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ABSTRACT Alzheimer’s disease (AD) is characterized
by progressive neurodegeneration leading to loss of cog-
nitive abilities and ultimately to death. Postmortem inves-
tigations revealed decreased expression of cerebral insu-
linlike growth factor (IGF)-1 receptor (IGF-1R) and
insulin receptor substrate (IRS) proteins in patients with
AD. To elucidate the role of insulin/IGF-1 signaling in
AD, we crossed mice expressing the Swedish mutation of
amyloid precursor protein (APP®Y, Tg2576 mice) as a
model for AD with mice deficient for either IRS-2, neu-
ronal IGF-1R (nIGF-1R™/7), or neuronal insulin receptor
(nIR_/ 7), and analyzed survival, glucose, and APP metab-
olism. In the present study, we show that IRS-2 deficiency
in Tg2576 mice completely reverses premature mortality
in Tg2576 females and delays f3-amyloid (Af) accumula-
tion. Analysis of APP metabolism suggested that delayed
AP accumulation resulted from decreased APP process-
ing. To delineate the upstream signal responsible for
IRS-2-mediated disease protection, we analyzed mice with
nlGF-IR or nIR deficiency predominantly in the hip-
pocampus. Interestingly, both male and female nIGF-
1R™/"Tg2576 mice were protected from premature
death in the presence of decreased AP accumulation
specifically in the hippocampus formation. However, neu-
ronal IR deletion had no influence on lethality of Tg2576
niice, Thus, impaired IGF-1/IRS-2 signaling prevents pre-
mature death and delays amyloid accumulation in a model
of AD.—Freude, S., Hettich, M. M., Schumann, C., Stéhr,
O., Koch, L., Kéhler, C., Udethoven, M., Leeser, U,,
Miiller, M., Kubota, N., Kadowaki, T., Krone, W., Schré-
der, H., Briining, J. C., Schubert, M. Neuronal IGF-1
resistance reduces Af accumulation and protects against
premature death in a model of Alzheimer’s disease.
FASEB J. 23, 3315-3324 (2009). www.fasebj.org

Key Words: B-amyloid - longevity - insulin receplor substrate
+ brain - Tg2576 mice

ALZHEIMER’S DISEASE (AD), the most common cause of
dementia, is irreversible, and patients become com-

0892-6638/09/0023-3315 © FASEB

pletely dependent on others even for the simplest of
daily activities (1). Furthermore, AD is associated with a
high mortality, especially in patients aged 65-74 yr, with
a median survival of only 3.8 yr after initial diagnosis
(2). Even though recent reports suggest that type 2
diabetes mellitus (T2DM) is a risk factor for AD (3-6),
the underlying cellular mechanisms for this association
are still unknown. It is conceivable that vascular com-
plications of T2DM result in neurodegeneration (7).
Alternatively, neuronal insulin/insulin-like growth fac-
tor-1 (IGF-1) resistance might represent the unifying
link between T2DM and AD, characterizing AD as a
“brain-type diabetes” (7-10). In agreement with this
hypothesis is the observation that insulin receptor (IR)
and insulin-like growth factor-1 receptor (IGF-1R) sig-
naling is markedly disturbed in the central nervous
system (CNS) of patients with AD (11-13). Postmortem
investigations of brains from patients with AD revealed
a substantially down-regulated expression of IR, IGF-
1R, and insulin receptor substrate (IRS) proteins (8,
14), these changes progressing with severity of neuro-
degeneration. One common feature in neurons from
patients with AD is down-regulation of IRS2 and
IGF-1R (8, 13). Other groups reported similar results in
AD brains (13). These findings raise the important
question, whether changes in IR/IGF-1R signaling (IIS)
are cause, consequence, or maybe even compensatory
counterregulation of neurodegeneration.

One major pathological hallmark of AD is accumu-
lation of B-amyloid (AP) peptides, which are toxic and
mainly occur in 2 lengths: AB, 4o and AB;_4o. AP evolves
from cleavage of amyloid precursor protein (APP) by
specific secretases. In Caenorhabditis elegans, the DAF-2
pathway as ortholog of the mammalian IIS is proposed
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to control longevity (15). Decreased DAF-2 signaling
causes up to a 3-fold lifespan extension (16-18). It has
been shown that knocking down DAF-2 in C. elegans
reduces APy toxicity (19), which has led to the
proposal that the DAF-2 pathway controls detoxifica-
tion of AB,.;. disassemblies. Taken together, these data
suggest a major role for IIS in detoxification of AB,
therehy influencing survival of patients with AD. To
further analyze the role of IIS in the pathogenesis of
AD, we created mice expressing the Swedish mutation
of APP,; (Tg2576 mice) deficient for TRS-2, neuronal
IGF-1Rs, or neuronal IRs. In the present study, we show
that specifically impaired IGF-1R/IRS-2 signaling pro-
tects from premature lethality of Tg2576 mice and
reduces AR accumulation.

MATERIALS AND METHODS
Animals, breeding, and genotyping

IRS27 "7 mice were generated, maintained, and genotyped
as described previously (20). Wild-type (WT) littermates were
used as controls. Tg2576 mice with transgenic expression of
the Swedish mutation of APP 4 (APPS'Y) in a B6/SJL back-
ground were purchased from Taconic (Hudson, NY, USA).
Since the genetic background of Tg2576 mice might influ-
ence mortality (21), we used the APP™™ model in a B6/SJL.
background from Taconic and crossed these mice back for 3
generations in a CG57BL/6 background. Because of this ap-
proach, we obtained in all 3 intercrossed strains (IRS—‘Z”/_,
nIGF-IR™/~, and nlR™/7) similar mortality rates of Tg2576
mice as deseribed in the literature (22-24). IGF-IR'*/"% and
IR mice were generated and genotyped as described
previously (25, 26) and crossed with synapsin-Cre (Syn-Cre)
mice o achicve ncuron-specific deletion. Mice that did not
express APP™Y or Syn-Cre served as controls. Animals were
housed in a 12-h light-dark cvcle (7 AM on, 7 PM off) and
were fed a standard rodent diet (breeding diet 1314; Al-
(romin, Lage, Germany: 89% dry matter, 22.5% crude pro-
ein, 3% crude fat, 4.5% crude fiber, 6.5% crude ash, 50.5%
nitrogen-free extracts, and a standard amount of different
minerals, amino acids, vitamins, and trace clements). All
animal procedures were performed in accordance with the
German Laws for Animal Protection and were approved by
the local animal care committee and the Bezirksregierung
Koln,

Histology and immunostaining

Syn-Cre mice were crossed with RosaArtel reporter mice
{27). Syn-Cre-LacZ mice were anesthetized and transcardially
perfused with physiological saline solution, followed by 4%
paraformaldehyde in 0.1 M PBS (pH 7.4). Brains were then
frozen in tissue-freezing medium (Jung Tissue Freezing Me-
dium; Leica Microsystems, Wetzlar, Germany) and sectioned
on a oryostal. Staining of dissected tissues was performed
using antibodies against B-galactosidase (55976; Cappel; MP
Biomedicals, Santa Ana, CA, USA). Slides were viewed
through a Zeiss Axioskop equipped with a Zeiss AxioCam for
acquisition of digital images using Spot Advanced 3.0.3 soft-
ware (Caxl Zeiss, Oberkochen, Germany).

Immunoblotting
Brains were lysed in buffer (50 mM Hepes, pH 7.4; 50 mM
NaCl; 1% Triton X; 10 mM EDTA; 0.1 M NaF; 17 pg/ml
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aprotinine; 2 mM benzanidine; 0. 1% SDS; 1 mM phenylmeth-
ylsulfonyl fluoride; and 10 mM NayVO,) using a polytron.
Protein expression was determined from whole-brain lysates
(50-100 pg) dissolved in Laemmli buffer and resolved on 7.5
or 15% SDS-PAGE gels. Proteins were transferred to PVDF,
and membranes were blocked with 5% Western blot blocking
solution and incubated with the appropriate antisera,

The following primary antibodies were used: insulin recep-
tor B-subunit (IRB), A disintegrin and metalloprotease-10
(ADAM-10) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), actin (MP Biomedicals, Solon, OH, USA), p-site APP
cleaving enzyme (BACE), AB, insulin degrading enzyme
(IDE; Chemicon International/Upstate, Millipore, MA,
USA), protein kinase B, phospho-PKB (AKT), extracellular
regulated kinase (ERK)-1/2, phospho-ERK-1/2, glycogen syn-
thase kinase (GSK)-3B, phospho-GSK-38, APP, 1GF-1R (Cell
Signaling Technology Inc., Danvers, MA, USA), C-terminal
fragments-o/B (CTF-o/B) (Sigma Aldrich, Munich, Ger-
many), and 6E10 (AB,_,,; Covance, Princeton, NJ, USA). The
secondary antibodies antimouse-IgG and anti-rabbitlgG
were purchased from Sigma-Aldrich.

Metabolic characterization and glucose- and insulin-
tolerance tests

Mice were weighed weekly beginning at weaning in wk 3 until
performance of glucose- and insulin-tolerance tests in wk 10
and 11. From wk 12, blood glucose and weight were measured
every 4 wk.

For insulin-tolerance tests, animals were starved overnight
(16 h) and injected with 0.75 U/kg body weight of human
insulin (Novo Nordisk, Copenhagen, Denmark) into the
peritoneal cavity. Blood glucose levels were measured in
blood collected from the tail tip immediately before and 15,
30, and 60 min after injection. Blood glucose measurements
were performed using a blood glucose meter (GlucoMen; A.
Menarini Diagnostics, Berlin-Chemie, Neuss, Gernrany). Re-
sults were expressed as percentage of initial blood glucose
concentration,

For glucose-tolerance tests, mice werd starved overnight
(16 h). Animals were injecied with glucose (2 g/kg body
weight) into the peritoneal cavity. Glucose levels were deter-
mined in blood collected from the tail tip immediately before
and 15, 30, 60, and 120 min after the injection, using a
glucose meter.

B-Secretase activity assay

Activity of Bsecretase was measured following the manufac-
turers protocol at 535 nm emission (FP002; R&D Systems
Inc., Minneapolis, MN, USA).

AR, 4o and AP, ELISA

Amyloid was extracted using 5 M guanidine HCl in 50 mM Tris
HCI, pH 8.0. Then ELISAs of AB;_,, and AB,_,, were performed
following the manufacturer’s protocol (KHB3481/3441; vivo-
gen Corp., Carlsbad, CA, USA).

Statistical analysis

To quantify the changes in optical density, we used the
software AIDA 4.00.027 (Rayvtest, Straubenhardt, Germany).
For statistical analysis of the different study groups, unpaired
Student’s ¢ test was performed. Statistical significance was
defined as P < 0.05. For Kaplan-Meier analysis, XLSTAT-Life
software, a Microsoft Excel add-in (hup://www.xistat.com),
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was used. For comparison of the different study groups, sp above age-matched control mice (Fig. 1F and Sup-
Wilcoxon rank tests wclrc performed. Statistical significance plemem‘al Fig. 14). All hypel’glycemic IRS-‘Z"”Tg2576
was delined as < 0.05. males die before the age of 32 wk, while euglycemic
IRS-27/ " Tg2576 males survive (Supplemental Fig. 14).
Moreover, IRS-2 deficiency in euglycemic male Tg2576

RESULTS ' mice rescues premature death of Tg2576 males (Sup-

plemental Fig. 1B). This effect is specific for the Tg2576
IRS-2 deficiency rescues APP*WV.induced mortality background, because hyperglycemic IRS$-27/~ males do
in mice not show increased mortality compared to euglycemic

male IRS-27/7 mice up to 48 wk of age (data not
To directly address the importance of IGF-1R/IRS-2 shown). Blood glucose levels of IRS-27/ “Tg2576 males
signaling in the pathogenesis of AD, we first crossed  dying prematurely are significantly higher compared (o
IRS-2-deficient (IRS-2777) mice with mice expressing  surviving IRS-?.”’?"Tg2576 males (Supplemental Fig.
the Swedish mutation of human APPg,, containing  1B), reinforcing the role of hyperglycemia on survival
the double mutation Lys®”® — Asn, Met®”' — Leu,  of Tg2576 mice. However, differences in body weight
which was found in a Swedish family with early-onset  and growth did not account for the observed differ-
AD (APP®Y, Tg2576 mice) (28). Tg2576 mice display  ences in survival (Fig. 1D).
an age-dependent memory impairment, increase of A
levels starting at 2 mo of age, and extracellular plaque ~ IRS-2 alters IR/IGF-IR signaling and APP processing
formation beginning at the age of 8 mo (29). Since
brain-specific IRS-2 deficiency as well as body-wide Consistent with a major role for IRS-2 in cerebral
heterozygous IRS-2 deletion increase longevity (at least  IR/IGF-1 signaling, we observed significantly reduced
in some studies; see refs. 30, 31), we investigated the  phosphorylation of proteins in PI3-kinase and MAP
influence of IR$2 deficiency on APP*W-induced mor-  kinase pathway, namely, GSK-38 and ERK-1/2, as well
tality. Suikingly, IRS-2 deficiency reverses the prema-  as a slight reduction in phosphorylation of PKB (AKT)
ture lethality of female Tg2576 mice completely (23,  in 12-wk-old IRS-27/7 brains compared to WT under
32) (Fig. 14). In males, lack of IRS-2 does not rescue steady-state conditions (Fig. 24). However, there was no
mortality of Tg2576 mice. Since male IRS27'" mice  reduction in phosphorylation of ERK-1/2 and GSK-3p
frequently develop hyperglycemia (33) (Fig. 1B) and  detectable in brain lysates from Tg2576 compared to

impaired glucose tolerance (Fig. 1C), overt hyperglyce- ~ WT and IRS-27/~Tg2576 mice. Previous studies suggest
mia night affect mortality in these mice. To further  that increased IGF-2 expression might partially rescue
analyze a potential role of hyperglycemia in viability of  states of insulin resistance in Tg2576 mice, which might
Tg2576 males, we classified TR$-27'7Tg2576 mice ac-  possibly explain the difference in ERK and GSK-38 phos-

cording to the presence or absence of hyperglycemia,  phorylaton between IRS-27/7 and IRS2™'"Tg2576
defined as 2 or more events of blood glicose levels >2 mice (29).
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Figure 1. Kaplan-Meier analysis and metabolic characterization of IRS-277"Tg2576 mice and respective controls up to the age
of 48 wk. A) Kaplan-Meier analysis. Survival was assessed from 101 female (43 WT, 27 Tg2576, 21 IRS-27"7, 10 IRS-277 " Tg2h76)
and 117 male mice (37 WT, 31 Tg2576, 15 IRS-27" 7, 14 IRS27 "Tg2576). *P < 0.05; Wilcoxon rank test. B) Blood glucose
levels, Blood glucose levels weré assessed from 173 female (72 WT, 48 Tg2576, 33 IRS-2777, 20 IRS-27* "Tg2576) and 165 male
mice (79 WT, 43 Tg2576, 23 IRS-2777, 20 IRS-27/"Tg2576). () Glucose-tolerance tests (GTT) of mice aged 10-11 wk. Glucose
tolerance was assessed from 156 female (64 WT, 39 Tg2576, 33 IRS-27/7, 20 IRS-27""Tg2576) and 146 male mice (66 WT, 37
Tg2576. 29 IRS-2777, 20 IRS-2™/ " Tg2576). D) Body weight. Body weight was assessed from 173 female (72 WT, 48 Tg2576, 33
IRS-2777, 20 IRS-27 "Tg2576) and 165 male mice (79 WT, 43 Tg2576, 23 IRS-277/7, 20 [RS-2™" " Tg2576). 1) Male mice with
hyperglyveenia, defined as 2 or more events of blood ghicose >2 sp above age-matched control mice. Data represent percentage
of animals with blood glucose levels > mean blood glucose ., + 2 $D. Data are expressed as means * s,
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Figure 2. IR/IGF-IR signaling and amyloid metabolism
of IRS-27""Tg2576 and respective conlrol mice aged 12
and 48 wk. A) Western blot analysis and quantification of
IR signaling proteins from IRS-27 " Tg2576 mice and
respective controls aged 12 wk. Data represent means =
SE, n = 4/group. *P < 0.05; Student’s ¢ test. B) Western
blot and quantitative analysis of APP, AR, o-CTF, and
B-CTF protein expression; n = 4/group, age 12 wk.

T2576

pression; n = 4-6/group, age 48 wk. Data represent means

served as controls.

Since increased AR accumulation in the CNS might
be a contributing factor of premature lethality in
Tg2576 mice, we next investigated AR accumulation
(238, 32). AB peptides are proteolytically released from
the APP wvia sequential cleavage by two aspartyl pro-
teases, the B- and vy-secretase, and cleavage products
mainly occur in two lengths, ARy, and ARy, To
investigate whether APP or APP cleavage products are
affected in IRS-27/7Tg2576 mice, we performed West-
ern blot analysis, revealing comparable cerebral trans-
genic APP levels in Tg2576 and IRS-27/"Tg2576 mice
aged 12 wk (Fig. 28). [nterestingly, brains of 12-wk-old
IRS~‘.?"“/“Tg2576 mice showed significantdy (P<0.05)
less AR accumulation compared to Tg2576 mice (Fig.
98). These findings were further confirmed by ELISA
analysis detecting AB,_4, (Fig. 2(), revealing a signifi-
cant decrease of AB,_, peptides in brains from IRS-27""
Tg2576 compared to Tg2576 mice at 12 wk. Since the
reduced AR accumulation at 12 wk is present in both
genders, these data indicate that insulin/IGF-1 resis-
tance prevents AR accumulation, while organismal hy-
perglycemia, as present in male IRS-2-deficient mice,
may counteract this beneficial effect with respect to
APP*W.induced mortality.

Since it has been previously demonstrated that IGF-
IR-mediated signals increase «- and B-cleavage of APP
(34, 85) in cultured cells, we next determined the
abundance of B-CTF and a-CTF in the CNS of control
and  TRS-2-deficient mice (Fig. 2B). Interestingly,
B-CTFs were significandy reduced in IRS-27 " Tg2576
compared to Tg2576 mice, while APP levels were
unchanged. Furthermore, a-CTFs occur at lower levels in
brains of IRS-27"7 as compared to WT mice and showed
a slight reduction in IRS27/7Tg2576 compared to
Tg2576 mice (Fig. 2B). These data indicate that reduced
AR accumulation observed in [RS-27/ "Tg2576 mice re-
sults from decreased APP processing (Fig. 2B).
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() ELISA of B-amyloid,_,, and B-secretase activity at 12
and/or 48 wk of age (bottom panel); n = 4~6/group.
D) Western blot analysis of BACE-1 and ADAM-10 ex-
+ sk, *P < (0.05; Student’s ¢ test. Age-matched WT animals

To analyze whether reduced expression of the differ-
ent secretases accounts for altered APP cleavage in
IRS-27/7Tg2576 mice, we investigated protein levels of
the membrane-anchored aspartyl protease BACE-],
which acts as a B-secretase (Fig. 20)), and the disintegrin
metalloprotease ADAM-10, proposed to act as a-secre-
tase (Fig. 2D). There were no differences between the
genotypes, which suggests that IRS-2 regulates a- and
B-secretase processing independently of BACE-1 and
ADAM-10 expression (Fig. 2D). Analysis of B-secretase
activity revealed a slightly but not significantly reduced
activity in IRS-27/ "Tg2376 compared to Tg2576 mice
(Fig. 2C). In light of the recent notion that already
marginal reductions of B-secretase activity profoundly
affect APP cleavage and disease progression (36), this
mild reduction present in IRS-2-deficient mice may
partially account for the observed delay in AB accumu-
lation in these animals, or another so far unknown
mechanism may be involved.

Similar to IRS-27/"Tg2576 mice aged 12 wk, these
mice at age 48 wk also showed unaltered protein
expression of IR and IGE-IR (Fig. 34, B). owever,
Western blot analysis (Fig. 3C) and FLISAs (Fig. 3D) of
AB,.jo and AR, s expression at 48 wk of age revealed no
difference in total AR accumulation between IRS-27/7
Tg2576 and Tg2h76 mice, indicating that A accumula-
don is delayed hut not abolished in IRS-27/ " Tg2576
animals. BACE activity as well as BACE-1 protein expres-
ston (data not shown) were slightly hut not significantly
decreased in 48wk-old IRS2™"Tg2576 animals (Fig. 20).

IGF-1R deficiency rescues APPW.induced mortality

Given that evolutionary diversification has resulted in
the emergence of the mammalian IR and IGF-1R as
orthologs of DAF-2 and that IRS-2 acts as a signaling
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mediator not only in the IR/IGF-IR pathway, we next

aimed to identily the upstream signal responsible for
IRS-2-mediated control of AD-associated mortality.
Moreover, since TRS2 deficicucy in the former model
occurred body-wide and apparently was organismal, and
IRS-2 deficiency resuling in hyperglycemia potentially
counteracted the effect of IRS-2-deficiency on AP process-
ing and deposition, we direcdy addressed the role of
neuronal IR/IGF-1 resistance on AD-associated mortality.

To this end, we generated neuron-specific IGF-1R-
knockouemice. To achieve neuron-specific deletion, we
crossed mice carrying the floxed exon 3 of the IGF-1R
gene with mice expressing the Cre-recombinase under
control of the synapsin-1 promoter (Syn-Cre). Using a
Rosa-26 reporter line, Cre expression was predomi-
nantly found in the dentate gyrus, CA3 region of the
hippocampus, and amygdala, and very low expression
in the piriform cortex, neocortex, and thalamus
(Fig. 44). However, Western blot analysis revealed a
significant reduction of IGF-IR expression only in
isolated hippocampi, whereas different cortical regions,
cerebellun, and total brain did not show significant
IGF-1R alteradon (data not shown). On the other
hand, IR expression in the hippocampus and cortex
was unaltered (Fig. 4C). Furthermore, IGF-1R and IR
protein expression in muscle, kidney, heart, lung, fat,
pancreas, and lung was indistinguishable between WT
and nIGF-1R™"7 mice (data not shown). Consistent
with IGF-1 resistance in nIGF-1R™" ™ mice, AKT phos-
phorylation at Ser-473 was reduced following stimu-
lation of isolated hippocampi with IGF-1 (Fig. 4C).
However, basal AKT phosphorylation was unchanged

IGF-1 RESISTANCE AND ALZHEIMER'S DISEASE

A, B) Western blot analysis of IRB (A) and
IGF-IR (B); n = 4-6/group, age 48 wk.
() Western blot and quantitative anal-
ysis of APP and Western blot analysis of
AB, o-CTF, and B-CTF protein expres-
sion; u = 4/group, age 48 wk. D) ELISA
of B-amyloid _, and B-amyloid,_,, at 48
wk of age; n = 4~6/group. Data repre-
sent means = sk, ¥P < 0.05; Student’s /
test. Age-matched WT animals served as
controls,

Tg2576 IRS-2-
Tg2576

in nIGF-1"7" hippocampi compared to WT hip-
pocampi.

To [urther analyze the influence of IGF-1R decetion
predominantly in the hi'ppocam}ms on APP*W-induced
lethality, we crossed nIGF-R™"" mice in a Tg2576
background and performed Kaplan-Meier analyses of
the different genotypes up to the age of 60 wk. These
analyses revealed that both female and male nlGF-
IR™/7T mice are largely protected against APPW.in-
duced lethality (Fig. 48). As expected, IGF-1R defi-
ciency predominantly in the hippocampus did not
affect somatic growth or glucose metabolism in either
gender (Fig. 4D, F). Also, insulin- and glucose-tolerance
tests remained unchanged (Fig. 4F, ), further support-
ing the notion that systemic hyperglycemia counteracts
the positive role of neuronal IGF-I-resistance in male
IRS-27""Tg2576 mice.

In hippocampi of nlGF-1R™"~Tg2576 mice aged 28
wk, a- and B-CTF were significantly reduced compared
to Tg2576 mice (Fig. 5A). In contrast, analysis of
cortices of these mice showed unchanged expression of
a-/B-CTF (Fig. bA, B). Consistent with a direct role
of neuron-autonomous IGF-1/IRS-2-mediated control
of APP metabolism, nIGF-IR™'"Tg2576 mice showed
reduced AP, ocaurence specifically in the hip-
pocampus, but not in other brain regions (Fig. 5C).
Analysis of downstream IR/IGF-1R signaling proteins
(e.g., Akt, GSK-38, and ERK-1/2) revealed an un-
changed expression. Furthermore, there was no dif-
ference in basal phosphorylation of these proteins
(p AKTSCI’WB, P(}SI(’t%BSQY—Uy and PERI(—I /21111'202,' _\1‘20-1) in
nIGF-IR™/ "Tg2576 mice compared to Tg2576, and IDE

3319



Survival all C Hippocampus 28w

Dentate gyrus 00 Survival female
g iz
' - B e G Lo
Egol & [
2 H’ TR oo we e Mo
2 y S,
gso R PAKH <o v
40l o T Akt s s " o
0 10 20 30 40 50 600 10 20 30 40 50 €0 i f o ;
) . time fweeks) ® ACHR | s s s s
Entorhinal cortex Neocortex Survival male 1GF-1~7 -
Lo v 100 - 10 NM st s
;?80 i Control  niGF-1R~
2 L e Hippocampus 28w Cortex 28w
® 60 § I Wugggg% ¢ [GFIR g [IGFiR
g e P : o IGF-1R 31 . g1
i 9] ~O-niGF-1A-Tg2578] 2 2
0 10 20 80 40 50 60 o =
time [weeks] g o 2 "
D F G Control niGF-1R~ Control niGF- 1R~
body weight lemale blood glucose female GTT female TT female
- 30017 2 00 o g
- g « : goe Figure 4. Characterization of
] Bg N, S 80 nIGF-1R™""Tg2576 mice and
- S et aeg BNS-¥-4 / Tumy 8w respective controls aged 28 wk.
o= s . . -
10 100 0 40 A) Immunohistochemistry of
4 B 12 16 20 24 28 4 8 12 16 20 24 28 ¢ 30 60 90 120 0 15 30 45 60  ipp L i
body weight male biood miucose male {TT mal different brain regions irom
= 30077 g @ e o1 Syn-Cre mice crossed with a
a0l oL ¢40 A 100%ags o) PN . . .
= 5 g 8 Ny Rosa-26 reporter line in which
pa & B & 80 oo ddace N1 oo
0 2 Lo g gt 4 3% - 5 o SN B-galactosidase C)\PIESSIOI‘I re
%E %;\s S flects Cre expression (green
10 100 "ot T oscence). Scale bar = 4
4B 12 16 20 24 28 T 12 16 20 o4 28 e s i@ e [norescence). Seale bar 400

time [weeks] time {weeks)

time {minutes]

time {minutes] pm. B) Kaplan-Meier survival

curves of male, female, and all

nIGF-1R™ Tg2576 mice, Survival was assessed from 109 female (53 control, 37 Tgf-2576, 9 nIGF-1R™“7, 11 nlGF-1R™
~Tg2576) and 100 male mice (59 control, 24 Tg2576, 9 nIGF-1777, 18 nlGE-1R ™7~ Tg25676). *P < 0.05; Wilcoxon rank
test. €y Iy wvivo 1GF-1-stimulation of hippocampi from nlGF-1R™/~ mice and respective controls with 10 nM IGF-1 and
following Western blot analysis of IR signaling cascade. IGF-1 receptor protein expression from isolated hippocampi was
quantificd using densitomeuy; 7 = 5/group. D~G) Body weight measurerent (Dy, blood glucose measurement (),
insulin-tolerance tests (ITT) (19, and glucose-tolerance tests (GTT) (G). ITT and GTT were performed in 115 female (58
control, 34 Tg2576, 15 nlGF-1 /7,8 n[GF-lR"/_Tg257G) and 110 male mice (62 control, 23 Tg2576, 10 nlGF-1 R™7,15
nlGF=IR ™ ~Tg2576), Data represent means * st. Age-malched animals without APP™W and/ or Syn-Cre expression served

as controls.

expression remained unchanged in brain lysates of nlGF-
1R™/"Tg2576 mice (Fig. 5D).

Analysis of o- and B-CTF as well as AB_,, and ARy
in hippocampi and cortices {rom nIGF-IR™ ""Tg2576
mice aged 60 wk (Fig. 64, B) revealed a reduction
of w and B-CTF specifically in the hippocampus as
observed in 28-wk-old mice (Fig. 5B). In contrast to
IRS—Q"/‘TgQF)?G mice, hippocampi of IGF-1R™7~
Tg2576 mice showed a reduction of Ay and AB,_p
even in 60-wk-old mice, suggesting that complete IGF-1
resistance exerts long-term effects on Ap accumulation
(Fig. 6B).

Heterozygous IGF-1R deficiency and IR deficiency do
not affect survival of Tg2576 mice

To further elucidate whether the neuronal IR defi-
ciency or heterozygosity for the IGF-1R might influ-
ence survival of Tg2576 mice, we performed Kaplan-
Meicr analysis on  heterozygous IGF-1R-deficient
mice (nIGF-1R* 7)) and neuron-specific IR-deficient
mice (nIR77) in a Tg2576 background. However,
heterozygosity for IGF-IR pardally rescues the
APP™W.induced mortality in either gender, but the
tendency to increased survival of nIGF-1R*" "Tg2576
mice failed to reach statistical significance, even
though 24 nIGF-1R""Tg2576 and 71 Tg2576 mice
have been followed up (Fig. 7A). Moreover, neuronal
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specific knockout of the TR using the same Cre
(synapsin-1 Gre) showed no influcnce on Tg2576
mortality in male and female mice (Fig. 7B). In both
mouse models, growth and glucose metabolism were
not affected (data not shown).

Thus, only a homozygous deletion of the IGF-1R in
the described brain regions is capable of rescuing
premature mortality in Tg2576 mice.

DISCUSSION

The present study reveals several novel insights into the
highly debated interaction of neuronal insulin/IGF-1
resistance and the pathophysiology of neurodegenera-
tive disorders. Primarily, clinical association studies
have nurtured the hypothesis that insulin resistance,
aside from afflicting peripheral organs and causing
metabolic disturbances found in diabetes, affects the
CNS, leading to the formation of neurodegenerative
diseases that are more frequently associated with
T2DM. Here we demonstrate that, unexpectedly, IGF-1
resistance in the CNS in the absence of metabolic
disturbances prevents mortality as the most dramatic
end point of experimental AD in Tg2576 mice (fe-
male/euglycemic male IRS-27""Tg2576 and female/
male nIGF-IR™ ‘/‘Tg2576 mice). In contrast, overt hy-
perglycemia as present in male IRS-27/ " Tg2576 mice is

FREUDE ET AL
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respective loading controls. age 28 wk. Data represent means = SE. Age-matched animals without APP™ and/or Syn-Cre

expression served as controls, #P < 0,05; Student’s ¢ test.

sufficient to overcome the protective effect of neuronal
insulin/IGF-1 resistance. These experiments clearly in-
dicate that either hyperglycemia per se ov vascular
complications resulting from uncontrolled hyperglyce-
mia explain the association of T2DM with AD, rather
than a common underlying phenomenon of insulin
resistance, This notion is in line with the observation
that an increased AD risk correlates with impaired
insulin secredon (87) and increased levels of glycosy-
lated HbAlc as a marker for hyperglycemia (38, 39).
However, there are certain limitations of the present
study, In [R$-27"7 and Tg2576 mice, the genetic back-
oround influences phenotypes. Male TRS-27 7 mice on
a pure C57BL/6 background develop early severe
diabetes mellitus, and most die within 6 mo of age,
whereas male IRS-27"" mice on mixed genetic back-
ground present with a milder metabolic phenotype and
survive (20, 31). Furthermore, up to 80% of pure

A

Hippocampus 60w Cortex 60w

C57BL/6 mice develop spontaneous hyperglycemia in
the first 6 mo, possibly influencing longevity (31, 40).
Previous studies on APP-overexpressing mice have
shown that lethality is influenced by the genetic back-
ground (21). Since nearly all Tg2576 inice on a pure
CH7BL./6 background dic within the first months, it is
impossible to investigate amyloid accumulation or IR/
IGF-1R signaling in a pure C57BL/6 background (21).
The hybrid background used in the present study
enabled us to investigate APP*W.induced lethality, amy-
loid accumulation, and IR/IGF-IR signaling in differ-
ent brain regions in the same mouse strain without the
influence of spontanous hyperglyeinia in the control
groups. However, it must be mentioned that the results
presented here might not completely be conferrable to
other genetic backgrounds. Furthermore, in our inter-
crosses there was an unusual high mortality in male
controls during the first onths. We speculate that an
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unknown environmental factor might be responsible
for this relatively high mortality.

IR and IGF-1R signaling is markedly disturbed in the
CNS of patients with AD (11-13). The overall expres-
sion of IGF-1R is reduced in AD brains, dependent on
the severity of the disease. Moreover, brain IGF-1
mRNA levels are diminished in late AD, whereas IGF-1
serum levels arve increased in early stages of disease,
suggesting that IGF-1 resistance plays a role in the
pathogenesis of AD (14, 41). IRS-1 /2 protein expres-
sion decreases with severity of neurodegeneration in
AD brains, and the inhibiting phosphorylation of IRS-1
at Ser-312 and Ser-616 is increased, leading to impaired
IR and IGF-1R signaling (13). Thus, IR/IGF-1R down-
stream signal transduction is impaired in AD brains,
leading to the hypothesis that cerebral insulin/IGF-1
resistance might be involved in the pathogenesis of AD.
However, it is still unclear whether these changes are
cause or consequence of disease. ‘

In fact, the current observation that neuron and even
hippocampus restricted IGF-1 resistance (but not insu-
lin resistance) protects from AD-associated mnortality
argues for an evolutionary conserved life-extending
mechanism from €. elegans to mice. In C. elegans,
neuronal DAF-2 controls longevity (42). Furthermore,
haploinsufficiency for the IGF-1R (43, 44) as well as
CNS-restricted IRS-2 deficiency (30) extends life span
in mice. Moreover, impairing insulin/IGF-1-like signal-
ing in C. elegans reduces Ap-proteotoxicity by FOXO-
dependent as well as FOXO-independent mechanisms
(20). While the lifespan-extending effect of IGF-1 resis-
tance and newronal IRS2 deficiency seems to improve
defense against reactive oxygen species, inhibition of
AD-associated mortality in the present models appears
to be linked to IGF-1R-mediated processing of AB.

AP consists of small peptides with N- and C-terminal
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heterogeneity, that is, ARy and AB,,., which are
proteolytically released from APP via sequential cleav-
age by the B- and y-secretases (45-47). Initial f-secre-
tase cleavage generates a soluble fragment from the
NH, terminus of APP, while the B-CTF stays membrane
bound. «-Secretase cleavage leads to membrane-bound
a-CTF (48). Interestingly, in IRS-277 "Tg2576 and
nIGF-1R™/"Tg2576 mice, B-CTFs occur at significantly
lower levels, which suggests decreased B-cleavage in
these models. Accordingly, amyloid accumulation is
delayed in IRS-27"Tg2576 mice compared to WT. In
SHSY5Y cells as well as in primary cultured neurons,
chronic treatment with IGF-1 causes a switch from TrkA
to p75™ TR expression as seen in aging brains (35). This
switch might increase B-secretase activity indirectly by
activation of neuronal sphingomyelinase, which is re-
sponsible for active liberation of the second messenger
ceramide (49), stabilizing BACE-1 at least in SHSYSY
cells (50). This process has been proposed to be
responsible for the effect of IGF-1 on AB generation.
However, BACE-1 expression and BACE-1 activity are
not altered in our models, which suggests that either
marginal reduction of BACE-1 activity or an unknown
mechanism regulated by IGF-1R/IRS-2-mediated sig-
nals is responsible for the decreased APP processing
observed in IRS-27/7Tg2576 and nIGF-1R™/~Tg2576
mice. Further research is needed to elucidate the role
of IGF-1R signaling in the regulation of APP cleavage.

At least 4 independent reports linked B-amyloid
accumulation to survival of APP-overexpressing mice
(22-24, 32, 51). Transgenic expression of IDE or
neprilysin in neurons reduces brain AP levels and
prevents amyloid plaque formation and premature
death in APP transgenic animals (32). On the other
hand, chemokine receptor Car? deficiency accelerates
early disease progression by markedly impaired micro-
glial activation. In Tg2576 mice deficient for Cer?,
accumulation of AR occurred earlier. and these mice
died significantly sooner compared to Tg2576 (23).
These data suggest that the amount of AR might be
partially responsible for the decreased mortality in our
IGF-1-resistant models. Concerning insulin/IGF-1 resis-
tance, it has been shown that IDE expression as an
“amyloid-degrading” enzyme is stimulated by IR/
IGF-1R cascade (52). However, we could not detect any
changes in IDE expression in our models.

According to numerous studies, IRs and IGF-1Rs as
well as IRS-1 and IRS-2 are widely distributed through-
out the developing and mature brain (53-58). The
highest IR density is found in the olfactory bulb,
hippocampal formation, hypothalamus, and cerebral
cortex. IGF-1R is highly expressed in the hippocampus,
amygdala, parahippocampal gyrus, and cortex (39).
The two receptors particularly overiap in their expres-
sion in the dentate gyrus of the hippocampal formation
and amygdala and in distinct areas of the cortex. Even
though the intracellular signaling network of these two
receptors is nearly undistinguishable, the physiological
role of both receptors is obviously different. In our
model, conditional IGF-1R- but not IR-knockout using
the same Cre line (synapsin-1 Cre) rescues premature
lethality of Tg2576 mice. However, the molecular
mechanisms need to be elucidated.
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Thus, the currenty propagated approach to improve
symptoms of AD by intranasal application of insulin
(60) may prove detrimental for the survival of patients
with AD. Further analysis of the downstream mediators
of hippocampus IGF-1R/IRS-2-mediated signaling in
control of AD-associated mortality may therefore set the
ground for novel therapeutic interventions against AD.

Taken together, we demonstrate that neuronal IGF-
IR/IRS? deficiency protects against APPSV-induced
lethality, ncuronal IRS-2 deficiency delays A accumu-
lation in wive, and homozygous neuronal deletion of
[GF-1R-mediated signals reduces AB accumulation even
in aged mice,

Thus, down-regulation of IGF-1R and IRS-2 observed in
neurons of patients with AD is most likely a compensatory
phenomenon to decrease amyloid burden and prolon-
gate survival. A similar mechanism with down-regulation
of serum IGF-1 levels has been previously suggested in
response to chronic DNA damage (61).
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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-ot 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 (n= 10).
Conclusions: Adiponectin may play a protective role in the progression of NASH in the
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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 achieying 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,

Journal of Gastroenterology and Hepatology 24 {2009) 1669-1676

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)-¢ is thought to be a causative factor
of insulin resistance in obesity, and overexpression of TNF-al is
found in the liver and in the adipose tissue of NASH patients."
Adiponectin inhibits TNF-o. 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 C57BV/
6 % 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 = 5], 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 libitum, 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 ClI-test, TC F-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 f-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.

Results

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 weeks (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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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. 2c). 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)-1c, 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 ef 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 normatl
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

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-o. 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-o. induces activation of HSC
directly and stimulates production of transforming growth factor
(TGF)-B. HSC plays central roles in liver fibrosis with TGF-B 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-. Thus, adiponectin
might suppress not only TNF-o. mediated inflammation, but also
TNF-a-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-B1.
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 bailooning 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 7 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
C57Bl/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.”! 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 Gl 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 Wt 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-q,, 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-a, expression and liver fibrosis. Deficiency of adiponectin
may participate in liver carcinogenesis related to steatohepatitis.
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Dietary phytochemicals, including nobiletin and auraptene, have
been shown to exert inhibiting effects in several chemically induced
carcinogenesis models. We here investigated the influence of
nobiletin and auraptene on prostate carcinogenesis using transgenic
rats developing adenocarcinoma of the prostate (TRAP) bearing the
SV40 T antigen transgene under control of the probasin promoter
and human prostate cancer cells. Starting at 5 weeks of age, male
TRAP rats received powder diet containing 500 p.p.m. nobiletin or
auraptene, or the basal diet for 15 weeks and then were sacrificed
for analysis of serum testosterone levels and histological changes.
The body and relative prostate weights and serum testosterone
levels did not differ among the groups. Since all animals developed
prostate carcinomas, these were semiquantitatively measured and
expressed as relative areas of prostate epithelial cells. Nobiletin
caused significant reduction in the ventral (P < 0.01), lateral
(P < 0.001) and dorsal (P <0.05) prostate lobes, while decreasing
high grade lesions (P < 0.05) in the ventral and lateral lobes. Feeding
of auraptene also effectively reduced the epithelial component
(P < 0.05) and high grade lesions (P < 0.05), in the lateral prostate.
A further experiment demonstrated that growth of androgen
sensitive LNCaP and androgen insensitive DU145 and PC3 human
prostate cancer cells, was suppressed by both nobiletin and
to a lesser extent auraptene in a dose-dependent manner, with
significant increase in apoptosis. In conclusion, these compounds,
particularly nobiletin, may be valuable for prostate cancer
prevention. (Cancer Sci 2007; 98: 471-477)

P rostate cancer is the most common malignant disease
overall in the US and western countries and the second
leading cause of cancer-related deaths among men. It has been
estimated that 234 460 new cases of prostate cancer will be
diagnosed and that 27 350 deaths related to prostate cancer will
occur in the US alone in 2006.® There are potentially curative
options such as radical prostatectomy or radiotherapy, but once
the disease is metastatic, the outlook is poor. Therefore chemo-
prevention or chemical control of prostate cancer has become
an important priority. Since the intake of citrus fruits has been
found to be beneficial for cancer prevention by epidemiological
survey,® we here focused attention on nobiletin (5,6,7,8,3",4"-
hexamethoxyflavone), a polymethoxy-flavonoid extracted from
citrus fruits such as oranges.® It has been shown to exert
antibacterial,”? anti-inflammatory,®® antimutagenic,” antioxi-
dative® and antitumor initiation® effects, while also inhibiting
proliferation of human squamous cancer cells,® and hepato-
carcinoma cells,"'? and suppressing the production of matrix
metalloproteinase-1, -7 and -9.M19 [n vivo studies have demon-
strated that nobiletin inhibits peritoneal dissemination of gastric
cancer in severe combined immunodeficiency (SCID) mice,*® as well
as azoxymethane (AOM)-induced large bowel carcinogenesis.®®
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Thus this chemical appears to be a promising agent for suppression
of cancer cell induction, invasion and metastasis.

Auraptene, a prenyloxycoumarin antioxidant agent also isolated
from the citrus fruits such as natsumikans or grapefruit,*®'” has
similarly been found to exert preventive potential, suppressing
12-0-tetradecanoylphorbol-13-acetate (TPA)-induced tumor promo-
tion in mouse skin,"® and chemically induced carcinogenesis in
large bowel,®® oral cavity,"” esophagus,®® and liver®~? in rats.
Recently, it was reported that dietary administration of auraptene
inhibits colitis-related colon carcinogenesis,® and lung metastasis
of melanoma cells in mice.®?

‘We hypothesized that citrus nobiletin or auraptene may afford
chemopreventive effects against prostate cancer in in vivo and in
vitro, and therefore investigated their influence on the transgenic
rats developing adenocarcinoma of the prostate (TRAP) model which
was generated in our laboratory and features well-differentiated
prostate adenocarcinomas in all prostatic lobes in a short period
(15 weeks of age).>?” The TRAP rat has a transgene which
encodes SV40/Tag urider probasin promoter, so that the developed
carcinomas are androgen-dependent. Furthermore, we examined
chemotherapeutic effects and possible mechanisms using human
prostate cancer cells in vitro.

Materials and Methods

Animals and chemicals. TRAP rats for the experiment were
obtained by mating heterologous males, established in our
laboratory with a Sprague-Dawley (SD) genetic background,®
with wild-type female SD rats (Clea, Tokyo, Japan). The hybrid
litters were screened by PCR, as described previously,® and
male transgenic rats were selected for use in the experiment. All
animals were housed 3/plastic cage on wood-chip bedding in an
ait-conditioned specific pathogen-free (SPF) animal room at
22 % 2°C and 55 * 5% humidity with a 12 h light/dark cycle and
fed powdered basal diet (Oriental MF, Oriental Yeast Co., Tokyo,
Japan), with or without chemical supplements, and water ad
libitum. All animal experiments were performed under protocols
approved by the Institutional Animal Care and Use Comumittee
of Nagoya City University School of Medical Sciences. Nobiletin
(> 98% purity; lot no. 050621) and auraptene (>98% purity; lot
no. 040220) were purchased from Nard Chemicals Co., Ltd.
(Amagasaki, Hyogo, Japan). The doses of the test compounds
for the animal experiments were selected based on previous
chemopreventive studies.(®

Animal experimental protocols, blood collection and tissue
sampling. Starting at 5 weeks of age, 27 rats in three groups
(9 rats per group) received powder diet containing 500 p.p.m.
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