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Abstract
Background: Hepatocellular carcinoma (HCC) is a multistep complex process, caused by many of 
genetic alteration. Insulin‑like growth factors and their receptor have been widely implicated to HCC. 
Insulin‑like growth factor‑II (IGF‑II) is a mitogenic polypeptide, found in various fetal and neonatal 
tissues of humans and rats and expresses in HCC. Here we investigated anticancer potential of 
phosphorothioate antisense oligonucleotides (ASOs) against three coding exons (exon‑1/exon‑2/
exon‑3) of IGF‑II messenger ribonucleic acid in rat hepatocarcinogenesis model. Materials and 
Methods: During diethylnitrosamine and 2‑acetylaminofluorene induced hepatocarcinogenesis, rats 
were treated with ASOs. Various biochemical and histological studies were conducted. Results: About 
40% of carcinogen treated rats, which received two oligomers (against exon‑1 or‑3) did not show any 
hepatic lesion, hyperplastic nodule or tumor and remaining 60% of those rats showed lesion incidence 
and had about 59% and 55% reductions in the numbers of hepatic altered foci, respectively. Reductions 
in the total lesion‑area when compared with carcinogen control rats were 64% and 53%, respectively 
for the animals treated with carcinogen and received the ASOs against exon‑1/‑3. Fluorescein 
isothiocyanate‑labeled ASO reached in the hepatocytes in 2 h. No predominant IGF‑II overexpression 
was observed in case of rats treated with the two ASOs. Treatment of the antisense IGF‑II oligomers in 
carcinogen treated rats show better hepatocellular integrity along with several preneoplastic/neoplastic 
marker isoenzyme/enzyme modulations. Conclusions: Two of the three antisense oligomer‑types 
effectively controlled IGF‑II overexpression, causing the delay of the development and/or progress of 
hepatic cancer in rats.

Keywords: Antisense oligonucleotides, hepatic altered foci, hepatocellular carcinoma, hyperplastic nodules, 
insulin‑like growth factor

INTRODUCTION

Hepatocellular carcinoma (HCC) that arises from hepatocytes 
is a common fatal solid malignant tumors world‑wide.[1,2] 
HCC is characterized by multiple causes, multiple stages and 
multifocal process of tumorigenesis related intimately to the 
overexpression/suppression of many cellular factors.[3,4] In 
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general, chemical‑induced liver cancer (hepatocarcinogenesis) 
animal models have been widely used for investigating 
therapeutic and other combating strategies in vivo against 
HCC. Transformation of hepatocytes to HCC occurs through 
multiple genetic alterations and protein expressions. One of 
which is insulin‑like growth factor‑II (IGF‑II). IGF‑II is a 
mitogenic polypeptide structurally and functionally related to 
insulin.[5] IGF‑II, a ligand of the insulin‑like growth factor‑I 
receptor (IGF‑IR), is believed to exert its effect during cellular 
proliferation and widely distributed in various fetal and 
neonatal human and rat tissues, including liver and during 
HCC.[6] A relationship exists between the IGF/IGF‑IR systems 
in development of various types of cancer, including HCC.[7,8] 
Report suggests that IGF‑II promotes hepatocyte proliferation 
through a paracrine mechanism in the pre‑cancerous stage[9] 
and when hepatocytes are transformed into malignant cells, 
they secrete IGF‑II and promote malignant cell proliferation 
by an autocrine mechanism.[9]

Thus, an appropriate silencing of IGF‑II gene overexpression 
by synthetic antisense oligonucleotides/oligomers (ASOs) 
may be useful in the treatment of liver tumors in which 
IGF‑II has a predominant role, as ASOs are believed to 
possess great specificity to an intended molecular target.[10]

In the present study, we have investigated the effectiveness of 
phosphorothioate ASOs targeted against IGF‑II messenger 
ribonucleic acids (mRNAs) of three coding exons (exon‑1, 
exon‑2 and exon‑3) in controlling the progress of rat 
hepatocarcinogenesis.

MATERIALS AND METHODS

Oligonucleotides
T h e  3 0 ‑ b a s e  s e q u e n c e  5 ' ‑T C C AT G GT TAC C 
C C T A G G G T C A C C C C T T C A ‑ 3 '  t a r g e t e d 
against exon‑1 partially (ASO‑1), 24‑base sequence 
5'‑CGTCCGGAAGTTCGGCACGGTTGG‑3' targeted 
against exon‑2 partially (ASO‑2) and 32‑base sequence 
5 ' ‑T G C T G A A G G G GT C TAT G G G G C A C C C G 
TTCAAG‑3' targeted against exon‑3 partially (ASO‑3) 
synthesized on a 0.05 µmol scale, HPLC purification and 
phosphorothioate backbone modification (synthesized by 
Eurofins Genomics India Pvt. Ltd., Bangalore, India) were 
used in this study. A set of them also contained fluorescein 
isothiocyanate (FITC)‑labeled IGF‑II ASOs used for in vivo 
localization of IGF‑II ASOs.

Rat cancer model
Male Sprague‑Dawley rats (procured from the Indian Institute 
of Chemical Biology, Kolkata, India) with body weights 
approximately 130‑150 g were maintained in polypropylene 

cages and housed at a temperature (25°C ± 1°C) and a 
relative humidity 55% ±5% with a normal day and night 
photoperiod, in the university animal house. They have 
been acclimatized to the facility for 2 weeks. All the animal 
experiments were conducted upon receiving the approval 
of the Animal Ethics Committee, Jadavpur University. Rats 
were divided into eight groups [Figure 1] ‑ (Groups  A‑H). 
Group‑A (normal control rats) and Group‑B (carcinogen 
control rats), Group‑C (carcinogen treated rats received 
ASO‑1), Group‑D (carcinogen treated rats received 
ASO‑2), Group‑E (carcinogen treated rats received ASO‑3), 
Group‑F (normal rats received ASO‑1), Group‑G (normal rats 
received ASO‑2) and Group‑H (normal rats received ASO‑3). 
Each group contained 10 rats.

In Groups B‑E animals, carcinogenesis was initiated in liver 
by diethylnitrosamine (Sigma Aldrich, Bangalore, India) at 
a dose of 200 mg/kg body weight once intraperitoneally at 
the start of the experiment, i.e., day 0.[3] The animals were 
then treated with 0.5% w/w of 2‑acetylaminofluorene (Sigma 
Aldrich, Bangalore, India) in the diet to promote 
carcinogenesis.[3] 2‑Acetylaminofluorene was mixed with a 
small amount of food and given every morning.[11] After 6 h 
they were given the basal diet.[11] The rats had free access to 
water. Carcinogenesis was promoted from the beginning of 
3rd week to the end of 20th week, i.e., for a period of 18 weeks. 
Groups C‑E animals received i.v. injection of ASO‑1/ASO‑2/
ASO‑3 in normal saline (5 mg/kg body weight) thrice a 
week, respectively [Figure 1]. IGF‑II ASO treatment was 
started from 23rd week and continued up to 31st week in 
Groups C‑E rats. Groups F‑H received the treatment of 
ASO‑1/ASO‑2/ASO‑3, respectively. At the 36th week, the 
animals were sacrificed[12] and further experiments were 
conducted. All animals remained unfed for 12 h before being 
killed. The livers were removed, sliced (5‑10 mm thick) and 
were snap‑frozen in liquid nitrogen. The tissues were stored 
at −80°C in ultra‑low temperature freezer (So‑Low, USA) 
until further use.

Liver morphology study
Liver tissues were subjected to macroscopic examination 
on the surfaces for visible hyperplastic nodules (HNs). The 
nodules were identified and differentiated from the reddish 
brown non‑nodular surrounding liver by their grayish‑white 
and darkish red color with clear demarcation.[13]

Histopathological study
The liver tissue samples were undergone serial sections 
of hepatic tissues (6 µm thick), which were further 
processed histochemically by periodic acid‑Schiff reaction, 
toluidine blue and hematoxylin‑eosin for investigating 
tissue architecture and detecting different hepatic altered 
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foci (HAF).[13] Liver lesions were identified as HAF[3,14] and 
were classified as clear endoplasmic reticulum rich clear cell 
foci (ground glass appearance), mixed cell foci and ribosome 
rich basophilic foci.[13] Numbers and area of lesions were 
determined by Zeiss light microscope and Axio Vision 
software 4.7.1. (Jena, Germany).

Marker enzymes study
Microsomal  cy tochrome P‑450  (cy t .P‑450) , [15] 
glutathione S‑transferase (GST) activity[16] and uridine 
diphosphate  glucuronyl transferase (UDPGT) activity[17] 
were determined using the referred methods. Catalase activity 
using catalase activity assay kit (BioVision, Milpitas, USA), 
superoxide dismutase (SOD) activity using SOD activity 
assay kit (BioVision, Mountain View, USA) and protein 
using modified Lowry protein assay kit (Thermo Scientific, 
Rockford, USA) were determined.

Detection of IGF‑II mRNA by in situ hybridization
In situ hybridization using IGF‑II sense and antisense 
digoxigenin‑labeled mRNA obtained by in vitro transcription 
was conducted on 6 µm cryosections of the liver samples 
to localize IGF‑II gene expression in the cancerous and 
non‑cancerous rat hepatic tissues.[13]

Field emission scanning electron microscopy of liver 
tissue
Morphology of liver tissue from different experimental 
groups of rats was performed with the help of FESEM (JSM 
Electron microscope, JEOL, Tokyo, Japan). Processed 
tissue samples were placed on to a carbon tape over a stub. 

The platinum coating was applied on samples using an ion 
sputtering device, dried in a vacuum and examined using 
FESEM.

In vivo tissue localization of FITC‑labeled IGF‑II 
ASOs by confocal laser scanning microscope
Intravenous injection of FITC – labeled IGF‑II ASOs was 
given in normal rats. Rats were dissected at different time 
points (after injection) 2 h, 4 h, 8 h and 12 h. Liver samples 
were collected, washed and fixed with formalin solution 
and embedded in paraffin blocks by the conventional 
methods.[18] The unstained tissue sections were observed 
at x400 magnification under a confocal laser scanning 
microscope (LSM 510; Carl Zeiss, Jena, Germany) at an 
excitation wavelength of 494 nm and emission wavelength 
of 521 nm to observe the distribution of IGF‑II ASOs in 
liver tissue.

In vivo tissue uptake of FITC‑labeled IGF‑II ASOs by 
spectrofluorimeter
FITC‑labeled oligomers in liver were quantified using a 
spectrofluorimeter (Perkin‑Elmer LS 55, Walthan, USA) with 
excitation and emission wavelength at 494 nm and 521 nm 
respectively, for FITC activity.[19]

Statistical calculations
Statistical calculations were performed with GraphPad Instat 
version 3.0 (GraphPad Software, Inc., San Diego California). 
The data were analyzed either by one‑way analysis of 
variance or by Dunnett’s t‑test to determine statistical level 
of significance with a P < 0.05.

Figure 1: Experimental regimen. ASO: Antisense oligomer, 2AAF: 2-acetylaminfluorine, DENA: Diethylnitrosamine, ip: Intraperitoneal
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RESULTS

Cellular uptake of all the three ASOs (ASO‑1,‑2 and‑3) 
along with their sense controls were studied in vitro in 
rat hepatoma H4IIEC3 cells (B.D Biosciences, Mumbai, 
India). All the sense and antisense oligomers were found 
to be internalized by the cells as detected by using FITC 
labeled oligomers with the help of confocal microscopy and 
all the antisense oligomers (ASO‑1,‑2 and ‑3) were found 
to control cellular proliferation investigated by thymidine 
incorporated deoxyribonucleic acid (DNA) synthesis[12] in 
cells (data not shown), although ASO‑2 had about 30% less 
activity as compared to ASO‑1 and ‑3 in this regard. All the 
three sense oligomers had a similar level of DNA synthesis 
as detected for untreated rat hepatoma H4IIEC3 cells. Thus, 
the sense treatments remained ineffective with respect to 
cellular proliferations. Antisense oligomers therefore were 
administered in carcinogen treated rats and in normal rats 
to investigate their efficacy in vivo. Interestingly, in normal 
animals, antisense oligomers had no predominant effect. This 
may be due to the absence of IGF‑II expression in normal rats.

Carcinogen control rats (Group‑B) had maximum numbers 
and size of macroscopic hepatic HNs [Figure 2a] in liver. 
Appearance of HNs varied predominantly [Figure 2b] 
in carcinogen treated rats treated with or without IGF‑II 
ASOs. Group‑B rats had hepatic tumor [Figure 2c]. 
Carcinogen treated rats received ASO‑1 (Group‑C) had 
minimum number of HNs on the liver surfaces and the 
carcinogen treated rats received ASO‑2 (Group‑D) had the 
maximum number of HNs and tumor in liver, among the 
carcinogen with ASO treated rats. Tumor incidences were 
not seen in Group‑C and Group‑E rats. Hepatic HNs, 
preneoplastic and neoplastic lesions and tumors were not 
seen in case of normal control (Group‑A) rats and rats treated 
with ASO‑1/ASO‑2/ASO‑3 (Groups F‑H, respectively). 
Group‑B and Group‑D rats showed 100% incidence of liver 
lesions and hepatic tumors. However, 40% of carcinogen 
treated rats which received ASO‑1 or ASO‑3 did not show 
any hepatic lesions, HNs or tumors [Table 1].

In Group‑B and Groups C‑E rats, numbers of HAF were 
counted/unit area (/cm2) of hepatic tissue [Table 1]. Maximum 
count for HAF was observed in Group‑B rats, followed by 

Figure 2: Morphology, histology, insulin‑like growth factor‑II (IGF‑II) gene expression in experimental rats. (a and b) External 
morphology of liver showing multiple hyperplastic nodules (white arrow) on liver surface of Group‑B and Group‑C rats, respectively. 
(c) Section of hepatic tumor (shown by black arrow) in hepatocellular carcinoma (Group‑B); using periodic acid‑Schiff reaction ×100. 
(d) A prominent hepatic mixed cell lesion (shown by white arrow) in Group‑B rats, using toluidine blue ×100. (e) Highly differentiated 
HCC composed of a mixed population of clear (glycogenetic) cells, acidophilic cells (ground‑glass hepatocytes) and some glycogen‑
poor, basophilic cells with PAS in Group‑B rats ×100. (f) Section of experimental rat hepatic tissue showing spongiosis hepatis (white 
arrow) with nucleus (black arrow) with PAS in Group‑B rats ×400. (g and h) IGF‑II overexpressed lesions in rat liver shown by white 
arrow and yellow arrow of Group‑B and Group‑D rats respectively ×400. (i) Shows IGF‑II expression in scattered hepatocytes in 
Group‑C rats, shown by yellow arrow ×400
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Group‑D rats. The values were numerically close to each 
other. However, 60% of Group‑C and Group‑E rats showed 
lesion incidence and had about 59% and 55% reduction in the 
numbers of HAF, respectively. Reductions in the total lesion 
area compared to Group‑B rats were 64% and 53%, respectively 
for Group‑C and Group‑E rats. Group‑D rats had total lesion 
area even slightly more (statistically non‑significant) compared 
to Group‑B rats. Clear cell lesions (ground glass appearance),[13] 
basophilic lesions and mixed cell lesions [Figure 2d and e] were 
predominantly scattered in hepatic tissues. Those lesions 
were significantly (P < 0.05) less in numbers, size and area 
in Group‑C and Group‑E animals [Table 1]. Group‑B and 
Group‑D rats had some spongioblast cells [Figure 2f].

IGF‑II overexpression as focal lesions and in individual 
hepatocytes was observed in Group‑B and Group‑D 
rats [Figure 2g and h]. No predominant IGF‑II overexpression 
was observed in rats treated with ASO‑1/‑3 (for Group‑C/
Group‑E rats). However, scattered IGF‑II expression in few 
hepatocytes was seen in some of those rats [Figure 2i].

We further investigated whether the experimental IGF‑II 
ASOs (FITC‑labeled) reached liver after their intravenous 
administration. Livers were eventually rich in FITC fluorescence 
with the increasing period of time (until 12 h in this 
case) [Figure 3a]. This was also quantified spectrofluorometrically. 
FITC labeled IGF‑II ASO was about 0.25 nM/g of hepatic tissue 
after 12 h of administration. The value was about 13 times more 
than that at 2 h, with an increasing trend of values through 4‑8th h 
of assessment [Figure 3b].

Another interesting study with the experimental livers using a 
simple FESEM technique provides some significant findings 
related to the structure of the hepatocytes and the tissues. 
In many cases, adjacent cell walls were not connected in 
Group‑A [Figure 4a and b] and Groups F‑H rats (data not 
shown). The cellular structures appear well preserved with nuclei 
and on occasions, the spaces between hepatocytes were occupied 
by non‑cellular materials [Figure 4b]. Carcinogen control 
livers had cellular structures without much space between 
the hepatocytes compared with Group‑A and Groups F‑H rat 
livers. Nuclei were comparatively positioned centrally in the 
cells and more number of binucleated cells often existed in 
Group‑B rats [Figure 4c and d]. Less fine granular cytoplasm 
with less structural compactness was seen in Group‑B rats when 
compared to Group‑A  and Groups F‑H rats. Treatment of 
IGF‑II ASO in carcinogen treated rats (Group‑C) show better 
hepatocellular integrity [Figure 4e and f] compared with that of 
Group‑B rats. Group‑E rats had similar results (data not shown). 
Group‑D rats had hepatocellular architecture similar (data not 
shown) to that of Group‑B rats.

Variation in activities or levels of some important marker 
isoenzyme/enzymes known for their role in hepatocellular 
cancer development, were observed in the livers of the 
experimental rats.[3]

Table 1: Effect of antisense oligomers on number of 
HAF lesions and area of lesions
Groups Number 

lesions bearing 
rat/total 

number rat

Lesions 
incidence 

(%)

Number of 
HAF/cm2 of 

hepatic tissue

Area of lesion 
(% of total 

area)

A 0/10 0 ‑ ‑
B 10/10 100 62.79±8.69 30.27±1.56
C 6/10 60 25.91±3.09b* 11.03±0.63
D 10/10 100 61.77±5.06 33.52±1.21
E 6/10 60 28.52±1.55b* 14.21±1.72
F 0/10 0 ‑ ‑
G 0/10 0 ‑ ‑
H 0/10 0 ‑ ‑
Values represent mean±SD (n for Group‑B, C, D and E were 10, 6, 10 and 6, 
respectively). *P<0.05; bStatistical level of significance (using dunnett’s t‑test) when 
Group‑C; Group‑D; Group‑E were compared with Group‑B. HAF: Hepatic altered 
foci; SD: Standard deviation

Figure 3: Hepatic localization of fluorescein isothiocyanate-labeled insulin-like growth factor-II (IGF-II) antisense oligomers and 
quantification of FITC-labeled oligomers in experimental rats. (a) Confocal microscopic image of liver section of rats treated with 
FITC‑labeled IGF‑II antisense oligomer ×400. a: Tissue alone, b: FITC‑oligomer alone, c: FITC‑oligomer in liver tissue. (b) Tissue 
content of FITC‑labeled oligomer in liver tissue of experimental animals

ba



6 Journal of Carcinogenesis  
 A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention

Journal of Carcinogenesis 2014,13:2  http://www.carcinogenesis.com/content/13/1/2

In Group‑B rats, the content of cyt.P‑450 was reduced 
compared to normal control animals (Group‑A) [Figure 5a]. 
Upon comparison of cyt.P‑450 content of Group‑B animals 
with those values of Groups C‑E rats, cyt.P‑450 contents 
were found to increase significantly (P < 0.05) in Group‑C 
and Group‑E rats, whereas in Group‑D rats the isoenzyme 
content was almost similar to that of Group‑B rats. 
Groups F‑H and Group‑A rats had significantly (P < 0.05) 
higher values of cyt.P‑450 content than that of Group‑B rats. 
Cyt.P‑450 content was about double (P < 0.05) in Group‑F 
rats when compared to Group‑A rats.

In Group‑B animals ,  the act ivi t ies  of  phase‑II 
biotransforming enzymes such as GST and UDPGT were 
significantly (P < 0.05) higher [Figure 5b and c] compared 
to Group‑A rats. When compared to Group‑B rats, Group‑C 
and Group‑E rats had significantly decreased (P < 0.05) GST 

and UDPGT activities. In Group‑D animals, GST activity was 
similar to that found in Ground‑B rats. When Groups F‑H 
rats were compared with Group‑A rats, there was no 
significant change of GST activity in Group‑F and Group‑G 
rats. However administration of ASOs in Group‑H animals 
enhanced GST activity twice more than that value in Group‑A 
rats. UDPGT activity was decreased to near normal values in 
Groups C‑E rats when compared to Group‑B rats which had 
about 2 times higher UDPGT activity than that in Group‑A 
rats. Injection of ASOs in Group‑F and‑H rats caused 
enhancement of UDPGT activity compared with Group‑A 
rats, although the data were not statistically significant. Hepatic 
SOD markedly decreased (about 2.5 times) in Group‑B rats 
compared to Group‑A animals [Figure 5d]. SOD activity 
was significantly (P < 0.05) higher in Groups C‑E rats when 
compared to Group‑B rats, upon ASOs treatment. However, 
except for Group‑D animals, the values were less than those 

Figure 4: Field emission scanning electron microscopic images of experimental hepatic tissues. (a and b) Normal control rat liver tissues 
(Group‑A). (c and d) Carcinogen control rat liver tissue (Group‑B). (e and f) Carcinogen treated rats received antisense oligomer‑1 
(Group‑C) rat liver tissue. White arrows indicate space between the hepatocytes and black arrows indicate nucleus of the cell

dc

b

f

a

e



Journal of Carcinogenesis  7 
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention

Journal of Carcinogenesis 2014,13:2  http://www.carcinogenesis.com/content/13/1/2

in Group‑A rats. Rats belonged to Groups F‑H did not 
alter SOD activities significantly as compared to Group‑A 
rats. Similar trend was found in case of catalase activity in 
carcinogen treated rats which received ASOs [Figure 5e], 
except in Group‑D rats. Catalase activity was found to 
decrease significantly (P < 0.05) in Group‑B rats compared 
to Group‑A rats. Upon ASOs administration (except ASO‑2 
which had even less activity of catalase than the carcinogen 
control animals) in Groups‑C and‑E rats, the activity was 
found to enhance toward the normal value. No predominant 
statistically significant difference in the activity of catalase 
was observed in Groups F‑H rats compared to Group‑A rats.

DISCUSSION

All the carcinogen control animals showed 100% incidences 
of HAF and tumors along with HNs scattered predominantly 
on liver surface. ASO‑1/ASO‑3 treatment in carcinogen 
treated rats showed no HAF and tumor in 40% of the rats 
and remaining 60% of the rats of those groups showed HAF 
without any tumor incidence and reddish HNs much smaller 
in size and less in number compared to grey‑white, larger HNs 
of Group‑B rats. ASO‑1/ASO‑3 thus successfully either ceased 
or reduced the liver cancer incidence in rats. This might be by 
modulating some genetic pathways in which IGF‑II gene has 

Figure 5: Various enzyme activities, iso‑enzyme level in hepatic tissues of the experimental rats, (a) cytochrome P‑450 content, (b) 
glutathione S‑transferase activity, (c) uridine diphosphate glucuronyl transferase activity, (d) superoxide dismutase activity, (e) catalase 
activity. Values represent mean ± standard deviation (n = 10), * P < 0.05, a statistical level of significance (using Dunnett’s t-test) 
when all groups were compared with Group-A, b statistical level of significance (using Dunnett’s t-test) when Group-C, Group-D, 
and Group‑E were compared with Group‑B
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a predominant role in cell signaling for HCC development.[20] 
Application of ASO‑2 in carcinogen‑treated rats was found to 
be ineffective to control HCC development as the group of 
rats had 100% incidence of HAF and tumors in liver.

Overexpression of IGF‑II has been found in HCC and 
in hepatic lesions.[13,21] In Group‑B and Group‑D rats, 
overexpression of IGF‑II gene was observed in focal lesions 
and in some scattered hepatocytes. Hence ASO‑2 did not 
successfully control IGF‑II gene overexpression. Rats 
of Group‑C and Group‑E (the rats of those two groups 
in which HAF were seen) had very few scattered IGF‑II 
gene‑expressed hepatocytes, suggesting silencing of IGF‑II 
gene by ASO‑1/ASO‑3 in those rats to a great extent.

Further confocal microscopic images of the liver sections 
showed that ASOs reached the hepatocytes within 2 h and the 
quantity of oligomers increased with time (at least up to 12 h).

FESEM data depict that there was a loss of structural integrity 
in the livers of carcinogen control rats. More dividing cells 
were observed. Unlike normal control rat livers, cytoplasm 
had more space with less finely granular appearance. ASO‑1/
ASO‑3 treatment in carcinogen treated rats show hepatocytes 
with more compact cytoplasm with finer granular structure. 
Nuclei were positioned more centrally in the hepatocytes 
as in carcinogen control animals, but space between the 
hepatocytes was more similar to those in normal control 
rats. Thus, ASO‑1/‑3 treatment might partially control the 
structural changes of hepatocytes during the transformation 
of normal cells to neoplastic cells.[12,22]

Various enzyme activities and isoenzyme level have long been 
considered as the hepatic preneoplastic and/or neoplastic 
markers and many studies have attested to this claim by the 
findings.[3,12] Cyt.P‑450 is an isoenzyme of a collection of 
cyt.P‑450 monooxygenases, which catalyze different types 
of the oxidation reaction.[23] This enzyme family plays an 
important role in phase‑I metabolism of many drugs. The 
enzymes are present in many tissues but the highest levels are 
found in liver.[24] Many earlier findings also showed decreased 
cyt.P‑450 content in rat liver carcinogenesis.[25] Our data suggest 
that oxidizing activities through cyt.P‑450 enzymes might 
be suppressed due to the presence of carcinogen and unlike 
ASO‑1/‑3 treatment, ASO‑2 administration had no marked 
effect to improve cyt.P‑450 enzyme activity in carcinogen 
treated rats. A significant 100% enhancement of cyt.P‑450 
content in Group‑F animals (i.e., ASO‑1 control rats) might 
be due to the use of cyt.P‑450 enzymes much more in livers 
of those rats during the degradation of the phosphorothioate 
oligomer or its products compared with the rats of Groups G 
and H which showed no predominant change in cyt.P‑450 

contents. GST and UDPGT (two important phase II enzymes) 
are known to play a key role in detoxification of both xenobiotics 
and endogenous compounds and in reduction of reactive 
oxygen species (ROS) and DNA adduct formation.[26] GST 
and UDPGT are known to be important preneoplastic and 
neoplastic determinants both in the susceptibility to mutagenic 
effects of chemical carcinogenesis and in the response of liver 
tumors to chemotherapy.[27,28] An increase in GST activity is 
therefore an elevation in the mechanism that protects against 
the noxious effects of xenobiotics, including carcinogens.[29] 
Unlike carcinogen control rats, the rats treated with ASO‑1/
ASO‑3 decreased GST activity significantly toward the 
normal value. However, carcinogen treated animals received 
ASO‑2 (Group‑D) had GST activity similar to that of 
carcinogen control animals, indicating GST activity was not 
altered by the administration of ASO‑2. ASO‑1/‑2 treatment in 
normal rats had no predominant effect on GST activity.  ASO‑3 
treatment in normal rats enhanced GST activity by almost 
2.5 times of that of normal control rats. GST might have a direct 
role to degrade ASO‑3 or its products by transferase activity or 
ASO‑3 has a direct role to induce GST activity. The synthesis of 
glucuronides by liver microsomal UDPGT is a major pathway 
by which the body inactivates both endogenous and foreign 
compounds.[30] A significantly (P < 0.05) higher UDPGT 
activity in carcinogen control rats than normal control rats was 
reduced to near normal value upon application of ASO‑1/‑3, 
suggesting that ASO‑1/‑3 influence the enzyme to inactivate 
xenobiotics in carcinogen treated rats. ASO‑1/ASO‑3 (although 
statistically non‑significant) enhanced UDPGT activity in 
normal rats. However, ASO‑2 did not alter UDPGT activity in 
ASO‑2 control rats. Carcinogen administration produces ROS, 
which can induce several kinds of DNA damage, activation of 
transcription factors and proto‑oncogenes, genomic instability, 
invasion or metastasis etc.[31] Many antioxidant enzymes such 
as SOD, catalase, glutathione peroxidase and reductase etc., 
prevent or repair the damage caused by ROS. SOD and catalase 
thus protect liver against carcinogen induce hepatotoxicity. It 
is reported that during hepatocarcinogenesis both SOD and 
catalase levels decrease, except some cancer cells which process 
high level of SOD expression and activity.[32] Catalase activity 
was not significantly different between normal control rats and 
IGF‑II ASO control rats. In carcinogen control animals, the 
value was reduced significantly compared with normal animals. 
Carcinogen treated animals received ASO‑1/ASO‑3 enhanced 
catalase activities toward the normal control value compared to 
carcinogen control animals. However, the application of ASO‑2 
in carcinogen treated animals did not show any enhancement, 
rather reduced the catalase activity in carcinogen treated rats. 
Results indicate that treatment of ASO‑1/ASO‑3 significantly 
improved the antioxidant defense enzyme system, in particular 
catalase activity. The differential toxicity due to ROS generated 
by carcinogen in hepatocytes as compared to normal animals 
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may be brought about by the lack of SOD in preneoplastic and 
neoplastic cells, as loss of SOD (or increased ROS) occurs in 
all cancerous cells.[33] Thus loss of SOD from the normal cells 
causes the cells to appear transformed in some ways or makes 
the cells more susceptible to transformation. This explains 
the lower SOD level in the carcinogen control animals. SOD 
activity did not vary significantly in ASO treated rats (ASO 
control) compared to normal animals, indicating that in 
normal rats ASO‑1/‑2/‑3 had no effect on SOD. The activity 
was reduced to 2.5 times in carcinogen control animals. In 
Groups C‑E, the activities were enhanced to near normal value. 
The findings suggest that administration of ASO‑1/‑2/‑3 had 
induced SOD activity directly or indirectly by triggering some 
other enzyme systems in carcinogen treated rats.

CONCLUSIONS

Out of the three ASOs used here to block IGF‑II gene 
overexpression, ASO‑1 was found to control most significantly 
the development and/or progress of hepatic cancer. ASO‑3 
was found to be almost equipotent. However, ASO‑2 was 
found to be ineffective. Function of antisense oligomers in vivo 
depends on many facts such as mRNA‑antisense oligomer 
duplex formation, rate of binding of oligomers with mRNA, 
stability of the formed duplex in vivo etc.[34,35] In the present 
study, production of mRNA in vivo might be much faster 
and distinctly more in an amount than the mRNA‑ASO‑2 
duplex formation. This has been supported by the findings of 
overexpression of IGF II in ASO‑2 administered carcinogen 
treated rat livers. Occurrence of quicker degradation and/or 
elimination of mRNA‑ASO‑2 duplex in vivo should not be 
ignored, too. ASO‑2 could show non‑antisense effects as a 
report suggests that the presence of certain oligonucleotide 
sequences, such as CG (which were maximum in numbers 
in ASO‑2), have sequence‑dependent, non‑antisense effects.
[36] Besides, ASO‑2 might have some non‑specific binding 
with some other macromolecules. Thus, ASO‑2 found to be 
ineffective in vivo may be because of any one of the mentioned 
reasons or a combine effect of some of the mentioned reasons 
or due to a cumulative effect of them. However, further studies 
are warranted in the area.
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