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Abstract: Diabetes associated metabolic syndrome has been shown to be an independent risk factor for the devel-
opment of hepatocellular carcinoma (HCC). Cirrhosis, in fact, was not always a prerequisite of HCC development and
this might particularly apply to the metabolic abnormality associated HCC. This study was to investigate diabetes
associated HCC and the potential role of FGF21 during carcinogenetic transformation of HCC. Dimethylnitrosamine
(DEN) was used to induce HCC in the diabetic OVE26 mice. Pronounced damage characterized by steatohepatitis
was found in the liver of diabetic mice. Steatohepatitis accompanied by constant cell proliferation and tumor cell
growth were also found in the hepatic tissues of diabetic OVE26 mice when DEN being administrated. FGF21 protein
level increased in liver tissues at an early stage along with steatohepatitis in diabetic OVE26 mice, but decreased in
liver tissues later when HCC was developed. In addition, decreased FGF21 protein level was associated with cancer-
ous hyper-proliferation and aberrant p53 and TGF-B/Smad signaling during HCC development. Loss of FGF21 may
play an important role in HCC carcinogenetic transformation during metabolic liver injury in diabetic animals. The
present finding calls attention to the need to control metabolic disorders associated with diabetes and may further
develop a protective strategy against HCC.
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Introduction lence of the hepatitis C virus (HCV) [5, 6]. Among

patients with NAFLD followed for a mean of 8

Metabolic disorders have been recognized as
major risk factors for the development of cer-
tain types of human malignancies including
hepatocellular carcinoma (HCC) [1]. Diabetes
associated metabolic syndrome has been
shown to be an independent risk factor for the
development of HCC. This has been substanti-
ated in large population-based cohort studies
in which 4.5 and 1.86 fold increased risks of
HCC were shown in male and female diabetic
patients, respectively [2, 3]. More than 70% of
diabetic individuals suffer from a form of non-
alcoholic fatty liver disease (NAFLD), which is
known to be a hepatic manifestation of meta-
bolic syndrome [4]. The estimated prevalence
of NAFLD is 3-10 times higher than the preva-

years, the occurrence of cirrhosis was 20% and
the incidence of HCC was 1% [7]. However, cir-
rhosis is not always a prerequisite of HCC devel-
opment and epidemiological data indicate this
may be a metabolic abnormality associated
with HCC [8, 9]. A number of molecular mecha-
nisms that may accelerate the development of
HCC have been linked to metabolic disorders:
adipose-derived inflammation [10], insulin resis-
tance [11], and altered insulin-like growth fac-
tor (IGF) axis component [12]. The metabolic
mechanism of the hepatocarcinogenesis during
NAFLD progression remains to be determined.

Recent results suggest that fibroblast growth
factor 21 (FGF21) is highly expressed in hepato-
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cytes under metabolic stress caused by starva-
tion, hepatosteatosis, obesity and diabetes
[13, 14]. Human FGF21 is mainly expressed in
liver [15] and adipose tissue [16]. However,
FGF21 synthesized by adipose tissue is not
secreted and functions in an autocrine manner,
while liver-derived FGF21 is secreted in order to
exert systemic actions [13]. The metabolic
effects of FGF21 on glucose and lipid metabo-
lism involve a dual regulation by PPAR-« in liver
[17] and by PPAR-y in adipocytes [18]. Hepatic
FGF21 elicits metabolic benefits by targeting
adipocytes of the peripheral adipose tissue
through the transmembrane FGFR1- co-factor
BKlotho complex [19, 20]. FGF21 has been con-
sidered as a potential agent to control meta-
bolic disorders such as hyperglycemia and
hyperlipidemia. Furthermore, administration of
recombinant FGF21 lowered plasma glucose,
increased insulin sensitivity, and reversed
hepatic steatosis and obesity in a range of dia-
betes/obesity animal models [21, 22]. Although
predominantly expressed in liver and adipose
tissue [23], FGF21 is also expressed in other
tissues such as skeletal muscle and cardiac tis-
sue [24]. Xiao et al. has demonstrated that
serum FGF21 levels are increased in type 2 dia-
betes but decreased in type 1 diabetes [25].
The pathogenic implications of such distinct
FGF21 expression in various tissues and condi-
tions remain to be elucidated. Early studies
have shown that FGF21 suppressed cerulein-
induced pancreatitis in mice [26] and demon-
strated anti-apoptotic effects in both islet (3
cells and endothelial cells [27, 28]. Recent
studies indicate that FGF21 functions as a hep-
atokine, adipokine, and myokine in metabo-
lism, injury protection, and diseases [29], and
may delay cancer progression [30, 31]. In has
even been reported that overexpression of
FGF21 delays initiation of chemically induced
hepatocarcinogenesis [32].

A recent study suggests that haploinsufficiency
of p53 significantly affects FGF21 expression
[33]. The transcription factor, p53, plays impor-
tant roles in liver cancer, liver diseases and
metabolic regulation. Additionally, loss of p53
function is known to contribute to tumorigene-
sis. Therefore, expression of the FGF21 gene
might be regulated through p53 under tumori-
genic conditions. However, the function of
FGF21 with regard to HCC carcinogenetic trans-
formation under the condition of a metabolic

1763

syndrome such as diabetes is largely unknown.
In this study, we proposed to investigate diabe-
tes associated HCC and the potential role of
FGF21 related to cellular and molecular events
during the carcinogenic transformation of HCC.
Dimethylnitrosamine (DEN) was used to induce
HCC in the OVE26 mice, which generally devel-
oped severe hyperglycemia between weeks 2
and 3 after birth and continued to develop met-
abolic abnormalities [34]. The pathological
transformation of steatohepatitis as well as
HCC was evaluated. Any alterations in the
molecular events such as p53 signaling and
transforming growth factor- (TGF-B)/Smad sig-
naling were determined.

Materials and methods
Animals and treatment

The OVE26 mice with FVB background as a
type 1 diabetic model to study the diabetes
associated HCC were generously granted by Dr.
Paul Epstein [34]. FVB mice, obtained from
Jackson Laboratory (Bar Harbor, Maine), were
used as controls. A commonly-used type 1 dia-
betic mouse model is induction by streptozoto-
cin, which is a limited by the potential toxic side
effects of streptozotocin. Transgenic OVE26
mice normally develop severe hyperglycemia
before 3 weeks of age, develop obvious albu-
minuria by 3 months, and mice can survive
until 18 months without insulin supplements
[34]. Therefore, OVE26 type 1 diabetic trans-
genic mice are an ideal model for the cancer
research. Both FVB and OVE26 mice were
housed four per cage, given commercial chow
and tap water, and maintained at 22°C on a
12-hour light/dark cycle. Sexually matured
male and female mice were set as mating pairs
for breeding. At 15 days of age, male mice,
yielding the F1 generation, 25 mg/kg body
weight DEN (Sigma-Aldrich, St. Louis, MO) by
intraperitoneal injection (i.p.). The mice were
also injected with 100 mg/kg body DEN at
weeks 6 and 10 of age. The dosage of DEN in
this study was modified according to previous
report [35]. We used only male mice because
estrogen-mediated inhibition of interlukin-6
production reduces liver cancer risk by DEN in
females [35]. The animals were assigned
randomly to two groups and sacrificed at week
16 and week 20. Serum plasma and hepatic
tissues were harvested for further analysis.
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Animal procedures were approved by the
Institutional Animal Care and Use Committee of
University of Louisville, which is certified by the
American Association for Accreditation of
Laboratory Animal Care.

Histopathological examination of hepatic tu-
mors

Gross liver anatomy observation was per-
formed to count foci nodules and masses in
DEN challenged livers. The numbers of macro-
scopic foci nodules > 1 mm was recorded for
each animal. Liver weight and femur length
were measured to determine the liver/femur
ratio. Hepatic tissues with foci nodules and
masses were fixed in 10% neutral phosphate
buffered formalin. Tissues were embedded in
paraffin and sectioned to a thickness of 5 um
for pathological examination. Hematoxylin-and-
eosin (H & E) stained sections were evaluated
microscopically for quantification of foci, and to
confirm adenomas and carcinomas.

Biochemical analysis

Serum plasma alanine aminotransferase (ALT)
was measured using an ALT infinity enzymatic
assay kit (Thermo Fisher Scientific Inc.,
Waltham, MA). Serum glucose assay was per-
formed using a Sigma assay kit (Sigma-Aldrich).
Serum insulin was detected using an ultra sen-
sitive mouse insulin ELISA kit (Crystal chemical
incorporation, IL).

Immunohistochemical analysis in hepatic tis-
sue

Immunohistochemical staining was performed
on the paraffin embedded tissue sections.
Endogenous peroxidase was blocked with 3%
hydrogen peroxide, and then with 5% animal
serum for 30 min to block non-specific reac-
tion. These tissue sections were incubated with
primary antibodies, alpha 1 fetoprotein (AFP)
(Abcam, San Francisco, CA) and Proliferating
Cell Nuclear Antigen (PCNA, Invitrogen,
Camarillo, CA). Tissue sections were incubated
with horseradish peroxidase-conjugated sec-
ondary antibody (1:300-400 dilutions with
PBS) for 2 hr in room temperature, and then
incubated with the peroxidase substrate DAB
kit (Vector Laboratories, Inc., Burlingame, CA).
Counterstaining was performed using hema-
toxylin. Computer image-analysis was per-
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formed under microscope at 20x magnifi-
cation.

Terminal deoxynucleotidyl transferase-mediat-
ed dUTP nick end labeling (TUNEL) assay

TUNEL staining was performed using an
ApopTag Peroxidase In Situ Apoptosis Detection
Kit (Chemicon, Billerica, CA). Briefly, each slide
was deparaffinized, rehydrated, and treated
with proteinase K (20 mg/L) for 15 min. The
slide was incubated with terminal deoxynucleo-
tidyl transferase (TdT) and digoxigenin-11-dUTP
for 1 hr at 37°C. Anti-digoxigenin antibody con-
jugated with horseradish peroxidase (HRP)
along with the substrate (DAB-H,0,) was used
for visualization. Apoptotic cell death was quan-
titatively analyzed by counting the TUNEL posi-
tive cells in ten fields for each section at 20X
magnification. The apoptotic index was pre-
sented as TUNEL positive cells per 100 cells.

Western blot assay

Protein levels for the biomarkers were semi-
quantified by Western blot analysis as described
previously [36]. Electrophoresis was performed
on 12% SDS-PAGE gel and the proteins were
transferred to nitrocellulose membranes. Mem-
branes were incubated with primary antibodies
overnight at 4°C and with secondary antibody
for 1 hr at room temperature. The antigen-anti-
body complexes were then visualized using ECL
(Amersham, Piscataway, NJ). Primary antibod-
ies used include those raised against Bcl2,
Bax, caspase-8, P-P53, T-P53, TGF-B1, and
P-smad3 (Cell Signaling Technology, Danvers,
MA).

Cell lines and in vitro study

A mouse liver cell line, FL83B (ATCC CRL-2390),
and a mouse hepatoma cell line, Hepa 1-6
(ATCC CRL-1830), were used for the in vitro
study. FL83B cells was cultured in F12K medi-
um (ATCC) supplemented with 10% fetal bovine
serum. Hepa 1-6 cells were cultured in RPMI
1640 medium supplemented with 10% fetal
bovine serum. To study FGF21 expression, the
two cell lines were seeded at 1 x 10° cells/well
in 6-well plates and cultured for 24 hr. Then the
hyperglycemic group was treated with 50 mM
glucose while the osmotic control group was
treated with 45 mM mannitol + 5 mM at O, 1, 6,
12, 24 and 48 hr.

Am J Cancer Res 2015;5(5):1762-1774
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Figure 1. A. The blood glucose levels in the mice. B. The serum insulin levels in the mice. GLU: glucose; INS: insulin;
UFVB: FVB untreated mice; DFVB: FVB DEN treated mice; UOVE: OVE untreated mice; DOVE: OVE DEN treated mice.
*:vs UFVB, P < 0.05; #: vs DFVB, P < 0.05.

A = B
——&—— UT-FVB ——-w—— UT-OVE £
cossnQeiss DEN-FVB =+ ==« DEN-OVE ..o.. ]
(5} U |
110 cO
oT
— 100 e e . 1 N =
-~ .. ey o
S L"_"_S.._..‘.::.‘? o
E 30 4 |
E -l é_.__ﬁOOQ
2 | O o
= Oy i £
> " £
v . 2
n
&0 T T T T T T T m
Q 20 40 (1] 80 100 120 140 160 w
Survival time (days) ==
] DEN treatment D 16 W E ﬁu 20W E 16w DY 20W
I DEN
'§ 16 W ‘é‘ 20W . _ e g BN ey
=1 3 * 2 8. = 2 S - o | 300 0.01854 i 00 'oci
D¢ 0 % - ceohs - = —
o oo : :
8 8 S 012 5 2 = s = e
; 5. £ £ § - $ -1"
-g 104 E‘ c_.n 154 |_: 1.5 4 3 z
3 3 2 H = =
= = g "] a "] 5 ) =
| 5 o
-.g. A g 051 ; o8 £ £
S|, m 3 : H : s
go- T o- {oc. ice. 8 o 3 o
FVB OVE FVB OVE FVB OVE FVB OVE FVB OVE FVB OVE

Figure 2. A. The animal survival rates in all 4 groups. B. Representative gross anatomy of HCC nodule on the liver lob
and the histological confirmation for HCC. C. The numbers of HCC foci being counted in the tissue slides from DEN
treated mice. D. The AFP levels in all 4 groups. E. The serum ALT levels in all 4 groups. *P < 0.05 vs DEN-FVB mice.
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Figure 3. A. Steatohepatitis was detected in hepatic tissues from the DEN-OVE26 mice by H & E staining. The
histology of steatohepatitis characterized by inflammation and hepatocellular ballooning. The arrows indicate Mal-
lory- Denk bodies within ballooned hepatocytes. B. TG significantly increased in the OVE26 mice compared to FVB
mice. The body weights were decreased in the OVE26 mice compared to FVB mice. Liver weights were significantly
increased in the OVE26 mice compared to FVB mice. C. FGF21 protein levels were significantly decreased in the
diabetic OVE26 mice treated with DEN, compared to the untreated OVE26 mice. D. High glucose induced FGF21
mRNA expression in both hepatocytes and hepatoma cells in vitro. However, FGF21 expression of hepatoma cells

decreased after 12 hours and went back to the baseline.

Real-time RT-PCR (qPCR)

Total RNA was extracted using the TRIzol
reagent (Invitrogen). First-strand complimenta-
ry DNA (cDNA) was synthesized from total RNA
according to the manufacturer’s protocol for
the RNA PCR kit (Promega, Madison, WI, USA).
Quantitative PCR was carried out using the ABI
7300 real-time PCR system (Applied Biosys-
tems, Carlsbad, CA). FGF21 expression was
quantified and 3-actin was used as an endoge-
nous reference. Results were expressed as fold
change in gene expression.

Statistical analysis

Collected data from repeated experiments
were presented as mean + SD. One-way ANOVA
was used to determine if differences existed. If
S0, a post hoc Tukey's test was used for analy-
sis of any differences between groups (Origin 8
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laboratory data analysis and graphing soft-
ware).

Results

DEN induced liver injury and HCC in OVE26/
FVB mice

Blood glucose levels were significantly incre-
ased while serum insulin levels were signifi-
cantly decreased in OVE26 mice compared to
the FVB control. This indicated type 1 diabetes
occurred in the OVE26 mice [34]. A total of 36
mice (17 of FVB, 19 of OVE26) were randomly
assigned to either DEN treated groups or saline
injected controls. The OVE26 mice showed sig-
nificantly increased blood glucose levels and
decreased serum insulin levels when compared
to FVB controls. DEN treatment did not affect
the levels of glucose and insulin the OVE26
mice (Figure 1).

Am J Cancer Res 2015;5(5):1762-1774
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The survival rate in all groups was determined
and shown in Figure 2A. A decreased trend of
survival was observed in the OVE26 mice when
treated with DEN (DEN-OVE26). The survival
rate of FVB mice treated with DEN (DEN-FVB)
also decreased, but much less so than the
DEN-OVE26 mice. The reasons for animal
death were most likely due to DEN related
hepatic function failure at earlier stage and
tumor related death at later stage. Surviving
animals were sacrificed at 16 weeks and 20
week. The representative gross anatomy from
one of the DEN-OVE26 mice showed HCC nod-
ules in the liver (Figure 2B). All HCC foci were
further confirmed by the histological examina-
tion of sections using H & E staining (Figure
2B). The numbers of HCC foci were counted in
the H & E stained slides for all DEN treated
groups. There were significantly greater num-
bers of HCC foci in the DEN-OVE26 mice com-
pared to the DEN- FVB mice at both 16 weeks
and 20 weeks. This implies that diabetes
increases the susceptibility of liver cancer to
DEN exposure (Figure 2C). Accordingly, hepatic
AFP levels were significantly increased in all
DEN treated mice compared to the saline treat-
ed controls at both 16 weeks and 20 weeks
(Figure 2D). Serum ALT levels were also signifi-
cantly increased in all DEN treated mice com-
pared to the saline treated controls at both 16
weeks and 20 weeks (Figure 2E), indicating
repetitive damage of the hepatocytes due to
DEN treatment.

Metabolic abnormalities and FGF21 in OVE26
mice

Hepatic steatosis and steatohepatitis have
been suggested as a predictor of liver tumori-
genesis [37]. The current data provides further
evidence that metabolic abnormalities are
associated with development of HCC in the dia-
betic OVE26 mice. Fatty liver and steatohepati-
tis were detected in hepatic tissues adjacent
to HCC foci, with the OVE26 mice aged at 20
weeks demonstrating the greatest degree of
steatohepatitis (Figure 3A). Although HCC was
detected in the DEN-FVB mice, few mice with
steatohepatitis were observed (Figure 3A).
Further analysis of metabolic syndrome factors
indicated that triglycerides (TG) were signifi-
cantly increased in OVE26 mice compared to
FVB mice regardless of DEN treatment (Figure
3B). Although body weights were decreased,
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liver weights were significantly increased in
OVE26 mice compared the FVB mice (Figure
3B). The increased hepatic TG levels and liver
weights were also observed in the DEN-treated
20-week FVB mice and OVE26 mice (Figure
2B).

These metabolic abnormalities concurrent with
HCC in the DEN-OVE26 mice led to the hypoth-
esis that FGF21 may be involved in the patho-
genesis because of its known metabolic action
in diabetes and cancer [37]. Therefore, FGF21
protein levels were evaluated in the hepatic
samples. Results showed that FGF21 was
increased in untreated, diabetic OVE26 mice
and in the 20-week old mice in particular (P <
0.05) compared to FVB mice. Surprisingly, FGF-
21 protein levels were significantly decreased
in DEN-OVE26 mice compared to the untreated
OVE26 controls (Figure 3C). Although FGF21
protein levels were also decreased in the FVB
mice with DEN treatment, there was no statisti-
cal significance when compared to the untreat-
ed FVB controls (Figure 3C). A previous study
indicated that FGF21 could be induced under
diabetes and DEN treatment [33]. While our
results did show an increase in diabetic mice,
FGF21 levels decreased in the DEN treated dia-
betic mice.

To clarify whether the decreased FGF21 level
could be associated with carcinogenetic trans-
formation, an in vitro study was performed
using a mouse liver cell line, FL83B, and a
mouse hepatoma cell line, Hepa 1-6. Results
showed that high glucose caused an increase
in FGF21 mRNA expression in both hepato-
cytes and hepatoma cells which peaked at 12
hr post treatment. However, this mRNA decre-
ased significantly after only 12 hr in the hepa-
toma cells when compared to hepatocytes
(Figure 3D). This result implies that the carcino-
genetic transformed cells may contribute to the
loss of FGF21 in the DEN treated diabetic mice.

Proliferation and apoptosis in the OVE26 mice

The observation of decreased FGF21 levels in
DEN treated, diabetic mice hinted that some
metabolic events might be involve in the carci-
nogenetic process. To discover if FGF21 levels
could affect the growth pattern during carcino-
genetic transformation, cellular events were
further evaluated. There were significant
increases of proliferation rates in mice treated

Am J Cancer Res 2015;5(5):1762-1774
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Figure 4. A. Upper, representative images of proliferation by PCNA staining in all 4 groups. Lower, the proliferation in-
dex by image-analysis of the positive PCNA cells and the PCNA protein levels in liver tissue by Western blot analysis.
Arrow: HCC foci. B. Upper, representative images of apoptosis by TUNEL staining in all 4 groups. Lower, the apoptotic
index by image-analysis of the positive apoptosis cells. The protein levels of caspase-8, in liver tissues by Western

blot analysis. Arrow head: positive TUNEL staining cells.

with DEN compared to the saline controls. The
proliferation rate of DEN-OVE26 mice signifi-
cantly increased at 20 weeks compared to the
DEN-FVB mice (Figure 4A).

Increased apoptotic rates were observed in
DEN-FVB mice but not the DEN-OVE26 mice at
both 16 and 20 weeks of age (Figure 4B).
Consistent with apoptotic cell death, the cleav-
age level of caspase-8, a central executor of
apoptosis in the Fas ligand/receptor pathway,
was significantly increased in DEN-FVB mice.
This increase was not observed in DEN-OVE26
mice 16-week old group nor in 20-week group
(Figure 4B).

The signaling of p53 and TGF-B/Smad in the
diabetes-HCC mice

The signaling of p53 and TGF-B/Smad is known
to be a critical molecular event involved in HCC
transformation. However, the interplay between
these signaling events and FGF21 in diabetes-
HCC was largely unknown. Consequently, the
components in p53 and TGF-B/Smad signaling
were further evaluated in the diabetic OVE26
mice as well as the FVB mice. The total and
phosphorylated p53 protein levels T-p53 and
P-p53, respectively) were determined by
Western blot. Analysis of the ratio of P-p53/
T-p53 showed that the levels of phosphorylated
p53 were significantly down-regulated in both
DEN-FVB and DEN-OVE26 mice at 16 weeks.
Furthermore, this level was lowest in the DEN-
OVE26 mice at 20 weeks of age (Figure 5A).

TGF-B1 levels were significantly up-regulated in
the DEN-OVE26 and DEN-FVB mice at 16
weeks of age compared to the untreated mice.
Interestingly, TGF-B1 was also significantly
increased in the untreated OVE26 mice at 20
weeks but significantly decreased in the DEN-
OVE26 mice compared to the untreated OVE26
mice (Figure 5B). Phosphorylated-Smad3
(P-Smad3) showed a similar trend of being sig-
nificantly increased in the DEN-FVB and DEN-
OVE26 mice at 16 weeks and did not change in
FVB mice with or without DEN treatment at 20
weeks. P-Smad3 was significantly increased in
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OVE26 mice with a lesser increase in DEN-
treated OVE26 mice (Figure 5C).

Discussion

Although cirrhosis is recognized as fertile
ground for HCC with erratic tissue remodeling
accompanying recurrent cycles of hepatocellu-
lar destruction and compensatory regeneration
[39], evidence from epidemiologic investiga-
tions and clinical studies supported the hypoth-
esis that metabolic diseases, such as diabetes
and obesity, play an important role in HCC car-
cinogenesis [40]. However, the relevant experi-
ments in animals were largely missing. In this
study, we investigated, for the first time, the
pathogenesis of metabolic liver injury in the
OVE26 diabetic mouse model as well as diabe-
tes-HCC in OVE26 mice treated with DEN.
Results show pronounced liver damages char-
acterized by steatohepatitis were found in the
OVE26 diabetic mice. Steatohepatitis accom-
panied by constant cell proliferation and tumor
cell growth were found in the hepatic tissues of
OVE26 diabetic mice under DEN administra-
tion. Interestingly, increased FGF21 protein lev-
els were found in the liver tissues with steato-
hepatitis in diabetic OVE26 mice. These levels
decreased when HCC was induced in OVE26
mice. Additionally, decreased FGF21 protein
levels associated with cancerous hyper-prolif-
eration as well as aberrant p53 and TGF-B/
Smad signaling during HCC development.

The FGF pathway promotes tumor growth and
angiogenesis in many solid tumors including
HCC [41]. Although many of the mechanisms
discussed so far are the result of genetic dys-
regulation of the FGF/FGFR signaling axis,
ligand-dependent signaling through either the
hormone-like FGFs (FGF19, 21, and 23) or the
canonical FGFs (FGF1-10, 16-18, and 20) is
also likely to play a key role in carcinogenesis.
For example, the relationship of FGF19 with
cancer has been addressed [42]. Specifically
FGF19 expression was found to correlate with
tumor progression, recurrence, and poor prog-
nosis [43, 44]. In the experimental studies,
HCC has been found to develop in transgenic

Am J Cancer Res 2015;5(5):1762-1774
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mice overexpressing the hormonal FGF19 [45].
Contrary to FGF19, FGF21, as a recently-dis-
covered liver safeguard, plays an important role
in preventing liver damage caused by various
pathogenic risks [46, 47]. Liver FGF21 mRNA
expression was significantly increased in the
livers of mice at the early stage after DEN treat-
ment [33] and also in the liver under several
challenges; such as neoplastic and regenerat-
ing conditions after partial hepatectomy and
CCl4 administration [32]. Here we found that
FGF21 protein expression in OVE26 mice pre-
senting diabetes-steatohepatitis is significantly
increased at 16 weeks but at a low level when
presenting diabetes-HCC. This may imply that
the early increased expression of FGF21 is a
protective or compensative mechanism and
the late decreased expression of FGF21 may
relate to chronic liver pathogenesis and includ-
ing hepatocarcinogenesis. Our notion is consis-
tent with a previous report, in which forced
expression of FGF21 could delay DEN-initiated
hepatocarcinogenesis [32].
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Figure 5. A. The P-P53 and T-P53 protein levels in the
liver tissues by Western blot analysis. B. The TGF-B1
protein levels in liver tissues by Western blot analysis.
C. The PSamd3 protein levels in liver tissue by West-
ern blot analysis.

There are several possible explanations for the
loss of FGF21. First, FGF21 gene expression
has been shown to be inversely related to
hepatic triglyceride (TG) concentration [48].
Similar results were observed in our study,
where the TG concentration reached its highest
level in liver presenting diabetes-HCC while the
hepatic FGF21 protein level was decreased.
Second, there could be a dynamic, epigenetic
modification during carcinogenetic transforma-
tion in order to control a robust increase of
FGF21 followed by the promoter of FGF21 being
turned off. This is supported by a recent study,
in which epigenetic function of G9a, a histone
methyltransferase, has been associated with
the suppression of FGF21 even though the
mechanism is unclear [49]. And third, physical
hypoxia (1% oxygen) and chemical hypoxia
inducers (such as cobalt chloride treatment)
can decrease both FGF21 mRNA and secreted
protein levels [50]. As we know, most solid
tumors (including HCC) are in hypoxic microen-
vironment where the low levels of oxygen may
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contribute to the loss of FGF21 in the liver dur-
ing HCC development. Nevertheless, the accu-
rate mechanism regarding the loss of FGF21 in
diabetes associated HCC is unclear and it will
be of great interest to determine the suppres-
sion mechanism(s) of FGF21 in future studies.

The tumor suppressor p53 is a stress-respon-
sive transcription factor that has been studied
extensively. With regard to its metabolic role, it
has been found that the protein abundance of
p53 in the liver is elevated in rodents with fatty
liver disease [51]. TGF-B/Smads is a classic
pathway in NAFLD. Development of NAFLD acti-
vated canonical TGF-f3 signaling including TGF-
B1 and PSmad3 in the TGF-B/Smads pathway
[52]. Studies have discovered the active role of
TGF-B/Smads signaling in both tumor-suppres-
sion and oncogenesis [53]. Hsu reported early
on the association of the allotype of p53 gene
in HCC with HBsAg and HBeAg seropositivities
and diabetes, with the finding that loss of het-
erozygosity of p53 gene is a common event in
HCC and correlates with diabetes [54]. A more
recent study has revealed the importance of
p53 in metabolic action beyond its canonical
functions in processes such as cell-cycle arrest,
apoptosis, and senescence [55]. However, the
effect of diabetes on liver p53 expression with
and without the administration of DEN has
never been investigated. As reported by Yang
[33], p53 negatively regulates FGF21 expres-
sion. They speculate that p53 may account for
an additional or combinatory mechanism for
regulating FGF21 expression in association
with carcinogenesis beyond metabolic altera-
tions. However, our data show the elevated p53
protein and FGF21 levels in the diabetes asso-
ciated fatty liver, especially steatohepatitis, but
decreased p53 protein and FGF21 levels in the
DEN treated OVE26 mice with HCC. Likewise,
TGF-B1 and PSmad3 are activated in diabetic
OVE26 mice with steatohepatitis, but not in the
diabetic OVE26 mice with HCC. Interestingly, all
these factors, the metabolic regulator-FGF21,
tumor suppressor-p53, tumor suppressor/
initiator-TGF-B1 and PSmad3 show a similar
expression pattern: simultaneously up-regulat-
ed in the untreated controls (benign tissues)
and down-regulated in late stage DEN treated
mice (malignant tissues). In this regard, there
are two important issues remaining to be deter-
mined in future studies: 1) clarification of sig-
naling cross talk between p53 and FGF21
regarding carcinogenetic transformation in the
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diabetes-HCC mice; 2) elucidation of any
involvement of FGF21 with activin mediation of
Smad3. As we know, activin phosphorylates
Smads 2/3 while BMPs phosphorylate Smads
1/5/8 in the TGF-B signaling. It has been
reported that FGF21 can enhance BMP-2-
dependent transcription [56], however it is
largely unknown about the interaction between
FGF21 and activin. Therefore, it is valuable to
know if FGF21 can interact with activin to medi-
ate the Smad3 phosphorylation. The shifting of
C-terminally phosphorylated Smad3 (pSmad3C)
toward phosphorylation of the Smad3 linker
region (pSmad3L) can promote the oncogenic
activities which are necessary for HCC initia-
tion [53].

In conclusion, loss of FGF21 may play an impor-
tant role in HCC carcinogenetic transformation
during metabolic liver injury in diabetic animals.
The present findings call attention to prevent-
ing metabolic disorders in diabetes and may
further develop a protective strategy against
HCC.
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