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Aryl hydrocarbon receptor-mediated effects
of 2,3,7,8-tetrachlorodibenzo-p-dioxin on
glucose-stimulated insulin secretion in mice

Hisaka Kurita,® Wataru Yoshioka,? Noriko Nishimura,’ Naoto Kubota,**
Takashi Kadowakic and Chiharu Tohyama®"#

ABSTRACT: Epidemiological and laboratory studies suggested that exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
affects glucose homeostasis and increases the incidence of type 2 diabetes mellitus. To evaluate the effects of TCDD on insulin
secretion from islets of Langerhans (islets), we designed in vivo, ex vivo and in vitro experiments. For the in vivo experiment,
male C57BL/6J and aryl hydrocarbon receptor {AhR)-null mice were injected intraperitoneally with TCDD (10 ug kg™ b.w.),
fasted for 12 h and administered glucose 24 h post-administration. TCDD exposure significantly decreased the plasma insulin
concentration at 60 and 120 min after a glucose challenge in C57BL/6J mice but not in AhR-null mice, In contrast, the plasma
glucose concentration was not changed by TCDD exposure in both C57BL/6J and AhR-null mice, For the ex vivo experiment,
we isolated islets 24 h after TCDD administration and determined the glucose-stimulated insulin secretion from the islets. The
insulin secretion level was found to be significantly decreased by TCDD exposure at 60 min after glucose treatment, For the
in vitro experiment, islets harvested from untreated C57BL/6J mice were exposed to 0.1, 1, 10 or 100 nm TCDD for 24 h and
analyzed for glucose-stimulated insulin secretion, Insulin secretion from the islets remained unchanged regardless of TCDD
dose. In conclusion, TCDD exposure impaired the second phase of glucose-stimulated secretion of insulin from the islets via

the AhR signaling pathway. Copyright © 2009 John Wiley & Sons, Ltd.

INTRODUCTION

The incidence of obesity and its related disease state, such as
type 2 diabetes, has considerably increased in industrialized soci-
eties owing to lifestyle changes, such as high calorie intake and
lack of physical exercise. It has been estimated that the number
of type 2 diabetic patients will increase to 366 million worldwide
by 2030 (Wild et al., 2004), and that the high incidence of type 2
diabetes is becoming a serious medical and social problem that
needs to be addressed to ensure a better quality of life for the
overwhelmingly increasing aged population. Type 2 diabetes is
characterized by impaired insulin secretion from the islets of
Langerhans and insulin resistance in the target organs such as
liver, adipose tissue and muscle (Porte, 2001). It is established
that the dysfunction of pancreatic f§ cells is accompanied by
impaired insulin secretion, and intricately associated with chronic
hyperglycemia and insulin resistance (Kahn et al.,, 2006).
Epidemiological studies suggest that, besides hereditary
factors, the impairment of insulin secretion could be induced by
exposure to environmental pollutants, For example, American
war veterans who were engaged in the operation to spray defoli-
ant containing 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) dur-
ing the Vietnam War showed that the levels of TCDD exposure
correlate significantly with the incidence of type 2 diabetes
{Michalek et al., 1999). The results of the third National Health and
Nutrition Examination Survey (NHANES fl) in the USA suggested
that the urinary cadmium level is significantly associated with the
fasting glucose level and type 2 diabetes in adults older than 40
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years in age (Schwartz et al, 2003). On the other hand, experi-
ments using rodents showed that exposure to cadmium
(tthakissios et al.,, 1975), methylmercury (Chen et al,, 2006) and
TCDD (Novelli et al, 2005} decreases plasma insulin concentra-
tions or the level of insulin secretion from the islets, suggesting
that exposure to environmental pollutants may increase the inci-
dence of type 2 diabetes.

Among these chemicals, TCDD has been known to bind to a
receptor, named aryl hydrocarbon receptor (AhR) that is known
to be present in many types of cells from nematodes to mammals
(Butler et al, 2001; Hahn et al, 1997). This receptor has an
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extremely high affinity for TCOD. Thus, we selected TCDD as a
model compound to study the toxicity mechanism associated
with glucose tolerance and insulin secretion from the islets. Once
TCDD binds to AhR in the cytoplasm, the TCDD-AR complex can
be translocated into the nucleus, and forms a heterodimer with
AhR nuclear translocator (Arnt). This liganded transcription factor
complex binds to the xenobiotic-responsive element in the pro-
moter region of target genes, which will accelerate transcrip-
tional activity and induce biological responses or toxicities
(Gonzalez and Fernandez-Salguero, 1998). Although AhR-null
mice did not develop TCDD-induced toxicities and disease states,
such as hydronephrosis, cleft palate and thymic atrophy
{(Fernandez-Salguero et al, 1996; Mimura et al., 1997), it has not
been determined whethet the TCDD-induced effects on glucose
homeostasis are mediated by AhR. Insulin secretion was found
to be decreased by TCDD exposure in the rat (Novelli et al., 2005;
Piaggi et al,, 2007), but whether TCDD-induced suppression of
insulin secretion is mediated by AhR is not known. In the present
study, we examined the effects of TCDD on glucose-stimulated
insulin release by in vivo, ex vivo and in vitro experiments, and
investigated the importance of AhR in TCDD-dependent disrup-
tion of glucose homeostasis, such as insulin secretion from the
islets by using AhR-null mice.

MATERIALS AND METHODS

Animals

Male C57BL/6J strain mice were purchased from CLEA Japan, Inc.
{Tokyo, Japan). AhR(~/~) mice (Mimura et al, 1997) were a kind
gift from Dr Y. Fujii-Kuriyama. The male AhR(+/-) were back-
crossed 13 times to female C578L/6J mice, and AhR(-/-) mice
were produced by mating heterozygous AhR transgenic mice at
the National Institute for Environmental Studies. The genotype
of each pup was determined by analyzing the presence of the
mutant AhR allele by PCR with genomic DNA in a tissue taken
from the tail. The mice were housed in a room with temperature
at 23 £+ 1°C and humidity at 50 + 10%, on a 12/12 h light-dark
cycle. Laboratory rodent chow {Labo MR Stock, Nosan, Yokohama,
Japan) and distilled water were provided ad libitum. The experi-
mental protocols using the mice were approved by the Animal
Care Committee of the Graduate School of Medicine, the
University of Tokyo.

In Vivo Expetiment: Oral Glucose Tolerance Test

TCDD (purity >99.5%; Cambridge Isotope Laboratory, Andover,
MA, USA) was dissolved in corn oil (Wako Pure Chemicals, Osaka,
Japan). The com oil containing 2% n-nonane {Nacalai Tesque,
Kyoto, Japan) was used for vehicle (control) treatment. Male
C57BL/6J and AhR-null 8-week-old mice were injected intraperi-
toneally with a single dose of vehicle (control) or TCDD
{10 ug kg™ b.w.). Twelve hours after TCDD treatment, the mice
were fasted for a further 12 h and administered glucose solution
at a single oral dose of 2.0 g kg™ b.w. Blood was collected from
the tail vein at 0, 15, 30, 60 and 120 min after glucose administra-
tion, followed by separation of plasma. Insulin in the plasma was
determined using mouse insulin enzyme-linked immunosorbent
assay (ELISA) (AKRIN-011, Shibayagi, Shibukawa, Japan). Plasma
glucose was determined using a GLU-PIll test slide (Fujifilm,
Asaka, Japan).
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Ex Vivo Experiment: Insulin Release from the Isolated Islets

Twenty-four hours after the intraperitoneal injection of TCDD,
C57BL/6J mice were lightly anesthetized with diethyl ether. Islets
were isolated by collagenase digestion. In brief, after clamping
the common bile duct at a point close to the duodenal outlet,
collagenase (Liberase Rl, Roche Applied Science, Indianapolis, IN,
USA) was injected into the duct. The swollen pancreas was
removed and incubated at 37 °C for 24 min. The pancreas was
dispersed by pipetting and washed three times with buffer
[Hank’s balanced salt solution with 25 mm HEPES (pH 7.4) and
10% newborn calf serum]. Islets were manually collected under
a microscope. The isolated islets were incubated in DMEM sup-
plemented with 10% newborn calf serum for 12 h under 5% CO,
at 37 °C, Groups of islets (seven islets per sample) were incubated
for 0, 10 or 60 min at 37 °Cin 0.5 ml of Krebs-Ringer bicarbonate
buffer (KRB) supplemented with 22.4 mm glucose and 0.2%
bovine serum albumin (BSA). Supernatants were collected for
insulin determination. To determine insulin inside the islets, the
islets were treated with 0.5 ml of acidified ethanol (29:7:3, v/v,
99.5% ethanol :H,0:5.0 M HCl) kept frozen at -20 °C until ELISA
for insulin.

In Vitro Experiment: Insulin Release from Isolated Islets

Islets were isolated from untreated C57BL/6J mice by collagenase
digestion as described in ‘Fx vivo experiment’ and incubated in
DMEM under 5% CO, at 37 °C for 12 h. Groups of islets (seven
islets per sample) were incubated in 0.5 ml of DMEM containing
0,0.1, 1, 10 or 100 nm TCDD under 5% CO, at 37 °C for 24 h. After
TCDD exposure, the islets were washed with KRB and incubated
in KRB containing 22.4 mm glucose and 0.2% BSA at 37 °C for
60 min. The medium containing the islets was centrifuged to
separate the supernatant and islets for insulin determination by
ELISA.

Statistical Analysis

All the results are expressed as mean + SEM. Data between
groups were compared using Student'’s t-test or one-way ANOVA
with post hoc analysis by Bonferroni’s test. A P-value of less than
0.05 was considered statistically significant.

RESULTS

In Vivo Experiment

To examine the effects of TCDD on glucose metabolism, we per-
formed in vivo oral glucose tolerance test (OGTT). In this experi-
ment, C57BL/6J and AhR-null mice were used to evaluate the
possible involvement of AhR in the TCDD-induced effects. Plasma
insulin concentrations at 60 and 120 min after glucose challenge
were significantly decreased by TCDD exposure in C57BL/6J mice
[Fig. . 1{A)], whereas in AhR-null mice, no difference in plasma
insulin concentrations was observed until 120 min after. glucose
administration [Fig. 1(B)1. In contrast, TCDD exposure did not alter
the plasma glucose concentrations in both C57BL./6J and AhR-
null mice (Fig. 2). These results indicate that the impaired insulin
secretion following TCDD administration was mediated in an
AhR-dependent manner.

J. Appl. Toxicol. 2009; 29: 689-694
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Figure 1. Plasma insulin level after a glucose challenge in C578BL/6)
mice (n = 10 per group) (A) and AhR-null mice (n =4 per group) (B) at 24 h
after an intraperitoneal injection of TCDD at a dose of 10 g kg~ bw.
Data are expressed as mean + SEM. *P < 0.05 as compared with control
group at each time point (Student's t-test).

Ex Vivo Experiment

Because TCDD decreased the glucose-stimulated plasma insulin
concentrations in C57BL/6J mice [Fig. 1(A)], we determined
whether TCDD exposure affects glucose-stimulated insulin secre-
tion using the isolated islets of C57BL/6J mice exposed to TCDD.
The concentration of insulin released into the medium was not
different between the control and TCDD-exposed islets at 10 min
after glucose treatment, but was significantly decreased by TCDD
exposure at 60 min after glucose treatment [Fig. 3(A)l. Under this
experimental condition, the insulin contents of the islets were
also significantly decreased by TCDD exposure at 60 min after
glucose stimulation [Fig. 3(B)]. Although no statistically signifi-
cant differences were found between the control and TCDD-
exposed mice at 0 and 10 min after glucose stimulation, the
insulin contents in control mice tended to be less than those in
TCDD-exposed mice [Fig. 3(B)].

In Vitro Experiment

To evaluate the direct effects of TCDD on the glucose-stimulated
insulin secretion, pancreatic islets were isolated first and then
exposed to different concentrations of TCDD. Unlike in the in vivo
TCDD exposure experiment, insulin secretion from the islets
remained unchanged regardless of TCDD dose [Fig. 4(A)l,
although the insulin contents in the islets were significantly
decreased at as low as 0.1 nm TCDD [Fig. 4(B)].

J. Appl. Toxicol, 2009; 29: 689-694
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Figure 2. Plasma glucose level after a glucose challenge in C57BL/6J
mice (n = 10 per group) (A) and AhR-null mice (n = 4 per group) (B) at
24 h after an intraperitoneal injection of TCDD at a dose of 10 ug kg™' bw.
See also the legend to Fig. 1.

DISCUSSION

The impaired insulin secretion from the pancreatic islets follow-
ing TCDD exposure shown in this study may support the previous
epidemiological observations on the relationship between TCDD
exposure and occurrence of diabetes mellitus. In a series of fol-
fow-up epidemiological studies on the health status of US Air
Force veterans who were engaged in the spraying of defoliant
containing TCDD during the Vietnam War, serum TCDD concen-
trations were suggested to be significantly associated with the
prevalence of type 2 diabetes (Henriksen et al., 1997) and insulin
resistance (Kern et al., 2004). Recently, such associations between
TCDD and diabetes in Vietnam War veterans were strengthened
after adjustments for calendar period, day of spraying defoliants,
and time spent in Vietnam (Michalek and Pavuk, 2008). In other
cohort studies on people exposed to excessively large amounts
of TCDD in Seveso, Italy, mortality ascribed to diabetes was found
to be significantly elevated (Bertazzi et al., 1998; Pesatori et al,
2003). The significant association of increased incidence of dia-
betes with exposure to TCDD was also reported in workers who
were engaged in manufacturing phenoxyacid herbicide and
chlorophenol (Vena et al.,, 1998). These epidemiological observa-
tions are supported by several experimental studies. Exposure to
TCDD was found to affect glucose metabolism such as a decrease
in glucose uptake by the pancreas and adipose tissue in the
guinea pig (Enan et al, 1992) and an alteration of gluconeogen-
esis and PEPCK activity in the rat (Weber et al, 1991). Other

www.interscience.wiley.com/journal/jat
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Figure 3. Insulin release (A) and contents (B) in islets stimulated with
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group). See also the legend to Fig. 1.

studies also reported the effects of TCDD on glucose metabolism,
including impairment of insulin secretion in rats (Novelli et al,
2005) and glucose tolerance in mice {Ishida et al., 2005).

In our present study, C57BL/6J mice exposed to TCOD at a dose
of 10 pg kg™' b.w. were found to have a decreased level of insulin
secretion [Fig. 1{A)] but no impaired glucose tolerance [Fig. 2(A)].
The observation concerning insulin secretion supports the previ-
ous study using rats (Novelli et al, 2005), but the observation
concerning glucose tolerance is not consistent with the observa-
tion described in the above-mentioned study {Ishida et al., 2005),
in which the glucose tolerance was impaired on day 10 after an
administration of a very high TCDD dose (100 pg kg™ b.w.) that
can induce wasting syndrome. It is considered that the difference
between our study and the study by Ishida and coworkers ((ishida
et al., 2005) could be due to a difference in the TCDD dosage or
the selected time point. Thus, it is possible that glucose tolerance
and insulin resistance could be developed if a slightly abnormal
insulin secretion persists for a long period, and this hypothesis
could be validated by chronic toxicity studies.

Previous studies have proposed some toxic mechanisms of
insulin secretion induced by environmental pollutants. Cadmium,
methylmercury and TCDD affect the calcium channels in the
islets (Jijakli and Malaisse, 1998), PI3K/Akt signaling pathway
(Chen et al,, 2006) and the production of ROS (Piaggi et al.,, 2007),
respectively. Nevertheless, how TCDD impairs insulin secretion at
the molecular level is still unclear. There are several lines of exper-
imental evidence that AhR and At play physiological roles in
glucose homeostasis. When female AhR-null mice were main-
tained for seven months, the mice were found to have a decreased
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Figure 4. Insulin release (A) and contents (B) in islets stimulated with
22.4 mm glucose for 60 min after exposure to 0.1-100 nmu TCDD for 24 h,
the islets were isolated from intact C57BL/6J mice. Seven islets were
grouped into one sample (n = 5 per group). Data are expressed as
mean * SEM. ¥P < 0.05 as compared with control group (one-way ANOVA,
followed by post hoc Bonferroni's test).

plasma insulin level under fasting conditions and insulin resis-
tance (Thackaberry et al., 2003). In another study (Gunton et al,
2005}, type 2 diabetes patients were found to have a decreased
level of Arnt expression in the pancreatic islets. In the Gunton and
coworkers' study using Arnt-knocked-down MING cells and S cell-
specific Amt-nuli mice, MODY gene (hepatocyte nuclear factor
40), glucose-metabolism-related enzyme genes (glucose-6-
phospho-isomerase, aldolase and phosphofructokinase) and
insulin-signaling gene (Akt2) were down-regulated in accor-
dance with impaired insulin secretion. Thus, it is considered that
the AhR-Arnt signaling pathway may modulate insulin secretion
through the regulation of the above-described genes that are
associated with glucose homeostasis. On the other hand, we
found that TCDD exposure impairs insulin secretion through an
AhR signaling pathway [Fig. 1(B)]. How AhR or Arnt plays a regula-
tory role in insulin secretion remains to be studied.

Insulin is secreted from the islets in a biphasic fashion {Aizawa
and Komatsu, 2005). in the first phase, insulin is rapidly secreted
from the islets within 2 min upon glucose stimulation, followed
by a gradual decrease within 10 min. This insulin secretion which
is characterized by the fusion of insulin-containing granules, a
readily releasable pool (RRP), with the cellular membrane, is
caused by an increase in the intracellular Ca®** concentration
[Ca?]; triggered by the closure of ATP-sensitive K™ (Kap) channel
that is activated by glucose stimulation. In the second phase, the
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insulin secretion level gradually increases after the first phase is
nearly terminated. The second phase is characterized by the
replenishment of RRP with insulin granules that are presentin a
reserve pool (RP). Although male Sprague-Dawley rats injected
intraperitoneally with TCDD at a dose of 1 ug kg™ b.w. showed
decreased glucose uptake in the pancreas without alteration in
the glucose transporter 2 protein level in the islets at 24 h post-
administration (Novelli et af, 2005), how insulin secretion was
altered by TCDD is still unknown. In the present study, TCDD
expostuire in vivo and ex vivo decreased the level of insulin secre-
tion from the islets [Figs 3(B) and 4(B)}, but that in vitro did not
[Figs 1(A), 3(A) and 4(A)]. These results suggest that the decrease
of the insulin secretion level by TCDD is achieved in an indirect
mannet, presumably owing to its actions on other tissues, For
instance, it has been reported that the removal of the ventrome-
dial hypothalamus (VMH) elevates the insulin secretion (Berthoud
and Jeanrenaud, 1979) and that exposure to TCDD of the rats
whose VMH was surgically removed suppresses the elevated
insulin secretion to the level of the sham-operated control rats
{(Tuomisto et al,, 1995). Our ex vivo experiments using the islets
from TCDD-exposed mice showed that TCDD decreased the
insulin level secretion significantly at 60 min after glucose stimu-
Jation, but not at 10 min [Fig. 3(A)]. This time-course pattern of
insulin secretion is consistent with that of in vivo experiment
resufts (Fig. 1(A)). In summarizing the observations up to this
point, TCDD exposure is thought to affect insulin secretion from
the pancreatic islets mainly in the second phase.

Unlike the first phase, the second phase of insulin secretion
from the islets is not regulated by a Kyp-channel-dependent
pathway, but possibly by a PKC pathway. The suppression of PKC
was reported to cause a decrease in the glucose-stimulated
insulin secretion level at 20-60 min after glucose treatment to
the 3 cell-derived MING6 cells (Niki et al.,, 2003). That is, the activa-
tion of phospholipase C or inositol triphosphate induced by
glucose metabolism in the mitochondria increases the level of
PKC activity, and then the activated PKC will affect the Ky
channel-independent pathway. Because TCDD has been sug-
gested to induce the translocation of PKC from the cytoplasm to
the cellular membrane and to activate PKC (Kim et al, 2007), it
can be speculated that the TCDD-induced impairment of insulin
secretion is caused by disruption of the PKC signaling pathway.
The likeliness of disruption of the PKC signaling pathway by
TCDD remains to be studied. On the other hand, in our in vitro
experiment, insulin secretion was not altered despite a decrease
in insulin contents in the islets by TCDD concentration as low as
0.1 nm [Fig. 4(A, B)], but the reason is not clear. We would specu-
late that insulin secretion could be affected by alteration of puta-
tive TCDD targets, such as glucose uptake and its metabolism,
Kare-channel-regulated membrane potential and exocytosis by
insulin granules rather than by insulin contents in the islets under
the current experimental condition.

Most of the dioxin toxicities reported so far have been shown
to be elicited in an AhR-dependent manner because these toxici-
ties could not be observed in AhR-null mice (Gonzalez and
Fernandez-Salguero, 1998; Lahvis et al.,, 2000; Mimura et al,, 1997).
Although the precise information on AhR target molecules is
limited, it is considered that the phosphorylation of AhR is essen-
tial for the liganded AhR to bind to the xenobiotic-responsive
element in the promoter region and to activate the transcription.
This genomic pathway has been a dogma of AhR-mediated tox-
icities. On the other hand, a noncanonical theory (a‘'nongenomic’
pathway) has been proposed to explain the molecular mecha-
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nism of TCDD actions. In contrast to the genomic pathway, the
nongenomic pathway of ligand-activated AhR does not require
Arnt and activates cytosolic phospholipase A2 and Cox-2 (Dong
and Matsumura, 2008), presumably by inducing a rapid increase
in intracellular concentrations of Ca® within 30 min following
TCDD treatment as shown in hepatic, hippocampal and epithelial
cells (Hanneman et al.,, 1996; Puga et al.,, 1992; Tannheimer et al,,
1997). Thus, it is plausible to consider that the impairment of
insulin secretion 60 min after TCDD exposure in our present in
vivo and ex vivo experiments (Figs 1 and 3) is mainly mediated
through the genomic pathway.

In the present study, we investigated the toxicity of TCDD in
the pancreas using three different experimental conditions, in
vivo, ex vivo and in vitro. Although toxicity tests using many other
organs, such as liver, kidney, muscle, bone, nerve, endothelium,
eye, hematopoietic cells, immune cells and macrophage have
been established and utilized, no toxicity test using the pancreas
has been as commonly used as these tests. A few examples using
the isolated islets in toxicity studies have been documented for
cadmium (Nilsson et al.,, 1986), methylmercury (Chen et al,, 2006)
and bisphenol (Adachi et al., 2005). The apparently inconsistent
observations on TCDD effects on the in vivo, ex vivo and in vitro
experiments suggest the presence of an indirect action of TCDD
to the pancreatic tissues. Thus, the utilization of combination of
these three test systems is thought to be useful to study the
mechanism (s) of toxicities of various chemicals in the pancreatic
tissues.

In conclusion, we showed for the first time that TCDD exposure
disrupts the second phase of insulin secretion from the islets and
decreases the insulin contents in the islets, and that such an
effect is mediated in an AhR-dependent manner. In addition, the
results from the comparison among the in vivo, ex vivo and in vitro
experiments demonstrated that TCDD affects the glucose-stimu-
lated insulin secretion from the islets in an indirect manner, pre-
sumably via organ network.

Acknowledgments

We thank Dr Takashi Tsuboi (Department of Life -Sciences,
Graduate School of Arts and Sciences, The University of Tokyo)
for useful advice on experiments using islets, and Drs Seiichiroh
Ohsako, Masaki Kakeyama and a colleague in our laboratory
for constructive comments. This work was supported in part
by Global COE Program ‘Medical System Innovation on
Multidisciplinary Integration’ from MEXT (to C.T. and HK.), Japan.

REFERENCES

Adachi T, Yasuda K, Mori C, Yoshinaga M, Aoki N, Tsujimoto G, Tsuda K.
2005. Promoting insulin secretion in pancreatic islets by means of
bisphenol A and nonylpheno! via intracellular estrogen receptors.
Food Chem, Toxicol. 43(5): 713-719.

Aizawa T, Komatsu M. 2005. Rab27a: a new face in beta cell metabolism-
secretion coupling. J. Clin. Invest. 115(2): 227-230.

Bertazzi PA, Bernucci |, Brambilla G, Consonni D, Pesatori AC. 1998, The
Seveso studies on early and long-term effects of dioxin exposure: a
review. Environ. Health Perspect. 106(suppl. 2): 625-633.

Berthoud HR, Jeanrenaud B. 1979. Acute hyperinsulinemia and its rever-
sal by vagotomy after lesions of the ventromedial hypothalamus in
anesthetized rats. Endocrinology 105(1); 146-151.

Butler RA, Kelley ML, Powell WH, Hahn ME, Van Beneden RJ. 2001. An aryl
hydrocarbon receptor (AHR) homologue from the soft-shell clam,
Mya arenaria: evidence that invertebrate AHR homologues fack

www.interscience.wiley.com/journal/jat




Journal of

2,3,7 8-tetrachlorodibenzo-p-dioxin and [betal-naphthoflavone bind-
ing. Gene 278(1-2): 223-234.

Chen YW, Huang CF, Tsai KS, Yang RS, Yen CC, Yang CY, Lin-Shiau SY, Liu
SH. 2006. The role of phosphoinositide 3-kinase/Akt signaling in low-
dose mercury-induced mouse pancreatic {beta}-cell dysfunction in
vitro and in vivo, Diabetes 55(6): 1614-1624.

Dong B, Matsumura F. 2008. Roles of Cytosolic Phospholipase A2 and Sr¢
kinase in the early action of 2,3,78-tetrachlorodibenzo-p-dioxin
through a nongenomic pathway in MCF10A cells. Mol. Pharmacol.
74(1): 255-263. :

Enan E, Liu PC, Matsumura F. 1992, 2,3,7,8-Tetrachlorodibenzo-p-dioxin
causes reduction of glucose transporting activities in the plasma
membranes of adipose tissue and pancreas from the guinea pig.
1. Biol. Chem. 267(28): 19785-19791.

Fernandez-Salguero PM, Hilbert DM, Rudikoff S, Ward JM, Gonzalez FJ.
1996. Aryl-hydrocarbon receptor-deficient mice are resistant to
2,3,7,8-tetrachlorodibenzo-p-dioxin-induced toxicity. Toxicol. Appl.
Pharmacol. 140(1): 173-179,

Gonzalez FJ, Fernandez-Salguero P. 1998, The ary! hydrocarbon receptor.
studies using the AHR-null mice. Drug Metab. Dispos. 26(12):
1194-1198,

Gunton JE, Kulkarni RN, Yim S, Okada T, Hawthorne WJ, Tseng YH,
Roberson RS, Ricordi C, O’'Connell PJ, Gonzalez FJ, Kahn CR. 2005. Loss
of ARNT/HIF 1beta mediates altered gene expression and pancreatic-
islet dysfunction in human type 2 diabetes. Cell 122(3): 337-349.

Hahn ME, Karchner SI, Shapiro MA, Perera SA. 1997. Molecular evolution
of two vertebrate aryl hydrocarbon (dioxin) receptors (AHR1 and
AHR2) and the PAS family. Proc. Natl Acad. Sci. USA 94(25):
13743-13748.

Hanneman WH, Legare ME, Barhoumi R, Burghardt RC, Safe S, Tiffany-
castiglioni E. 1996, Stimutation of calcium uptake in cultured rat hip-
pocampal neurons by 2,3,7,8-tetrachlorodibenzo-p-dioxin, Toxicology
112(1): 19-28.

Henriksen GL, Ketchum NS, Michalek JE, Swaby JA. 1997. Serum dioxin
and diabetes mellitus in veterans of Operation Ranch Hand.
Epidemiology 8(3): 252-258.

Ishida T, Kan-o S, Mutoh J, Takeda S, Ishii Y, Hashiguchi I, Akamine A,
Yamada H. 2005, 2,3,78Tetrachlorodibenzo-p-dioxin-induced
change in intestinal function and pathology: evidence for the involve-
ment of arylhydrocarbon receptor-mediated alteration of glucose
transportation. Toxicol. Appl. Pharmacol. 205(1): 89-97.

ithakissios DS, Ghafghazi T, Mennear JH, Kessler WV. 1975, Effect of mul-
tiple doses of cadmium on glucose metabolism and insulin secretion
in the rat. Toxicol. Appl. Pharmacol. 31(1): 143-149,

Jijakli H, Malaisse WJ. 1998. Verapamil- and cadmium-resistant stimula-
tion of calcium uptake and insulin release by -glucose in depolarised
pancreatic islets exposed to diazoxide, Cell. Signall. 10(9): 661-665.

Kahn SE, Hull RL, Utzschneider KM. 2006. Mechanisms linking obesity to
insulin resistance and type 2 diabetes. Nature 444(7121). 840-846.

Kern PA, Said S, Jackson WG, Jr., Michalek JE. 2004. Insulin sensitivity fol-
fowing agent orange exposure in Vietnam veterans with high blood
levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin. J. Clin. Endocrinol.
Metab. 89(9): 4665-4672.

Kim S-Y, Lee H-G, Choi £-J, Park K-Y, Yang J-H. 2007. TCDD alters PKC signal-
ing pathways in developing neuronal cells in culture. Chemosphere
67{9). 5421-5427. ’

Lahvis GP, Lindell St, Thomas RS, McCuskey RS, Murphy C, Glover E, Bentz
M, Southard J, Bradfield CA. 2000. Portosystemic shunting and persis-
tent fetal vascular structures in aryl hydrocarbon receptor-deficient
mice. Proc. Nat! Acad. Sci. USA 97(19): 10442-10447.

Michalek JE, Pavuk M. 2008. Diabetes and cancer in veterans of Operation
Ranch Hand after adjustment for calendar period, days of spraying,
and time spent in Southeast Asia. J. Occup. Environ, Med. 50(3).
330-340.

www.interscience.wiley.com/journal/jat

Copyright © 2009 John Wiley & Sons, Ltd.

H. Kurita et al.

Michalek JE, Akhtar FZ, Kiel JL. 1999. Serum dioxin, insulin, fasting
glucose, and sex hormone-binding globulin in veterans of Operation
Ranch Hand. J. Clin. Endocrinol. Metab. 84(5): 1540-1543.

Mimura J, Yamashita K, Nakamura K, Morita M, Takagi TN, Nakao K, Ema
M, Sogawa K, Yasuda M, Katsuki M, Fujii-Kuriyama Y. 1997. Loss of
teratogenic response to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
in mice lacking the Ah (dioxin) receptor. Genes Cells 2(10): 645~
654.

Niki I, Niwa T, Yu W, Budzko D, Miki T, Senda T. 2003. Ca** influx does not
trigger glucose-induced traffic of the insulin granules and alteration
of their distribution. Exp. Biol. Med. (Maywood) 228(10): 1218-1226.

Nilsson T, Rorsman F, Berggren P-O, Hellman B. 1986. Accumulation of
cadmium in pancreatic [beta)] cells is similar to that of calcium in
being stimulated by both glucose and high potassium. Biochim.
Biophys. Acta Mol. Cell Res. 888(3): 270-277.

Novelli M, Piaggi S, De Tata V. 2005. 2,3,7 8-Tetrachlorodibenzo-p-dioxin-
induced impairment of glucose-stimulated insulin secretion in iso-
lated rat pancreatic islets. Toxicol. Lett. 156(2): 307-314.

Pesatori AC, Consonni D, Bachetti S, Zocchetti C, Bonzini M, Baccarelli A,
Bertazzi PA. 2003. Short- and long-term morbidity and mortality in
the population exposed to dioxin after the ‘Seveso accident /nd.
Health 41(3): 127-138.

Piaggi S, Novelli M, Martino L, Masini M, Raggi C, Orciuolo E, Masiello P,
Casini A, De Tata V. 2007. Cell death and impairment of glucose-
stimulated insulin secretion induced by 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) in the beta-cell line INS-1E. Toxicol. Appf. Pharmacol.
220(3): 333-340.

Porte D, Jr. 2001. Clinical importance of insulin secretion and its interac-
tion with insulin resistance in the treatment of type 2 diabetes
mellitus and its complications. Diabet/Metab. Res. Rev 17(3):
181-188.

Puga A, Nebert DW, Carrier F. 1992, Dioxin induces expression of ¢-fos and
c-jun proto-oncogenes and a large increase in transcription factor
AP-1. DNA Cell Biol. 11(4): 269-281.

Schwartz GG, f'yasova D, lvanova A. 2003. Urinary cadmium, impaired
fasting glucose, and diabetes in the NHANES Il Diabet. Care 26(2):
468-470.

Tannheimer SL, Barton SL, Ethier SP, Burchiel SW. 1997. Carcinogenic poly-
cyclic aromatic hydrocarbons increase intracellular Ca** and celf pro-
liferation in primary human mammary epithelial cells. Carcinogenesis
18(6): 1177-1182.

Thackaberry EA, Bedrick EJ, Goens MB, Danielson L, tund AK, Gabaldon
D, Smith SM, Walker MK, 2003. tnsulin regulation in AhR-null mice:
embryonic cardiac enlargement, neonatal macrosomia, and altered
insulin regulation and response in pregnant and aging AhR-nul}
females. Toxicol. Sci. 76{(2): 407-417.

Tuomisto JT, Pohjanvirta R, Unkila M, Tuomisto J. 1995.
2,3,7 8Tetrachlorodibenzo-p-dioxin-induced anorexia and wasting
syndrome in rats: aggravation after ventromedial hypothalamic
lesion. Eur. J. Pharmacol. 293(4): 309-317.

Vena J, Boffetta P, Becher H, Benn T, Bueno-de-Mesquita HB, Coggon D,
Colin D, Flesch-Janys D, Green L, Kauppinen T, Littorin M, Lynge E,
Mathews JD, Neuberger M, Pearce N, Pesatori AC, Saracci R, Steenland
K, Kogevinas M. 1998, Exposure to dioxin and nonneoplastic mortality
in the expanded IARC international cohort study of phenoxy herbi-
cide and chioropheno! production workers and sprayers. Environ.
Health Perspect. 106{suppl. 2): 645-653.

Weber LWD, Stahl BU, Lebofsky M, Alper RH, Kerecsen L, Rozman K. 1991.
Inhibition of phosphoenolpyruvate carboxykinase activity appears to
be the key biochemical lesion in the acute toxicity of 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin in rats. Chemosphere 23(11-12): 1957-1962.

Wild S, Roglic G, Green A, Sicree R, King H. 2004. Global Prevalence of
Diabetes: Estimates for the year 2000 and projections for 2030. Diabet.
Care 27(5): 1047-1053.

J. Appl. Toxicol. 2009; 29: 689-694



) dloy :

HEPATOLOGY

doi:10.1111/j.1440-1746.2009.06039.x

Adiponectin knockout mice on high fat diet develop

fibrosing steatohepatitis

Takeharu Asano,* Kiyotaka Watanabe,* Naoto Kubota,' Toshiaki Gunji,* Masao Omata,*
Takashi Kadowaki' and Shin Ohnishi*

*Department of Gastroenterology, 'Department of Metabolic Disease, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

Key words
adiponectin, animal model, high fat diet, liver
fibrosis, non-alcoholic steatohepatitis.

Accepted for publication 8 February 2009.

Correspondence

Dr Shin Ohnishi, Department of
Gastroenterology, Graduate School of
Medicine, University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, 113-8655 Tokyo, Japan. Email:
sohnishi-tky@umin.ac.jp

Abstract

Background and Aim: Low levels of serum adiponectin have been reported to be asso-
ciated with obesity, diabetes, and non-alcoholic steatohepatitis (NASH), as well as several
malignancies. Adiponectin knockout (KO) mice have been reported to cause insulin resis-
tance and neointimal formation of the artery. We used adiponectin KO mice fed a high fat
(HF) diet, and investigated the effect of adiponectin on the progression of steatohepatitis
and carcinogenesis in vivo.

Methods: Adiponectin KO mice and wild type (WT) mice were fed a HF diet or normal
chow for the periods of 24 and 48 weeks. The HF diet contained 60% of calories from fat.
Results: The adiponectin KO mice on the HF diet showed obesity, marked elevation of
serum transaminase levels, and hyperlipidemia. At 24 weeks, hepatic expression of tumor
necrosis factor-o. and procollagen o (I) was higher in KO mice as compared with WT mice.
At 48 weeks, liver triglyceride contents in KO mice on normal chow were significantly
higher than those in WT mice. Hepatocyte ballooning, spotty necrosis, and pericellular
fibrosis around central veins were observed in KO mice on the HF diet. The pericellular
fibrosis was more severe in KO mice on the HF diet than that in WT mice (1.62% vs 1.16%,
P =0.033). Liver adenoma and hyperplastic nodules developed in a KO mouse on the HF
diet at 48 weeks (12.5%, n = 1/8), whereas no tumor was detected in WT mice (1= 10).
Conclusions: Adiponectin may play a protective role in the progression of NASH in the

early stages by suppressing tumor necrosis factor-o. expression and liver fibrosis.

Introduction

Non-alcoholic steatohepatitis (NASH) is thought to be a progres-
sive disease and hepatic manifestation of the metabolic syndrome
which includes insulin resistance, dyslipidemia, central obesity,
and hypertension. NASH is the histological diagnosis character-
ized by macrovesicular steatosis, and includes inflammatory infil-
tration, ballooning hepatocyte, mallory’s body, and varying
degrees of fibrosis. A clinical study showed that about 20% of
patients with NASH developed liver cirrhosis within 10 years,’
and the cirrhotic stage of NASH appeared to be a high risk of
hepatocellular carcinoma.>® Moreover, steatosis accelerates the
progression of fibrosis in chronic hepatitis C,** and reduces the
likelihood of achieving early and sustained virologic response of
interferon therapy.®

Adiponectin, a secreted protein derived from adipose tissue, has
been reported to improve insulin resistance and hyperlipidemia,’
and to reduce atherosclerosis.®® Serum adiponectin levels are
inversely correlated with body mass index of obese patients,'® and
are decreased in patients with type 2 diabetes and coronary artery
disease.!! Adiponectin increases glucose uptake and fatty
acid oxidation in muscle, reduces glucose production in liver,
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and improves insulin sensitivity by activating adenosine
5’-monophosphate (AMP)-activated protein kinase'? and peroxi-
some proliferator-activated receptor (PPAR) o.!® Adiponectin
attenuates liver fibrosis by suppressing the activity of hepatic stel-
late cells (HSCs) in a carbon tetrachloride-induced mouse model.**
Tumor necrosis factor (TNF)-a is thought to be a causative factor
of insulin resistance in obesity, and overexpression of TNF-o is
found in the liver and in the adipose tissue of NASH patients.”
Adiponectin inhibits TNF-0. production in adipose tissue!® as well
as TNF-o-mediated activation of nuclear factor-xB signaling, and
modulates the inflammatory response in vascular endothelial
cells."”

Serum low adiponectin level has been reported to correlate with
carcinogenesis of several malignancies including endometrial,
breast, prostate, and colorectal cancers.'® Regarding hepatocellular
carcinoma, obesity’® and diabetes® are reported to be risk factors of
the cancer. High serum insulin level decreases mitochondrial
B-oxidation of fatty acids, and induces inflammation and fibrosis.
Adiponectin knockout (KO) mice treated with choline-deficient
l-amino acid-defined diet developed liver cirrhosis and hepatic
tumors.?' Adiponectin appears to play an important role not only in
the progression of NASH but also in NASH-related carcinogenesis.
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Protective role of adiponectin

There would be some differences between steatosis alone and
steatohepatitis with oxidative stress and proinflammatory cytok-
ines, and the role of adiponectin in each clinical stage has not
been elucidated. To elucidate the pathophysiology of NASH, the
analysis of several animal models including genetically modified
models?® and. special diet models?’?® has been reported.
However, there is no animal model that accurately simulates the
specific natural course and epidemiologic background of NASH in
clinical situations.

In the present study, we used adiponectin KO mice fed a high fat
(HF) diet for a long time, and investigated whether adiponectin has
a physiological protective role against the progression of steato-
hepatitis and carcinogenesis in vivo.

Methods

Animals

In the present study, adiponectin KO mice have a CS7BY/
6 x 129/sv genetic background. We previously reported that this
animal model induced insulin resistance and glucose intolerance
on normal chow, and caused neointimal formation of artery.?® All
mice used in the present study were male. Mice were provided the
food and water ad libitum and were maintained on a 12 h light/
dark cycle. Body weight of each mouse was measured every
2 weeks. Blood samples and liver tissues were collected from mice
killed at 24 weeks (four mice per group), and 48 weeks (normal
chow in WT [n=4], KO [n =35], and HF diet in WT [n = 10}, KO
[n = 8]). All animal care and experimental procedures conformed
to the guidelines of the Animal Care Committee of the University
of Tokyo.

High fat diet study

- Mice were divided at random into two groups at 8 weeks of age.

One group of mice was fed a HF diet (Nippon CLEA, Shizuoka,
Japan) ad libitam, and the other was fed normal chow (Oriental
Yeast, Suita, Japan). The HF diet contained 508 kcal/100 g, and
32% safflower oil, 33.1% casein, 17.6% sucrose, 5.6% cellulose.
Calories from fat were 60% of total calories from the HF diet.
Fatty acid of the HF diet consisted of saturated fatty acid 22%
(palmitic acid 12.6%, stearic acid 8%) and unsaturated fatty acid
77% (oleic acid 64% and linoleic acid 10%). Normal chow con-
tained 360 kcal/100 g, and 5.3% fat. Fat consisted of 13% of total
calories on the HF diet. Calories per weight of HF diet were
1.4-fold those of normal chow.

Blood sample assay

Mice were fasted for > 16 h before blood sampling. Blood glucose
levels were measured using an automatic blood glucose meter
(Glutest Ace; Sanwa Chemical, Nagoya, Japan). Serum adiponec-
tin levels were determined by mouse adiponectin enzyme-linked
immunosorbent assay (ELISA) kit (Otsuka Pharmaceutical,
Tokyo, Japan). Serum aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total cholesterol (TC), non-esterified
fatty acid (NEFA), and triglyceride (TG) levels were determined
by a transaminase Cll-test, TC E-test, NEFA C-test, TG E-test
(Wako Pure Chemical Industries, Osaka, Japan), respectively.
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Liver TG content

Liver homogenates were extracted, and tissue triglyceride content
was determined as described previously with an extract solution
(chloroform : methanol = 2:1).3°

Reverse transcription-polymerase chain
reaction

Total RNA was prepared from liver tissue with TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The RNA levels corresponding to various target genes
were quantified using a polymerase chain reaction (PCR)-based
technique. The extracted RNA was converted into cDNA by
reverse transcription (TagMan reverse transcription reagents,
Applied Biosystems, Foster City, CA, USA). The cDNA solutions
were analyzed by TagMan technology, a real-time PCR assay
(TagMan PCR reagent kit, Applied Biosystems). Specific gene
expression was quantified by real time PCR carried out on an ABI
Prism 7900HT (Applied Biosystems). RNA expression of B-actin
was measured as an internal control. Relative expression levels of
target genes were compared after normalization to B-actin.

Histological analysis

Liver tissues were fixed with 10% formalin and embedded in
paraffin. Cross-sections (5 pm thick) were cut and stained with
hematoxylin and eosin (H&E). The extent of liver fibrosis was
evaluated with Masson trichrome stain by the reported tech-
nique.’!*? Areas around the central veins were chosen and quanti-
tatively evaluated on sections stained with Masson trichrome for
collagen. Thirty areas from a cross-section of each animal were
digitized with a global magnification of x200. Area calculations
were based on measurements made with image editing (Photo-
shop, San Jose, CA, USA) and image analysis (Scion Image,
Frederick, MD, USA) programs.

Statistical analysis

Results were expressed as mean * standard deviation (SD). Dif-
ferences of continuous data between groups were examined for
statistical significance using Student’s ¢-test (Stat View, Cary, NC,
USA). Data were considered statistically significant at a P < 0.05.

Resulits

Mice on HF diet gradually gained weight

The appearance and body weight was similar between the wild
type (WT) mice and the KO mice on the HF diet (Fig. 1a). On the
HF diet, body weights in both mice groups were significantly
heavier than those on normal chow, and increased from 24 to
48 weceks (Fig. 1b).

Effect of HF diet on serum adiponectin levels

The serum adiponectin levels in WT mice on the HF diet tended to
decrease (65%) from 24 to 48 weeks (P = 0.097), whereas mice on
normal chow showed very small interval change (Fig. 2a). The
serum adiponectin levels of KO mice were below detection limits.
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Figure 1 Mice on the high fat (HF) diet
showed obesity. (a} The photograph shows
wild type {(WT) mice and knockout (KO) mice
on the HF diet at 48 weeks. The appearances_
were similar between WT and adiponectin KO
mice. (b) Body weights are shown at 24 and
48 weeks in WT and adiponectin KO mice.
Each value is mean =+ standard deviation
(SD), significance at *P < 0.05, **P<0.01.
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Serum transaminase and lipid levels in
adiponectin KO mice

The blood glucose levels in both WT and KO mice on the HF diet
were significantly higher than that of mice on normal chow (data
not shown). Serum ALT levels in KO mice on the HF diet were
significantly higher than that of mice on normal chow at 48 weeks
(Fig. 2b), and AST levels were similar. Serum TC levels were
significantly higher in both WT and KO mice on the HF diet than
that of mice on normal chow at 24 weeks (Fig. 2¢). Serum TG
levels in WT mice tended to increase from 24 to 48 weeks
(Fig. 2d). Serum NEFA (data not shown), TC, TG levels were
similar between WT and KO mice.
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Liver TG contents in adiponectin KO mice

The liver of mice on the HF diet was enlarged and homogeneously
white in color (Fig. 3a). The liver TG contents in KO mice on
normal chow were significantly higher than that of WT mice at
48 weeks, although there was no significant difference between
WT and KO mice on the HF diet (Fig. 3b).

Hepatic RNA expression of TNF-o was
significantly higher in adiponectin KO mice

At 24 weeks, hepatic RNA expression of TNF-o.in KO mice on the
HF diet was significantly higher by threefold than that in WT mice
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(P =0.03) (Fig. 4a). The expression of procollagen o (I) in KO
mice on the HF diet was higher by fourfold than that in WT mice at
24 weeks (Fig. 4b). The expression of lipogenic genes such as
Sterol Regulatory Element-binding Protein (SREBP)-lc, stearoyl
Co-A desaturase-1 (SCD1) was significantly higher on the HF diet
in both WT and KO mice than that in mice on normal chow (data not
shown). The expression of cyclin D1 in KO mice on the HF diet was
significantly higher than that in mice on normal chow, and it tended
to be higher by 1.5-fold that in WT mice at 48 weeks (Fig. 4c).

Adiponectin KO mice showed steatohepatitis
with pericellular fibrosis

In histopathological analysis of mice on normal chow, hepatic
tissue appeared almost normal at 24 weeks and 48 weeks in WT
mice, and at 24 weeks in KO mice. Some KO mice on normal
chow at 48 weeks showed mild lipid accumulation around central
veins. The liver of WT and KO mice on HF diet showed massive
hepatocyte ballooning around central veins, but almost no fibrosis
was detected by Masson trichrome staining (Fig. 5a). At
48 weeks, KO mice showed lobular lipid accumulation, prominent
hepatocyte ballooning, spotty necrosis, Mallory body, eosinophilic
focus, and notable pericellular fibrosis (Fig. 5b). According to
human NASH criteria reported by Brunt er al. these features were
matched to Grade 3, Stage 1. Hepatic fibrosis areas around central
veins were quantitatively evaluated, and the fibrosis in KO mice
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Figure 3 Liver triglyceride (TG) contents in
Adiponectin knockout {KO) mice on normal
chow were significantly higher as compared
with wild type {WT) mice. {a) The photograph
shows livers of WT mice and adiponectin KO
mice on the high fat (HF) diet at 48 weeks.
The appearances of liver were similar
between WT and KO mice. (b) The liver TG
contents were measured in WT and adiponec-
tin KO mice at 24 and 48 weeks. Each value is
the ‘mean * standard deviation {SD), signifi-
cance at *P<0.05, **P<0.01.

was more severe than that in WT mice at 48 weeks (1.16 * 0.4%
vs 1.62 * 0.43%, respectively, P = 0.033) (Fig. 5c).

Adenoma developed in the liver of an
adiponectin KO mouse at 48 weeks

A liver tumor of 10 mm in diameter was detected in one of the KO
mice (12.5%, n = 1/8) at 48 weeks (Fig. 6a). The tumor contained
a large fat deposit with mild atypia, and was diagnosed as liver
adenoma (Fig. 6b,c). Histology of other small nodular lesions that
were detected in the same mouse was regenerative hyperplastic
alteration. In contrast, no tumor was detected in the livers of WT
mice (n = 10).

Discussion

In the present study, adiponectin KO mice on the HF diet showed
steatosis, inflammation, fibrosis, and tumor formation, which are
well recognized as pathological features specific for NASH. The
mice had taken the HF diet that did not contain chemicals promot-
ing liver fibrosis such as endotoxin or carbon tetrachloride, and
thus are considered to be an animal model of NASH.

Several animal models of NASH have been advocated to date.
Methionine-choline deficient diet and the choline-deficient
L-amino acid-defined diet model showed steatosis, liver fibrosis,
and liver tumors, without obesity.?® Mice fed the HF liquid diet by
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implanted gastrostomy tube induced NASH without liver tumor.?’
Liver-specific PTEN KO mice showed macrovesicular steatosis,
liver fibrosis, and tumors.?® However, there has been no report of
mouse model developing NASH on a HF diet alone. HF compo-
sition is epidemiologically considered one of the main causes of
obesity and NASH. Clinical study in humans requires a lengthy
amount of time to estimate fibrosis or progression in the natural
course of NASH. Therefore, we used the animal model and esti-
mated outcomes during the limited period. We chose adiponectin
KO mice because NASH is commonly associated with hypoadi-
ponectinemia in humans.*® We hope this model will provide ben-
eficial clues to clinical studies of diet therapy or drug development
for obesity and steatohepatitis.

Some of the KO mice on normal chow at 48 weeks showed mild
lipid accumulation around the central veins, and the liver TG
contents were significantly higher than that of WT mice. KO mice
were susceptible to liver TG accumulation on normal chow.
However, there was no significant difference of liver TG contents
between KO mice and WT mice on the HF diet. There might be a
limit of liver TG accumulation volume for a certain period. These
features might resemble the state of ‘burned-out’ NASH in which
the lipid accumulation and inflammation become unremarkable in
the progressed NASH patient.*

Hepatic expression of TNF-o, was significantly higher in adi-
ponectin KO mice on the HF diet at 24 weeks (early stage), and
maintained a high level until 48 weeks (late fibrotic stage).
TNF-o induces insulin resistance by inhibiting the tyrosine phos-
phorylation of insulin receptor substance-1, and would lead to
a vicious circle of escalating steatosis. On the other hand, TNF-o
has functions of inducing apoptosis, and attenuating the

Journal of Gastroenterology and Hepatology 24 (2009) 1669-1676
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resistance against necrosis. Adiponectin KO mice on a HF diet at
48 weeks showed hepatic spotty necrosis and Mallory body,
which indicated liver injury. Adiponectin inhibits TNF-o
production in adipose tissue'® and TNF-o-mediated activation of
nuclear factor-xB signaling through a cAMP-dependent path-
way.!? In the liver, the majority of TNF-a is produced by Kupffer
cells. Alcoholic steatohepatitis has been reported to enhance
Kupffer cells sensitization to endotoxin (lipopolysaccharide), and
increase TNF-0, production.’® Also in NASH patients, it is
hypothesized that the liver might be highly susceptible to adipo-
cytokines from intraperitoneal massive adipose tissue and endot-
oxine from the intestinal tract. :
The expression of procollagen o (I) as well as TNF-o. was higher
at 24 weeks, and subsequent hepatic fibrosis was significantly
promoted at 48 weeks in adiponectin KO mice on the HF diet as
compared with the WT mice. TNF-a induces activation of HSC
directly and stimulates production of transforming growth factor
(TGF)-B. HSC plays central roles in liver fibrosis with TGF-$ and
collagens.’” TGF-B is a main mediator of proliferation and migra-
tion for HSC, and activated HSC enhances the expression of pro-
collagen o, which is the target gene of TGF-B. Thus, adiponectin
might suppress not only TNF-o mediated inflammation, but also
TNF-o-induced liver fibrosis. Elevation of TNF-o.in the early stage
may indicate HSC activation and fibrosis at a late stage. At
48 weeks, serum adiponectin in WT mice tended to be decreased, so
the difference in TNF-a and procollagen might be little between
WT and KO mice. Kamada et al. reported that the carbon tetrachlo-
ride administered adiponectin KO mice showed extensive liver
fibrosis with activation of HSC and overexpression of TGF-f1.
Notably, the fibrosis was improved by supplementation of
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Figure 5 Adiponectin knockout (KO) mice showed steatohepatitis. (a} The liver sections of wild type (WT) and adiponectin KO mice on the high fat
(HF} diet at 24 weeks. The first and second rows show a lower (x40} and higher (x200) magnification of hematoxylin and eosin (H&E)-stained livers,
respectively. Hepatocyte ballooning was observed around central veins. Liver fibrosis was not detected by Masson trichrome staining in either model
{third row, magnifications x200). (b} The liver sections of WT and adiponectin KO mice on the HF diet at 48 weeks. The first and second rows show
a lower (x40) and higher {x200) magnification of H&E-stained livers, respectively. Adiponectin KO mice showed lobular lipid accumulation, hepatocyte
ballooning, spotty necrosis {arrow) and especially pericellular fibrosis around the central veins as determined by Masson trichrome staining (third row,
magnifications x200). {c) Hepatic fibrosis areas around the central veins were measured in WT and adiponectin KO mice at 24 and 48 weeks. Each
value is mean = standard deviation (SD), significance at *P < 0.05, **P< 0.01.

adiponectin.' Thus, adiponectin is considered to play a protective
role against liver fibrosis by suppressing TNF-o. expression.

Peroxisome proliferator-activated receptor v is primarily local-
ized to HSC, and PPARY agonist inhibits proliferation and activa-
tion of human HSC.*® Evidence of improvement to NASH was
demonstrated by use of PPARY agonist. PPARY agonist improved
insulin resistance and histological features including fibrosis.®
The action of PPARY agonist has been reported to occur with
adiponectin dependently in the liver and adiponectin indepen-
dently in skeletal muscle.”

A liver adenoma was detected in one of the adiponectin KO
mice on the HF diet at 48 weeks, though any tumor was not

1674

detected in WT mice. In the present study, KO mice have a
C57BV/6 x 129/sv genetic background that rarely develops into
liver tumor.*! CDAA diet in adiponectin KO mice was reported
to accelerate liver tumor formation.2! Recently, it has been more
frequently reported that hepatocellular carcinoma in patients with
cryptogenic cirrhosis might be associated with NASH.>** Larger
prospective clinical studies of patients with NASH are needed to
establish the risk of carcinogenesis.

Hepatic expression of cyclin D1 was higher in adiponectin KO
mice on the HF diet at 48 weeks. Cyclin D1 is thought to play a
critical role in transition from the G! to S Phase of the cell
cycle. The overexpression of cyclin D1 can provoke a perturbed
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Figure 6 Liver adenoma was observed in an adiponectin knockout
(KO) mouse. (a) A liver tumor of 10 mm in diameter was observed
{arrow) in one of the adiponectin KO mice (12.5%, n= 1/8} at 48 weeks.
The tumor had grown pressing surrounded normal liver architecture and
partially protruding from the liver. (b) Hematoxylin and eosin (H&E)-
stained section of the liver tumor in {a). The tumor hepatocytes con-
tained large amounts of fat deposits. The border between the tumor and
* surrounding normal liver parenchyma is clear. (c) H&E-stained section of
the liver tumor with mild atypia, diagnosed as adenoma. Magnifications
are x40 (b}, X200 (c).
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progression of the G1 phase of the cell cycle. Rearrangement,
amplification, and overexpression of the cyclin D1 gene have been
detected in several types of cancers, including esophageal, breast,
and liver cancers.”* Microvesicular steatosis and hepatocellular
carcinoma with overexpression of cyclin D1 was observed in ret-
inoic acid receptor-o. dominant negative form transgenic mouse,
and the carcinogenesis was considered to be caused by Wnt signal
activation with loss of retinoic acid signal.> Hepatic steatosis is
frequently observed in hepatitis C virus (HCV)-infected patients.
Analysis of HCV core gene transgenic mice suggested that hepa-
tocarcinogenesis in HCV infection may be associated with mito-
chondrial dysfunction, reactive oxygen species overproduction,®
enhanced expression of TNF-o, activation of activator protein-1,%
and activation of retinoic acid receptor-o..’ The mechanism of
carcinogenesis in NASH still remains uncertain. Therefore,
experimental study in the NASH model would require a further
examination including genetic analysis.

In conclusion, adiponectin KO mice on a HF diet for a pro-
longed period induced obesity, hyperlipidemia, steatohepatitis,
pericellular fibrosis, and adenoma formation. These mice showed
natural history and features very similar to the pathogenesis of
NASH in human. Adiponectin may play a protective role against
the progression of NASH in the early stage by suppression of

- TNF-o expression and liver fibrosis. Deficiency of adiponectin

may participate in liver carcinogenesis related to steatohepatitis.
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BACKGROUND. Epidemiological data indicate that intake of one form of vitamin E,
y-tocopherol, may reduce prostate cancer risk, and several in vitro studies have demonstrated
that y-tocopherol can inhibit prostate cancer cell growth. The purpose of the present study was
to confirm effects of y-tocopherol on prostate cancer in the transgenic rat for adenocarcinoma of
prostate (TRAP) model established in our laboratory.

METHODS. In Experiment 1, heterozygous male TRAP rats 5 weeks of age received
o-tocopherol at the concentration of 50 mg/kg in the diet, or y-tocopherol at 50 or 100 mg/kg
for 10 weeks. In Experiment 2, TRAP rats of 3 weeks of age were given y-tocopherol at 50, 100, or
200 mg/kg diet for 7 weeks.

RESULTS. y-Tocopherol did not affect body weight gain, organ weights or serum levels of
either testosterone or estradiol. However, quantitative evaluation of prostatic lesions
demonstrated significantly suppression of sequential progression from PIN to adenocarcinoma
inadose-dependent manner, along with clear activation of caspases 3 and 7 in the ventral lobe in
both experiments.

CONCLUSIONS. The present study clearly demonstrated that y-tocopherol suppresses
prostate tumor progression in an in vivo TRAP model, and could be a candidate chemo-
preventive agent for human prostate cancer. Prostate 69: 644-651,2009. © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer has become the most common
malignancy in men in Europe and the United States
while its incidence remains relatively low in Asian
countries [1]. It has been estimated there were
approximately 232,090 new cases of prostate cancer
and 30,350 deaths from prostate cancer in the United
States in 2005 [2]. Prevalence of prostate cancer has also
been increasing in Japan [3], concomitantly with
change in life style. Androgen ablation therapy is
widely accepted and carried out for prostate cancers
because androgens are essential for the development
and growth of normal prostate and prostate cancer cells
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[4]. However, outgrowth of hormone-independent
cancer cells occurs within 1-2 years and eventually
leads to a fatal outcome in many cases [5].

Chemoprevention is one attractive approach for
prostate cancer because of the high population inci-
dence and long latent period, and several dietary
factors as well as genetic background have been linked
to risk and progression of prostate cancer [6-8].
Prostate cancer is known to be strongly associated with
aging, that is, about three-quarters of cases worldwide
occur in men aged 65 years or more [1]. Therefore, the
main strategy with chemoprevention for prostate
cancer is to delay the development of clinically evident
disease due to suppression of progression from
precancerous lesions to invasive cancer. Many obser-
vational or intervention studies have been conducted
using vitamins, phytochemicals and minerals [5]. o-
and y-Tocopherols, forms of vitamin E, are nutritional
elements that may reduce risk of prostate cancer [9-13].
To confirm effects of y-tocopherol in vivo, we here
performed animal experiments using the transgenicrat
for adenocarcinoma of prostate (TRAP) model that
features development of high-grade prostatic intra-
epithelial neoplasia (PIN) from 4 weeks of age and
well—moderately differentiated adenocarcinomas
with high incidences by 15 weeks of age [14,15]. These
characteristics of TRAP have been shown to be very
suitable for evaluation of strategies for chemopreven-
tion and treatment [16-19].

MATERIALS AND METHODS

Chemicals and Animals

Vitamin E-ree, a- or y-tocopherol-contained diets
were donated by Tama Biochemical Co. Ltd. (Japan).
Antibodies for caspases 3, 6, 7, 9, cleaved caspases 3, 7,
Erkl1/2, phospho-Erk1/2, p38 MAPK, phospho-p38
MAPK, SAPK/INK, and phospho-SAPK/INK were
purchased from Cell Signaling Technology (Beverly,
MA). Anti-AR (PG-21) was from Upstate Technology
(Lake Placid, NY, CA), anti-cyclin D1 was from
Oncogene Research Product, anti-Bcl-xL. was from
Pharmingen, anti-SV40T Ag was from Santa Cruz
Biotechnology, Inc. and anti-B-actin was from Sigma-—
Aldrich, Inc. Male heterozygous TRAP rats with a
Sprague—Dawley genetic background were bred in our
animal facility for use in the present study. They were
housed 2-3/cage on wood-chip bedding in an air-
conditioned animal room at 23+£2°C and 504+10%
humidity. Food and tap water were available ad libitum.

Experimental Protocol

Experiment 1. A total of 40 male TRAP rats aged
5 weeks were randomly divided into four groups. Rats

The Prostate

of group 1 as a control received vitamin E-free AIN73
basal diet. The rats of groups 2—-4 continuously received
a-tocopherol at the concentration of 50 mg/kg diet, or
y-tocopherol at the concentrations of 50 or 100 mg/kg
diet for 10 weeks, respectively. The experiment was
terminated at week 10.

Experiment 2. A total of 56 heterozygous male TRAP
rats aged 3 weeks were randomly divided into four
groups. Rats of group 1 served as a control receiving
vitamin E-free AIN73 basal diet. The rats of groups 2, 3,
and 4 continuously received y-tocopherol-containing
AIN73 at the concentrations of 50, 100, or 200 mg/kg
diet for 7 weeks, respectively. The experiment was
terminated at week 7.

In both experiments, prostates were removed and
fixed in formalin. Portions were immediately frozen in
liquid nitrogen and stored at —80°C until processed.
Testosterone and estrogen levels in serum were
analyzed using radioimmunoassays by a commercial
laboratory (SRL, Inc., Tokyo, Japan). The present ex-
periments were performed under protocols approved
by the Institutional Animal Care and Use Committee of
Nagoya City University Graduate School of Medical
Sciences.

Assessment of Prostate Neoplastic
Lesion Development

Neoplastic lesions in prostate glands of TRAP rats
were evaluated as previously described [18]. Briefly,
neoplastic lesions were classified into three types; low-
grade PIN (LG-PIN), high-grade PIN (HG-PIN) and
adenocarcinoma. The relative numbers of acini with the
relevant histological characteristics were quantified by
counting, the results being expressed relative to the
total acini in each prostatic lobe.

Immunoblot Analysis

Frozen ventral prostate tissues were homogenized
in RIPA buffer (150 mM NaCl, 50 mM Tris—HCl
(pH 8.0), 1% NP-40, 0.5% sodium deoxycholate, 0.1%
5DS, 1 mM phenylmethylsulphonyl fluoride, 1 mM
sodium orthovanadate, and protease inhibitor cocktail
(Complete, Roche)). Twenty microgram aliquots of
protein were resolved on SDS~PAGE and separated
proteins were transferred to nitrocellulose membranes
for detection with horseradish peroxidase conjugated
secondary antibodies and the ECL Plus system (Amer-
sham Pharmacia Biotech).

Determination of Total Ceramide Content

The frozen tissues of ventral prostates were homo-
genized in twenty parts of chloroform/methanol
(2:1) containing 250 ng of Cy-ceramide as an internal
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standard and extracted for 30 min on ice. After
centrifugation, the chloroform phase was dried
under a nitrogen stream. The amount of Cig-ceramide
in tissue was quantified by high-performance
liquid  chromatography/electro-spray  ionization
mass spectrometry (LC/MS) as described by Soeda
et al. [20].

HPLC Method for the Determination of
Tocopherols in Rat Plasma

Tocopherols are extracted from 0.5 ml of plasma
with 5.0 ml of n-hexane after addition of 0.7 ml of water
and 1.0 ml of ethanol containing dI-Tocol (3.92 pg/ml)
as an internal standard. Hexane extracts (4 ml) ‘are
evaporated under a nitrogen stream at 40°C and
residues were dissolved in 100 pl aliquots of n-Hexane.
The resultant solutions were applied to a high-perform-
ance liquid chromatography column (Nucleosil-100 A
5 pm NH2, 4.6 mm x 250 mm; elution, n-Hexane/
isopropyl alcohol =98:2).

Immunohistochemistry

For Ki-67 immunostaining, deparaffinized sections
were incubated with diluted rabbit polyclonal Ki-67
antibodies (Novocastra, New Castle, UK). Apoptotic
cells were detected using an In situ Apoptosis
Detection Kit (TUNEL method) according to the
manufacturer’s instructions (Takara Bio Co. Ltd,
Japan). Labeling indices were counted separately in
the ventral, dorsal and lateral prostate and expressed as
numbers of Ki-67-positive or TUNEL-positive cells per
100 cells.

Statistical Analysis

Differences in means between groups were deter-
mined by analysis of variance (ANOVA), followed by
the Scheffe’s post-hoc test with StatView (version 5.0)
software (SAS Institute, Inc., Cary, NC). The Spear-
man’s rank correlation coefficient test was used for
analysis of dependent data.

RESULTS

Experiment |

o- and y-Tocopherol did not influence the mean
body weights and relative liver and ventral prostate
weights (Table I). Serum levels of testosterone and
estradiol were also not affected (Fig. 1A). There were
partial pathological responses to vy-tocopherol as
demonstrated by reduction in the prostatic neoplastic
lesions in TRAP rats (Fig. 1B). However, small foci of
adenocarcinoma still remained, so that there were no
significant differences in the incidences of PIN or
adenocarcinomas in the prostates of TRAP rats.
Quantitative evaluation of the proportion of preneo-
plastic and neoplastic lesions in prostate glands
showed vy-tocopherol to significantly suppress pro-
gression from PIN to adenocarcinoma in a dose-
dependent manner in the ventral lobe while «-
tocopherol was without apparent influence (Table I).
In the lateral lobe, y-tocopherol treatment also tended
to suppress progression but this was not significant.
Immunoblot analyses showed activation of caspases
3 and 7, inactivation of Erk1/2 and decreased expres-
sion of bcl-2 in the ventral prostate of rats treated with
v-tocopherol while expression of cyclin D1 and SV40 T
antigen did not differ among the groups (Fig. 2). There
was no variation in ceramide content in the ventral
prostate among the groups (Fig. 1C).

Experiment 2

To confirm the reproducibility of the suppressive
effects of y-tocopherol on prostate carcinogenesis,
we performed a similar experiment as in Experiment
1. y-Tocopherol did not affect either body weight gain
or organ weights (Table III). Serum levels of testoster-
one and estradiol again did not differ among the groups
(Fig. 3A). Serum concentrations of y-tocopherol
were increased in a dose-dependent manner while
the o-tocopherol level was not affected (Fig. 3B).
Prostate adenocarcinomas were found only in ventral
and lateral lobes and no intergroup differences in
incidences were observed. However, progressive

TABLE 1. Final Body and Relative Organ Weights (Experiment )

Relative organ weight (%)

No. of
Treatment rats Body weight (g) Liver Ventral prostate
Control 10 463.7 +34.7 3.27+£0.24 0.056 +0.014
a-Tocopherol 50 mg/kg 10 448.6 +40.1 3.22+0.15 0.064 +£0.007
v-Tocopherol 50 mg/kg 10 455.0+28.9 3.39+0.21 0.060 £ 0.009
y-Tocopherol 100 mg/kg 10 445.7 £39.0 3.471+028 0.060 4-0.008

The Prostate
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Fig. I. Effects of y-tocopherol on serum steroid hormones, prostatic lesions and ceramide content in prostate glands in Experiment I.
A: Serum levels of testosterone and estradiol. B: Representative histopathological findings for lesions in the ventral prostates of the controls
(a)and the 100 mg/kg y-tocopherol group (b). C: Ceramide contentsinventral prostates.

changes of prostatic lesions showed a significant
suppression by y-tocopherol in a dose-dependent
manner in the ventral but not the lateral lobe
(Table IV). The numbers of apoptotic cells in the
ventral prostate of rats treated with y-tocopherol were
significantly increased in a dose-dependent manner as

compared with the controls whereas there were
no obvious differences in Ki-67 labeling indices
(Fig. 3C,D). Immunoblot analyses clearly demon-
strated activation of caspases 3 and 7 and a tendency
for inactivation of Erk1/2 in the ventral prostate of rats
treated with y-tocopherol (Fig. 4).

TABLE II. Quantitative Evaluation of Neoplastic Lesions in Prostates of TRAP RatsTreated With a- and

y-Tocopherol (Experimentl)

Relative number of acini with histological characteristics (%)

Ventral lobe

Lateral lobe

Treatment No. of rats LG-PIN HG-PIN ADC LG-PIN HG-PIN ADC

Control 10 54+25 875+24 72423 142+39 844436 14413
a-Tocopherol 50 mg/kg 10 8.6+29 854+1.8 6.04+1.9 16.5+8.7 823483 1.2+09
y-Tocopherol 50 mg/kg 10 8.1+3.1 86.9+3.5 5.0+1.8° 19.4+6.5 799467 07408
y-Tocopherol 100 mg/kg 10 9.8+49 854444 4.7 +1.0%° 159458 83.5+£58 06+07

LG-PIN, low grade prostatic intraepithelial neoplasia; HG, high grade; ADC, adenocarcinoma.

2P < 0.05 versus control.

P < 0.01 versus control (Spearman’s rank correlation coefficient test).

The Prostate
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DISCUSSION

To our knowledge, this is the first study to
demonstrate suppression effects of y-tocopherol on
prostate tumor progression in an in vivo animal model.
Various mechanisms whereby the compound could
inhibit prostate cancer cell growth have been indicated
in in vitro studies, including downregulation of cyclins
D1 and E [21,22] or induction of apoptosis by
interrupting sphingolipid synthesis [23]. The data from
our TRAP model also point to induction of apoptosis
via activation of caspases 3 and 7 by y-tocopherol
although downregulation of cyclin D1 and significant
accumulation of ceramide were not found.

It has been reported that Japanese men intake an
average of 12.2 2.1 mg y-tocopherol per day in daily
life [24]. The amount of y-tocopherol used in the
highest-dose group (200 mg/kg diet) of present study
was 50-60 times higher than this human exposure
level and was equivalent to an intake of 950 mg/day by
a 70 kg-sized human. However, it is possible to
consume this amount of y-tocopherol in nutritional
supplements.

- Cleaved form

- Cleaved form

y-Tocopherol (mg/kg)

Control

50 100

et 1-Erk1/2

Erkl/2

p-p38 MAPK
p38 MAPK
P-SAPK/INK

Results of immunoblot analysis of caspases, MAPKs and other apoptosis-related proteins in ventral prostates of TRAP rats treated

Vitamin E is composed of eight structurally
related forms, four tocopherols and four tocotrienols.
a-Tocopherol is found as the highest concentration in
serum and dietary supplements among all isoforms
but the primary form in the typical American diet is
y-tocopherol, which is present at 2—4 times higher
concentrations than o-tocopherol {25]. Although both
o- and y-tocopherol are potent antioxidants, y-toco-
pherol has a unique function due to its different
chemical structure that scavenges reactive nitrogen
species that damage proteins, lipids, and DNA. There-
fore, y-tocopherol possesses electrophile-trapping and
nitrogen dioxide-radical-trapping properties that are
different from those of a-tocopherol [26,27]. Conse-
quently, y-tocopherol appears to have greater efficacy
than o-tocopherol at inhibiting lipid peroxidation
under nitration system conditions [28]. Furthermore,
y-tocopherol but not a-tocopherol exhibits anti-
inflammatory activities by inhibiting cyclooxygenase-
catalyzed prostaglandin E, formation in cell culture
and in animals in vivo [29,30]. Recent clinical
trials revealed no significant reduction of overall
cardiovascular events or cancer by o-tocopherol

TABLE lll. Final Body and Relative Organ Weights (Experiment 2)

Relative organ weights (%)

Treatment No. of rats  Body weights (g) Liver Kidneys Heart Ventral prostate
Control 14 34754424 4.06+0.29 0.68+0.03 0.32+0.01 0.065 4 0.009
y-Tocopherol 50 mg/kg 14 353.3435.9 4184030 0.70+0.04 0.33+0.02 0.066+0.010
y-Tocopherol 100 mg/kg 14 3435+41.1 3.97+0.24 0.69-0.03 0.33+0.01 0.063 £0.007
v-Tocopherol 200 mg/kg 14 340.54+27.0 3.86+0.31 0.69+0.04 0.3340.02 0.060+0.009

The Prostate



