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a b s t r a c t

Interferon-a2b (IFN-a2b) is an important component in the preventive treatment of patients

who have severe hepatic illness such as hepatitis B or C and hepatocarcinomas. In a previous

work, using a rat liver preneoplastic model, we have demonstrated that IFN-a2b reduces the

number and volume of altered hepatic foci (AHF) inducing apoptosis through a mechanism

mediated by TGF-b1. In this study, the implication of hepatocytes redox status of IFN-a2b-

treated preneoplastic liver in the TGF-b1-induced apoptotic death was analyzed. Results

indicate that IFN-a2b induces hepatocytic TGF-b1 production and secretion by induction of

reactive oxygen species (ROS) formation through the activation of a membrane bound

NADPH oxidase complex. TGF-b1, in turn, reduces hepatocytes antioxidant defenses and

induces programmed cell death. On the other hand, it was also demonstrated that treatment

of rats with IFN-a2b plus a ROS scavenger such as ascorbic acid, abolishes the apoptotic

effect of IFN-a2b in rat preneoplastic livers, leading to an increase of the foci volume. In

conclusion, these findings strongly suggest that ROS have a fundamental role as signaling

and/or regulator molecules in the IFN-a2b-induced apoptosis in hepatic preneoplastic cells.

# 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Several experimental studies have shown that interferon-a

(IFN-a) exerts an antiproliferative effect against hepatocarci-

noma cell lines by inducing apoptosis and inhibiting cell cycle

progression [1,2]. Little is known concerning the in vivo action

of IFN-a in the clinically undetectable very-early-stage of

hepatocarcinogenesis. In this connection, results of our

laboratory have demonstrated that IFN-a2b induces apoptosis
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of preneoplastic foci in rat livers [3] and this effect is mediated

by transforming growth factor-b1 (TGF-b1) secreted by hepa-

tocytes themselves under IFN-a2b induction [4].

Several lines of evidence indicate that TGF-b1 induces

reactive oxygen species (ROS) production, which initiate

mitochondrial dysfunction and activation of the apoptotic

machinery [5,6]. Source of ROS in the TGF-b1-induced

apoptosis is poorly known. It has been described that TGF-

b1 induces a NADPH oxidase system in fetal rat hepatocytes
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[7]. NADPH oxidases are plasma-membrane associate

enzymes that catalyze the production of superoxide from

oxygen and NADPH and are the major candidates for the

production of ROS in several cell types [8] including hepato-

cytes [9]. Besides, recent studies that characterize time-

dependent changes in gene expression during TGF-b1-induced

apoptosis in hepatoma cells, have shown that genes encoding

proteins involved in antioxidant defenses are downregulated,

including superoxide dismutases (SODs), catalase (CAT), and

enzymes of the glutathione synthesis pathway [10].

The present work was aimed to further analyze the

intrinsic mechanism implied in the IFN-a2b-induced apopto-

tic process of hepatocytes from preneoplastic liver. We

demonstrated that IFN-a2b produces an increase of ROS

which, in turn, induces TGF-b1 production and secretion. TGF-

b1 enhances ROS production and modifies the redox status of

preneoplastic liver cells, initiating the apoptotic process.

These results suggest that the overexpression of ROS is

beneficial for the apoptotic effect initiated by IFN-a2b. These

findings provide novel understanding of the relationship of

cytokines during the preneoplastic events.
2. Materials and methods

2.1. Reagents

Diethylnitrosamine (DEN), 2-acetylaminofluorene (2-AAF), col-

lagenase, GSH, GSH reductase, ascorbic acid (ASC), diphenyle-

neiodonium (DPI), 20,70-dichlorofluorescin diacetate (DCFH-DA)

and NADPH were from Sigma Chemical Co. (St. Louis, MO). Anti-

rGST P antibody was provided by Immunotech (Marseille,

France). Anti-TGF-b1, anti-PCNA and anti-GCL antibodies were

from Santa Cruz Biotechnology (Santa Cruz, CA). IFN-a2b was

kindly provided from Bio Sidus S.A. (Buenos Aires, Argentina).

ECLTM Western blotting analysis system was purchased from

AmershamPharmaciaBiotech(Buckinghamshire,UK).All other

chemicals were of the highest grade commercially available.

2.2. In vitro studies

2.2.1. Animals and treatment
Adult male Wistar rats weighing 330–380 g were maintained in

a room at a constant temperature with a 12 h light–dark cycle,

with food and water supplied ad libitum. All procedures

described were performed according to the ‘‘Guide for the

Care and Use of Laboratory Animals’’ (National Institutes of

Health, publication no. 25–28, revised 1996). Rats were

subjected to a 2-phase or initiation-promotion (IP) model of

rat hepatocarcinogenesis [3]. Briefly, animals received 2

intraperitoneal necrogenic doses of DEN (150 mg/kg body

weight) 2 weeks apart. One week after the last injection of

DEN, the rats received 20 mg/kg body weight of 2-AAF by

gavage for 4 consecutive days per week during 3 weeks.

Animals were killed at the end of the sixth week.

2.2.2. Cell isolation and culture
Hepatocytes from preneoplastic rat livers were isolated by

collagenase perfusion and mechanical disruption as pre-

viously described [12]. A hepatocyte-enriched population from
the entire liver (containing both preneoplastic hepatocytes

plus hepatocytes from the surrounding tissue) was obtained

by centrifugation. Neither selective loss nor enrichment of

preneoplastic cells occurred during cell isolation (data not

shown). Hepatocytes were seeded in RPMI medium with L-

glutamine supplemented with 10% fetal calf serum, penicillin

(100 U/mL) and streptomycin (100 mg/mL). Hepatocytes were

incubated at 37 8C in a humidified atmosphere of 95% O2 and

5% CO2 for 2 h, allowing cells attachment to plates. After that

time, medium was changed to fresh RPMI medium supple-

mented with 0.2% fetal calf serum, penicillin (100 U/mL) and

streptomycin (100 mg/mL). Hepatocytes were incubated at the

times indicated in the figures, and treated with: (a) 105 U/mL

IFN-a2b, (b) 105 U/mL IFN-a2b plus 0.04 mg/mL anti-TGF-b1, (c)

105 U/mL IFN-a2b plus 1000 mM ASC, or (d) left untreated. Cells

treated with anti-TGF-b1, or ASC were used as controls. The

dose of IFN-a2b used induced a similar increment in the

apoptotic cell death to the one observed in vivo, when rats with

preneoplasia received IFN-a2b at therapeutic doses [3].

The viability of all cell suspensions was checked with a

Trypan Blue exclusion assay [6]. Hepatocytes suspensions

with less than 85% of viability were discarded.

2.2.3. Secretion of TGF-b1 to the culture media
Hepatocyte-conditioned media were collected at different

times and TGF-b1 was quantitated using an ELISA test (R&D

Systems, Minneapolis, MN).

2.2.4. RNA isolation and RT-PCR
Total RNA was isolated using the TriZOL method (Life

Technologies, Gaithersburg, MD). RNA was dissolved in

RNAse-free water and kept at �80 8C until use. Reverse

transcription of 3 mg of total RNA was performed with oligo-

dT primer, and cDNA samples were stored at �20 8C until

assayed. Conditions and the design of the primer sets (TIB

Molbiol LLC, Adelphia, NJ) for the PCR reaction are given in

Table 1. RT-PCR products were then resolved on a 1.5% agarose

gel and bands were visualized using a high performance

ultraviolet transilluminator (UVP, CA). Images of the RT-PCR

ethidium bromide-stained agarose gels were acquired and

quantification of the optical density (OD) of bands was

performed using the Gel-Pro Analyzer (Media Cybernetics)

software. Results were expressed as the ratio between the

intensities of TGF-b1 or the catalytic subunit of glutamate

cysteine ligase (GCLC) ODs and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) OD.

2.2.5. Measurement of apoptosis
Apoptosis was investigated using the FITC-Annexin V Apop-

tosis Kit (BD Biosciences, San Jose, CA). Cultured hepatocytes

were stained following the manufacturer’s protocol. Then

cells were washed, fixed, and viewed under fluorescence

microscope. Apoptotic cells were counted by examining

>1000 cells/dish and expressed per 100 hepatocytes.

2.2.6. Measurement of intracellular ROS
Formation of ROS was determined as previously described

[13], with slight modifications. Cells were loaded with 5 mM

DCFH-DA for 20 min at 37 8C with 5% CO2. Then, cells were

washed, scrapped off and fluorescence was measured on a



Table 1 – Primers and PCR conditions

Substance Primer sequences Conditions

TGF-b1 Thermal cycles: 35

for 50-GGACTACTACGCCAAAGAAG-30 Denaturing phase: 95 8C—1 min

rev 50-TCAAAAGACAGCCACTCAGG-30 Annealing phase: 54 8C—1 min

Extension phase: 72 8C—1 min

GCLC Thermal cycles: 32

for 50-CCTTCTGGCACAGCACGTTG-30 Denaturing phase: 94 8C—30 s

rev 50-TAAGACGGCATCTCGCTCCT-30 Annealing phase: 55 8C—30 s

Extension phase: 72 8C—2 min

GAPDH Thermal cycles: 30

for 50-CCACCCATGGCAAATTCCATGGCA-30 Denaturing phase: 94 8C—45 s

rev 50-TCTAGACGGCAGGTCAGGTCAACC-30 Annealing phase: 60 8C—45 s

Extension phase: 72 8C—2 min

All reactions were followed by a final elongation step at 72 8C for 7 min.

b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 7 7 6 – 1 7 8 51778
Shimadzu Spectrofluorophotometer RF-5301 PC (excitation

wavelength 488 nm, emission wavelength 525 nm).

2.2.7. NADPH oxidase activity assay
Cells were detached, pelleted and resuspended. NADPH

oxidase activity was analyzed as previously described. Briefly,

hepatocytes were incubated with 250 mM NADPH, and NADPH

consumption was monitored by the decrease in absorbance at

340 nm for 10 min. The specific activity was analyzed by

adding 10 mM DPI 30 min before the assays. The absorption

extinction coefficient used to calculate the amount of NADPH

consumed was 6.22 mM�1 cm�1 [7].

2.2.8. GSH content and glutamate cysteine ligase (GCL)
activity assays
Cultured hepatocytes (106 per dish) were washed, sonicated and

pelleted at 4 8C. Total glutathione (tGSH) content (GSH + GSSG)

was determined by a modification of the Tietze assay [14]. In

some experiments, culture media were also collected and

glutathione content was analyzed in a similar manner.

For GCL activity measurements, pellets were washed

before lysis to remove any traces of remaining cysteine from

the media. GCL activity was determined as described

previously by Seelig et al. [15].

2.2.9. Antioxidant enzymes assays
Hepatocytes were washed, sonicated and centrifuged. The

supernatants were subjected to enzyme assays. CAT activity

was determined by monitoring the rate of decomposition of

H2O2, as a function of the decrease in absorbance at 240 nm [16].

SOD activity was assayed by a method basedon the inhibition of

nitrite formation from hydroxylammonium in the presence of

superoxide anion generators, as previously described [17].

2.2.10. Protein concentration determination
The protein concentration was determined by Lowry method

[18], using bovine serum albumin as a standard.

2.3. In vivo studies

2.3.1. Animals and treatments
Animals subjected to the 2-phase model of cancer develop-

ment (see Section 2.2.1) were divided into four groups of 8 to 10
rats each: group 1 of IP rats; group 2 of IP rats that also received

IFN-a2b 6.5 105 U/kg body weight, administered intraperito-

neally 3 times per week (IP + IFN-a2b). The dose used was

comparable to that used for therapeutic purposes [3]; group 3

of IP rats that received IFN-a2b and ASC, 75 mg/kg body

weight, intraperitoneally 3 times per week [11] (IP + IFN-

a2b + ASC); group 4 of IP rats that only received ASC (IP + ASC).

2.3.2. Placental form of rat glutathione S-transferase (rGST P)

positive cells analysis
Liver slices from different lobes were fixed in 10% v/v formalin

solution and embedded in low melting paraffin. Immunohis-

tochemical staining was performed by the peroxidase–anti-

peroxidase method [19], using the antibody raised against

rGST P. Sections were counterstained with hematoxylin.

Because this isozyme has been described as the most effective

single marker of hepatic preneoplasia in the rat [20],

immunohistochemical detection of rGST P is the most widely

used method for identification, quantization and assessment

of rat altered hepatic foci (AHF) [21]. A representative number

of field sections (usually 1 to 1.5 cm2 of tissue per animal was

evaluated) from each group were collected using a CCD color

video camera (Sony SSC-c370) attached to a Zeiss Axiolab

microscope. Images were processed using a NIH imaging

analysis system. The number of AHF per liver and AHF as

percentage of liver were calculated according to the modified

Saltykov method [22] by using the digitized images.

2.3.3. Determination of proliferative index (PI)
To investigate differences in proliferation activity in rGST P-

positive foci among the experimental groups, consecutive

section slides were examined by immunohistochemical

staining with anti-rGST P and anti-proliferating cell nuclear

antigen (PCNA) antibodies, determined by the method of

Greenwell et al. [23].

2.3.4. Determination of apoptotic index (AI)
Quantitative analysis of apoptosis was performed by in situ

specific labeling of fragmented DNA using a modified terminal

deoxynucleotidyl transferase mediated biotin-deoxyuridine

triphosphate nick-end labeling (TUNEL) method [24] (Promega,

Madison, WI) in consecutive sections of those stained for rGST

P. Apoptotic cells were counted in AHF (by scoring at least
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1000–5000 preneoplastic hepatocytes) and surrounding hepa-

tocytes (at least 5000–10000 hepatocyte nuclei were examined)

only if they were TUNEL positive and displayed hallmark

characteristics of apoptosis. AI was expressed as apoptotic

cells scored per 100 hepatocytes. In order to corroborate the

incidence of apoptotic bodies, serial sections were stained

with hematoxylin/eosin.

2.4. Statistical analysis

The results were expressed as mean � S.E. Significance in

differences was tested by 1-way ANOVA, followed by

Dunnett’s test. Differences were considered significant when

the p-value was <0.05.
Fig. 2 – IFN-a2b-induced upregulation of TGF-b1 mRNA.

Cells were treated for different time periods with IFN-a2b,

IFN-a2b + ASC or left untreated. Total RNA was isolated

and TGF-b1 and GAPDH mRNA were assessed by RT-PCR

analysis. Relative mRNA levels were quantitated, and TGF-
3. Results

3.1. In vitro studies

3.1.1. TGF-b1 secretion and expression
We have previously described that IFN-a2b-induced apoptosis

is mediated by TGF-b1 [4]. Here, we examined whether TGF-b1

was synthesized and secreted by hepatocytes when treated

with IFN-a2b. As shown in Fig. 1, presence of IFN-a2b in the

culture media induced a twofold increase of TGF-b1 secretion

at 7 h of culture. TGF-b1 levels in culture media continued

significantly increased at 20 and 24 h of culture. When ASC

was added to the culture media, TGF-b1 levels remained

unchanged.

TGF-b1 mRNA levels increased at 4 h of IFN-a2b stimulus

(Fig. 2). The presence of ASC totally abolished the increase of

TGF-b1 mRNA levels.

3.1.2. Apoptosis
Fig. 3 shows the time-dependent apoptotic pattern of

hepatocytes. Cells treated with IFN-a2b showed a significant
Fig. 1 – Hepatocyte TGF-b1 secretion pattern. 1 T 106 cells

were incubated at different times with IFN-a2b, IFN-

a2b + ASC or left untreated. After treatment, media were

collected and assayed for TGF-b1 secretion by ELISA.

Results are mean W S.E. from at least four independent

experiments. *p < 0.05 vs. control (untreated) cells.

b1 levels were normalized to GAPDH mRNA. Ratios are

presented in graphical form, and the data are

representative of four experiments. *p < 0.05 vs. control

(untreated) cells. #p < 0.05 vs. IFN-a2b-treated cells at 1 h of

culture.
increase of apoptosis since 20 h of culture onwards. The other

treatments completely abolished the onset of apoptosis.

3.1.3. Intracellular ROS
ROS production induced by IFN-a2b is shown in Fig. 4. IFN-a2b-

treated hepatocytes presented a peak in ROS production at 1 h

of culture, and another peak at 9 h. The addition of anti-TGF-b1

to the culture media did not block the production of the first

peak of ROS whereas totally blocked the appearance of the

second one. On the other hand, when ASC was added to the

culture media the production of both peaks was abolished.

3.1.4. NADPH oxidase activity
To investigate the source of ROS, we measured the activity of

NADPH oxidase enzyme. As shown in Fig. 5 after IFN-a2b

treatment, NADPH oxidase was significantly activated at 1 h of



Fig. 3 – Time course analysis of the IFN-a2b-induced

apoptosis. Apoptotic cells were determined by the

Annexin V-FITC staining. Apoptotic cells were expressed

over one hundred cells randomly counted. The results are

presented as the mean W S.E. of three independent

experiments. *p < 0.05 vs. control cells; #p < 0.05 vs. IFN-

a2b-treated cells at 4 h of culture.

Fig. 5 – IFN-a2b-induced NADPH oxidase activity.

1 T 104 cells were incubated with IFN-a2b, IFN-a2b + anti-

TGF-b1, IFN-a2b + ASC or left untreated. NADPH

consumption was monitored by decrease in absorbance at

340 nm for 10 min. For specific oxidase activity, NADPH

consumption was measured by adding 10 mmol/L DPI

30 min before the assays. Results are expressed as

picomoles per mg of protein per min and are the

means W S.E. of three independent experiments. *p < 0.05

vs. untreated cells; #p < 0.05 vs. IFN-a2b-treated cells.
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culture, reaching a maximum at 9 h. Interestingly, addition of

anti-TGF-b1 to the culture media did not block the enzyme

activation at 1 h of culture, but inhibition occurred at 9 h,

reaching the same activity values that at 1 h. In all the cases,

treatment with ASC totally blocked NADPH oxidase activation.

3.1.5. GSH metabolism and antioxidant enzymes
Fig. 6A shows that IFN-a2b treatment did not produce any

variation in intracellular tGSH levels until 7 h of culture, where
Fig. 4 – IFN-a2b induction of intracellular reactive oxygen

species content. Hepatocytes from preneoplastic livers

were cultured for different times in the absence or

presence of IFN-a2b, IFN-a2b + anti-TGF-b1, and IFN-

a2b + ASC. Cells were loaded with 5 mM 20,70-

dichlorofluorescin diacetate (DCFH-DA) for 20 min at 37 8C

with 5% CO2, scrapped off and fluorescence was measured.

Results are expressed as arbitrary units of DCFH

fluorescence/mg protein. Data are mean W S.E. from at

least four independent experiments. *p < 0.05 vs. control

cells.
the levels decreased about 50%. When anti-TGF-b1 or ASC

were added to the culture media, tGSH levels remained

unchanged at all the studied times. We also found that

intracellular oxidized glutathione (GSSG) remained

unchanged at all the studied times in all groups (data not

shown). For that reason, we studied the levels of GSSG in the

extracellular media. Fig. 6B shows that there was a GSSG

efflux to the culture media. When cells were treated with

ASC or anti-TGF-b1, levels of GSSG in the culture media were

similar to those found for the untreated cells. Then, the

activity of GCL, the rate limiting enzyme of GSH synthesis,

was examined. Results showed that after 7 h of IFN-a2b

treatment GCL activity decreased 23% reaching a maximum

decrease of 80% at 24 h of culture. At the same time, after

IFN-a2b plus anti-TGF-b1, and IFN-a2b plus ASC treatments,

GCL activity remained unchanged (Fig. 7). To determine

if IFN-a2b regulates the expression of the catalytic subunit

of GCL (GCLC) at the transcriptional level, GCLC mRNA

amounts were assessed by RT-PCR. IFN-a2b treatment

resulted in a reduction in GCLC mRNA within 7 h of culture

(Fig. 8A). As shown in Fig. 8B, when anti-TGF-b1 or ASC

were added, IFN-a2b treatment had no effect on the GCLC

mRNA levels.

As shown in Fig. 9A, IFN-a2b induced a decrease in CAT

activity from 7 h of culture and the addition of anti-TGF-b1 or

ASC totally restored the enzymatic activity to the control

levels (untreated cells). Fig. 9B shows the effect of IFN-a2b in

the Cu,Zn-SOD and Mn-SOD activities. Fig. 9B, upper panel,

shows that Cu,Zn-SOD activity decreased from 7 h of culture

in the presence of IFN-a2b. When cells were treated with anti-

TGF-b1 or ASC, the Cu,Zn-SOD activity did not change. Fig. 9B,

lower panel, shows that Mn-SOD activity significantly

decreased from 4 h of culture with respect to untreated cells.

When anti-TGF-b1 was added to the culture media, Mn-SOD



Fig. 6 – Time course analysis of the glutathione content. (A)

Total cellular GSH content in cultured hepatocytes. Cells

were treated with IFN-a2b, IFN-a2b + anti-TGF-b1, IFN-

a2b + ASC, or left untreated for different times. tGSH levels

are reported as mg per mg protein in the initial cell extract

and expressed as percentage of untreated cells. Results

represent mean W S.E. of at least five experiments.

*p < 0.05 vs. untreated cells; #p < 0.05 vs. IFN-a2b-treated

cells at 4 h of culture. (B) Oxidized glutathione content in

the culture media. GSSG levels are reported as mg per mg

protein in the initial cell extract and expressed as

percentage of untreated cells. Results represent

mean W S.E. of at least four experiments. *p < 0.05 vs.

untreated cells.

Fig. 7 – Analysis of the GCL activity. Cells were treated with

IFN-a2b, IFN-a2b + anti-TGF-b1, IFN-a2b + ASC, or left

untreated at different times. Whole-cell extracts were

prepared and analyzed for GCL enzymatic activity. Results

are the mean W S.E. of four experiments. *p < 0.05 vs.

untreated cells; #p < 0.05 vs. IFN-a2b-treated cells at 4 h of

culture.
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activity reached the same values of untreated cells at 7 h of

culture. Treatment with ASC totally abolished the enzyme

activity decrease at all the studied times.

3.2. In vivo studies

3.2.1. rGST P-positive cells analysis
Changes in number and volume percentage of the liver of rGST

P-positive foci are shown in Fig. 10. The number and volume

percentages of AHF per liver in the rats given IFN-a2b were

significantly decreased as compared with the values from the

IP group. IFN-a2b treatment reduced 80% the total number of

initiated cells capable of developing into clones of AHF respect

to IP group. In IP + IFN-a2b + ASC group, and IP + ASC group no

differences in the number of AHF were observed with respect

to IP group. IFN-a2b decreased the growth rate and total

cellular population of AHF, measured as the volume fraction of
the liver occupied by foci (34% in the IFN-a2b treated rats with

respect to control). No differences were observed between the

IP + ASC treated group and the IP group. Interestingly, foci

volume was 94% higher in the IP + IFN-a2b + ASC group than in

IP + IFN-a2b.

3.2.2. PI and AI analysis
PI and AI data are summarized in Table 2.

PI in AHF was significantly increased compared with their

respective surrounding tissue in all the studied groups, but it

was not significant among the different groups. There was no

difference in the AI of AHF compared with their respective

surrounding tissue. However, AI in AHF of IP + IFN-a2b-treated

rats showed a significant increment as compared with groups

IP, IP + ASC and IP + IFN-a2b + ASC. Apoptotic cells were seen

in hematoxylin/eosin stained liver sections of all groups and

no pathological evidence of necrosis was observed. Incidence

of apoptotic cells in hematoxylin/eosin stained sections

revealed almost the same values and tendencies as the

obtained in TUNEL stained sections (data not shown).
4. Discussion

The earliest emerging types of AHF are composed of

differentiated hepatocytes that show characteristic metabolic

and molecular aberrations and gradually progress via various

intermediate forms to the poorly differentiated neoplastic

phenotype [25]. In a previous work, we showed that admin-

istration of IFN-a2b decreased both number and volume

percentage of the placental form of rGST-positive preneo-

plastic foci through an apoptotic mechanism [3]. We have also

demonstrated that IFN-a2b induces apoptosis in isolated

hepatocytes from rat preneoplastic livers via TGF-b1 secretion

and, in contrast to these hepatocytes, normal rat hepatocytes

did not respond to IFN-a2b treatment inducing neither TGF-b1



Fig. 8 – IFN-a2b-induced downregulation of GCLC. Cells were treated at different times with (A) IFN-a2b or left untreated and

(B) IFN-a2b plus anti-TGF-b1, IFN-a2b plus ASC or left untreated. Total RNA was isolated and GCLC and GAPDH mRNA were

assessed by RT-PCR analysis. Relative mRNA levels were quantitated, and GCLC levels were normalized to GAPDH mRNA.

Ratios are presented in graphical form, and the data are representative of four experiments. *p < 0.05 vs. untreated cells.
#p < 0.05 vs. IFN-a2b-treated cells at 4 h of culture.
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secretion nor apoptosis [4]. In the current series of experi-

ments, we proved that IFN-a2b induces the production of TGF-

b1 in hepatocytes from preneoplastic livers by activation of

NADPH oxidase complex, and TGF-b1 induces apoptosis

through a mechanism linked to the production of ROS by

the same oxidase. In order to confirm that the induction of

NADPH oxidase activity was the main pathway producing

ROS, additional experiments were made using IFN-a2b plus an

inhibitor of NADPH oxidase activity, DPI. Presence of DPI in the

culture media totally blocked the activity of NADPH oxidase,

the production of ROS and the subsequent apoptosis induced

by IFN-a2b (results not shown).

Results from the in vitro studies showed that IFN-a2b

treatment of hepatocytes obtained from rat preneoplastic

livers induces secretion of TGF-b1 to the culture media and this

secretion is accompanied by an increase in the mRNA levels of

the cytokine. This increase is linked with the presence of ROS

in the intracellular media. ROS production could be totally

blocked when a scavenger such as ASC was added to the

culture media, and thus, the IFN-a2b-induced apoptotic effect

was totally abolished. It is known that IFN-g activates the

phagocytic NADPH oxidase to produce superoxide radical

against pathogenic bacteria [26] and upregulates the produc-

tion of superoxide anion by NADPH oxidase in human

intestinal epithelial cells [27]. However, little is known about

the relationship between IFN-a, activation of NADPH oxidase,

and epithelial cells. It has been reported that IFN-a2b

enhances the NADPH oxidase activity in human neutrophils

[28]. In hepatocytes treated with hydrophobic bile salts, an
enhancement of a membrane NADPH oxidase activity

triggering ROS formation was also shown [29]. Although

further investigation on the isoforms of the NADPH oxidase

complex is needed, we are demonstrating for the first time

that IFN-a2b induces an early activation of this enzyme

complex in hepatocytes obtained from rat preneoplastic liver.

Results lead us to conclude that IFN-a2b induces the early ROS

production that serves as a messenger, promoting the TGF-b1

production and secretion. This growth factor triggers the

production of more reactive oxygen intermediates, as a late

event, by inducing the same enzyme complex. It was

demonstrated that synthesis of a new protein is required

for NADPH activation and subsequent apoptosis [7]. This event

shows an additive response in ROS production and imposes

the final onset of the apoptotic effect. The presence of ASC in

the culture media totally blocked the increase in the activity of

the NADPH oxidase complex at all the studied times. These

results are in agreement with other authors that demon-

strated that the activity of this complex is lowered by the

presence of antioxidants such as ASC or vitamin E in several

cell types [30–32].

Once the source of ROS was assessed, we analyzed the

cellular antioxidant defenses and their behavior during the

incubation times. We observed a reduction in tGSH levels from

7 h of culture onwards. For that reason we studied if any form

of glutathione was being exported out of the cell, and whether

the biosynthetic GSH capacity was altered. We found an

increase in GSSG levels probably due to the oxidation of the

reduced form within the cytosol, and its exportation to the



Fig. 9 – Time course analysis of the effect of IFN-a2b on

enzymatic activities of CAT and SOD. Cell were left

untreated (control) or incubated with IFN-a2b, IFN-a

2b + anti-TGF-b1 and IFN-a2b + ASC. (A) CAT enzymatic

activity was determined by monitoring the rate of

decomposition of H2O2, as a function of the decrease in

absorbance at 240nm. (B) SOD activity was assayed by

inhibition of nitrite formation from hydroxylammonium

in the presence of superoxide anion generators. In all

cases results are expressed as percentages of control and

are the mean W S.E. of four independent experiments.

*p < 0.05 vs. control cells; IFN-a2b-treated cells at 4 h of

culture.

Fig. 10 – Changes in (A) number of AHF per liver and (B)

percentage of liver as AHF. AHF were visualized with

rGST-P staining, and treatment groups are indicated as

different color bars. Each bar indicates mean W S.E. of 8–10

animals. *p < 0.05 vs. IP group.
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culture media, possibly in order to protect the cell from a shift

in the redox equilibrium. IFN-a2b treatment resulted in the

loss of GSH biosynthetic capacity since GCL activity was

decreased at 7 h of culture and a rapid decrease of GCLC mRNA

expression through a mechanism mediated by TGF-b1 was

also observed. Moreover, it was found that IFN-a2b-induced

apoptosis in hepatocytes from rat preneoplastic livers is

accompanied by the cleavage and loss of GCLC protein,

through a mechanism mediated by TGF-b1 (data not shown).

A decrease in CAT and SOD activities was observed when

hepatocytes were treated with IFN-a2b. On the other hand,

treatment with anti-TGF-b1 or ASC totally blocked the
decrease in CAT and SOD enzymatic activities. These findings

indicate that IFN-a2b induced the decrease in enzymatic CAT

and SOD activities by a mechanism mediated by ROS and TGF-

b1. These enzymes probably protect hepatocytes from the

initial IFN-a2b-induced burst of ROS and this may be the

reason for the rapid decrease of the first peak of ROS.

Moreover, the decrease in CAT and SOD activities would

further exacerbate the existing oxidative stress. These results

confirmed that the perturbation of the redox status produced

by the IFN-a2b induction of NADPH oxidase complex triggered

TGF-b1 synthesis and secretion and assessed the down-

regulation of antioxidative systems. Similar data have been

reported by Herrera et al. [7] when they treated fetal rat

hepatocytes with TGF-b1.

Since ASC abolished all the apoptotic effects induced in

vitro by IFN-a2b, we determined the relevance of ROS on the

onset of the apoptotic process in vivo in the whole preneo-



Table 2 – PI and AI in AHF and their surrounding tissue

IP IP + IFN-a2b IP + ASC IP + IFN-a2b + ASC

PI

AHF 21.55 � 1.25# 21.00 � 1.00# 20.75 � 1.11# 21.75 � 1.20#

Surrounding tissue 3.8 � 0.1 3.9 � 0.4 4.1 � 0.2 4.3 � 0.3

AI

AHF 0.21 � 0.01 0.38 � 0.06* 0.21 � 0.04 0.19 � 0.03

Surrounding tissue 0.10 � 0.01 0.14 � 0.05 0.12 � 0.05 0.08 � 0.02

Note: PI was expressed as proliferating cells per 1000 hepatocytes. #p < 0.05 vs. PI in their respective surrounding tissue. AI was expressed as

apoptotic cells scored per 100 hepatocytes. *p < 0.05 vs. AI in group IP.

b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 1 7 7 6 – 1 7 8 51784
plastic liver. Treatment of IP rats with IFN-a2b + ASC abolished

the IFN-a2b apoptotic effects observed in the IFN-a2b-treated

rats. The relationship between proliferation and apoptosis

rates, which determines the foci volume in IP + IFN-a2b rats,

might be modified by the presence of ASC, probably

diminishing the apoptotic rate. Although there were no

differences in AI, it was observed a non statistically decrease

trend in IP + IFN-a2b + ASC group and this could be the reason

for the increase of foci volume in this group. Besides, it was

found that ASC at low concentrations stimulates growth of

malignant cells [33], while inhibits their growth at high doses

[34]. At the present time, many cancer patients combine some

forms of complementary and alternative medicine therapies

with their conventional therapies. The most common choice

of these therapies is the use of antioxidants such as vitamin C.

It must be assumed that any antioxidant, used to reduce

toxicity of tumor therapy on healthy tissue, has the potential

to decrease effectiveness of cancer therapy on malignant cells

[35]. Some data suggest that antioxidants can ameliorate toxic

side effects of therapy without affecting treatment efficacy,

whereas other data suggest that antioxidants interfere with

radiotherapy or chemotherapy [35].

In conclusion, in this work, we demonstrated that increase

in ROS levels turns on the process of programmed hepatocytes

death, leading to the elimination of these malignant cells. ROS

were viewed as the ‘‘bad’’ molecules of cells for a long time,

but in the recent years, several lines of evidence indicate the

contrary: ROS are essential participants in cell signaling and

regulation [36,37] depending on its concentration. On the other

hand, the inhibition of ROS production with an antioxidant

such as ASC in the co-treatment with IFN-a2b may be not a

beneficial therapy for the prevention of AHF appearance.

Furthermore, IFN-a2b + ASC co-treatment enhances the

volume of the preneoplastic foci. This constitutes a very

important contribution in terms of understanding ASC effect

on malignant cells. In addition, this and other studies, instead

of being contradictory, help to determine a therapeutic dosing

range of ASC on cancer, specifically, the proper dose and the

concomitant use of therapeutic drugs such as IFN-a2b.
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