the number of apoptotic 
hepatocytes was evaluated by TUNEL assay in serial sec-
tions of GSTP-positive and GSTP-negative immu-
nostained areas. All DEN-treated groups presented 
greater hepatocyte apoptosis compared to the control 
group, although the differences were not statistically sig-
nificant among them, regardless of the IFC-305 treatment 
or GSTP-positive and GSTP-negative areas (Figure 3(a) 
and (b)). To further evaluate cell death, we studied the 
expression of apoptosis-related proteins by western blot 
analysis of total liver homogenates. The 18-DEN group 
showed the highest level of cell death compared to the 
control group, as indicated by increases in the cleavage 
of caspase-3 and PARP. Both IFC-305-treated groups 
exhibited fewer parameters of apoptosis than did the 
18-DEN group (Figure 3(c) and (d)); thus, diminution of 
nodules by IFC-305 treatment does not appear to be 
related to increased apoptosis.

Effect of IFC-305 on cell proliferation in DEN-
induced hepatocarcinogenesis

To evaluate whether diminution of nodules by IFC-305 
could be related to a decrease in cell proliferation, we 
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studied proliferative activity by analyzing PCNA immu-
nostaining of hepatocytes (Figure 4(a)–(e)). PCNA stain-
ing was analyzed in serial sections considering both 
GSTP-positive and GSTP-negative immunostained areas. 
In GSTP-positive areas of the 18-DEN group, a marked 
increase in the number of hepatocytes with PCNA-positive 
nuclei (proliferating cells) was evident and tended to 
decrease with IFC-305 treatment, with a statistically sig-
nificant reduced number in the 12-18-D + IFC group 
(Figure 4(b)). PCNA expression in total liver homogen-
ates, where all liver cells are evaluated, was reduced in the 
IFC-305-treated groups (Figure 4(c) and (d)). This was 
further tested measuring Tyms expression; an enzyme 
required for DNA synthesis, the diminution of its expres-
sion in the presence of IFC-305 confirmed this possibility 
(Figure 4(e)). Thus, a more plausible explanation for 
reduced tumor presence would be an anti-proliferative 
effect of IFC-305 on tumor cells.

Effect of IFC-305 on the HGF/c-Met pathway

To understand the possible pathway involved in the 
reduced cell proliferation of tumor cells by IFC-305 in 
HCC groups, we studied the expression of the c-Met recep-
tor and its liver ligand, HGF, which plays an important role 
in liver carcinogenesis and which promote cell survival 
and proliferation by the Ras/MAPK and PI3K pathways. 
The 18-DEN group had the highest mRNA Hgf expression 
level among the groups, and its expression was signifi-
cantly reduced by IFC-305 treatment (18-D + IFC and 
12-18-D + IFC) (Figure 5(a)). c-Met protein expression 
levels were increased in the three DEN-treated groups 
compared to the control group, but IFC-305 treatment 
reduced the c-Met expression level in the 18-D + IFC 
group compared to the 18-DEN group (Figure 5(b) and 
(c)). Taken together, these results indicate that IFC-305 
treatment inhibits cell proliferation possibly by inhibiting 

Figure 2.  IFC-305 treatment inhibits preneoplastic lesion development in DEN-induced hepatocarcinogenesis. (a) Histological 
sections of livers with GGT+ lesions were the activity of the enzyme is stained in red (black arrow). Scale bar corresponds to 2 mm. 
(b) Quantitative analysis of GGT+ areas. (c) Expression of the Gstp1 gene in experimental rat livers as measured by quantitative 
reverse transcription–polymerase chain reaction (qRT-PCR). The mRNA level was measured and compared to that in control liver. 
Arbitrary expression values were normalized to eukaryotic 18S rRNA. The data represent the mean ± standard error of the mean 
(SEM; n = 6 rats/group).
*p < 0.05 compared to the control group; ***p < 0.001 compared to the control group; #p < 0.05 compared to the 18-DEN group; ##p < 0.01 com-
pared to the 18-DEN group.
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Figure 3.  Effect of IFC-305 on cell apoptosis in DEN-induced hepatocarcinogenesis. (a) Immunohistochemical analysis in serial 
sections of GSTP and hepatocyte apoptosis evaluated by TUNEL assay in HCC groups. A strong GSTP signal is seen in large areas 
of DEN-treated groups (GSTP+). GSTP+ areas are delineated with a dotted line in the middle panels of the TUNEL assay. Scale 
bar corresponds to 200 µm under 10× magnification and 50 µm under 40× magnification. (b) Quantification of the percentage 
of TUNEL-positive hepatocytes (as exemplified with a black arrows in 40× panels) was performed in GSTP+ and GSTP− areas as 
described in the “Materials and methods” section. (c) Expression levels of active caspase-3 and cleaved PARP were evaluated by 
western blot analysis of total liver homogenates; a representative experiment is shown. (d) Densitometry quantification of bands 
expressed as the mean ± standard error of the mean (SEM; n = 6 rats/group); values were normalized to β-actin.
*p < 0.05 compared to the control group; ***p < 0.001 compared to the control group; #p < 0.05 compared to the 18-DEN group.



Velasco-Loyden et al.	 7

Figure 4.  Effect of IFC-305 on cell proliferation in DEN-induced hepatocarcinogenesis. (a) Immunohistochemical analysis of 
GSTP and PCNA, as hepatocyte proliferation marker, in serial sections of HCC groups. GSTP+ areas are delineated with a dotted 
line in the middle panels of the PCNA assay. Scale bar corresponds to 200 µ m under 10× magnification and 50 µm under 40× 
magnification. (b) Quantification of the number of PCNA-positive hepatocytes (as exemplified with black arrows in 40× panels) was 
performed in GSTP− and GSTP+ areas as described in the “Materials and methods” section. (c) Representative western blot analysis 
of protein expression of PCNA and β-actin from total liver homogenates of HCC groups. (d) Densitometry quantification of PCNA 
expressed as the mean ± standard error of the mean (SEM; n = 6 rats/group); values were normalized to β-actin. (e) Expression 
of Tyms in experimental rat livers as measured by quantitative reverse transcription–polymerase chain reaction (qRT-PCR). The 
mRNA level was measured and compared to that in control liver. Arbitrary expression values were normalized to β-actin. The data 
represent the mean ± SEM (n = 6 rats/group).
*p < 0.05 compared to the control group; **p < 0.01 compared to the control group. #p < 0.05 compared to the 18-DEN group with their respective 
GSTP− and GSTP+ areas.
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the HGF/c-Met pathway, which results in tumor reduction 
in liver tumorigenesis.

Effect of IFC-305 on cell cycle–related proteins

To further characterize the effect of IFC-305 on liver cell 
proliferation, the expression of cell cycle proteins was 
studied. Cyclin D1 showed a higher expression level in 
all DEN-treated groups than in the control group, inde-
pendent of IFC-305 treatment. Cyclin E was reduced in 
the 18-D + IFC group compared to the 18-DEN group, 
whereas cyclin A exhibited a significant reduction in the 
18 DEN-treated groups. In both IFC-305-treated groups, 
its expression was restored to control level, while Cdk2 
expression was only significantly increased in the 
18-DEN group (Figure 6(a) and (b)). In contrast, DEN 
treatment increased E2F1 protein expression that was 
significantly reduced in the 18-D + IFC group (Figure 
6(a) and (b)). The most notable expression change 
induced by IFC-305 in DEN-treated groups was the 

significantly increased level of the cell cycle inhibitor 
p27, whereas the p21 protein exhibited a statistically 
higher expression level in all DEN-treated groups com-
pared to the control group (Figure 6(a) and (c)). No 
changes were observed for Cdk4, Cdk6, and p16 protein 
expression (data not shown). To further understand the 
effects of IFC-305 on cell cycle regulation, we evaluated 
the expression of other cell cycle–related proteins. An 
increase in the oncoprotein gankyrin was observed in the 
18 DEN-treated groups, whereas in both IFC-305-treated 
groups, its expression was similar to that of the control 
group (Figure 6(a) and (c)). The expression of the Mdm2 
protein was increased in the three DEN-treated groups. 
The increases in gankyrin and Mdm2 expression in the 
18-DEN group were accompanied by a significant reduc-
tion in p53 expression. No such effect was observed in 
both IFC-305-treated groups, in which p53 was expressed 
as in the control group. In contrast, the DEN-induced 
increase in pRB expression did not change upon IFC-
305 administration (Figure 6(a) and (c)). Overall, the 
most important effects of IFC-305 treatment on DEN-
induced liver tumors were the increase in p27 expression 
and the recovery of p53 levels lowered by DEN. This 
could be associated to inhibition of the cell cycle through 
suppression of the HGF/c-Met pathway and reduction in 
Tyms expression by IFC-305 in tumor cells.

Effect of IFC-305 on the expression of 
adenosine receptors

The adenosine receptors A2aAR and A3AR have been 
highly implicated in cirrhosis and liver cancer.18,19 To fur-
ther understand the mechanism underlying IFC-305-
induced growth suppression, we evaluated the expression 
of both receptors in liver through immunohistochemistry. 
In the control livers, staining for A2aAR was not detected. 
In 12-DEN livers, a strong staining signal for A2aAR was 
observed in the fibrotic septa surrounding hepatic nodules. 
In the 12-D + IFC group, reduced presence of fibrotic septa 
was accompanied with A2aAR expression reduction, 
although the level of expression was maintained in the 
hepatocytes (Figure 7, top left, and Table 1). In the 18-DEN 
group, a more strong staining for A2aAR was observed in 
hepatocytes from tumor foci (T) than in hepatocytes from 
non-tumor adjacent regions (NT) (Figure 7, middle, and 
Table 1). A2aAR expression was reduced in both IFC-305-
treated groups compared to 18-DEN livers (Figure 7, 
lower part). Regarding A3AR, a low staining signal could 
be detected in the endothelial cells of control livers. A sig-
nal was observed in the 12-DEN groups in the fibrotic 
septa surrounding the hepatic nodules; these septa 
decreased in the IFC-305-treated livers rats. In tumor 
regions, A3AR expression increased in hepatocytes of the 
18 DEN-treated groups and a diminution was observed in 
the groups treated with IFC-305.

Figure 5.  Effect of IFC-305 on the HGF/c-Met pathway. (a) 
Hgf gene expression in rat livers as measured by quantitative 
reverse transcription–polymerase chain reaction (qRT-PCR). 
The mRNA level was measured and compared to that in 
control liver. Arbitrary expression values were normalized 
to β-actin gene. (b) Representative western blot analysis of 
c-Met protein and β-actin from total liver homogenates of 
HCC groups. (c) Densitometry quantification of c-Met bands 
normalized to β-actin. The data represent the mean ± standard 
error of the mean (SEM; n = 6 rats/group).
*p < 0.05 compared to the control group; **p < 0.01 compared to the 
control group; #p < 0.05 compared to the 18-DEN group.
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Discussion
Previous studies have demonstrated that the adenosine 
aspartate compound IFC-305 prevents and reverses cirrho-
sis induced by CCl4 in rats.6 To explore the possible 
hepatoprotective role of this compound in HCC, we char-
acterized the effect of IFC-305 in a sequential model of 
DEN-induced cirrhosis followed by HCC.9–11 IFC-305 
inhibited preneoplastic lesion development and that this 
protective effect could be associated with decreased cell 
proliferation. The capacity of IFC-305 to reverse fibrosis 
has been well characterized in CCl4-treated rats.6 Although 
the fibrotic septa area induced by DEN was not statisti-
cally reduced upon IFC-305 administration (Supplementary 
Figure 1), a significant decrease in Col1a1 mRNA expres-
sion was observed. The different effect of IFC-305 on 
fibrosis reversal could be explained by different toxicity 
mechanisms of hepatotoxins and by the higher liver toxic-
ity of DEN compared to CCl4.20

Regarding liver carcinogenesis, the IFC-305 caused a 
significant reduction in the number of HCC nodules. To 
explore the possible mechanism of tumor reduction by IFC-
305 treatment, we analyzed the overall effect of IFC-305 on 
proliferation and apoptosis at the HCC stage, namely, at 
18 weeks of DEN-induced liver damage. Our studies indi-
cate that apoptosis significantly increased in all DEN-
treated groups compared to the control group. Concordantly, 

an increase in apoptosis has been related with liver damage 
induced by DEN.21 The cancer chemopreventive effect of 
IFC-305 treatment was not explained by increased apopto-
sis when compared to the DEN-treated group. In contrast, 
both IFC-305 treatments reduced the cell proliferation 
increased upon DEN administration in GSTP-positive 
areas, especially in the 12-18-D + IFC group. We found that 
the IFC-305 reduced cell proliferation could be associated 
principally to changes in the expression of Tyms, HGF, 
c-Met, and the cell cycle inhibitor p27.

Tyms is a crucial enzyme in the DNA biosynthesis that 
has an important role in liver cancer proliferation and is an 
important target for certain chemotherapeutic drugs such 
as 5-Fluorouracil. This enzyme is a downstream target of 
the transcription factor E2F1.22 DEN administration 
induced Tyms mRNA and E2F1 protein levels. Notably, in 
the 18-D + IFC group, both were down-regulated, and in 
the 12-18-D + IFC, decreased Tyms expression was 
observed. These could be associated to the IFC-305 tumor 
growth inhibition effect. Up-regulation of the HGF/c-Met 
pathway is associated with HCC development and pro-
motes epithelial–mesenchymal transition, an important 
feature of tumor metastasis.23,24 In this study, IFC-305 
inhibits cell proliferation possibly by inhibiting the HGF/
c-Met pathway, which results in tumor reduction and 
which possibly prevents a metastatic effect. Loss of cell 

Figure 6.  Expression of cell cycle–related proteins in liver samples of HCC groups. (a) Representative western blots of cell 
cycle protein expression in total liver homogenates of HCC groups. (b, c) Densitometry quantification of bands expressed as the 
mean ± standard error of the mean (SEM; n = 6 rats/group); values were normalized to β-actin and expressed as a percentage of the 
control.
*p < 0.05 compared to the control group; #p < 0.05 compared to the 18-DEN group.
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cycle control is an important event in hepatocarcinogene-
sis.25 Nearly all analyzed cell cycle proteins had modest 
expression in control non-treated livers, which increased at 
18 weeks of DEN-induced carcinogenesis. The most evi-
dent effect of IFC-305 treatment was an increase in the p27 
expression level compared to that of the 18 DEN-treated 
groups. p27 inhibits the cell cycle by binding to the Cyclin 
E-Cdk2 complex during the G1-S transition.26 An associa-
tion of reduced p27 expression with several human cancers 
has been recently reported, and p27 has been explored as a 
potential target for cancer therapy.26 Therefore, increased 
p27 expression induced by IFC-305 could be associated 

with a reduction in HCC tumors in DEN-induced liver 
carcinogenesis.

The p53 protein acts as a central response to cellular 
stress or DNA damage by inducing cell cycle arrest, apop-
tosis, senescence, and other tumor-suppressive actions.25,27 
The pRB protein is implicated in the progression through 
G1 into S phase.25 Gankyrin is an important oncoprotein 
that is overexpressed in human HCC and that binds Mdm2, 
promoting proteasomal degradation of p53 and pRb and 
thus increasing cancer cell proliferation.25,27 In this study, 
we observed that gankyrin and Mdm2 were overexpressed 
in the livers of 18-DEN groups, resulting in reduced p53 
protein levels. Importantly, under IFC-305 treatment, 
gankyrin expression was reduced, possibly contributing to 
restoring p53 protein expression to control levels.

The role of adenosine receptors in cancer is sometimes 
controversial because pro- and anti-tumor effects of these 
receptors are well documented. Important roles for A2aAR 
and A3AR in liver fibrosis and cancer have been 
described.4,18,19 A2aAR could promote tumor growth by 
stimulation of angiogenesis and evasion of the immune 
response that destroys the tumor.18 A3AR has been shown 
to be overexpressed in many tumors, including HCC, and 
has been proposed as a tumor marker.28 In this study, we 
observed A2aAR overexpression in the livers of cirrhotic 
rats (12-DEN group), especially in fibrotic septa, where 
activated hepatic stellate cells (HSCs) are found. The 
expression of this receptor was decreased in the IFC-305-
treated rats (12-D + IFC group). A2aAR staining also 
increased in hepatocytes of the tumor area of the 18-DEN 
group, and IFC-305 treatment lowered this expression. 
Thus, in general, we observed down-regulation of A2aAR 
expression afforded by IFC-305 treatment; the same action 
of this compound was observed in a model of CCl4-induced 
cirrhosis.7 In HCC induced by DEN, hepatocyte necrosis 
triggers the release of inflammatory cytokines, such as 
Interleukin-1 (IL-1), which are critical mediators of HCC 
development.21,29 Inflammatory cytokines are important 
modulators of A2aR expression and function.30,31 The 
effect of IFC-305 on these cytokines is under investigation 
in our lab. Regarding A3AR, we found that it is overex-
pressed in fibrotic septa and in tumor areas, as previously 

Figure 7.  Inmmunostaining of A2aAR and A3AR in rat livers. 
Immunohistochemical analysis in serial sections for adenosine 
receptor expression in livers of all experimental rats; a 
representative image of each group is presented. Tumor foci 
(T, outlined by arrowheads) and non-tumor adjacent regions 
(NT). Photographs were taken at 20× magnification. Scale bar 
corresponds to 100 µm.

Table 1.  Analysis of adenosine receptors immunostaining in 
the liver.

Experimental groups A2aAR A3AR

Control − +
12-DEN +++ ++
12-D + IFC ++ +
18-DEN ++ ++
18-D + IFC − ++
12-18-D + IFC − ++

“−” No staining; “+” weakly staining; “++” moderate staining; “+++” 
strong staining.
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reported.18,28 With the IFC-305 treatment, a less A3AR 
staining was observed as a result of tumor diminution, 
according to its tumor marker role. The effect of adenosine 
or adenosine derivatives could be mediated by activating 
their receptors or transporters or through their metabolism. 
Possibly, reduction in A2aAR expression by IFC-305 
could contribute to its beneficial effects by avoiding the 
harmful action mediated by this receptor in fibrosis induc-
tion and tumor growth. However, we do not discard the 
role of IFC-305 through a metabolic action, as described in 
a previous work, where this compound exerts an anti-
proliferative effect on HSC not mediated by any of the 
adenosine receptors but rather by its uptake into cells by 
adenosine transporters followed by intracellular conver-
sion to adenosine monophosphate (AMP) by adenosine 
kinase.32 Reduced A2aAR expression induced by IFC-305 
may increase its transport and its metabolic effects inside 
the cell. The role of IFC-305 in favoring S-adenosyl 
methionine (SAM) biosynthesis, a well-known hepatopro-
tector, through mechanisms that include DNA methyla-
tion33 is under investigation in our lab. However, the 
molecular mechanism by which IFC-305 causes down-
regulation of HGF and Tyms and also increases p27 
expression requires further clarification.

In summary, the chemopreventive effect of IFC-305 in 
a sequential model of cirrhosis-HCC induced by DEN 
studied here could be associated with decreased hepatocel-
lular proliferation. This occurs through a decreased expres-
sion of the HGF/c-Met, Tyms, and A2aAR, also the 
overexpression of cell cycle inhibitor p27. This study sug-
gests that this compound may have therapeutic potential as 
a chemopreventive agent against HCC by some different 
mechanisms to those previously described for its protec-
tive effect on liver fibrosis.

Acknowledgements

The authors greatly appreciate the technical assistance of Mariana 
Domínguez López, Rebeca Pérez Cabeza de Vaca, the comments 
and revision of Jesús Rafael Rodríguez Aguilera, the pathologi-
cal advice of Alberto Aranda-Fraustro, and the assistance of our 
institutional histology unit.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Ethical approval

This article does not contain any studies with human partici-
pants performed by any of the authors. All applicable interna-
tional, national, and/or institutional guidelines for the care and 
use of animals were followed. All procedures performed in 
studies involving animals were in accordance with the ethical 
standards of the institution or practice at which the studies were 
conducted.

Funding

This work was supported by grants from Consejo Nacional de 
Ciencia y Tecnología of Mexico (nos 82298 and 240351).

Informed consent

Informed consent was obtained from all individual participants 
included in the study.

References

	 1.	 Sanyal AJ, Yoon SK and Lencioni R. The etiology of 
hepatocellular carcinoma and consequences for treatment. 
Oncologist 2010; 15(Suppl. 4): 14–22.

	 2.	 Wu L, Tang ZY and Li Y. Experimental models of hepato-
cellular carcinoma: developments and evolution. J Cancer 
Res Clin Oncol 2009; 135(8): 969–981.

	 3.	 Newell P, Villanueva A, Friedman SL, et al. Experimental 
models of hepatocellular carcinoma. J Hepatol 2008; 48(5): 
858–879.

	 4.	 Fredholm BB. Adenosine, an endogenous distress signal, 
modulates tissue damage and repair. Cell Death Differ 
2007; 14(7): 1315–1323.

	 5.	 Chagoya de Sanchez V, Hernandez-Luis F, Diaz-Munoz M, 
et al. Role of the energy state of liver cell in cirrhosis devel-
opment and treatment. In: Michelli ML (ed.) Liver cirrho-
sis: causes, diagnosis and treatment (Hepatology Research 
and Clinical Developments). New York: Nova Science 
Publishers, 2011, pp. 31–58.

	 6.	 Perez-Carreon JI, Martinez-Perez L, Loredo ML, et al. An aden-
osine derivative compound, IFC305, reverses fibrosis and 
alters gene expression in a pre-established CCl(4)-induced rat 
cirrhosis. Int J Biochem Cell Biol 2010; 42(2): 287–296.

	 7.	 Chagoya de Sánchez V, Martinez-Perez L, Hernandez-
Munoz R, et  al. Recovery of the cell cycle inhibition in 
CCl(4)-induced cirrhosis by the adenosine derivative IFC-
305. Int J Hepatol 2012; 2012: 212530.

	 8.	 Chagoya-Hazas VE, Hernandez Munoz R-E, Villa-Trevino 
S, et  al. Use of adenosine aspartate for the preparation of 
pharmaceutical products for the treatment of liver cancer. 
Patent US20110105425 A1, 2013.

	 9.	 Schiffer E, Housset C, Cacheux W, et  al. Gefitinib, an 
EGFR inhibitor, prevents hepatocellular carcinoma devel-
opment in the rat liver with cirrhosis. Hepatology 2005; 
41(2): 307–314.

	10.	 Sanchez-Rodriguez R, Torres-Mena JE, De-la-Luz-Cruz M, 
et  al. Increased expression of prostaglandin reductase 1 in 
hepatocellular carcinomas from clinical cases and experimen-
tal tumors in rats. Int J Biochem Cell Biol 2014; 53: 186–194.

	11.	 De Guadalupe Chavez-Lopez M, Perez-Carreon JI, Zuniga-
Garcia V, et  al. Astemizole-based anticancer therapy for 
hepatocellular carcinoma (HCC), and Eag1 channels as 
potential early-stage markers of HCC. Tumour Biol 2015; 
36(8): 6149–6158.

	12.	 French SW. Molecular events in hepatic preneoplasia: a 
review. Exp Mol Pathol 2010; 88(2): 219–224.

	13.	 Chagoya de Sánchez V and Hernández-Muñoz R. Uso de la 
adenosina para preparar medicamentos para el tratamiento 
de enfermedades hepáticas fibrosantes. Patent MX220780, 
2004.



12	 Tumor Biology ﻿

	14.	 Rutenburg AM, Kim H, Fischbein JW, et al. Histochemical 
and ultrastructural demonstration of gamma-glutamyl trans-
peptidase activity. J Histochem Cytochem 1969; 17(8): 
517–526.

	15.	 Lee BC. Concerning materials for gamma-glutamyl trans-
peptidase histochemistry. J Histochem Cytochem 1986; 
34(9): 1243.

	16.	 Hendrich S and Pitot HC. Enzymes of glutathione metabo-
lism as biochemical markers during hepatocarcinogenesis. 
Cancer Metastasis Rev 1987; 6(2): 155–178.

	17.	 Hanigan MH and Pitot HC. Gamma-glutamyl transpepti-
dase—its role in hepatocarcinogenesis. Carcinogenesis 
1985; 6(2): 165–172.

	18.	 Gessi S, Merighi S, Sacchetto V, et al. Adenosine recep-
tors and cancer. Biochim Biophys Acta 2011; 1808(5): 
1400–1412.

	19.	 Chan ES, Montesinos MC, Fernandez P, et  al. Adenosine 
A(2A) receptors play a role in the pathogenesis of hepatic 
cirrhosis. Br J Pharmacol 2006; 148(8): 1144–1155.

	20.	 Waring JF, Ciurlionis R, Jolly RA, et al. Microarray analysis 
of hepatotoxins in vitro reveals a correlation between gene 
expression profiles and mechanisms of toxicity. Toxicol Lett 
2001; 120(1–3): 359–368.

	21.	 Maeda S, Kamata H, Luo JL, et al. IKKbeta couples hepato-
cyte death to cytokine-driven compensatory proliferation 
that promotes chemical hepatocarcinogenesis. Cell 2005; 
121(7): 977–990.

	22.	 Lam SK, Mak JC, Zheng CY, et al. Downregulation of thy-
midylate synthase with arsenic trioxide in lung adenocarci-
noma. Int J Oncol 2014; 44(6): 2093–2102.

	23.	 Ogunwobi OO and Liu C. Hepatocyte growth factor 
upregulation promotes carcinogenesis and epithelial- 
mesenchymal transition in hepatocellular carcinoma via 
Akt and COX-2 pathways. Clin Exp Metastasis 2011; 
28(8): 721–731.

	24.	 Ding W, You H, Dang H, et al. Epithelial-to-mesenchymal 
transition of murine liver tumor cells promotes invasion. 
Hepatology 2010; 52(3): 945–953.

	25.	 Bisteau X, Caldez MJ and Kaldis P. The complex relation-
ship between liver cancer and the cell cycle: a story of mul-
tiple regulations. Cancers 2014; 6(1): 79–111.

	26.	 Chu IM, Hengst L and Slingerland JM. The Cdk inhibitor 
p27 in human cancer: prognostic potential and relevance to 
anticancer therapy. Nat Rev Cancer 2008; 8(4): 253–267.

	27.	 Amaral JD, Castro RE, Steer CJ, et al. p53 and the regula-
tion of hepatocyte apoptosis: implications for disease patho-
genesis. Trends Mol Med 2009; 15(11): 531–541.

	28.	 Madi L, Ochaion A, Rath-Wolfson L, et al. The A3 adeno-
sine receptor is highly expressed in tumor versus normal 
cells: potential target for tumor growth inhibition. Clin 
Cancer Res 2004; 10(13): 4472–4479.

	29.	 Sakurai T, He G, Matsuzawa A, et al. Hepatocyte necrosis 
induced by oxidative stress and IL-1 alpha release mediate 
carcinogen-induced compensatory proliferation and liver 
tumorigenesis. Cancer Cell 2008; 14(2): 156–165.

	30.	 Nguyen DK, Montesinos MC, Williams AJ, et  al. Th1 
cytokines regulate adenosine receptors and their down-
stream signaling elements in human microvascular endothe-
lial cells. J Immunol 2003; 171(8): 3991–3998.

	31.	 Morello S, Ito K, Yamamura S, et al. IL-1 beta and TNF-
alpha regulation of the adenosine receptor (A2A) expres-
sion: differential requirement for NF-kappa B binding to the 
proximal promoter. J Immunol 2006; 177(10): 7173–7183.

	32.	 Velasco-Loyden G, Perez-Carreon JI, Aguero JF, et  al. 
Prevention of in vitro hepatic stellate cells activation by 
the adenosine derivative compound IFC305. Biochem 
Pharmacol 2010; 80(11): 1690–1699.

	33.	 Pascale RM, Simile MM, De Miglio MR, et  al. 
Chemoprevention of hepatocarcinogenesis: S-adenosyl-L-
methionine. Alcohol 2002; 27(3): 193–198.




