
Abstract. Vitamin C (L-ascorbic acid) is well known as a
free radical scavenger that protects cells against damage
from oxidative stress. Herein, we investigated the effects of
vitamin C against diethylnitrosamine (DEN)-induced
hepatotoxicity. Male wild-type (C57BL/6) and senescence
marker protein-30 (Smp30) knockout (KO) mice were used
and divided in the following four groups: WT group (n=15):
Wild-type (WT) mice fed vitamin C-free diet with tap water;
WV group (n=14): WT mice fed vitamin C-free diet with
water supplemented with 1.5 g/kg vitamin C; KT group
(n=12): Smp30 KO mice fed vitamin C-free diet with tap
water; and KV group (n=13): Smp30 KO mice fed vitamin
C-free diet with water supplemented with 1.5 g/kg vitamin C.
A single intraperitoneal injection of DEN (5 mg/kg body
weight) was injected in the second week during the
experimental period. Mice were sacrificed after 17 weeks of
treatment to investigate the effect of dietary vitamin C on
DEN-induced hepatotoxicity. The results showed that vitamin
C significantly increased the mean lifespan (p<0.05) in the
WT, WV and KV groups compared with the KT group. The
serum concentrations of γ-glutamyl transpeptidase, alanine
aminotransferase, and aspartate aminotransferase did not
significantly differ among groups. The WT group exhibited
significantly more acute cellular swelling accompanied by
centrilobular necrosis, focal lymphocyte infiltration, and
eosinophilic intracytoplasmic inclusion bodies as compared
with the WV and KV groups, suggesting that vitamin C had

a hepatoprotective effect. Dysplastic, large, and binucleated
hepatocytes were also observed in the WT group, but these
pathological signs were absent from the WV and KV groups.
Our experimental evidence suggests that vitamin C
supplementation in Smp30 KO mice was effective for the
treatment of DEN-induced hepatotoxicity.

Hepatocellular carcinoma (HCC) is the third leading cause
of cancer-related death, resulting in approximately 0.7
million deaths each year, and the sixth most common
malignancy worldwide (1-3). The recognized risk factors for
HCC are hepatic disorder associated with steatosis, cirrhosis,
viral hepatitis, alcohol, chemical agents, obesity, metabolic
syndrome, and so forth (4). Despite recent advances in
diagnosis and treatment, the effectiveness of therapy for
HCC remains unsatisfactory, and HCC has a hidden
development and a poor prognosis (5, 6). Therefore, there is
an urgent requirement for novel therapeutic compounds for
the treatment of patients with HCC. Many animal models of
hepatocarcinogenesis have been established to examine the
effects of therapeutic agents. Diethylnitrosamine (DEN) is
frequently used as a hepatocarcinogenic agent in rodents (1).
In our experimental model, externally visible foci were
observed and measured by stereomicroscopy. It has been
established that DEN induces HCC in animals with a
developmental course similar to that of human HCC (7).
Furthermore, DEN is an indirect alkylating agent that
induces the generation of reactive oxygen species (ROS),
which damage DNA through oxidation (8).

Senescence marker protein-30 (SMP30) is a calcium-
binding protein, and its levels in the liver, kidney, and lung
become significantly down-regulated with aging in an
androgen-independent manner (9, 10). SMP30 plays an
important role in calcium (Ca2+) homeostasis (11). Ca2+ is
one of the most universal and physiologically significant
signaling molecules that especially affects cell apoptosis and
cell necrosis (12). Other reports have indicated that SMP30
participates in controlling the activity of antioxidant enzymes

93

This article is freely accessible online.

Correspondence to: Professor, Kyu-Shik Jeong, DVM, Ph.D.,
College of Veterinary Medicine, Kyungpook National University,
Daegu City 41566, Republic of Korea. Tel: +82 539505975, Fax:
+82 539505955, e-mail: jeongks@knu.ac.kr

Key Words: Vitamin C, diethylnitrosamine, hepatocellular
carcinoma, Smp30 KO mice.

in vivo 32: 93-99 (2018)
doi:10.21873/invivo.11209

Preventive Effects of Vitamin C on Diethylnitrosamine-induced
Hepatotoxicity in Smp30 Knockout Mice

YOUNG-SOOK SON, H.M. ARIF ULLAH, AHMED K. ELFADL, MYUNG-JIN CHUNG, SOONG-GU GHIM, 
YONG DEUK KIM, EUN-JOO LEE, KYUNG-KU KANG and KYU-SHIK JEONG

College of Veterinary Medicine and Stem Cell Therapeutic Research Institute, 
Kyungpook National University, Daegu, Republic of Korea



(13). SMP30 protein has an activating effect on cytoplasmic
superoxide dismutase in liver and heart cells (14, 15).
SMP30 also functions as an antioxidant protein that has a
protective action against oxidative stress without influencing
antioxidant enzyme expression (13). SMP30 suppresses the
generation of ROS in hepatocytes (16), and decreased levels
of SMP30 during aging were correlated with increased ROS
generation in rat liver and kidney (17). 

SMP30 is also involved in vitamin C (L-ascorbic acid)
biosynthesis and catalyzes the lactonization of L-gulonic
acid (9). Vitamin C is well known as a free radical
scavenger that protects cells against damage caused by
oxidative stress (18). Oxidative stress induces a cellular
redox imbalance that is present in various cancer cells but
not in normal cells; the redox imbalance thus may be related
to oncogenic processes (19). 

To our knowledge, no studies related to HCC have been
conducted using Smp30 knockout (KO) mice, that cannot
synthesize vitamin C in vivo (20). Therefore, we designed
our experiment to elucidate the physiological effect of
vitamin C on DEN-induced hepatocarcinogenesis in Smp30
KO mice.

Materials and Methods
Animals and chemicals. Eight- to nine-week-old male wild-type
(C57BL/6) and Smp30 KO mice weighing 24-29 g were obtained
from the Pathology Laboratory, College of Veterinary Medicine,
Kyungpook National University, South Korea. All the experiments
were carried out based on the National Institute of Health
guidelines. Mice were housed in an automatically controlled
environment at 22±1˚C with 55±5% relative humidity under a 12 h
light/dark cycle. Vitamin C (≥98% purity) and DEN were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All other
chemicals were purchased from commercial suppliers and were of
the highest grade.

Experimental procedure. Wild-type (WT) and Smp30 KO mice were
divided into four different experimental groups. All the mice were
intraperitoneally injected with a single dose of DEN (5 mg/kg body
weight) in the second week of the 17-week experimental period. To
elucidate the effect of vitamin C on the liver, the four groups were
maintained for 17 weeks as follows: WT group (n=15): WT mice
fed vitamin C-free diet with tap water; WV group (n=14): WT mice
fed vitamin C-free diet with water supplemented with 1.5 g/kg

vitamin C; KT group (n=12): Smp30 KO mice fed vitamin C-free
diet with tap water; and KV group (n=13): Smp30 KO mice fed
vitamin C-free diet with water supplemented with 1.5 g/kg vitamin
C (Table I). All mice were sacrificed under anesthesia using ethyl
ether at 17 weeks. Blood samples were collected and liver tissues
were fixed in 10% neutral buffered formalin and then stored at
−80˚C until analysis.

Lifespan observation among experimental model organisms. The
experimental mice were maintained for 17 weeks until sacrifice. The
numbers of living mice in experimental groups were as follows:
WT: n=15/15; WV: n=14/14; KT: n=1/12; and KV: n=13/13. 

Biochemical analysis for the assessment of liver function. Blood
samples were collected from the mice and centrifuged at 1200 × g
for 20 min at 4˚C to separate the serum. The serum levels of γ-
glutamyl transpeptidase (GGT), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) were measured using an
automated blood chemistry analyzer (7600, Hitachi, Tokyo, Japan). 

Histopathological analysis. For histopathological evaluation, the
liver tissues were rapidly removed, washed with cold normal
saline, fixed in 10% neutral buffered formalin solution, processed
routinely, dehydrated, and embedded in paraffin wax. Tissue was
cut into sections of 6- to 8-μm thickness, deparaffinized, and
hydrated. The liver sections were then stained with hematoxylin
and eosin. Finally, hepatic pathological changes were observed and
diagnosed under a microscope. 

Statistical analysis. The results are presented as means±standard
deviation. The data were analyzed by one-way analysis of variance
followed by Dunnett’s t-test for multiple comparisons using SPSS
version 12.0 (SPSS Inc., Chicago, IL, USA). The differences were
considered significant at p-values of less than 0.05.

Results
Effect of vitamin C on lifespan in DEN-treated mice. In the
KT group (vitamin C-deficient), only one mouse remained
alive throughout the experimental period. In contrast, all
mice in the WT, WV, and KV groups lived until sacrifice at
the end of the experimental period (Table II). The mortality
of the KT group was 91.7% (11/12), which is significantly
(p<0.05) higher than that of the WT, WV, and KV groups,
suggesting that vitamin C has a pivotal role in the aging
process. This result indicates that vitamin C supplementation
may prolong lifespan (21).
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Table I. Experimental schedules. All mice were intraperitoneally injected with diethylnitrosamine (5 mg/kg) at 2 weeks.

Group                                                  Animal type and diet

WT                                                      Wild-type mice, vitamin C-free diet
WV                                                     Wild-type mice, vitamin C-free diet + water supplemented with 1.5 g/kg vitamin C
KT                                                       Smp30 KO mice, vitamin C-free diet
KV                                                      Smp30 KO mice, vitamin C-free diet + water supplemented with 1.5 g/kg vitamin C



Numbers of foci of eosinophil-related necrosis in the liver
periphery. In the WT and Smp30 KO mice, we observed foci
(≥0.5 mm) in the liver periphery. Therefore, microscopic foci
were dissected from 6-to 8-μm-thick paraffin sections under
microscopic observation. In the WT group, we observed a
large number of foci in comparison to the vitamin C-
supplemented WV and KV groups (data not shown). These
data suggest that vitamin C protects liver cells from
transformation into harmful lesions. 

Effects of vitamin C on the serum concentrations of GGT,
ALT, and AST in DEN-induced mice. The serum
concentrations of GGT, ALT, and AST were analyzed to
examine hepatic function. The results showed that the serum
concentrations of GGT, ALT, and AST were similar in the
KV (vitamin C-supplemented) group compared to the WT
and WV (wild-type) groups. We found no significant
differences in the serum concentrations of GGT, ALT, and
AST among the groups (Figure 1). 

Effect of vitamin C on histopathological characteristics in DEN-
treated mice. In the WT group, histopathological analysis of
liver tissue sections revealed severe acute cellular swelling,
severe centrilobular necrosis, and some focal lymphocyte
infiltrations. The WT group also showed considerable random
hepatocellular degeneration as identified by cellular swelling,
eosinophilic cytoplasm, and pleomorphic nuclei. In one liver
section, eosinophilic intracytoplasmic inclusion bodies were
observed, indicating mitochondrial damage. Contrastingly, in
the KV and WV (vitamin C-supplemented) groups, such hepatic
lesions were not observed. However, the WT group showed
more focal lesions containing eosinophilic intracytoplasmic
inclusion bodies than did the WV and KV groups. An analysis
of the data suggested that vitamin C inhibited the induction of
HCC by DEN in the KV and WV groups compared with the
WT group (Figure 2). Dysplastic hepatocytes were identified as
irregular and large hepatocytes with a large nucleus. The total
number of binucleated hepatocytes was counted in each section.
The number of binucleated hepatocytes was significantly higher
in the WT group compared with that in the KV and WV groups
(Figure 3). These data indicate that vitamin C may prevent the
development of binucleated hepatocytes (22).

Discussion

HCC is one of the most frequently occurring malignancies
worldwide and most HCC is complicated due to it occurring
typically in patients with advanced hepatic disease (5, 6, 23).
HCC is related to various pathogenic factors such as
infection with hepatitis B virus or hepatitis C virus, chronic
hepatitis, steatosis (fatty liver), liver cirrhosis and heavy
alcohol consumption (4, 24-26). DEN is a powerful
carcinogenic agent in rodents that possibly causes its adverse
effects by altering DNA structure and forming DNA adducts
in the liver (8, 27). The DEN-induced HCC experimental
model is one of the most widely used models for screening
anti-hepatocarcinogenic agents due to its similarity to human
HCC (7, 28). This animal model takes at least 8 months to
develop typical HCC (1, 29). In this study, the final stage of
HCC was not detected because the experimental period was
limited to 17 weeks in consideration of the short lifespan of
Smp30 KO mice (30). 

The SMP30 protein is responsible for the synthesis of L-
gulonic acid to L-gulono-γ-lactone, the enzyme of the last step
of the vitamin C conversion pathway (31-33). Therefore,
Smp30 KO mice, which are unable to synthesize vitamin C, are
used as a unique model to investigate the physiological
functions of vitamin C in vivo (9). Vitamin C has various
metabolic activities such as an antioxidant capacity that can
protect cells from oxidative stress (20, 34). An antioxidative
property may be defined as a capacity for the scavenging of
free radicals including ROS and reactive nitrogen species by
donating a hydrogen or an electron (35). There have been many
reports of the therapeutic or preventive efficacy of vitamin C
as an anticancer agent (36, 37), but no study of the DEN-
induced HCC model has been conducted using congenital
vitamin C-deficient Smp30 KO mice. In the present study, we
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Figure 1. Biochemical analysis for liver function tests. All values are
shown as mean±standard deviation. The serum concentrations of γ-
glutamyl transpeptidase (GGT), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) did not significantly differ among the
experimental groups. 

Table II. Effect of vitamin C on mortality of diethylnitrosamine-treated
mice.

Group     Number of mice (n)     Number of deaths (n)     Mortality (%)

WT                        15                                    0                                 0
WV                       14                                    0                                 0
KT                         12                                   11                             91.7
KV                        13                                    0                                 0



investigated the impact of vitamin C supplementation on WT
and Smp30 KO mice with DEN-induced HCC.

Recently, it was shown that a hepatocyte-specific deletion
of either JUN gene (c-Jun) or forkhead box protein M1
(Foxm1b) in mice, which both encode transcription factors

needed for hepatocyte proliferation, inhibited DEN-induced
hepatocarcinogenesis (38). Thus, hepatocyte proliferation is
required for DEN-induced carcinogenesis. The death of
DEN-exposed hepatocytes was found to activate adjacent
myeloid cells (Kupffer cells) to produce hepatomitogens that
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Figure 2. Microscopic and histological examination of liver tissue. The liver sections of each group were stained with hematoxylin and eosin and
examined at 200× magnification. Wild-type (WT) mice fed vitamin C-free diet with tap water (WT group) showed cellular swelling, centrilobular
necrosis, focal lymphocyte infiltrations, random hepatocellular degeneration, and eosinophilic intracytoplasmic inclusion bodies. In the WV group
(WT mice fed vitamin C-free diet with water supplemented with 1.5 g/kg vitamin C) and KV group (Smp30 KO mice fed vitamin C-free diet with
water supplemented of 1.5 g/kg vitamin C) such hepatic lesions were not observed. 

Figure 3. The numbers of binucleated hepatocytes in all groups. Liver sections were stained with hematoxylin and eosin at 400× magnification for
histopathological analysis. Mice in the WT group (wild-type mice fed vitamin C-free diet with tap water) showed a significantly (**p<0.05) increased
number of binuclear hepatocytes compared to the WV group (WT mice fed vitamin C-free diet with water supplemented of 1.5 g/kg vitamin C) and
KV group (Smp30 KO mice fed vitamin C-free diet with water supplemented of 1.5 g/kg vitamin C).



promote the proliferation of surviving hepatocytes as a
compensatory effect (39).

A novel finding of this experiment is that Smp30 KO mice
in the KT group (vitamin C-deficient) exhibited a
significantly reduced lifespan compared with the KV, WT,
and WV groups (Table II). These experimental data suggest
that vitamin C is an essential compound for protection
against abnormal aging (21, 40-42). 

We assessed the serum concentrations of GGT, ALT, and
AST to investigate liver function. Our data showed that there
were no significant differences among the WT, WV, and KV
groups. It is unclear why the serum concentrations of GGT,
ALT, and AST were similar among these groups in the
present study (Figure 1). 

Our histopathological analyses revealed that the WT group
showed increased oxidative stress induced by DEN, that
caused severe acute cellular swelling (43). We also observed
necrotic hepatocytes in the WT group, which were located
around the central vein and had no nuclei or faint nuclei.
Most lesions except centrilobular necrosis exhibited acute
cellular swelling (44). The hepatocellular degeneration was
more severe in the WT group than in the KV and WV
(vitamin C-supplemented) groups (Figure 2). We noticed a
large number of focal lesions that were round and contained
eosinophilic inclusion bodies, indicating mitochondrial
damage (45). Such focal lesions are composed of
pleomorphic dysplastic hepatocytes and represent an early
pre-neoplastic stage (46, 47). 

In our study, significantly (p<0.05) fewer binucleated
hepatocytes were observed in the WV (vitamin C-
supplemented wild-type) group and the KV (vitamin C-
supplemented Smp30 KO) group compared with the WT
group (Figure 3). It was reported that binucleated neuronal
cells in the cortical region of the human brain in
Alzheimer’s disease showed severe oxidative stress (22,
48). It was demonstrated that hepatocyte binucleation is
induced by an increased production of ROS, reactive
nitrogen species, and other free radicals, which cause
significant oxidative DNA damage in hepatic cells (8, 49,
50). These results show that vitamin C might attenuate
DEN-induced liver toxicity (Figure 4). All these data
indicate that vitamin C is a promising candidate for
protecting liver cells from HCC.

In conclusion, our experimental evidence suggests that
vitamin C supplementation in Smp30 KO mice was effective
for the treatment of DEN-induced hepatotoxicity. More
detailed studies are needed to investigate the mechanisms of
action of vitamin C in reducing DEN-induced HCC.
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