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Abstract
Purpose In ras-mediated signal transduction pathway,
c-raf.1 is believed to have predominant oncogenic potential
and has been found to be highly expressed in certain human
and animal malignancies including hepatocellular carci-
noma. In the present study, anticancer eYcacy of antisense
c-raf.1 oligomer on the inhibition of c-raf.1 mRNA overex-
pression during hepatocarcinogenesis was determined.
Methods Initially antiproliferating eVect of the antisense
oligomers was studied in vitro by measuring the rate of
tritiated thymidine incorporation into DNA in rat hepato-
cellular carcinoma cells in culture medium. Based on the
Wndings, the antisense treatment was carried out in rat
hepatocarcinogenesis model-initiated with diethylnitros-
amine and promoted using 2-acetylaminoXourene. DiVerent
drug-metabolizing enzymes, lipid peroxidation, liver mor-
phology and histopathological studies along with c-raf.1
gene expression by in situ hybridization were performed.
Results c-raf.1 antisense oligomers exhibited an inhibitory
eVect (»68%) on cancer cell proliferation in vitro. Gross
and microscopic examination of liver showed fewer (29%)
and smaller hyperplastic nodules and preneoplastic lesions
(30%) in carcinogen and antisense oligomer-treated group
as compared with carcinogen control group. Treatment of
antisense c-raf.1 oligomers enhanced cytochrome P-450
content (81%) and reduced glutathione S-transferase activity
(33%), UDP glucuronosyltransferase activity (74%) and
MDA concentration (30%) in carcinogen and antisense oli-
gomer-treated group as compared with carcinogen control

animals. The oligomer treatment also resulted in less expres-
sion in terms of c-raf.1 expressed lesion count as compared
to carcinogen control group.
Conclusion The study demonstrates that the antisense
oligomer targeted against c-raf.1 mRNA inhibits the over-
expression of c-raf.1 gene during hepatocellular carcinoma
in rats.

Keywords Hepatocarcinogenesis · Hyperplastic nodule · 
c-raf.1 · Marker enzymes · In situ hybridization

Introduction

The process of hepatocarcinogenesis is complex, resulting
from alterations in the normal patterns of cellular growth
[1, 2]. The development of hepatocellular carcinoma
(HCC) is believed to be caused by the accumulation of
genetic alterations resulting in a distorted expression of
thousands of genes. It is preceded by the early appearance
of morphologically and genetically altered “resistant cells”
termed as hepatic focal lesions or preneoplastic lesions [3,
4]. Experimental hepatocarcinogenesis in the rodent occurs
in three distinctly deWned stages—initiation, promotion,
and progression [5]. Following an exposure to a suitable
chemical carcinogen, initiated cells are formed from normal
liver parenchyma cells, the hepatocytes. This chemical car-
cinogen, which acts as an initiator for its cancer inducing
ability, results in genetic alteration following an interaction
with various macromolecules, commonly DNA. There are
several carcinogens, which are reported to induce tumors in
various tissues or organs, but not in the liver unless they are
associated with a suitable proliferative stimulus [1]. It is
believed that subsequent tumor promotion with another
carcinogenic compound termed as promoter results in a
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selective clonal expansion of initiated cells to give rise to
the formation of hepatic altered foci [6, 7]. This expansion
is caused by a selective increase in cell proliferation with a
selective decrease in apoptosis of preneoplastic hepatocytes
[8, 9]. When initiated cells are persistently exposed to a
promoter, it helps the cells to form lesions by a round of
cell division thereby making the cells more susceptible to
further genetic changes [10]. Cell proliferation for preneo-
plastic lesions is essential for the ampliWcation of the initi-
ated cell population during promotion whereby the initiated
cell population gets altered cells and undergoes a series of
irreversible changes to become more susceptible to further
malignant transformation [11]. During preneoplastic devel-
opment of the initiated cell population, several cycles of
cell divisions not only increase the size of the preneoplastic
lesion but also endow lesion with an intrinsic prerequisite
for the further expression of the malignant phenotype [11].
The neoplastic transformation of hepatocytes results from
accumulations of various genetic as well as epigenetic
changes which act together to aVect both positive mediators
(e.g. cellular proto-oncogenes, signaling molecules) and
negative mediators (e.g. tumor suppressor genes) of cellular
proliferation thereby giving rise to cells with autonomous
growth potential [12]. The hepatic altered foci that persist
after the withdrawal of promoting agent is reported to have
the highest potential to progress into hepatocellular carci-
noma [13]. During the neoplastic transformation the Wrst
phenotypic cellular change that occurs is the excessive stor-
age of glycogen in liver focal lesions [14–16]. Thus the
sequence of cellular changes starts with glycogenetic clear
and acidophilic (smooth endoplasmic reticulum-rich) hepa-
tocytes and progresses through intermediate phenotypes in
mixed cell populations to glycogen-poor, homogeneously
basophilic (ribosome-rich) hepatoma cell.

The disorder in various biochemical pathways is also
believed to be associated with hepatocarcinogenesis [17].
The alterations in some of the enzymes, e.g., cytochrome
P-450 (cyt P-450) monooxygenases, glutathione S-trans-
ferase (GST), and UDP glucuronyl transferase (UDPGT)
observed during hepatocarcinogenesis manifest the
abnormalities in the regulatory state of primary hepato-
cyte cells [18]. During hepatocarcinogenesis the changes
in the expression levels of these enzymes, which play
important role in carcinogen metabolisms, make them
useful biomarkers in characterizing hepatic altered foci
as precursors for the development of hepatic neoplasia or
hepatocellular carcinoma [19–21]. Again, studies on
changes in lipid peroxidation end product, malonalde-
hyde (MDA), has shown the possible role of end product
of lipid peroxidative degradation during hepatocarcino-
genesis [22].

The signaling molecule c-raf.1 is one of the three highly
conserved members of the raf gene family, which code for

serine threonine-speciWc protein kinases best known for its
role in ras-mediated signal transduction pathway [23–25].
The Ras/Raf/MEK/ERK signaling cascade is frequently
deregulated in tumorigenesis and is known to be involved
in proliferation and transformation of cells [26]. Expression
of c-raf-1 modiWes cell growth, proliferation, and survival
in a variety of cellular systems. c-raf.1 Protein kinase itself
is believed to have oncogenic potential and found to be up
regulated in tumors [27, 28]. It has been shown to be highly
expressed in hepatocellular carcinoma as well [24, 29].

Since c-raf.1 is direct downstream eVector of ras, an
appropriate antisense therapy directed against c-raf.1 might
be useful in the treatment of ras-dependent tumors. Anti-
sense therapy directed against c-raf.1 protein kinase
employs short, synthetic oligonucleotides which act by
hybridizing with complementary mRNA sequence thereby
inhibiting c-raf.1 protein expression through diVerent
mechanisms, including RNaseH-mediated degradation of
target mRNA [30, 31]. One of the most attractive features
of antisense oligomers is their great speciWcity to the
intended molecular target [30]. The ability to use antisense
oligonucleotides to target selectively the genetic processes
involved in cancer provides not only a new class of chemo-
therapeutic agents to Wght cancer, but also a better under-
standing of the critical molecular signaling events involved
in development of cancer.

In this study, eVorts have been made to test the eVective-
ness of phosphorothioate antisense oligonucleotides tar-
geted against rat c-raf.1 mRNA to inhibit speciWcally c-raf
gene expression. Attempt was also made to study the vari-
ous enzymatic changes such as cyt P-450 content, GST,
UDPGT activities as well as lipid peroxidation during
hepatocarcinogenesis, which might provide an insight into
the understanding of cancer biology during the develop-
ment of hepatocellular carcinoma.

Materials and methods

Oligonucleotide

The 20-base sequence 5�-UCCCGCCUGUGACAUCGAU
U-3� (Neuprocell, Kolkata, India) used in this study was
sulfur-substituted oligonucleotides having a phosphorothio-
ate linkage and contained extra modiWcation in form of
digoxigenin-labeled uracil bases. As per supplier’s data-
sheet, the sequence was synthesized on a 0.2 �mol scale.

[3H]-thymidine incorporation assay to measure 
cellular proliferation

The antiproliferative eVect of c-raf.1 phosphorothioate anti-
sense oligos was studied by determining the incorporation
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of [3H]thymidine into cellular nucleic acids in cell culture
medium. The rate of tritiated thymidine incorporation into
DNA was used here to estimate the rate of cell proliferation
in culture medium. The cell line used in this experiment
was a rat hepatoma H4IIEC3 cells (B.D Biosciences, Mum-
bai, India) which is a clonal line of Reuber H-35 rat hepa-
toma [32, 33]. Cells were seeded in 6-well tissue culture
plate in DMEM medium supplemented with 10% FCS,
100 U/ml penicillin–streptomycin (sigma) at the density of
2 £ 105 cells per well and allowed to incubate at 37°C in a
humidiWed 5% CO2 incubator (INNOVA-CO-170, New
Brunswick ScientiWc) overnight. The following day media
were removed from wells and cells were rinsed with serum-
free media and incubated for 24 h. Cells from three wells
were treated with 20 base c-raf.1 antisense oligonucleotides
(5�-UCCCGCCUGUGACAUCGAUU-3�) (Neuprocell,
Kolkata, India) at concentration of 50 �g/ml in the presence
of cationic lipid; DOTMA and both treated and untreated
cells were incubated at 37°C for 16 h. 1 �Ci of [3H]thymi-
dine (Indian Institute of Chemical Biology, Kolkata, India)
was added to each well and again cells were incubated at
37°C in a humidiWed 5% CO2 incubator for another 24 h.
Following day, [3H] thymidine-labeled DNA was extracted
and the assessment of radioactive nucleotide incorporation
was performed in a scintillation counter (TRI-CARB
2100TR, Analyzer Packard, Meriden, USA) from both
treated and untreated cells.

Development of rat hepatocarcinogenic model

Experiments were conducted on hepatic tissues of male
Sprague–Dawley rats purchased from the Indian Institute of
Chemical Biology, Kolkata, West Bengal, India. The initial

body weights of the animals were approximately 190–200 g
in all the cases. They were maintained under constant con-
ditions and fed standard rat diet ad libitum and drinking
water. All animals were kept in polypropylene cages and
housed in an animal room at a temperature (25 § 1°C) and
humidity (55%) environment with a normal day and night
photoperiod. They have been accustomed to the facility for
2 weeks. All animal experiments were conducted following
the guideline of the “Principles of laboratory animal care”
(NIH publication no. 85-23, 1985) and only after receiving
the approval of the institutional animal ethics committee.

Animals were divided into four groups (Fig. 1). Each
group contained seven animals. Normal untreated control
group animals (group I) had free access to food and water.
Group II animals were carcinogen control. Carcinogenesis
was initiated in liver by the carcinogen diethylnitrosamine
(DENA) (Sigma Aldrich, Bangalore, India) at a dose of
200 mg/kg body weight once in 0.9% solution of NaCl (in
emulsiWed form in PBS buVer, pH 7.4 using Tween 20 as
emulsiWer) intraperitoneally at the start of the experiment,
i.e., day 0. The animals were then treated with 0.025% w/w
of 2-acetylaminoXuorene (2-AAF) in the diet to promote
carcinogenesis. They were given a small amount of food
mixed with 2-AAF every morning. After 6 h they were
given the basal diet [34]. The carcinogenesis was promoted
from the 2–18 weeks, i.e., for a period of 17 weeks. Group
III animals received the same treatment along with the iv
injection of c-raf.1 antisense oligo suspension (5 mg/kg
body weight) thrice a week. The antisense oligomer treat-
ment was started from 18th week and continued up to 30th
week of the experimental period. Group IV animals had
free access to food and water along with the treatment of
c-raf.1 antisense oligomers as described in case of group III

Fig. 1 Experimental regimen. 
ASON antisense oligonucleo-
tide, DENA diethylnitrosamine
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animals. Daily food and water consumptions were observed
and body weights were taken every alternate day. All the
treatments were stopped at the end of 30th week. At the
34th week from day 0, the animals were dissected and fur-
ther experiments were conducted.

Tissue processing

Following the treatment schedule according to the experi-
mental protocol, animals were killed. They were killed after
anesthetizing with chloroform. The livers were removed,
sliced (5–10 mm thick) and were snap-frozen in liquid
nitrogen. The tissues were stored at ¡80°C until further
used.

Liver morphology study

Liver tissues were subjected to macroscopic examination
on the surfaces for visible lesions. The advanced hepatic
altered foci (HAF), which were greater than 1 mm2 in
cross-section area were termed as hyperplastic nodules
(HN). The macroscopic nodules were then identiWed and
diVerentiated from the reddish brown non-nodular sur-
rounding liver parenchyma with clear demarcation (Figs. 2,
3). Nodules were measured in two perpendicular directions
to obtain the diameter of each nodule. According to their
respective size and the total area of the occupied liver
parenchyma, nodules were divided into three categories,
namely <1 mm, >1 to <3 mm, and >3 mm [35].

Histopathological study

Various histochemical studies were performed on 5 �m
thick serial sections of hepatic tissues using reagents such
as Periodic acid-SchiV’s reagent (PAS), hematoxylin–eosin
(H&E), and toluidine blue to detect diVerent hepatic altered
foci [36–39]. Liver lesions were detected as hepatic altered
foci and classiWed as clear endoplasmic reticulum rich aci-
dophilic foci or glycogen stored foci (identiWed by PAS and
H&E staining), mixed cell foci (identiWed by PAS and
H&E staining) and ribosome rich basophilic foci (identiWed
by toluidine blue staining) [40]. The analysis of number
and size of focal lesions were carried out in two steps. In
the Wrst step, histological specimens were scanned and dig-
itized using Zeiss light microscope driven by AxioVision
software. In step two, lesions were measured and counted
using image analyzer software SigmaScan Pro by marking
individual lesions.

Enzyme assays

Preparation of hepatic cytosolic and microsomal fraction

Frozen liver tissue (stored at ¡80°C) of diVerent experimen-
tal group of rats were blotted dry, and weighed quickly after
thawing. The hepatic tissues were separately homogenized
with ice-cold 0.1 N KCl (pH 7.4) in a precooled teXon-coated

Fig. 2 An external morphology of liver tumor of a carcinogen–control
rat showing multiple hyperplastic nodules on the liver surface (white
arrowheads indicate bile containing nodules and white arrows indicate
nodules without bile)

Fig. 3 An external morphology of liver tumor in an animal treated
with carcinogen and c-raf.1 antisense oligomers (group III) showing
fewer and smaller size hyperplastic nodules on the liver surface (white
arrowheads indicate bile containing nodules and white arrows indicate
nodules without bile)
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glass homogenizer for few minutes to make 10% w/v tissue
homogenate. The liver homogenate (LH) was centrifuged at
8,000£g for 15 min and an aliquot of this supernatant was
used as cytosolic fraction to study glutathione S-transferase
(GST) activity. The remaining portion was further processed
to obtain the microsome fraction. The supernatant was once
subjected to ultracentrifugation at 78,000£g for 90 min. The
pellet thus obtained was resuspended in 0.1 N KCl and was
ultracentrifuged at 10,5000£g for 1 h to obtain microsomes
for assaying UDP-glucuronyl transferase (UDPGT) and
cytochrome P-450 content.

Assays for cytochrome P-450, UDPGT and GST

The total amount of microsomal cytochrome P-450 was
measured as described by Omura and Sato [41]. Glutathi-
one-S-transferase activity was measured according to Habig
et al. [42] using 1-chloro-2,4-dinitrobenzene (CDNB) as
substrate. The GST-catalyzed formation of CDNB-GSH
produces a dinitrophenyl thioether, which can be detected
by spectrophotometer at 340 nm. One unit of GST activity
is deWned as the amount of enzyme producing 1 mmol of
CDNB-GSH conjugate/min under the conditions of the
assay using an extinction coeYcient of 9.6/mM/cm. UDP
glucuronosyltransferase activity towards p-nitrophenol was
determined according to the standard procedure of Ander-
son et al. [43]. The speciWc activity of UDPGT is expressed
as activity/mg microsomal protein/min.

Protein was determined from cytosolic fraction as well
as microsomal fraction by the method of Lowry et al. [44]
using bovine serum albumin (BSA) as standard at 660 nm.

Lipid peroxidation

Lipid peroxidation in liver was estimated colorimetrically
using thiobarbituric acid-reactive substrate (TBARS) by the
method of Nichans and Samuelson [45]. Since the assay
estimates the amount of TBA reactive substance, e.g.,
MDA, it is also known as TBARS (thiobarbituric acid reac-
tive substance) test. It gives an index of the extent of pro-
gress of lipid peroxidation. Both cytosolic and microsome
fraction were assayed for the presence of lipid peroxides.

In situ hybridization study to locate c-raf.1 gene expression

In situ hybridization (ISH) was conducted on hepatic
cryosections (6 �m) of the experimental samples [46]. All
steps prior to and during hybridization were conducted
under RNase-free conditions. The sections were Wxed in 4%
paraformaldehyde in phosphate buVer saline, pH 7.4 (PBS)
for 1 h followed by dehydrating through the ascending
concentration of ethanol [70–100% (1 min £ 2 times each)]
and xylene. The sections were dried and then treated with

proteinase K, 0.5 �g/ml in Tris–CaCl2 buVer, pH 8.0 at
room temperature for 5 min and washed brieXy with trietha-
nolamine buVer, pH. 8.0. The sections were then acetylated
for 20 min with 0.25% (v/v) acetic anhydride in 0.1 M tri-
ethanolamine (TEA), pH 8.0 and the slides were washed
twice in 4£ SSC (10 min each). Prehybridization was con-
ducted using hybridization buVer except dextran sulfate and
Denhardt’s solution for 1 h at 52°C. Each 10 ml of hybrid-
ization buVer contained 5 ml deionized formamide, 2.4 ml
diethyl pyrocarbonate-treated water, 2 ml 20£ SSC, pH 7.0,
1 g dextran sulfate, 200 �l 50£ Denhardt’s solution, dena-
tured yeast t-RNA (10 mg/ml) 200 �l and denatured salmon
sperm DNA (10 mg/ml) 200 �l along with the respective
probes denatured by heating at 80°C for 3 min followed by
instant cooling on ice. This was followed by hybridization
with DIG-labeled antisense c-raf.1 mRNA sequence at 50°C
overnight in a humid chamber. After hybridization, sections
were washed in 2£ SSC at room temperature (RT) for
30 min, then again with 2£ SSC at 60°C, for 30 min. This
was followed by washing with 1£ SSC for 30 min and 0.1£
SSC for 1 h, at 60°C with a frequent moderate shaking.
After the stringency wash, the slides were incubated with
Tris–NaCl buVer, pH 7.5 containing 0.5% blocking agent
(Boehringer-Mannheim, Mannheim, Germany) at RT on a
shaking platform with a low speed. Sections were then incu-
bated with anti-DIG-polyclonal antibody conjugated with
alkaline phosphatase (Boehringer-Mannheim, Mannheim,
Germany) (1:5,000) in Tris–NaC1 buVer, pH 7.5 for 2 h at
RT on the shaking platform with a low speed. After incuba-
tion, sections were rinsed in washing buVer (Tris–NaC1
buVer, pH 7.5, containing 0.3% tween 20) for 10 min at
room temperature. This was followed by two 15-min washes
with Tris–NaCl buVer, pH 7.5. The sections were equili-
brated with detection buVer (100 mM Tris–HC1, 100 mM
NaC1 and 50 mM MgC12·6H2O), pH 9.5 for 5 min and
staining was done using nitroblue tetrazolium/bromochlor-
oindolylphosphate (NBT/BCIP) in detection buVer. Counter
staining was also done occasionally.

Statistical analysis

Data were analyzed statistically for diVerences between the
normal control and other treated groups using Dunnett’s t test
and between cancer control group and carcinogen-c-raf.1
treated group using Student’s t test, following ANOVA.

Results

Antiproliferative eVect of c-raf.1 antisense oligo

An increased incorporation of [3H]thymidine has been
observed in the untreated rat HCC cells, whereas the cells
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treated with c-raf.1 antisense oligo showed a decreased
uptake of tritiated thymidine as indicated by the measured
radioactivity (Fig. 4). Again, the signiWcant (P < 0.001)
percentage of inhibited cell proliferation (68.25 § 4.26)
showed that treatment of cells with c-raf.1 antisense oligo
resulted in a considerable inhibition of cancer cell prolifera-
tion in culture. This experiment boosted us to study the
eVect of the c-raf.1 antisense oligomers in in vivo model.

EVect of c-raf.1 antisense oligos on numbers 
and size distribution of hyperplastic nodules (HN) 
and preneoplastic lesions

Macroscopically, liver from animals of cancer control
groups showed a multiple solid grayish/whitish nodules.
Out of the four experimental groups, only group II and
group III animals were shown to have developed hyper-
plastic nodules. Again, the maximum numbers of nodules
were observed in group II (carcinogen control) animals
(Table 1). Compared to animals from group II, group III
animals (carcinogen and antisense treated group) showed
only less number of nodules with smaller sizes (Figs. 2, 3).
Hyperplastic nodules from group II animals were mostly
greater than 3 mm in size, while group III animals had nod-
ules mostly less than 1 mm in size and few between 1 and
3 mm in size. Histological examination of liver tissues from
animals of group III treated with c-raf.1 antisense oligos
demonstrated a signiWcant reduction in occurrence of
hepatic altered foci (HAF) as compared with group II or
carcinogen control group. The number of preneoplastic
lesions was found to be less in the oligomers and carcino-
gen-treated group than the carcinogen-treated group alone.
In this count, early preneoplstic (glycogen stored) lesions
[15] were found to be more than the late preneoplastic
basophilic lesions (Fig. 5) [15] which were found to be
more in group II animals. Gross and microscopic examina-
tion of the liver revealed no histological changes in

experimental group IV and I. This suggests that c-raf.1 anti-
sense oligomers administration does not alter normal hepa-
tocellular architecture.

Changes in cytochrome P-450 content, enzyme expression 
patterns and altered lipid peroxidation

During chemical hepatocarcinogenesis in rats, cyt P-450
showed a reduction in its content, whereas the enzymes
such as GST and UDPGT showed an increased activity.
When the cyt P-450 content of antisense-treated group was
compared with carcinogen control group, it was observed
that group III animals had the higher values of cyt P-450
content (Table 2). Again the group IV animals and group I
had higher values of cyt P-450 content than that of the
group III animals.

Hepatic GST activity was increased signiWcantly
(P < 0.001) by 1.93-fold in carcinogen control animals. The
GST activity was found to be signiWcantly (P < 0.001)
lower in c-raf.1 antisense oligomer-treated carcinogen
administered group (group III) as compared with group II
animals.

UDP glucuronosyltransferase activity was markedly
increased in carcinogen control group (1.98 § 0.08 �mol/
mg protein) as compared with the normal control animals.
This was followed by group III (0.73 § 0.11 �mol/mg pro-
tein) animals. UDPGT activity was signiWcantly (P < 0.001)
reduced in group III animals upon c-raf.1 antisense oligo-
mer treatment. No predominant diVerence in activity of
UDPGT was observed between group I (0.56 § 0.014
�mol/mg protein) and group IV (0.42 § 0.031�mol/mg
protein) animals.

A signiWcant elevation (P < 0.001) in MDA concentra-
tion was observed in group II animals as compared with the
normal control animals. Lipid peroxidation increased by
1.74-fold following DENA/2-AAF treatment as compared
with normal control rats. However, there was about 30%
signiWcant (P < 0.001) reduction of lipid peroxidation upon
c-raf.1 antisense oligomer treatment (Table 2).

c-raf.1 expression and c-raf.1 expressed hepatic lesions 
assessed by in situ hybridization

The in situ hybridization study revealed that increased
c-raf.1 expressions occurred in neoplastic nodules as well
as in hepatocellular carcinoma since the gene was found to
express predominantly in the hepatocytes of carcinogen
control animals (Fig. 6). Group III animals, which were
treated with phosphorothioate c-raf.1 antisense oligos (5�-
UCCCGCCUGUGACAUCGAUU-3�) (Neuprocell, Kolk-
ata, India) showed signiWcantly (P < 0.01) less expression
in terms of c-raf.1 expressed lesion count as compared with
carcinogen control group (Table 1). There was no c-raf.1

Fig. 4 Counted radioactivity of both untreated and treated rat HCC
cells as measured in counts per minute. Treated cells denote cell treated
with c-raf.1 antisense oligomers (50 �g/ml for 16 h). Each value repre-
sents mean § SD (n = 4); *P < 0.001 as compared to the untreated
group
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gene overexpression in group I and group IV animals.
There was also no hybridization noticed in case of the tis-
sues exposed to sense oligos kept as control.

Discussion

In this study, various biochemical changes and antisense-
mediated inhibitory eVect exerted by c-raf.1 antisense oli-
gos during chemical hepatocarcinogenesis in rats have been
demonstrated. The treatment of cells with c-raf.1 antisense
oligo in culture media exhibited an inhibitory eVect on can-
cer cell proliferation. Labeled thymidine was incorporated
into dividing cells, i.e., during log phase or exponential

phase of cell growth and the level of this incorporation
which was measured using a liquid scintillation counter,
was proportional to the amount of cell proliferation.
The higher the proliferation rate, the more radioactivity is
incorporated into DNA [47, 48]. The Wndings from the
radioactive cell culture study suggest that the experimental
c-raf.1 antisense oligo has a potential inhibitory eVect on
cell proliferation.

Again in in vivo study, the numbers and sizes of hyper-
plastic nodules and preneoplastic lesions in antisense oligo-
treated carcinogen administered animals (group III) were
greatly decreased as compared to those in carcinogen con-
trol animals (group II). The lineage of glycogen-stored/
clear cell/acidophilic focal lesions to basophilic lesions
through the mixed cell focal lesions is believed to lead ulti-
mately into HCC [49]. In our study, group III animals had
more percentage of GSF and less percentage of BSF and
MCF as compared with group II animals. It was also
noticed that animals treated with carcinogen and c-raf.1
antisense oligo (group III) had improved physical condition
assessed in terms of body weight, food, and water intake
after they started receiving c-raf.1 antisense oligo suspen-
sion (data not shown).

MDA is one of the major end products of peroxidative
degradation of the polyunsaturated fatty acid constituents
of biological membranes and its mutagenic and carcino-
genic properties have been shown in in vitro systems and
in experimental animals [50, 51]. The present study
shows a decrease in lipid peroxidation in the antisense-
treated carcinogen administered animals (group III) as

Table 1 EVect of c-raf.1 antisense oligos on numbers and size distribution of hyperplastic nodules (HN) from experimental animals

Values represent mean § SD (n = 7)

HAF Hepatic altered foci/preneoplastic lesions, GSF glycogen storage foci, MCF mixed cell foci, BSF basophilic foci, REL c-raf.1 expressed le-
sions, Gr I Normal control group, Gr. II Carcinogen control group, Gr. III Carcinogen and antisense c-raf.1oligomer-treated group, Gr. IV c-raf.1
antisense oligomer-treated group

Group Number of nodule 
bearing rats/total 
no. of rats

Nodule 
incidence 
(%)

Number of 
nodules/cm2 
of hepatic tissue

Size distribution of nodules (% of total number) Number of 
HAF/cm2 
of hepatic tissue<1 mm >1 to <3 mm >3 mm

I 0/7 0 – – – –

II 7/7 100.00 16 19.57 § 0.85 38.15 § 0.87 42.28 § 0.84 HAF = 46.7 § 2.62

GSF = 11.7%

MCF = 35.3%

BSF = 53.0%

REL = 37.59 § 2.21

III 5/7 71 09 50.00 § 2.94 24.26 § 1.81 5.71 § 1.13 HAF = 32.9 § 1.31

GSF = 43.1%

MCF = 29.5%

BSF = 27.4%

REL = 10.58 § 1.72

IV 0/7 0 – – – – –

Fig. 5 A distinct hepatic basophilic lesion (shown by arrows) in
carcinogen control animals using toluidine blue £20
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compared to that in carcinogen control animals (group
II). This decrease in lipid peroxidation in antisense-
treated group III may be due to the antisense-mediated
inhibition of c-raf.1 gene expression, which is believed to
exert proliferative eVects on the tumor cells by several
biochemical modulations including lipid peroxidation
[52].

cyt P-450, a supergene family of heme-containing oxi-
dase enzymes is found in the smooth endoplasmic reticu-
lum of centrilobular hepatocytes [53, 54]. The decrease in
cyt P-450 content during hepatocarcinogenesis is reported
to alter the regulation of homeostasis, which aVects both
the expression of the monooxygenases and the growth-
controlling components of the preneoplastic cell popula-
tion [18]. In our study, antisense-treated group showed a
relatively lower level of cyt P-450 content as compared
with normal control and group IV animals. No predomi-
nant diVerences in P-450 content were found in normal
control and group IV animals. The fact that animals from
carcinogen control group demonstrated the lowest level of
cyt P-450 among these four groups indicates that the

expression of this detoxifying isoenzyme was suppressed
during hepatocarcinogenesis and the appropriate antisense
treatment signiWcantly improved the isoenzyme level in
group III animals.

UDP glucuronyltransferase and GST, the two impor-
tant phase II enzymes, play predominant role in carcinogen
metabolism and protect the liver against carcinogen-
induced hepatotoxicity [55, 56]. They have been found to
increase in preneoplastic and neoplastic lesions [57, 58].
In this study it has been shown that the hepatic UDPGT
activities toward p-nitro phenol decreased in group III
animals, whereas an elevated level of the enzyme was
observed in group II animals (carcinogen control). A sim-
ilar trend was noticed in case of GST activity. A reduction
in the levels of GST and UDPGT activities in antisense
c-raf.1 oligo-treated carcinogen administered animals
(group III) as compared to carcinogen control group
clearly indicates that the role of inhibitory eVect exerted
by the experimental phosphorothioate antisense oligos of
c-raf.1 in the development of hepatocellular carcinoma
may directly or indirectly be produced through modula-
tion of the enzymes.

Although the overexpression of c-raf.1 starts early in
preneoplastic lesions [59], it is predominantly expressed
in the basophilic tumors [60]. The c-raf.1 overexpression
was not observed in normal untreated control group. In
fact the diVerence between the basal levels of c-raf.1
expression in normal hepatocytes and in preneoplastic
lesions was reported to be minimal [61]. The administra-
tion of phosphorothioate antisense oligonucleotide tar-
geted against c-raf.1 markedly inhibited c-raf.1 expression as
evident by ISH study in group III animals. The expression
of c-raf.1 was signiWcantly higher in carcinogen control
than in antisense-treated carcinogen administered group
and this suggests that c-raf.1 phosphorothioate antisense
oligos exerted its inhibitory eVect on the expression of
the gene during the development of hepatocellular
carcinoma.

Table 2 Changes in cytochrome P-450 content, enzyme expressions and lipid peroxidation in diVerent experimental animals

Values represent mean § SD (n = 7)

Gr. I Normal control group, Gr. II carcinogen control group, Gr. III carcinogen and antisense c-raf.1 oligomer-treated group, Gr. IV c-raf.1 anti-
sense oligomer-treated group, a* <0.05, b** <0.001
a Statistical level of signiWcance (using Dunnett’s t test) when group II, III, and IV were compared with group I
b Statistical level of signiWcance (using Student’s t test) of the data obtained of group III against group II

Group cyt P-450 content 
(nmol/mg protein)

GST activity 
(�Mol CDNB/min/mg protein)

UDPGT activity 
(�Mol/mg protein)

MDA 
concentration (�M)

I 0.516 § 0.089 0.73 § 0.026 0.56 § 0.096 7.9432 § 1.13

II 0.161 § 0.096a* 1.41 § 0.52a* 1.22 § 0.19a* 14.628 § 3.42a*

III 0.291 § 0.090a*,b** 0.94 § 0.016a*,b** 0.32 § 0.11a*,b** 10.131 § 2.71a*,b**

IV 0.490 § 0.023a* 0.59 § 0.038a* 0.42 § 0.031a* 7.698 § 0.75a*

Fig. 6 c-raf.1 expressed scattered lesions in a carcinogen control liver
(£10), shown by white arrows
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