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Enhanced Urinary Bladder, Liver and Colon Carcinogenesis
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Carcinogenesis Bioassay: Evidence for Mechanisms
Involving Activation of PI3K Signaling and Impairment of
p53 on Urinary Bladder Carcinogenesis
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Abstract: [n the present study, modifying effects of diabetes on carcinogenesis induced in type 2 diabetes mel-
litus model Zucker diabetic fatty (ZDF) rats were investigated using a multiorgan carcinogenesis bioassay. Our re-
sults demonstrated enhancement of urinary bladder, colon and liver carcinogencsis in ZDF rats treated with five
types of carcinogens (DMBDD). Elevated insulin and leptin and decreased adiponectin levels in the seram may
be responsible for the high susceptibility of type 2 diabetes mellitus model rats to carcinogenesis in these organs
Possible mechanisms of increased susceptibility of diabetic rats o bladder carcinogenesis could be activation of
the PI3K pathway and suppression of p33 in the urothelium in consequence of the above serum protein alterations.
(DOL: 10.1293/tox.24 25 J Toxicol Pathol 2011; 24: 25-36)

Key words:  type 2 diabetes mellitus, bladder carcinogenesis, PI3K, p33

Introduction

Type 2 diabetes mellitus (T2DM) has been associated
with a number of complications, such as cardiovascular dis-
ease, diabetic nephropathy and infection'. Recently, with the
markedly improved survival of T2DM patients, attributed
to the successful treatment of cardiovascular disease and
infection control, the relationship between T2DM and can-
cer has been attracting attention. [n epidemiological studies,
T2DM was reported to be associated with increased risks of
colon, pancreas, mammary, liver and urinary bladder can-
cers; however, the underlying mechanisms of increased can-
cer risks in T2DM patients remain unclear?.?.

The influence of diabetes on carcinogenesis induced
by chemical carcinogens has been investigated in the colon,
stomach and mammary gland in experimental animals?-¢.
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The number of colon tumors initiated by 1,2-dimethylhy-
drazine dihydrochloride {(DMH) was increased in Otsuka
Long-Evans Tokushima Fatty (OLETF) rats spontaneously
developing T2DM compared with LETO rats, a non-diabetic
straint. Insulin resistance and hyperinsulinemia were sug-
gested as direct risk factors for colon cancer?, Furthermore,
db/db diabetic mice were reported to be highly susceptible to
stomach carcinogenesis induced by N-methyl-N-nitrosourea
(MNU). possibly in association with hyperinsulinemia and
hy perleptinemias. On the other hand, decreased susceptibil-
ity to MNU-~induced mammary carcinogenesis was report-
ed in streptozotocin-induced diabetic rats, possibly due to
significantly lowered plasma levels of insulin and insulin-
like growth factor 1 (IGF-1) during the promotion phase of
carcinogenesist. Based on these findings, metabolic abnor-
malities accompanying diabetes, such as hyperinsulinemia,
hyperleptinemia and a high plasma level of I[GF-1, have been
proposed to play a role in cancer development in DM pa-
tients.

Zucker Diabetic Fatty (ZDF) rats closely mimic human
adult onset T2DM and its related complications due to the
inherited homozygous leptin receptor mutation, which leads
to obesity and insulin resistances. T2DM does not develop
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in lean tittermate (Lean) animalst. ZDF animals show insu-
lin resistance from the time of weaning but maintain normo-
glycemia until 8-10 weeks of age because of the compen-
satory hypersecretion of insulin®. ZDF rats develop overt
diabetes and have defects in insulin secretion from around
810 weeks of aget©,

The purpose of the present study was to investigate
the modifying effects of T2DM on carcinogenesis in dia-
betic ZDF rat using a multiorgan carcinogenesis bioassay.
The multiorgan carcinogenesis bioassay uses treatment with
five types of genotoxic carcinogens, namely N-diethylnitro-
samine {DEN), MNU N-butyl-N-(4-hydroxybutyl) nitrosa-
mine (BBN), diisopropanolnitrosamine {DHPN) and DMH.
with target organs including the liver, kidneys, urinary blad-
der, stomach, small intestine, colon, lungs and thyroidii12,
At the end of the experiment, histopathological analysis
was performed to investigate cancer development. We also
nvestigated the serum levels of several biologically active
compounds, including insulin, leptin, adiponectin and [GF-
L. Furthermore. to elucidate possible mechanisms underly-
ing the modifying effects of T2DM, we analyzed alterations
of the gene expression in the bladder urothelium in a 4-week
BBN bladder carcinogenicity study.

Materials and methods

Animals

Five-week-old ZDF and control Lean rats were pur-
chased from Charles River Laboratories Japan, Inc. (Kana-
gawa, Japan) and used after a [-week acclimation period.
They were housed in plastic cages (one rat/cage for ZDF
rats, two rats/cage for Lean rats) in an environmentally-con-
trolied room maintained at a temperature of 22 + 2°C 4
relative humidity of 44 = 3%, with a 12-h light/dark cycle
and free access to water and food (MF pellet diet; Oriental
Yeast Co., Ltd.. Tokyo, Japan). Body weight and food in-
take were measured weekly during the experimental period.
Water intake was measured three times a week in the first 4
weeks and once a week thereafter.

Chemicals

DEN, DMH and BBN were purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). MNU was pur-
chased from Wako Pure Chemical Industries. Ltd. (Osaka,
Japan), and DHPN was purchased from Nacalai Tesque Inc.
{Kyoto, Japan).

Experimental protocol

Experimental protocols were approved by the Institu-
tion Animal Care and Use Committee of Osaka City Uni-
versity Medical School. The experimental protocol of the
rat multiorgan carcinogenesis bioassay used in experiment |
is shown in Fig. 1112, Twenty-six male ZDF rats at 6 weeks
of age were divided randomly into two groups. Twenty
ZDF rats were treated with five carcinogens, DEN, MNU,
BBN, DMH and DHPN (DMBDD), as follows: a single
i.p. injection of DEN (100 mg/kg bw.) at the beginning of

the experiment, followed by four Lp. injections of MNU
(20 mg/kg b.w,) from vieek | to 2, and four s.c. injections of
DMH (40 mg/kg bw.) from week 3 to 4. Also, 0.05% BBN
in drinking water was administered to rats for two weeks
from commencement of the experiment, and then DHPN in
drinking water was administered to the rats for the follow-
ing 2 weeks. Six control ZDF rats were administered tap
water and received vehicle injections (0.9% saline) in the
same manner. Twenty-seven male Lean rats at 6 weeks of
age were divided randomly into two groups and treated with
DMBDD (20 ratsy and vehicle (7 rats), respectively, as de-
scribed above. DHPN was administered to Lean rats at a
concentration of 0.1% in drinking water. As ZDF rats were
drinking more water than Lean rats from week 3 to 4. the
concentrations of DHPN administered to the ZDF rats were
diluted to give the same amount of DHPN per bw. as the
Lean rats based on their body weight and water intake. Af-
ter the initiation treatments, all rats were maintained with-
out any treatment until the end of the study. Blood glucose
was examined weekly trom week 3 to 7 and once every two
weeks from week 8 to 30 via the tail vein using a blood
glucose test meter (Glutest Ace R; Sanwa Kagaku Kenky-
usho Co., Ltd., Nagoya, Japan). At the end of week 30, all
surviving animals were euthanized under deep anesthesia,
target organs were taken out and the liver, kidney and spleen
weights were measured. All target organs were fixed in 10%
phosphate-buffered formalin and embedded in paraffin for
histopathological examination. Blood serum was collected
for biochemical analyses. Part of the liver tissues was snap
frozen in liquid nitrogen and stored at ~80°C. .

In experiment 2, 12, 6-week-old male ZDF or Lean
rats were divided randomly into two groups each. BBN in
drinking water was administered for 4 weeks from com-
mencement of the experiment to ZDF (6) or Lean (6) rats.
The remaining 6 ZDF and 6 Lean rats were administered
tap water. Given the differences in water intake and body
weight between the ZDF and Leans rats, water intake and
body weights were measured three times a week, and the
BBN concentration was adjusted to give the same amount of
BBN per b.w. to both strains of rats based on the water intake
per body weight per day from commencement of the experi-
ment. Briefly, 0.05% BBN was administered to the strain of
rats drinking less water (g/kg, bw.), and the concentration
of BBN was diluted and adiministered to the strain of rats
drinking more water. Blood glucose was examined weekly
from week 1 to 4. At week 4, all rats were euthanized un-
der deep anesthesia, and blood serum was collected for bio-
chemical analyses. The bladder mucosa was harvested using
the method described previously'3. Part of the liver tissues
was snap [frozen in liquid nitrogen and stored at —80°C.

Blood biochemisivy analysis

Blood biochemistry was analyzed at the end of the
experiments (week 30 in experiment | and week 4 in ex-
periment 2) by Mitsubishi Chemical Medience Corporation
(Tokyo, Japan). The serum levels of insulin, leptin, adipo-
nectin, IGF-1. tumor necrosis factor o (TNFor) and inter-
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The number of rats at the start of the experiment is shown in parentheses.

Fig. 1. Experimental protocol of experiment | (DMBDD model.

leukin-6 (1L-6) of all surviving rats were measured using
rat ELISA kits (insulin, Shibayagi Co., Ltd., Gunma, Japan;
leptin, Morinaga Institute of Biological Science, Inc., Kana-
gawa, Japan; adiponectin, Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan; IGF-1, TNFa and [L-6, R&D Systems, Inc.,
Minneapolis, MN, USA) according to the manufacturers’
instructions.

RNA preparation and real-time quantitative PCR

RNA from the bladder mucosa and liver was isolated
using TRIZOL Reagent (Life Technologies Japan Ltd., To-
kyo, Japan) according to the manufacturer’s instructions.
Synthesis of cDNA was performed with 600 ng RNA using
an Advantage RT-for-PCR kit (Takara Bio, Inc., Shiga, Ja-
pan). Real-time quantitative PCRs for phosphatidylinositol
3-kinase (PI3K), p53, PCNA and fB-actin as an internal con-
trol for the bladder mucosa and IGF-1 and rspl8 as an inter-
nal control for the liver were performed using an Applied
Biosystems 7500 Fast Real-Time PCR System (Applied
Biosystems. Inc.. Tokyo. Japan) as described previously'.H.
Briefly, 20 ul containing 1 pl of the respective TagMan
Gene Expression Assays (Applied Biosystems, Inc., Tokyo,
Japan), 10 ul TagMan Fast Universal PCR Master Mix (Ap-
plied Biosystems, Inc.. Tokyo, Japan) and 5 pl diluted cDNA
were applied to a Fast 96-well Reaction Plate.

Serially diluted standard cDNA was included in each

TaqMan PCR reaction to create standard curves. The
amounts of gene products in the test samples were estimated
relative to the respective standard curves. Values for target
genes were normalized to those for B-actin or rspl8.

Statistical analysis

All mean values are reported as means + SD. Statisti-
cal analyses were performed using the StatLight program
(Yukms Co., Ltd., Tokyo, Japan). Homogeneity of variance
analysis was performed by the F test. Differences in mean
values between the control and carcinogen-treated groups
were evaluated by Student’s r-test when the variance was
homogeneous and Welch’s /-test when the variance was het-
erogeneous. Incidence was assessed by Fisher’s exact prob-
ability test. P values less than 0.05 were considered signifi-
cant.

Results

General observations

Experiment 1: Five DMBDD-treated ZDF rats were
found dead or moribund at weeks 17, 21, 22, 27 and 29. Fur-
thermore. two control ZDF rats were found dead or mori-
bund without any discernible cause at weeks 21 and 26. All
DMBDD-treated and control Lean rats were alive at the end
of the study. As bladder, small intestine and liver tumors
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Fig. 2. Time course of body weight and blood glucose level in experiment | (A, Bj and experiment 2 (C. D),

3 P<0.03 vs. control rats of the same genotype.

were found in the DMBDD-treated ZDF rat that died at
week 17, all rats were included in the effective animals for
histopathological analysis.

Body weight curves, final body weight and absolute
and relative organ weights of the rats in experiment 1 are
shown in Fig. 2A and Table 1. The body weights of both the
DMBDD-treated ZDF and Lean rats were significantly de-
creased during administration of DMBDD compared with
the control rats of the same genotype; however, the final
body weights of both the ZDF and Lean rats administered
DMBDD were not significantly changed as compared with
the control rats of the same genotype. The body weights of
the ZDF rats were significantly higher during the DMBDD
treatment period but were significantly lower than those of
the Lean rats at the end of the study irrespective of whether
or not they received carcinogen treatment.

During BBN treatment {weeks 1 and 2), the total BBN
intake of the ZDF rats (0.54 + 0.07 mg/kg b.w.) was signifi-
cantly lower than that of the Lean rats (0.63 + 0.04 mg/kg

bw.). During DHPN treatment (weeks 3 and 4), almost the
same total amount of DHPN was given to both strain rats
(1.5 + 0.4 mg/kg bw. for the ZDF rats and 1.3 = 0.1 mg/
kg b.aw. for the Lean rats) by adjusting the concentration of
DDHPN based on the water intake and body weight, as de-
scribed in the Methods.

DMBDD administration inhibited food intake of both
the ZDF and Lean rats compared with the control rats of
the same genotype. Food intake was significantly increased
in the DMBDD-treated and non-treated ZDF rats when
compared with the Lean rats receiving the same treatment
throughout the experiment (data not shown).

The absolute liver and splecn weights and relative
spleen weight of the DMBDD-treated ZDF rats were sig-
nificantly higher than those of the control ZDF rats. Fur-
thermore, the absolute and relative spleen weights in the
DMBDD-treated Lean group were significantly elevated
compared with those of the Lean control animals.

Experiment 2: All rats survived to the end of the study.
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Table 1. Final Body and Organ Weights (Experiment 1)

DMBDD Control
7DF Lean ZDF [Lean
Initial no. of rats 20 20 6 7
Final no. of rats 15 20 4 : 7
Survival rate (%) 75 100 67 100
Final body weight (g) 36719 416+ 24 355241 411 +32
Absolute (g
Liver 18.0+ 24" 10609 150£38 109+£09
Kidneys 44227 23401 36+03 22k02
Spleen 0905 0.6 0.1% 04202 035+0.0
Relative (2/100g bw)
Liver 49=0.6 23017 44£09 2.7x0.1
Kidneys 1207 0500 P1+01 05+£00
Spleen 02x02° 0.2+£0.0° 0.1£00 0.1£00
s P<0.03 vs. control rats of the same genotype.
Table 2. Blood Biochemistry
Experiment 1 DMBDD Control
week 30 ZDF Lean ZDF Lean
HbAlc (%) 83£07%¢ 3301 9.6=0.5*% 33+£01
Glucose (mg/dl) 479 = 45% 137422 512 51 {29+ 8
T-Cho (mg/dl) 241 & 69* 2 92+ 19 404 = 98* 92 + 10
TG (mg/dl) 740 = 353% 514 14 1053 & 404* 61 10
AST (1UM) 390 = 222% 139 + 38 618 =208* 148 £ 35
ALT (1U/Y 428 £265% 2 61 512 783 = 353* 32&3
y-GTP (UM 27 & 5% 2|8 72£28*% 1+0
Experiment 2 BBN Control
week 4 ZDF Lean ZDF Lean
HbAle (% 5.8 £ 0.6% 32£00 5.6+ 0.6% 3200
Glucose (mg/di) 311 = 62% 93 + 21 261 = 86* 102+6
T-Cho (mg/dl) 99 & 12* 66+ 5 97 = 9* 71+4
TG (mgddh) 304 £ 127% 26+ 7 377 = 119*% 24+6
AST (1U) 454 + 331 170 £ 16 351 177% 152420
ALT (U 333+319 38+3 234+ 171* 394
y-GTP (1U/h 6+5 241 4=1* 2+0

* p<f).05 vs. Lean rats receiving the same treatment. » P<0.05 vs. control rats of the same genotype. HbAlc,
hemoglobin Alc; T-Cho, total cholesterol; TG, triglyceride: AST, aspartate aminotransterase; ALT, alanine amino-

transferase; v-G1P, y-glutamyl transpeptidase.

Body weight curves are shown in Fig. 2C. The average body
weights of the ZDF rats were significantly higher than those
of the Lean rats throughout the experiment. BBN treatment
had no effect on the body weights of the ZDF and Lean rats.
There was no significant difference in the total intake of
BBN between ZDF (1.4 = 0.5 mg/kg bw.) and Lean rats (1.1
+ 0.0 mg/kg baw.).

Time course changes of blood glucose level
Time course changes of the blood glucose level in ex-
periments | and 2 are shown in Fig. 2B and D, respectively.
In experiment |, the blood glucose levels were sig-
nificantly higher in the DMBDD-treated and control ZDF
rats throughout the experimental period compared with the
Lean rats receiving the same treatment, respectively. The

level of blood glucose was significantly suppressed only in
the DMBDD-treated ZDF rats compared with the control
ZDF rats at weeks 35, possibly due to the significant de-
crease of food intake during weeks -5 caused by DMBDD
treatment.

In experiment 2, the blood glucose levels of the BBN-
initiated and control ZDF rats were significantly clevated
compared with the Lean rats receiving the same treatment
from week 2 to 4; hdwever, BBN treatment had no effect on
the blood glucose level in the ZDF and Lean rats.

Blood biochemistry

The results of the blood biochemistry analysis in ex-
periments 1 and 2 are shown in Table 2,

In experiment 1, the level of hemoglobin Alc (HbA ).
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Table 3. Histopathological Findings (Experiment 1)

Site and type of lesion

Incidence (%}

Multiplicity (No./rat)

DMBDD Control DMBDD Control
ZDF Lean ZDF [.ean ZDF Lean ZDF Lean
Effective no, of rats ® 20 20 6 7 20 20 6 7
Urinary bladder  Simiple hyperplasia 19 (95y 14 70y 0(0) 0 (0} - - - -
PN hyperplasia 9(45) 6 (30) 00 0 1.0£1.3 0.4 07" 0 0
Papitloma 4(20) 4201 0(0) 00) 0.3+07 03+06 0 0
TCC 11 (585)%:0 1{5) 0(0) UX(D)] 0.7 £0.8%2 0.1+02 0 ]
Total tumors © 14 (70)* 2 5423) 0(0) 0 {0y 1.0£09%2 03:£0.6° 0 1]
Colon Adenoma 15 00y 0(0) 00y 0i£0.2 0 0 0
Adenocarcinoma 10 (30)* 3s 0(0) G ¢0) 0.8 (9% 02+05 0 0
Mucinous carcinoma 3(15) 1 {5) 0 (0) 0(0) 0.2+04 0.1£02 [t} 0
Total rumors 12 (6052 420 00 0{0) LG+ 1.0%2 0306 0 0
Small intesting Adenocarcinoma 9 ¢45)* 00} 0{0) 0 (0 0.7«1.0% 0 0 0
Mucmous carcinoma 1¢3) 0(0) L0y 0(0) Q1 £02 0 0 0
Total tumors 10 {50y 0y 0{M 0 (0} 0.8+ 1.0%2 0 0 0
Liver Adenoma 8§ (40y* 1% (IX{6)] 00y 06+£08"" 0.0+02 0 0
Kidney Adenoma 420) 7(33) 01(0) 0 (01 02+04° 05=07 0 0
Mesenchymal tumor 525 2 (1) 0 0(0) 03+04° 0.1+03 0 ]
Nephroblastoma 9 (45) EXERI 0{0) 0(0) 0.7+0.9%2 0204 0 1]
TCC 21 L] 010 0(0) 024£035 0 0 0
‘Total tumors 12 (60) 9 (43) 0(0) 0(0) (IR WA 0.7+ 0.9¢ 0 0
Tung Adenoma 5(25)* 20 (100 0(0) 130 04 +0.7%2 37200 0 0
Carcinoma 3(13) 3(I% 0{0) 0¢0) 0.2+05 03:08 0 0
Total wumors 7 (35 20 (100 0O {0 0.6+ (0.8%< 40+£24 0 0
Thyroid gland Follicular adenoma L{5) 2(10) 00y 0 {0y 01404 01+£03 0 0
Follicular carcinoma 0(Q)* 5(23%) 0(0) Q(0) 0* 0.3:x04 0 4]
Total tumors 15 735 0 (%) 9(0) 0.1+04 04205 0 ]
Esophagus Papilioma 3(15) 0 (0) 0 (0 0(0) 02+£04 0 ] i
Forestomach SCC L(5) 0(0) 00 0(0) 0f{+02 0 0 0

* P<0.05 vs. Lean rats receiving the same trearment. @ £<0.05 vs. control rats of the same genotype. PN, papillary or nodular: TCC, transitional
cell carcinoma: SCC, squamous cell carcinoma. » Number of rats found dead or maribund trom week 17 to 30. < Papitioma + TCC.

one of the characteristics of diabetes, was significantly high-
er in both the DMBDD-treated and control ZDF animals
- than in the Lean rats receiving the same treatment. Further-
more, the total cholesterol (T-Cho) and triglyceride {TG)
levels were also significantly increased in the DMBDD-
administered and control ZDF rats but not in the Lean rats
receiving the same treatment.

In experiment 2, the levels of HbAlc, T-Cho and TG
were significantly higher in both the BBN-treated and con-
trol ZDF rats than in the Lean rats receiving the same treat-
ment. Moreover, no influence of BBN treatment was appar-
enton HbA le, T-Cho and TG in both the ZDF and Lean rats.

Histopathological findings in experiment |

Table 3 summarizes the data on the incidence and mul-
tiplicity of preneoplastic and neoplastic lesions induced by
DMBDD administration. No tumors were found in the con-
trol ZDF and Lean rats. Macroscopically, several very large
tumors occupying the whole urinary bladder were found in
the DM BDD-treated ZDF rats but not in the Lean rats (Fig.
3). Histological examination demonstrated significant eleva-

tion of the incidences and multiplicities of transitional cell
carcinomas (TCC: 55%, 0.7 + 0.8/rat) and total tumors (pap-
itloma +TCC: 70%, 1.0 £ 0.9/rat) in the DMBDD-adminis-
tered ZDF animals as compared with the DMBDD-initiated
Lean rats (TCC, 5% and 0.1 = 0.2/rat; total tumors, 25% and
0.3 + 0.6/rat).

The incidences and multiplicities of colon adenocarci-
noma and total colon tumors (adenocarcinoma, 50% and 0.8
+ 0.9/rat; total tumors, 60% and 1.0 + 1.0/rat) were signifi-
cantly increased in the DMBDD-treated ZDF rats as com-
pared with the DMBDD-treated Lean rats (adenocarcinoma,
153% and 0.2 £ 0.5/rat; total tumors, 20% and 0.3 = 0.6/rat).
Furthermore, the incidences and multiplicities of small in-
testine adenocarcinoma and total tumors were significantly
higher in the DMBDD-administered ZDF rats (adenocarci-
noma, 45% and 0.7 = 1.0/rat; total tumors, 50% and 0.8 =
1.0/rat) than in the DMBDD-treated Lean animals (no tumor
was found).

The incidence and multiplicity of hepatocellular ad-
ennoma were significantly increased in the DMBDD-treated
ZDF rats (40%, 0.6 + 0.8/rat) compared with the DMBDD-
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Fig. 3. Macroscopic view of the urinary bladder in experiment 1. A:
DMBDD-treated ZDF rats. B: DMBDD-treated Lean rats.

treated Lean group (5%, 0.1 + 0.2/rat). No hepatocellular
carcinomas were found in the DMBDD-initiated ZDF and
Lean rats.

No renal cell carcinoma was observed in any groups.
There were no significant differences in renal cell adenoma
between the DMBDD-treated ZDF and Lean rats. The mul-
tiplicity of nephroblastoma in the DMBDD-treated ZDF rats
(0.7 + 0.9/rat) was significantly increased compared with the
DMBDD-administered Lean animals (0.2 + 0.4/rat).

On the other hand, the incidences and multiplicities of

adenoma.and total tumors in lung and thyroid follicular car-

cinoma were significantly decreased in the DMBDD-treated
ZDF rats compared with the DMBDD-initiated Lean group.

Serum levels of insulin, leptin, adiponectin and IGF-1

In experiment 1, the serum insulin level in the
DMBDD-treated ZDF rats was significantly higher than in
the treated Lean groups (Fig. 4A, P<0.001). Furthermore, a
significant increase in serum leptin level was found in the
ZDF rats compared with the Lean rats receiving the same
treatment (Fig 4C; DMBDD-treated, P<0.0001; control,
P<0.05). Moreover, there was a significant decrease in the
serum adiponectin level in the ZDF rats compared with the
Lean rats receiving the same treatment (Fig. 4E; DMBDD-
treated. P<0.0001; control, P<0.05). In contrast to our ex-
pectation, the serum levels of IGF-1 of the DMBDD-treated
and control ZDF rats were significantly decreased compared
with the Lean rats receiving the same treatment (Fig. 4G

DMBDD-treated, £<0.0001; control, P<0.0001).

In experiment 2, the serum insulin level was signifi-
cantly increased in the BBN-treated and control ZDF rats
compared with the Lean rats receiving the same treatment
(Fig. 4B; BBN-treated, P<0.0001; control, P<0.0001). Sim-
ilarly, the serum leptin level in the ZDF rats was signifi-
cantly increased compared with the Lean rats receiving the
same treatment (Fig. 4D; BBN-treated, P<<0.0001; control,
P<0.0001); however, no significant differences were appar-
ent in the serum level of adiponectin and IGF-1 (Fig. 4F and
H).

The TNFa and 1L-6 serum levels were under the limit
of detection.

IGF-1 mRNA expression in the liver

Since there was no increase of the IGF-1 level in the
serum of ZDF rats at weeks 4 and 30, its mRNA expression
level was examined in the liver, which is the main organ in
which IGF-1 is produced. IGF-1 mRNA expression was in-
hibited in the liver of the DMBDD-treated and control ZDF
rats compared with the Lean rats receiving the same treat-
ment at week 30 in experiment 1 but without significance
(Fig. 5A). Furthermore, there was a significant decrease of
IGF-1 mRNA expression in the BBN-treated and control
ZDF rats compared with the Lean rats receiving the same
treatment at week 4 in experiment 2 (Fig. 5B; BBN-treated,
P<0.05; control, P=0.001).

PI3K, p53 and PCNA mRNA expression in the bladder
epithelium of BBN-treated rats (experiment 2)

Since alterations of the serum levels of insulin, leptin
and adiponectin were observed, we further investigated the
downstream effector molecules of these receptors.

Significant increases of PI3K mRNA expression in the
bladder epithelium of the BBN-initiated and control ZDF
rats were found compared with the Lean rats receiving the
same treatment (Fig. 6A; BBN-treated, P<0.0001; control,
P<0.001).

Four-week treatment with BBN significantly de-
creased the p53 mRNA expression level in the urothelium
of the ZDF rats but had no effect on the Lean rats (Fig. 6B,
P<0.001). Furthermore, p53 mRNA expression was signifi-
cantly inhibited in the BBN-treated ZDF rats compared with
the treated Lean animals (Fig. 6B, P<0.05).

The expression of mRNA of PCNA. which is a mark-
er for cell proliferation, was significantly increased in the
BBN-treated ZDF rats compared with the control ZDF ani-
mals (Fig. 6C, P<0.05) and showed a tendency to increase
as compared with the BBN-treated Lean rats.

Discussion

The present study demonstrated enhancement effects
of T2DM on urinary bladder, colon and liver carcinogenesis
in ZDF type 2 diabetes rats, indicating the high multiorgan
carcinogenic susceptibility of this strain of rats. In epidemi-
ological studies, T2DM was reported to be associated with
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Fig. 4.

Serum levels of insulin, leptin. adiponectin and IGF-1 in ZDF and Lean rats. Data from ex-
periment | (A, C. E and G) and experiment 2 (B, D, FF and H). Serum concentrations of insulin
(A and B), leptin (C and D), adiponectin (E and F) and [GF-1 (G and 1) were measured by
ELISA. * ** and ***: P<0.03, P<0.001 and <0.0001, respectively, vs. Lean rats receiving
the same treatment.
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Fig. 5. IGF-1 mRNA expression in the liver. * and *¥: P<0.05 and P<0.00L, respectively, vs. Lean rats

receiving the same treatment.

elevation of colon, pancreas, mammary, liver and urinary
bladder cancers?3. To the best of our knowledge, this study
provides the first experimental evidence for a relationship
between DM and urinary bladder cancer.

Several serum changes in T2DM patients have been
suggested to be responsible for the increased cancer risks,
including increases in insulin, IGF-1, leptin, TNFa and
IL-6, as well as decreased adiponectin's. In the present
study, the serum insulin level was significantly higher in
the DMBDD-treated ZDF rats than in the DMBDD-treated
Lean rats at week 30. It has been reported that hyperinsu-
linemia by injection of insulin enhanced the tumorigenesis
of azoxymethane-induced colon carcinogenesis in rats'e.!7.
Furthermore, hyperinsulinemia is considered to promote
carcinogenesis not only directly but also indirectly by in-
creasing the synthesis of IGF-1!8. Unexpectedly, the serum
level of IGF-1 was significantly lower in the ZDF rats than
in the Lean rats irrespective of whether or not they received
carcinogen treatment at week 30, and there was no signifi-
cant difference at week 4 between the two strains of rats. [n
contrast, the IGF-1 mRNA expression level in the liver, the
major site of IGF-1 synthesis, was significantly lower in the
ZDF rats than in the Lean rats receiving the same treatment
at week 4 but was not significant at week 30 between the two
strains of rats. Further study examining the protein expres-
sion level of IGF-1 in the liver to explain this discrepancy is
necessary. Nevertheless, the changes of serum 1GF-1 were
not related to the increased cancers of the urinary bladder,
colon and liver under the present conditions.

[n recent studies, leptin, a hormone secreted by adi-
pocytes, was indicated to act as a mitogen and angiogenic
factor in addition to its neuroendocrine function!®. Further-
more, epidemiological studies have shown that an elevated
level of serum leptin was associated with a high risk of
colorectal cancer in men?? and breast cancer?. Meanwhile,
adiponectin, which is also an adipocyte-secreted hormone,
was reported to have an antiproliferative effect?; thus, low
adiponectin concentrations were associated with malignan-

cies in the colon3 or mammary gland>+. In the present study,
neither DMBDD initiation nor BBN treatment affected the
serum levels of leptin or adiponectin in the ZDF and Lean
rats; however, the serum level of leptin was significantly
higher and the serum adiponectin level was significantly
lower in the ZDF rats than in the Lean rats receiving the
same treatment at week 30. Therefore, the elevation of leptin
and decrease of adiponectin may represent a highly suscep-
tible risk of carcinogenesis of the urinary bladder, colon and
liver.

Recently, epidemiological studies have clearly indicat-
ed that individuals with diabetes have an increased risk of
bladder cancer’; however, the mechanisms by which diabe-
tes mellitus contributes to bladder carcinoma are not clear.
In this study, both the incidence and multiplicity of bladder
cancer were significantly increased in the DMBDD-treated
ZDF rats compared with the treated Lean rats in the 30-week
multiorgan carcinogenicity study. In the 4-week BBN blad-
der carcinogenicity study. the serum insulin level at week 4
was significantly increased in the treated and control ZDF
rats compared with the Lean rats receiving the same treat-
ment. Similarly, the serum leptin level in the ZDF rats was
significantly increased compared with the Lean rats receiv-
ing the same treatment at week 4. On the other hand, no sig-
nificant differences were apparent in the serum adiponectin
level at week 4. Thus, changes of insulin and leptin, but not
adiponectin levels, may be related to the high susceptibility
of ZDF rats to bladder carcinogenesis from an early stage
of carcinogenesis. Insulin and leptin have been reported to
activate the PI3K signaling pathway!'3, which is known to be
associated with malignant behavior, including cell growth,
proliferation and cell survival®s. Furthermore, its activation
of PI3K has been demonstrated to be responsible for carci-
nogenesis in regard to bladder, colon. liver and other can-
cers®-29, High mRNA expression levels of PI3K in the ZDF
rats suggested that the PI3K pathway may be responsible
for the high susceptibility to bladder carcinogenesis of rats
with T2DM.
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Fig. 6. PI3K, p53 and PCNA mRNA expression in the bladder epithelium of BBN-treated rats (experiment 2). =, ** and ***; P<0.05, P<0.001
and P<0.0001, respectively, vs. Lean rats receiving the same treatment. a and aa: P<0.05 and P<0.001, respectively, vs. control rats of

the same genotype.

In addition, the decrease of p53 in obesity has been
demonstrated to play an important role in obesity-associat-
ed cancers, such as breast and prostate cancer3®3!, The low
mRNA expression level of p53 in the BBN-treated ZDF rats
compared with the BBN-treated Lean rats may be respon-
sible, at least in part, for their high susceptibility to bladder
carcinogenesis.

No increased risk of lung cancer in diabetes was found
in a recent epidemiological study32. With regard to the rela-
tionship between diabetes and thyroid cancer risk, there is
no report available in the published literature. The findings
of the present study that the incidences and multiplicities
of lung tumors and thyroid follicular carcinoma were sig-
nificantly decreased in the DMBDD-treated ZDF rats com-
pared with the DMBDD-initiated Lean group indicate a low
susceptibility of ZDF rats to lung and thyroid carcinogene-
sis in this model. However, the mechanism by which T2DM
affects lung and thyroid carcinogenesis and whether these
findings are relevant to human lung and thyroid cancers are
not currently clear.

In conclusion, our results demonstrated that urinary
bladder, colon and liver carcinogenesis are enhanced in ZDF
type 2 diabetes rats. The possible mechanisms are related
to increased serum levels of insulin and leptin and a de-
creased serum level of adiponectin. Furthermore, the high
susceptibility to bladder carcinogenesis in T2DM might be a
consequence of PI3K pathway activation and decreased p53
expression, Further studies to analyze the mechanisms un-
derlying the high susceptibility of T2DM rats to colon and
liver carcinogenesis are necessary.
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Acyclic Retinoid Inhibits Diethylnitrosamine-Induced
Liver Tumorigenesis in Obese and Diabetic

C57BLKS/J- +Lepr®/+Lepr® Mice
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Abstract

Obesity and the related metabolic abnormalities are associated with increased risk of hepatocellular
carcinoma (HCC). Malfunctioning of retinoid X receptor (RXR) o due to phosphorylation by Ras/
MAPK also plays a critical role in liver carcinogenesis. In the present study, we examined the effects of
acyclic retinoid (ACR), which targets RXRa, on the development of diethylnitrosamine (DEN)-induced
liver tumorigenesis in C57BLKS/]- +Lepr?®’/+Lepr™ (db/db) obese mice. Male db/db mice were given tap
water containing 40 ppm DEN for 2 weeks, after which they were fed a diet containing 0.03% or 0.06%
of ACR throughout the experiment. In mice treated with either dose of ACR for 34 weeks, the
development of liver cell adenomas was significantly inhibited as compared with basal diet-fed mice.
ACR markedly inhibited the activation of Ras and phosphorylation of the ERK (extracellular signal-
regulated kinase) and RXRa proteins in the livers of experimental mice. It also increased the expression
of RARB and p21°™" mRNA while decreasing the expression of cyclin D1, ¢-Fos, and ¢-Jun mRNA in the
liver, thereby restoring RXRa function. Administration of ACR improved liver steatosis and activated
the AMPK protein. The serum levels of insulin decreased by ACR treatment, whereas the quantitative
insulin sensitivity check index (QUICKI) values increased, indicating improved insulin sensitivity. The
serum levels of TNF-o: and the expression levels of TNF-¢, IL-6, and IL-183 mRNA in the livers of DEN-
treated db/db mice were decreased by ACR treatment, suggesting attenuation of the chronic inflamma-
tion induced by excessive fatty deposits. ACR may be, therefore, useful in the chemoprevention of

obesity-related HCC. Cancer Prev Res; 4(1); 128-36. ©2010 AACR.

Introduction

Hepatocellular carcinoma (HCC) is a serious health-
care problem worldwide. The risk factors associated with
the development of HCC include chronic hepatitis B
and/or hepatitis C infection, particularly with subse-
quent cirrhosis. Recent evidence also indicates that obe-
sity and the related metabolic abnormalities, especially
diabetes mellitus, increase the risk of HCC (1-3). In a
rodent model, the occurrence of diethylnitrosamine
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(DEN)-induced liver tumorigenesis was found to be
significantly higher in obese and diabetic C57BLKS/]-
+Lepr®/+Lepr® (dbjdb) mice than in genetic control
mice (4). Diabetes mellitus has been shown to increase
the risk of primary HCC in patients with viral hepatitis
(5). Insulin resistance is also significantly associated
with the recurrence of stage I HCC after curative treat-
ment (6). Nonalcoholic fatty liver disease (NAFLD) is a
hepatic manifestation of the insulin resistance syndrome,
and in a subset of NAFLD patients, the condition pro-
gresses to nonalcoholic steatohepatitis, which involves
severe inflammation and therefore poses the threat of
HCC (7, 8). Coexistent obesity or steatosis exacerbates
liver injury and fibrosis and thus is involved in liver
tumorigenesis (9). Therefore, patients with obesity and
insulin resistance comprise a high-risk group for HCC,
and their treatment must target the prevention of this
malignancy.

Acyclic retinoid (ACR, the same substance as NIK-333),
a synthetic retinoid, apparently exerts chemopreventive
effects on the development of HCC (10). It inhibits
experimental liver carcinogenesis and suppresses the
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growth of HCC-derived cells by inducing apoptosis and
causing cell-cycle arrest in Go~G; (11-15). These effects
of ACR are associated with its agonistic activity for dis-
tinct nuclear retinoid receptors—retinoid X receptors
(RXR) and retinoic acid receptors (RAR), both of which
have 3 subtypes (o, B, and 7y; 16)—and subsequent
expression of the ACR target genes RARB and p21<™’
(12-15). A clinical trial revealed that oral administration
of ACR significantly reduced the incidence of postther-
apeutic HCC recurrence and improved the survival rates
of patients (17, 18). A phase 11/11] trial of ACR confirmed
its effectiveness in preventing second primary HCC in
hepatitis C virus-positive patients in a large-scale (n =
401) randomized, placebo-controlled trial; hazard ratio
for recurrence-free survival with ACR 600 mg/d versus
placebo was 0.27 (95% CI, 0.07-0.96) after 2 years
randomization (19).

Among the retinoid receptors, RXRa is considered as
one of the most important receptors with respect to the
regulation of fundamental cell activities because it forms
a heterodimer with other nuclear receptors and thereby
acts as the master regulator of nuclear receptors (20).
Recent studies indicate that phosphorylation of RXRa
abolishes its ability to form a heterodimer with RARB,
and the accumulation of phosphorylated RXRe. (p-RXRa,
i.e, nonfunctional RXRa), which is caused by activation
of the Ras/mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) signaling path-
way, plays a critical role in the development of HCC (10,
21, 22). On the other hand, the effects of ACR in sup-
pressing growth and inducing apoptosis in HCC cells
depend on the inactivation of Ras-ERK signaling system
and subsequent RXRet dephosphorylation (15, 23, 24). In
the present study, we examined the effects of ACR on
obesity-related liver tumorigenesis by focusing on the
inhibition of RXRo phosphorylation. We also examined
whether ACR treatment improves the insulin resistance,
liver steatosis, and inflammatory condition caused by
obesity with DEN-treated db/db mice, a useful preclinical
model, to evaluate the mechanisms underlying the inhi-
bition of obesity-related liver tumorigenesis by chemo-
preventive drugs (4).

Materials and Methods

Animals and chemicals

Four-week-old male db/db mice were obtained from
Japan SLC, Inc. All mice received humane care and were
housed at Gifu University Life Science Research Center in
accordance with the Institutional Animal Care Guidelines.
DEN was purchased from Sigma Chemical Co. ACR was
supplied by Kowa Pharmaceutical Co.

Experimental procedure

The experimental protocol, which was approved by
the Institutional Committee of Animal Experiments of
Gifu University, was as described previously (4). At

5 weeks of age, 40 db/db mice were randomly divided
into 5 groups. All the mice in groups 1 (n = 10), 2 (n =
10), and 3 (n = 10) were given tap water containing
40 ppm of DEN for the first 2 weeks, which is sufficient
to develop liver neoplasms in db/db mice (4). After DEN
treatment, the mice in groups 2 and 3 were fed the basal
diet CRF-1 (Oriental Yeast Co.) containing 0.03%
ACR (group 2) or 0.06% ACR (group 3), respectively,
with free access to the feed till the end of experiment.
Group 4 (n = 5) was fed the CRF-1 diet containing
0.06% ACR. The mice in groups 1 and 5 (n = 5) were
fed the CRF-1 diet throughout the experiment. The ratio-
nale for the doses (0.03% and 0.06%) selection of ACR
was based on previous studies, in which similar doses of
ACR inhibited experimental liver carcinogenesis induced
by chemical agents (25, 26). At 41 weeks of age (after
34 weeks of ACR treatment), all the mice were sacrificed
by CO, asphyxiation to check for the development of
HCC, liver cell adenoma, and foci of cellular alteration
(FCA).

Histopathologic analysis

At sacrifice, the livers were immediately removed and
macroscopically inspected for the presence of neoplasms.
Maximum sagittal sections of each lobe (6 lobes) were
used for histopathologic examination. For all experi-
mental groups, 4-pum thick sections of formalin-fixed,
paraffin-embedded livers were stained routinely with
hematoxylin and eosin (H&E) for histopathologic exam-
ination. The presence of HCC, liver cell adenoma, and
FCA was judged according to previously described criteria
{27). The multiplicity of FCA was assessed on a per unit
area (cm?) basis.

Ras activation assay

Ras activity was determined using a Ras activation assay
kit (Upstate Biotechnology) according to the man-
ufacturer’s instructions. Ras was precipitated in equiva-
lent amounts of liver extract (50 pg) from DEN-treated
mice (groups 1-3) by using Raf-1/Ras-binding domain-
immobilized agarose, which was then subjected to
Western blot analysis using anti-Ras antibody (24). The
intensity of the blots was quantified using NIH imaging
software Version 1.62,

Protein extraction and Western blot analysis

Total protein was extracted from the nontumor site of
livers of DEN-treated mice, and equivalent amounts of
proteins (30 ug per lane) were examined by Western blot
analysis (4). Previously described primary antibodies
for RXRot (AN-197 and D-20), ERK, phosphorylated
ERK (p-ERK), Stat3, p-Stat3, AMP-activated kinase
(AMPK), p-AMPK, and GAPDH were used (15, 22, 28,
29). The AN-197 antibody is considered a specific anti-
body for the p-RXRo protein (22, 23). The GAPDH anti-
body served as a loading control.
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RNA extraction and quantitative real-time reverse
transcription PCR

Total RNA was isolated from the nontumor site livers of
DEN-treated mice by using the RNAqueous-4PCR kit
(Ambion Applied Biosystems). cDNA was amplified from
0.2 ug of total RNA by using the SuperScript il First-
Strand Synthesis System (Invitrogen), and quantitative
real-time reverse transcription PCR (RT-PCR) analysis was
carried out as described previously (4). The specific pri-
mers used for amplification of the TNF-o,, IL-6, IL-1f3, and
B-actin genes were as described previously (30). The
primers for the amplification of RARB, p21°"", cyclin
D1, c¢-Jun, and c-Fos genes are listed in Supplementary
Table S1.

Clinical chemistry

Before sacrifice, the mice were fasted for 6 hours, and at
sacrifice, blood samples were collected for assaying the
serum concentrations of insulin, glucose, and TNF-q,
which was as described previously (4, 29). The serum
TNF-o (Shibayagi) levels were determined using an enzyme
immunoassay according to the manufacturer's protocol.
Insulin resistance was estimated by determining the quan-
titative insulin sensitivity check index (QUICKI) as follows:
QUICKI = 1/[log(lo) + log(Gy)l, where I, is the fasting
insulin level and G, is the fasting glucose level, which
correlates with the glucose clamp method (31).

Hepatic lipid analysis

Approximately 200 mg of frozen liver was homogenized,
and lipids were extracted using Folch’s method (32). The
levels of triglyceride in the liver were measured using the
triglyceride E-test kit (Wako Pure Chemical Co.) according
to the manufacturer’s protocol. To visualize the intrahepa-
tic lipids, Sudan 1l staining was conducted using the
standard procedure with frozen sections.

Statistical analysis

The results are presented as the mean =+ SD and were
analyzed using the GraphPad Instat software program
Version 3.05 (GraphPad Software) for Macintosh. Differ-
ences among the groups were analyzed by either 1-way
ANOVA or, as required, by 2-way ANOVA. When the
ANOVA showed a statistically significant effect (P <
0.05), each experimental group was compared with the
control group by using the Tukey-Kramer multiple com-
parisons test. The differences were considered significant
when the 2-sided P value was less than 0.05.

Resgulis

General observations

As shown in Table 1, no significant differences were
observed in the body, kidney, and fat weights among the
groups at the end of the study. A significant decrease in the
liver weight was observed in the ACR-treated groups as
compared with the basal diet-fed group (P < 0.05 or P <
0.01), irrespective of DEN treatment. Histopathologic

examination showed the absence of ACR toxicity in the
liver, kidney, and spleen (data not shown).

Effects of ACR on DEN-induced liver tumorigenesis in
db/db mice

Table 2 summarizes the incidence and multiplicity of
liver neoplasms (adenoma and HCC) and FCA in the mice
from all groups. FCA developed in the livers of mice from
all groups, irrespective of DEN treatment. On the other
hand, liver cell adenomas developed only in the DEN-
treated db/db mice. HCCs also developed in all DEN-treated
groups; however, the incidence (10% in each group) wan
not high. These findings might be associated with experi-
mental protocol because the duration of the experiments
(41 weeks) was sufficient to develop adenoma but not
HCC. In mice treated with either dose (0.03% and 0.06%)
of ACR, the incidence (P < 0.01 in each comparison) and
multiplicity of adenoma (P < 0.05 or P < 0.01) were
significantly inhibited compared 0 ACR-untreated mice.
The number of FCA was also significantly decreased by ACR
treatment, irrespective of DEN treatment (P < 0.001 or P <
0.05).

Effects of ACR on Ras activity and phosphorylation of
RXRe, ERK, and Stat3 proteins in the livers of DEN-
treated db/db mice

ACR prevents the growth of HCC cells by inactivating
Ras-ERK and dephosphorylating RXRa, thereby restoring
RXRo function (10, 15, 23, 24). Stat3 is also an ACR
target for the inhibition of cancer cell growth (28).
Therefore, the effects of ACR on the inhibition of Ras
activity and phosphorylation of the RXRo, ERK, and Stat3
proteins were examined in this study by using an obesity-
related liver tumorigenesis model. As shown in Figure 1A,
the activity of Raf-1-bound Ras in the liver was signifi-
cantly inhibited by treatment with either dose of ACR
(P < 0.01). The expression levels of the p-ERK and
p-RXRo proteins were also decreased by ACR treatment
(Fig. 1B), indicating that ACR inhibits the development
of obesity-related liver neoplasms, at least in part, by
dephosphorylating RXRa and thereby restoring its func-
tion. At both doses, ACR also decreased the expression
levels of the p-Stat3 protein in the livers of DEN-treated
db/db mice (Fig. 1B).

Effects of ACR on the expression levels of RARS,
p21°""!, cydin D1, c-Fos, and c-Jun mRNA in the livers
of DEN-treated db/db mice

ACR inhibits the growth of HCC cells by increasing
the cellular levels of RARB and p21°™"! but decreasing
the levels of cyclin D1, and these effects might be asso-
ciated with the restoration of RXRa function (12-15).
1t also suppresses the growth of cancer cells by inhibit-
ing the activity of AP-1, which comprises the Jun and
Fos oncoprotein families (28). Therefore, the effect of
ACR on the mRNA levels of these molecules was exam-
ined next. As shown in Figure 1C, quantitative real-
time RT-PCR analysis indicated that ACR treatment
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Table 1. Body, liver, kidney, and fat weights of the experimental mice

Group no. Treatment No. of mice Weight, g

Body Liver Kidney Fat®
1 DEN alone 10 71.2 + 8.8° 45408 0944 1.0 75+22
2 DEN + 0.03% ACR 10 65.7 4 7.2 33+ 1.1° 0.5:+ 0.1 6.0 £ 1.5
3 DEN + 0.06% ACR 10 66.0 + 7.4 3.0 + 0.7¢ 0.5 + 0.1 57413
4 0.06% ACR alone 5 66.0 4 7.4 3.0 4 0.7° 0.5+ 0.1 57413
5 Basal diet 5 679 + 7.8 4.8 410 0.6 4 0.1 6.2+ 14

*White adipose tissue of the periorchis and retroperitoneum.
®Mean + SD.

“Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.05).
“Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.01).
“Significantly different from group 5 by Tukey-Kramer multiple comparison test (P < 0.05).

significantly increased the expression levels of RARB
and p21°"™ mRNA, especially RARS mRNA, in the livers
of DEN-exposed db/db mice (P < 0.01}. On the other
hand, the expression levels of cyclin D1, ¢-Fos, and ¢c-Jun
mRNA were significantly decreased by ACR treatment
(P < 0.01).

Effects of ACR on hepatic steatosis and the activation
of AMPK in the livers of DEN-treated db/db mice
Hepatic steatosis is considered a promoter of the
development of HCC (8, 9). Therefore, whether ACR
treatment enhances the accumulation of lipids in the
liver of experimental mice was examined. Examination
of Sudan Ill-stained sections revealed that ACR treat-
ment significantly improved macrovesicular steatosis
in the livers of DEN-treated db/db mice (Fig. 2A, top
panels). The triglyceride levels in the liver were also

significantly decreased in mice treated with ACR at either
dose (P < 0.05) in comparison with those fed the basal
diet (Fig. 2A, bottom graph). Moreover, ACR markedly
phosphorylated (activated) the AMPK protein, which is a
critical serine/threonine kinase that monitors cellular
energy status {33), in the livers of the experimental mice
(Fig. 2B).

Effects of ACR on insulin resistance in DEN-treated
db/db mice

Insulin resistance plays a critical role in the development
of HCC {1-6). Therefore, the effects of ACR on the levels of
serum insulin and QUICKI values, which indicate the
degree of insulin sensitivity, were examined in DEN-treated
db/db mice. As shown in Figure 2C, the serum insulin level
was decreased (P < 0.05) whereas the QUICKI value was
increased in mice treated with 0.06% ACR (P < 0.05)

Tabsie 2. lnci

and multiplicity of hepatic neoplasms and FOA in the axperdmertsl mice

Group no. Treatment No. of mice Incidence Multiplicity® FCA
Adenoma HCC Adenoma  HCC {No/cm?)
1 DEN alone 10 7/10 (70%) 1/10 (10%) 13 4 1.20 01-+03 15.1 + 3.5°
2 DEN + 0.03% ACR 10 1/10 (10%)° 1/10 (10%) 0.2 4 0.6° 01+03 6.6 4 2.5
3 DEN + 0.06% ACR 10 1/10 (10%)® 1/10 (10%) 0.1+ 0.39 0.1 +£0.3 28+ 1.8
4 0.06% ACR alone 5 0/5 (0%) 0/5 {0%) 0 0 3.0+ 28"
5 Basal diet 5 0/5 (0%) 0/5 (0%) 0 0 80+12

#Number of neoplasms per mouse.
®Mean + SD.

“Significantly different from group 5 by Tukey-Kramer multiple comparison test (P < 0.001).
d~3igrxiﬁca1ntly different from group 1 by Fisher's exact probability test (P < 0.01).
“Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.05).
'Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.001).
Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.01).
"Significantly different from group 5 by Tukey-Kramer multiple comparison test (P < 0.05).
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Figure 1. Effects of ACR on Ras activity; phosphorylation of RXRa, ERK, and Stat3 proteins; and the expression of target genes in the livers of DEN-treated
db/db mice. The total proteins and mRNAs were extracted from the livers of DEN-treated mice. A, the Ras activities were determined using a Ras
activation assay kit (top). The relative intensity of the blots was quantified by densitometry and is displayed in the bottom graph. B, the expression levels of the
RXRa, p-RXRa, ERK, p-ERK, Stat3, and p-Stat3 proteins were examined by Westem blot analysis, using the respective antibodies. Equal protein
loading was verified by the detection of GAPDH. Two lanes represent protein samples from two different mice from each group. Repeat Western blots yielded
similar results. C, the expression levels of RARB, p21°F", cyclin D1, c-Fos, and ¢c-Jun mRNA were examined by quantitative real-time RT-PCR using
specific primers. B-Actin was used as a control. Each experiment was performed in triplicate, and the average value was calculated. Values are the mean + SD.

*, P < 0.01 vs. ACR-untreated group.

compared with those in the basal diet-fed group. These
findings suggest that ACR improves insulin resistance in
obese and diabetic db/db mice.

Effects of ACR on the serum levels of TNF-« and
hepatic expression of TNF-¢, IL-6, and IL-18 mRNA in
DEN-treated db/db mice

Because a state of chronic inflammation induced by
excessive production of storage lipids and insulin resistance
is associated with obesity-related liver carcinogenesis (34),
the effects of ACR on the levels of the proinflammatory
cytokines TNF-o, IL-6, and IL-1B in DEN-treated db/db mice
were examined. As shown in Figure 34, the serum levels of
TNF-o were decreased after ACR treatment (P < 0.01).
Furthermore, the expression levels of TNF-¢, IL-G6, and
IL-1B mRNA in the livers of DEN-treated db/db mice were
also significantly decreased by ACR treatment (P < 0.01).
The decrease was most apparent in the levels of IL-6 mRNA:

the inhibition rates were about 85% at both doses of ACR
(Fig. 3B).

Discussion

In the present health care scenario, the effects of obesity,
including the promotion of cancer, are critical issues that
need to be resolved and HCC is one of the representative
malignancies influenced by excessive body weight and
related metabolic abnormalities (1-3, 5, 6). A recent clin-
ical trial revealed that supplementation of food with
branched-chain amino acids (BCAA), which improves
insulin resistance (35), reduced the risk of HCC in obese
patients with chronic viral liver disease (3). BCAA supple-
mentation also suppresses liver tumorigenesis in obese and
diabetic db/db mice by improving insulin resistance and
attenuating liver steatosis and fibrosis (4). The results of the
present study clearly indicated that ACR also effectively
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Figure 2. Effects of ACR on hepatic steatosis, the activation of the AMPK protein in the liver, and the levels of serum insulin and insulin sensitivity in
DEN-treated db/db mice. A, frozen liver sections from DEN-exposed mice treated with or without ACR were stained with Sudan Il to show steatosis
(top). Hepatic lipids were extracted from the frozen livers of these mice, and the triglyceride levels were measured (bottom}. B, the total proteins were extracted
from the livers of DEN-treated mice, and the expression levels of the AMPK and P-AMPK proteins were examined by Western blot analysis, using the
respective antibodies. A GAPDH antibody served as a loading control. C, the serum concentration of insulin was measured by enzyme immunoassay (left). The

QUICKI value was calculated to evaluate insulin sensitivity (right). Values are the mean =+ SD. *, P < 0.05 vs. ACR-untreated group.

prevents the development of obesity-related liver cell ade-
nomas, and these effects are associated with improvement
of hepatic steatosis and insulin resistance. Therefore, the
findings of the present study, together with the results of
previous studies using BCAA (3, 4), suggest that improve-
ment of metabolic abnormalities by pharmaceutical or
nutritional intervention might be an effective strategy for
inhibiting obesity-related liver tumorigenesis.

Several biological effects of ACR are relevant to the
prevention of obesity-related hepatotumorigenesis. First,
it should be noted that ACR inhibits RXRo. phosphoryla-
tion by suppressing the Ras/ERK signaling pathway in the
livers of DEN-treated db/db mice. These findings are con-
sistent with those of previous in vitro studies (15, 23, 24),
but this is the first in vivo experiment, and the results seem
to be significant because RXRo malfunction due to the
phosphorylation by Ras-ERK plays a role in liver carcino-
genesis and phosphorylated RXRo is therefore a critical
target for HCC chemoprevention (10, 21). ACR suppresses
the growth of HCC cells by inhibiting RXRa phosphoryla-
tion and restoring its original function as a master regulator

of nuclear receptors (15, 22-24). Therefore, the expression
levels of the RARB, p21°"™, cyclin D1, ¢-Fos, and ¢-Jun genes,
which are ACR targets (12-15, 28), were notably regulated
by treatment with this agent. Among these molecules,
RARB seems to be the most important with respect to
the induction of apoptosis (36). The upregulation of
p21“"!, which negatively modulates cell-cycle progression,
also activates the promoter region of the RARB gene (37).
Because RAR can form a heterodimer with RXRo and thus
synergistically inhibit the growth of HCC cells (14, 15), its
induction might also have played a role in preventing the
development of liver tumors in the present study. In addi-
tion, p21“'"" induction, which might be caused by activa-
tion of transforming growth factor (TGF)-B, also
contributes to prevent the development of liver neoplasms
because TGF-§ induces senescence and inhibits growth in
HCC cells by upregulating p21“'™" and ACR can activate
latent TGF- in liver stellate cells (38, 39).

Next, the effects of ACR in improving hepatic steatosis
and insulin resistance, both of which accelerate HCC
development (7-9), are discussed. These effects might also
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Figure 3. Effects of ACR on the serum levels of TNF-o. and the expression levels of TNF-a, IL-6, and IL-1 mRNA in the livers of DEN-treated db/db mice. A, the
serum concentration of TNF-a was measured by enzyme immunoassay. B, the expression levels of TNF-e, /L-6, and IL-718 mRNA were examined by
quantitative real-time RT-PCR using specific primers. The expression levels of these mRNAs were normalized to the level of the 3-actin mRNA. Values are the

mean = SD. *, P < 0.01 vs. ACR-untreated group.

be associated with RXRo dephosphorylation, as RXR can
control insulin sensitization and lipid metabolism by
forming a heterodimer with peroxisome proliferator-acti-
vated receptor (PPAR), an important molecule in the
regulation of lipid homeostasis and energy metabolism
(40). This speculation is interesting because the inhibition
of RXRa phosphorylation and the activation of the RXR/
PPAR heterodimer are also activities that cooperatively
inhibit the growth of cancer cells (41). In addition, ACR
might improve these metabolic abnormalities by activating
AMPK, which increases glucose uptake and fatty acid oxi-
dation but decreases fatty acid synthesis (33). This is
another positive finding with regard to the prevention of
hepatotumorigenesis because decreased AMPK activation is
implicated in tumor development and therefore may be a
promising target for cancer chemoprevention (42, 43). For
instance, a human study suggests that metformin, an AMPK
activator used to treat type 2 diabetes mellitus, reduces the
cancer risk in diabetic patients (44). Dietary energy restric-
tion suppresses mammary tumorigenesis in rats by increas-
ing the levels of activated AMPK (45). Pitavastatin, a
lipophilic statin, was found to prevent obesity- and dia-
betes-related colon carcinogenesis in mice by activating
AMPK in the colonic mucosa (29). These reports suggest
the possibility that activation of AMPK by ACR aided in
suppressing the development of obesity-related liver cells
adenomas, as observed in the present study.

Insulin resistance and lipid accumulation in the liver
produce inflammatory changes in the liver (7-9). ACR
might decrease the serum levels of TNF-o. and the expres-

sion levels of TNF-@, IL-6, and IL-18 mRNA in the livers of
experimental mice by improving hepatic steatosis and
insulin resistance. These findings are significant because
obesity-related HCC development clearly depends on
enhanced production of TNF-ot and IL-6, which cause
hepatic inflammation and activate ERK and Stat3 (34).
TNEF-¢, which lies at the core of the association between
obesity and insulin resistance (46), contributes to obesity-
induced IL-6 production and hepatocarcinogenesis (34).
IL-6 is a major Stat3 activator in the liver, and the activa-
tion of the IL-6-Stat3 axis plays a critical role in HCC
development (47, 48). In addition, uncontrolled activa-
tion of the Ras/ERK and Jak/Stat pathways is essential for
HCC development (49). In the present study, ubiquitous
activation of Ras-ERK signaling presumably caused accu-
mulation of the p-RXRa protein in the liver of the obese
mice. Our findings indicate that the effects of ACR in
improving the inflammatory response and inhibiting
Ras-ERK and Stat3 activation are crucial to prevent the
development of obesity-related liver tumors.

Finally, it should be emphasized again that prevention of
HCC by targeting hepatic steatosis, insulin resistance, and
the state of chronic inflammation, which are caused by
dysregulation of energy homeostasis, might be one of the
promising strategies for the treatment of obese individuals
who are at an increased risk of developing HCC (3, 4). ACR
seems to be potentially effective and critical candidate for
this purpose because it can improve hepatic steatosis and
insulin resistance while also attenuating chronic inflam-
mation. It inhibits RXRo. phosphorylation induced by
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Ras-ERK activation, which might be associated with excess
adipose tissue, and this effect is also important for pre-
venting obesity-related liver tumorigenesis. The findings of
the present study, together with the results of previous
clinical trials indicating that ACR can significantly prevent
the development of HCC in patients with viral cirrhosis
without causing serious adverse effects (17-19), encourage
the clinical usage of this agent for cirrhotic patients with
obesity and diabetes. On the other hand, careful observa-
tion is required to apply a retinoid in clinical practice
because of its potential toxicity. For instance, ACR may
worsen hypertriglyceridemia in obese and diabetic subjects,
which is a side effect observed in previous clinical trial (17),
limiting the application of ACR to such subjects.
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