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Abstract

Background: Impaired insulin signalling is increasingly thought to contribute to Alzheimer’s disease (AD). The &4 isoform of
the APOE gene is the greatest genetic risk factor for sporadic, late onset AD, and is also associated with risk for type 2
diabetes mellitus (T2DM). Neuropathological studies reported the highest number of AD lesions in brain tissue of &4
diabetic patients. However other studies assessing AD pathology amongst the diabetic population have produced
conflicting reports and have failed to show an increase in AD-related pathology in diabetic brain. The thiazolidinediones
(TZDs), peroxisome proliferator-activated receptor gamma agonists, are peripheral insulin sensitisers used to treat T2DM.
The TZD, pioglitazone, improved memory and cognitive functions in mild to moderate AD patients. Since it is not yet clear
how apoE isoforms influence the development of T2DM and its progression to AD, we investigated amyloid beta and tau
pathology in APOE knockout mice, carrying human APOEe3 or €4 transgenes after diet-induced insulin resistance with and
without pioglitazone treatment.

Methods: Male APOE knockout, APOEe3-transgenic and APOEeg4-transgenic mice, together with background strain C57BL6
mice were kept on a high fat diet (HFD) or low fat diet (LFD) for 32 weeks, or were all fed HFD for 32 weeks and during the
final 3 weeks animals were treated with pioglitazone or vehicle.

Results: All HFD animals developed hyperglycaemia with elevated plasma insulin. Tau phosphorylation was reduced at 3
epitopes (Ser396, Ser202/Thr205 and Thr231) in all HFD, compared to LFD, animals independent of APOE genotype. The
introduction of pioglitazone to HFD animals led to a significant reduction in tau phosphorylation at the Ser202/Thr205
epitope in APOEe3 animals only. We found no changes in APP processing however the levels of soluble amyloid beta 40 was
reduced in APOE knockout animals treated with pioglitazone.
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Introduction

The concept that impaired insulin signalling influences neurode-
generative mechanisms in Alzheimer’s disease (AD) and leads to
impairment in cognitive processes is attracting increasing attention.
This hypothesis was prompted by the clinical investigations
showing the reduction of glucose utilisation in the AD brain [1].
Subsequently, experimentally induced brain insulin resistance
models have shown that altered insulin signalling causes cognitive
deficits and, at least in some instances influences aspects of AD
pathology [2,3]. Interestingly, reduced levels of insulin, insulin-like
growth factor receptors and insulin degrading enzyme have been
reported in brain tissue from AD patients [4,5]. In addition there
have been reports of low cerebrospinal fluid (CGSF) to plasma insulin
ratio in AD patients, which is influenced by APOE genotype [6].
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The €4 isoform of the APOE gene is the most significant genetic
risk factor for AD [7]. Type 2 diabetes mellitus (T2DM), another
risk factor of AD [8,9,10,11], is a metabolic disorder characterised
by insulin resistance, relative insulin deficiency and glucose
intolerance [12]. Intriguingly, there is also some evidence of a
synergistic interaction between the APOEg4 allele and T2DM.
Like AD, T2DM is associated with impaired insulin signalling and
cognitive functions [13]. The risk of AD is highest amongst
APOEe4 carriers with T2DM [14] and neuropathological studies
reported the highest number of AD lesions in brain tissue of €4
diabetic patients [14]. However, other studies have produced
conflicting findings and have failed to show an increase in AD-
related pathology in diabetic brain [15,16,17].

Further evidence for a link between insulin signalling and AD
comes from rodent models. However, as in man, these @ vivo
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models are complex with some apparently contradictory evidence
coming from genetic versus dietary, and from type 1 versus type 2
models. Thus, diet-induced insulin resistance accelerates [-
amyloid (AP) pathology [18], whilst peripheral insulin injection
induces tau phosphorylation [19]. Gene deletion experiments
inducing insulin resistance both reduce AP deposition [20] and yet
increase tau phosphorylation [21].

Based upon evidence from epidemiology and animal models,
treatments aimed at restoring adequate levels of brain insulin have
been proposed as a therapeutic approach for AD. Reger et al., and
Craft and colleagues found that administration of insulin via
peripheral [22,23] and intranasal [24,25] routes improved
cognition and these effects were more prominent in non-APOEe4
carriers [22,24]. Improved cognitive performance has also been
demonstrated in animals treated with intranasal insulin [26],
which also improved diabetic brain neuropathy [27].

The thiazolidinediones (TZDs), peroxisome proliferator-activat-
ed receptor gamma (PPARY agonists such as rosiglitazone and
ploglitazone, are widely used clinical treatments for T2DM. TZDs
are insulin sensitising drugs that reduce peripheral insulin
resistance and blood glucose levels [28]. In two early clinical
trials, rosiglitazone improved memory and cognition in patients
with mild to moderate AD [29,30] in an APOE-dependent
manner [30]. More recently pioglitazone also preserved cognitive
function in AD [31]. Consistent with these observations, treatment
with the same insulin sensitising agents in experimental models
attenuated learning and memory deficits [32], reduced the
accumulation of AP, reduced AP42 levels and reduced levels of
inflammatory markers [33]. PPARY activation has also been
shown to reduce the phosphorylation of tau i vitro [34], whilst the
overexpression of PPARY reduces the accumulation of AB [35,36].

These and many other reports lend credence to the hypothesis
that brain insulin resistance leads to AD pathological processes
and thereby support the notion that PPARY agonists such as the
TZDs might be useful therapeutic agents. The observations in
man that increased risk of AD with T2DM is APOE dependent,
that insulin affects AB pathology in an APOE dependent manner
and that in the early clinical trials with TZDs there was a
stratification of effect by APOE led to the hypothesis that induced
insulin resistance and subsequent treatment with TZDs in animal
models would have APOE dependent effects on ‘downstream’ AD
pathology, specifically tau phosphorylation. In order to explore
this we have utilised an APOE ‘humanised’ mouse model lacking
the mouse APOE gene with human APOEEe3 or €4 knocked in.
We induced insulin resistance in these animals and subsequently
treated either with or without PPARY treatment. In the first study,
our data shows diet-induced insulin resistance reduces tau
phosphorylation at 3 epitopes, independent of APOE genotype.
In the second of these studies, pioglitazone treatment led to a
significant reduction in tau phosphorylation at the Ser202/Thr205
epitope in APOLEEg3 animals only, the reverse in APOEg4 mice was
observed.

Results

APOE mice develop diet-induced type 2 diabetes
mellitus-like insulin resistance

Insulin resistance was induced by feeding APOE mice a high
(60%) fat diet (HFD), or low (10%) fat diet (LFD) for 32 weeks.
Throughout this period all APOE mice fed on a HFD gained more
body weight in comparison to the LFD fed animals. Within the
HFD group, APOE KO mice gained the most weight at the end of
the 32 weeks (Figure 1). Oral glucose tolerance tests were taken at
baseline and then at every 6 weeks following initiation of study.
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APOE Dependent Effects of Diet and Pioglitazone

Prior to HFD feeding fasting plasma glucose levels were similar
across genotypes (Figure 2A, B). At week 6 all HFD fed mice had
developed impaired glucose tolerance. In LFD fed mice, plasma
glucose levels reached the maximum at 30 min after glucose
challenge; thereafter glucose elimination occurred by 60 min. In
contrast, there was hardly any glucose elimination between 30 min
and 60 min in HFD fed human APOEe3 and APOEeg4 knock-in
mice whilst in the WT and APOE KO mice glucose was
eliminated at a much slower rate compared to LFD fed animals
(Figure 2C, D). Over the duration of high fat feeding, glucose
tolerance became increasingly impaired (Figure 2E-H).

Hyperglycaemia was accompanied by elevations in plasma
insulin. At baseline all groups of mice had similar levels of insulin
(Figure 3). At the end of the 32 weeks study, all the HFD group of
animals had statistically significantly elevated levels of plasma
insulin compared to the LFD group, with the highest in APOEe4
(5.9%0.5 pg/l), followed by APOEe3 (5.2%0.6 pg/), APOE KO
(4.8£0.5 pg/l) and then WT (3.5%£0.6 pg/l) (Figure 3B). Within
each APOE genotype and between the LFD and HFD fed
animals, insulin levels reached a significant difference by 6 weeks
of diet. In contrast, insulin levels in the LFD fed animals increased
by only a small amount (Figure 3A).

Tau phosphorylation is reduced, but APP metabolism is
unchanged, in HFD fed APOE mice

Comparing HFD to LFD animals we found a decrease in tau
phosphorylation in the insulin resistant animals at all epitopes
examined. This decrease was preserved across all genotypes with a
significant decrease in tau phosphorylation in HFD fed WT
animals at the Ser202/Thr205 (p=0.010) and Thr231 epitopes
(p=0.042) and a trend towards reduction at Ser396 (Figure 4A
and 4B). Analysis of all genotypes and all epitopes by ANOVA
shows a significant interaction between diet and tau phosphory-
lation (p<<0.001) but no effect of genotype. Combining genotypes
shows a highly significant effect of tau phosphorylation at all three
epitopes (Ser396 p=10.03, Ser202/Thr205 (AT8) p=0.0002 and
Thr231 (AT180) p=0.008) (Figure 4C). With respect to levels of
soluble AB, we observed no significant changes in AB40 or Ap42
according to diet within each APOE genotype nor did we observe
changes in APP C-terminal fragments (APP-CTFs) (data not
shown). Given the changes in tau phosphorylation we measured
the level of active tau kinases and tau phosphatases; GSK-3af by
using an activity dependent phospho-kinase antibody, Cdk5 by
using p35/25 specific antibody and the tau-phosphatase, PP2A.
We also measured the activity of Akt, a member of the insulin
signalling pathway. No significant changes in the brain were found
in GSK-30f, Cdk5, PP2A or Akt by APOE genotype or diet (data
not shown).

Pioglitazone treatment has genotypic specific effects on
tau phosphorylation at the Ser202/Thr205 epitope
Previously, pioglitazone has been shown to alter insulin
sensitivity in mice and has been suggested as a possible approach
to disease modification in AD. Therefore we treated APOE mice
with pioglitazone during the final three weeks of HFD feeding.
Adiponectin was measured to show pioglitazone treatment was
effective over time. Plasma adiponectin levels increased signifi-
cantly after 3 weeks of drug treatment (data not shown) [37]. In
WT animals there was no consistent and no significant effect on
tau phosphorylation. However, there was a genotypic effect at the
Ser202/Thr205 epitope with pioglitazone treated APOE€3 mice
showing a decrease in tau phosphorylation (p=0.012) and the
reverse, a significant increase in tau phosphorylation in APOEe4
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Figure 1. Body weight increases in HFD fed mice. Body weight of APOE KO, APOEe3, APOEg4 and WT mice over 32 weeks of A) LFD and B) HFD,
starting from 3 months of age. Values are mean+SEM, n=10-12. Body weights in A) and B) reached ***p<<0.001 by t-test at all weeks indicated
compared to WT mice. Significance is indicated by * APOE KO, * APOEe3, * APOEe4.

doi:10.1371/journal.pone.0016991.g001

animals (p =0.034) receiving pioglitazone treatment (Figure 5B).
When combining genotypes we found no changes in tau
phosphorylation based on pioglitazone or vehicle treatment groups
in any of the three phospho-tau epitopes (Ser396, Ser202/Thr205
or Thr231) (Figure 5).

Given the change in tau phosphorylation at the Ser202/Thr205
epitope, again we measured the level of active tau kinases GSK-30/3
and Cdkd, the tau-phosphatase, PP2A and changes in Akt, a
component of the insulin signalling pathway. However, we found no
significant changes correlating to the genotypic effect (data not shown).
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Pioglitazone treatment on APP processing or soluble A3
levels in APOE animals

Pioglitazone treatment has been shown to lower amyloid load in
animal models [33,38]. In our study, APOE KO animals fed a
HFD showed a trend for higher levels of soluble AB40 and Ap42
compared to all other APOE genotypes (Figure 6). No effects of
pioglitazone were observed in relation to AB42 at any genotype.
No effects of pioglitazone on AP40 were observed in either WT or
APOEe3 or APOEg4 animals but there was a significant reduction
in APOE KO animals. We note however that APOE KO animals
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Figure 2. Animals develop glucose intolerance over 32 weeks of HFD. Oral glucose tolerance tests (OGTT) were conducted at baseline and
then at 6 weekly intervals. Animals were fasted overnight. The next morning, animals were placed in a warming chamber prior to blood sampling and
blood was taken by direct venopuncture. Mice were then given a single oral dose of glucose (3 g/kg p.o dose volume 10 ml/kg) and serial blood
samples collected from the tail tip post-dose at 30, 60, 90, 120 and 180 mins. Glucose levels were accessed using a blood glucose meter. Graphs show
plasma glucose concentrations at the beginning, at week 6, week 24 and week 32 of APOE KO, APOEe3, APOEe4 and WT mice fed A, C, E, G) LFD and
B, D, F, H) HFD. Values are mean=SEM, n=10-12. *p<<0.05, **p<<0.01; ***p<<0.001 versus WT mice by t-test. Significance is indicated by * APOE KO,
* APOEe3, » APOEc4.

doi:10.1371/journal.pone.0016991.g002
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Figure 3. APOE mice develop diet-induced T2DM- like insulin resistance. Plasma insulin levels were measured in APOE KO, APOEe3, APOEc4
and WT mice over 32 weeks of feeding with A) LFD and B) HFD. Blood samples from the tail vein at each OGTT were collected and plasma was
analysed for insulin by ELISA. Values are mean=SEM, n=10-12. In A) plasma insulin levels in all LFD animals reached *p<0.05 by t-test compared to
WT mice. In B) plasma insulin levels in HFD fed animals reached *p<<0.05 or ***p<<0.001 by t-test compared to WT mice as indicated. Significance is

indicated by * APOE KO, * APOEe3, * APOEe4.
doi:10.1371/journal.pone.0016991.g003

had a particularly high AB40 level pre-treatment and this may
represent regression to the mean in a single genotype.

Changes in APP processing of holo APP to APP-CTFs (C83,
(€89 and C99) did not differ between treatment groups or within
each APOE genotype (data not shown).

Discussion

There is increasing awareness of modern lifestyles and their
effect on disease progression; including the increasing prevalence
of lifestyle induced T2DM. The risk of AD is increased in diabetics
[9]. Although the mechanisms underlying this are not yet clear,
evidence from animal models has provided some clues towards the
underlying cause.

@ PLoS ONE | www.plosone.org

Previous i viwo studies investigating the effect of diabetes on AD
pathology have produced ambiguous findings. The streptozotozin
(STZ) approach, commonly used to model T1DM, has been shown to
cause increased tau phosphorylation [39,40,41,42,43] and/or in-
creased AP production in brain [41,44,45]. In the same way, T2DM
models, for example db/db or high fat fed mice have shown increased
levels of AP or increased tau phosphorylation and tau cleavage [43,46].
However, other studies report no such changes [44,47]. Further
T2DM models combining diet with transgenic AD models have not
only shown increased A burden [18,48] but also increased levels of
tau [49]. Additionally, gene knockout models for IRS2 and the insulin
receptor have shown increased tau phosphorylation [20,21,50] whilst
other studies observed opposite findings [19].
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Figure 4. Tau phosphorylation is reduced in HFD fed APOE mice, independent of genotype. The frontal cortex from APOE mice were
homogenised in sucrose homogenisation buffer, lysates were then immunoblotted with the indicated antibodies. A) Western blot of tau antibodies in
frontal cortex of APOE KO, APOEe3, APOEeg4 and WT mice fed LFD or HFD. B) Density of phosphorylated tau normalised against total tau. C) Tau

phosphorylation is dependent on diet. Phosphorylated tau is normalised to total tau, data is grouped by diet.

t-test.
doi:10.1371/journal.pone.0016991.g004

Our results show a diet effect on tau phosphorylation; HFD
reduces tau phosphorylation compared to LID fed animals. This
is contrary to a recent study finding no effect of diet on tau
phosphorylation, despite an increase in tau gene expression [47].
As this was a study of young mice (4 weeks compared to 11 months
in our study) and relatively short term diet (16 weeks compared to
32 weeks in our study) it is likely that effects on tau
phosphorylation we observe are due to chronic HFD in older
mice. Our observation also goes somewhat against the idea that
peripheral hyperinsulinemia promotes tau pathology, as reported
in an earlier study [19]. However, in this study an acute insulin
challenge (20 min peripheral injection) was shown to increase tau
phosphorylation. This is not comparable to the data reported here
where tau phosphorylation is reduced in the context of chronic
HFD induced hyperinsulinemia; arguably a model more reflective
of diet induced hyperinsulinemia in man. In a recent clinical study
by Reger and colleagues, intranasal insulin raised the level of brain
insulin and improved memory in AD patients [25]. Improved
cognitive performance has also been demonstrated in animals
treated with intranasal insulin, which also improved diabetic brain
neuropathy [27]. It is possible that the peripheral hyperinsulin-
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*p<0.05; **p<0.01; ***p<0.001 by

emia in the HFD animals in this study may induce increased entry
of insulin into the brain, which, in the absence of brain insulin resistance,
results in a reduction in the levels of phosphorylated tau.
Furthermore in contrast to previous studies, we found tau
phosphorylation  was independent of APOE  genotype
[51,52,53,54,55]. Whilst we are unable to provide a full
explanation for this, one possible source of discrepancy is the
difference between our study and in both papers by Tesseur [52]
and Harris [54] in the use of transgenic mice expressing APOEe3
and APOEg4 in neurons. Previously, cellular origin of apoE in the
brain has been shown to effect its actions-no effect of genotype on
apoll excitoprotection was observed when expressed in astrocytes
whereas apoE4 but not apoE3 was excitotoxic when expressed in
neurons [56]. It is possible that such differences in the models used
in the experiments might underlie the differing observations.
The TZD, pioglitazone, is a potent synthetic PPARY agonist
that targets PPARs, members of the NRC1 class of the nuclear
hormone receptor superfamily of ligand-activated transcription
factors that are expressed in a variety of cell types. Pioglitazone has
a higher permeability through the blood brain barrier (BBB)
compared to rosiglitazone [57]. Our data shows that pioglitazone

February 2011 | Volume 6 | Issue 2 | €16991



= Vehicle

& Pioglitazone 16

AT8/Total Tau
o
=

pTau Ser396/Total Tau
co oo oo o
e =T U Y

5 Ser202/Thr205 (AT8) ®  Vehicle

APOE Dependent Effects of Diet and Pioglitazone

C

Thr231 (AT180) ™ Vehicle
18

B Pioglitazone

L1l

AT180/Total Tau

WT ApoE KO ApoE3 ApoE4 WT

Ser396

14 14
3
£12 12
= ! 3 1
3 8
Eos = 08
8 ]
006 E os
2 2
n
gUA < 04
i
S 02 02

0 0

Vehicle Pioglitazone

B Pioglitazone 16
14
*
12 N 12
1 1
0.8 I
06 06
04 04
0.2 02
0 0 |
wT

ApoE KO  ApoE3

Ser202/Thr205 (ATS)

Vehicle Pioglitazone

ApoE4 ApoE KO  ApoE3 ApoE4

Thr231 (AT180)

AT180/Total Tau

Vehicle Pioglitazone

Figure 5. Pioglitazone treatment selectively lowers tau phosphorylation at the Ser202/Thr205 epitope. APOE mice fed HFD for 32
weeks were treated with pioglitazone or vehicle for the final 3 weeks. A) ptau Ser396, B) Ser202/Thr205 (AT8), C) Thr231 (AT180). *p<<0.05 by t-test.

doi:10.1371/journal.pone.0016991.9005

has an APOE genotype specific effect at the Ser202/Thr205
phospho-epitope of tau; in HFD fed and pioglitazone treated
APOEe3 animals, a further reduction of tau phosphorylation was
observed in comparison to €3 animals treated with vehicle. The
reverse, an increase in tau phosphorylation was observed in
pioglitazone treated APOEg4 animals. Whilst in the APOE KO or
murine APOE animals, no significant changes in tau phosphor-
ylation by pioglitazone treatment were detected. Our results are
consistent with results from a rosiglitazone clinical trial in which
treatment improved cognition in APOEeg4 negative patients with
mild to moderate AD [30] and a recently published paper that
observed APOL isoform dependent effects of rosiglitazone in
adipose tissue [58]. As mentioned earlier, there is some evidence of
a synergistic interaction between the APOEg4 allele and T2DM
and the risk of AD is highest amongst APOEe4 carriers with
T2DM [14]. Evidence on mitochondrial dysfunction as part of the
pathophysiology of both AD [59] and T2DM [60] is also
emerging. Greater mitochondrial dysfunction has been detected
in AD APOEg4 carriers [61] and significant evidence show that
this is the cause of apoE4 protein fragments [62], as apoE4 is more
susceptible to degradation compared to the apoE2 and apoE3
1soforms [63]. One hypothesis is that the formation of C-terminal
truncated fragments by neuron-specific cleavage of the apol4
protein escapes through the secretory pathway, enters the cytosol
and interacts with mitochondria via its hydrophobic lipid-binding
region [64]. This leads to perturbation of mitochondrial function
and hence diminishes mitochondrial participation in glycolytic
processes. Via the same route apoE4 truncated fragments can also
induce tau phosphorylation, as shown w@m wwo and i wvitro
[63,64,65,66,67,68]. Since a direct role of PPARY agonism is to
stimulate mitochondrial biogenesis [69,70,71,72], this suggests that
perhaps neurotoxic C-terminal fragments in our APOEg4 mice
caused excessive damage to mitochondria in neurons. According-
ly, APOEg4 mice did not respond to pioglitazone like APOEg3
mice. A higher dose of pioglitazone may possibly overcome the
detrimental effects of apoE4 we observed.

@ PLoS ONE | www.plosone.org

According to the amyloid cascade hypothesis of AD, it is the
formation or deposition of AP that initiates the formation of
neurofibrillary tangles [73]. We examined the levels of soluble
AP40 and AB42 by ELISA and also the processing of APP by
western blotting in our insulin resistant animals with and without
pioglitazone treatment. Surprisingly, we found no changes in
APOE knock in animals. Our findings oppose the findings by two
studies; Ho e/ al, who found diet-induced insulin resistance
promoted generation of AB40 and AB42 in the brain of Tg2576
mice [18] and from a very recent study which found apoE isoform
dependent effects on AP levels in PDAPP mice [74]. In both of
these studies by Ho ez al., and Bales ez al., the use of APP transgenic
animals predisposes the animals to amyloid pathology. This may
allow both authors to detect an effect with diet or APOE genotype,
which we failed to find. In our HFD fed APOE KO animals we
detected a trend of higher levels of soluble AB40 and AB42 in
comparison to animals with the APOE gene. The idea that APOE
KOs cannot clear AP from brain has been suggested [75] and
implies that the clearance of AP from the brain to the periphery
requires apoE [74] and is mediated by transport of apoE-AB
complexes across the BBB via LRP-1 [75]. Further, our results did
not replicate the finding of reduction in AP levels following
pioglitazone treatment, as reported in two earlier i vivo studies
using Tg2576 mice [38] and APPV717] mice [33]. This is most
likely due to different mouse models and/or diet may play a part
in the formation of AP species. Numerous studies have reported
the role of apoE in the periphery [76], in our study we report for
the first time the combined effect of apoE and insulin in the brain
wn vivo. Our data therefore suggests that in our APOE model of
diet-induced T2DM, tau phosphorylation arises due to some
process downstream of Af.

In both studies; HFD versus LFD and HFD with pioglitazone
treatment, we did not detect any changes in activation of members
of the insulin signalling pathway (Akt, GSK-3af), tau kinases
(GSK-3af, Cdk5) or tau phosphatase (PP2A). The lack of
differences in Akt, GSK-3av or Cdkb phosphorylation indicates

February 2011 | Volume 6 | Issue 2 | €16991



APOE Dependent Effects of Diet and Pioglitazone

x-40 B Vehicle

30 1 B Pioglitazone
4
& 25 1
—~
[
=
c 20 A
3 *
et
=
2 15 -
Q
2
=
& 10 A
[
!
=) ]
-? 5
X

0 - T r .

WT ApoE KO ApoE3 ApoE4
x-42 B Vehicle

30 1 B Pioglitazone
©
S 25 -
b
n
=
€ 20 1
=
-
>
= 15 A1
o
=
©
< 10
&
(3]
I 5]
X

0 - . . .

WT ApoE KO ApoE3 ApoE4

Figure 6. Levels of soluble A$40 and Af42 in HFD fed mice treated with or without pioglitazone. Af A) x-40 and B) x-42 was analysed by
ELISA in the frontal cortex of APOE mice fed HFD and with or without pioglitazone treatment. *p<<0.05 by t-test.

doi:10.1371/journal.pone.0016991.g006

the possibility of secondary molecules affecting the reduction in tau
phosphorylation. However, this was not due to PP2A as we
detected no changes in this tau phosphatase. Despite our findings,
many tau phosphatases and kinases have been identified to date
[77] and further examination of these may help us identify the
possible candidates responsible for dephosphorylation of HIFD-
induced tau phosphorylation, such as PKA, JNK, MAP Kinases
and PTEN. Furthermore, it is probable that the period required to
increase sufficient levels of insulin in the brains of these animals by

@ PLoS ONE | www.plosone.org

HFD feeding lead to a failure in detecting changes in the insulin
signalling cascade which may have occurred transiently at an
earlier time point.

In conclusion, diet-induced insulin resistance appears to induce
changes in tau phosphorylation due to peripheral hyperinsulin-
emia independent of APOLE genotype. The lowering of tau
phosphorylation by pioglitazone treatment in insulin resistant
animals indicates that human APOEe3 is the isoform most
responsive to treatment. However, prospective studies are required

February 2011 | Volume 6 | Issue 2 | €16991



to eclucidate the mechanism and to understand the relative
importance between brain and peripheral insulin resistance.

Methods

Ethics Statement

All animal procedures were reviewed and approved by the
GlaxoSmithKline Animal Care and Use Committee, and were
performed in accredited facilities in accordance with institutional
guidelines and the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National
Research Council). For the study, the Project License number was
80/01892 and the 3 SHOP numbers (protocols) were SP08-01474,
SP08-03665 and SP09-00223. Both Project license number and
SHOP went through the ethical review process.

Animals and tissue preparation
Mice with human APOE genes replacing murine APOE genes
(henceforth described as ‘APOE mice’) were generated as
published [78,79,80]. In brief, the mice were created by gene
targeting of the endogenous murine APOE gene locus with the
human APOE alleles; APOEe3 or APOEeg4. Consequently mice
expressed human apoE isoforms under the control of murine
APOE regulatory sequences and have very similar apoE
expression levels to the non-transgenic apoE expressing mice.
Diet study. 3 months old male APOE knockout, APOEg3-
transgenic and APOEg4-transgenic mice, together with back-
ground strain C57BL6 mice were kept on a high fat (60% fat)
(n=12 per genotype) or low fat (10% fat) diet (n=12 per
genotype) (Research Diets, D12492 and D12450B respectively) for
32 weeks. Animals were housed individually under controlled
conditions of temperature and lighting and given free access to
food and water. Metabolic changes were assessed until insulin
resistance developed in mice fed on the high fat diet (HFD).
Treatment study. All animals at 3 months of age were given a
HFD (Research Diets, D12492) for 32 weeks. During the last 3 weeks
of diet, treatment group animals (n= 12 per genotype) were orally
dosed with pioglitazone (20 mg/kg p.o.) whilst the vehicle group
(n=12 per genotype) received 1% methylcellulose. Animals were
dosed twice daily (8 am and 8 pm). On day 1 blood was removed by
direct venopuncture from the tail vein before dosing began for
baseline readings. An additional blood sample was collected following
3 weeks treatment and used to assess metabolic changes.
Assessment of metabolic changes. Glucose tolerance tests
were conducted to assess the level of circulating glucose prior to
commencing each study and then at 6 or 12 weekly intervals
following the initiation of study. Animals were fasted overnight. The
next morning, animals were placed in a warming chamber prior to
blood sampling and blood was taken by direct venopuncture. Mice
were then given a single oral dose of glucose (3 g/kg p.o dose
volume 10 ml/kg) and serial blood samples collected from the tail
tip post-dose at 30, 60, 90, 120 and 180 min. Glucose levels were
accessed using a blood glucose meter (Ascensia, UK). Blood samples
collected from the tail vein were centrifuged at 3000 x g for 5 min,
plasma was aliquoted into separate tubes then stored at -80°C until
analysis with commercial ELISA kit for insulin (DRG, Germany).
Tissue preparation. At termination of each study brains
were removed, the frontal cortex was subdissected and stored at -
80°C: until use.

Protein extraction
The frontal cortex region was weighed whilst frozen and then

homogenised rapidly in 10 fold volume of a detergent free tissue
homogenisation buffer (250 mM sucrose, 20 mM Tris-HCI1 (pH
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74), 1 mM EGTA, 1 mM EGTA, 100 mM PMSF, 1 mini
complete protease inhibitor cocktail tablet (Roche, UK) and 1
mini complete phosphatase inhibitor cocktail tablet (Roche, UK))
on ice. A sample of total brain homogenate was collected and
stored at —80°C until use in AP ELISA. Homogenates were then
centrifuged at 47,000 rpm for 20 min at 4°C in a Beckman TLA
55 rotor (Beckman, Palo Alto, CA, USA). The soluble supernatant
(S1 fraction) was collected and the pellet resuspended in a same
volume of the above buffer with the addition of 1% Triton-X 100,
then subjected to centrifugation again. The resultant supernatant
(S2 fraction) was collected and stored at —80°C with the S1
fraction and the pellet, P2 until use.

Western blotting

8% Sodium dodecyl sulphate-polyacrylamide gel
(SDS-PAGE). S1 and S2 samples were
diluted in an equal volume of 2X reducing laemmli sample
buffer (BioRad, UK) and boiled at 100°C for 5 min. Samples were
separated on 8% SDS-PAGE gels at 150 V for 1 h at room
temperature (RT). Proteins were then transferred onto
nitrocellulose membranes at 80 V for 1 h at RT. Blots were
incubated in a blocking solution containing 5% skimmed milk
(Marvel) in phosphate buffered saline with 0.1% tween (PBST) for
1 h at RT then probed with primary antibody overnight at 4°C.
The blots were washed three times with PBST then incubated with
either goat anti-rabbit or goat anti-mouse secondary antibodies
conjugated to fluorophors (Molecular Probes, Invitrogen) emitting
at wavelengths of either 700 or 800 nm for 1 h at RT. Blots were
washed three times again with PBST. Proteins were detected using
an Odyssey infrared imager (Licor, UK) and densitometry
performed using Image].

16% Tricine gradient gels. S2 samples were diluted in an
equal volume of 2x Tris-glycine SDS sample buffer containing
NuPage sample reducing agent (Invitrogen, UK) and heated for
3 min at 85°C. Samples were spun briefly then separated on 16%
Tricine gradient gels (Invitrogen, UK) at 130 V for 2 h at RT.
Proteins were then transferred onto 0.2 um pore size nitrocellulose
membranes (Invitrogen, UK) at 200 mA for 2 h at RT. Blots were
boiled by microwave for 5 min in PBS then incubated in a
blocking solution for 1 h at RT then probed with primary
antibody overnight at 4°C. The blots were washed three times
with PBST then incubated with either goat anti-rabbit or goat

electrophoresis

Table 1. List of primary antibodies.

Antibody Type Source
AT8 (Ser 202/Thr205) Mouse monoclonal Pierce
AT180 (Thr231) Mouse monoclonal Pierce

Phospho Tau (Ser396)
Total Tau
Phospho-GSK-3a8 (Ser21/9)
Total GSK-3u8
Phospho-Akt (Ser473)

Mouse monoclonal  Cell Signaling Technology

Rabbit polyclonal Cell Signaling Technology
Rabbit polyclonal Cell Signaling Technology
Mouse monoclonal  Stressgen

Rabbit polyclonal Cell Signaling Technology

Total Akt Rabbit polyclonal Cell Signaling Technology
Phospho-PP2A (Tyr307) Rabbit polyclonal Cell Signaling Technology
Total PP2A Goat polyclonal Santa Cruz
p35/25 Rabbit monoclonal  Cell Signaling Technology
Anti-APP 369 Rabbit polyclonal J Buxbaum

doi:10.1371/journal.pone.0016991.t001
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anti-mouse horse radish peroxidase (HRP)-conjugated secondary
antibodies (GE Healthcare, UK) for 1 h at RT. Blots were washed
three times again with PBST. Immunoreactivity was visualised
using enhanced chemiluminescence reagents (GE Healthcare,
UK), x-ray film (Fuji, UK) and developer. Image] was used for
quantification.

Antibodies

All antibodies (table 1) were used at 1:1000 dilution in blocking
solution PBST containing 5% milk. Protein bands were normal-
ised to B-actin antibody purchased from Abcam, used at 1:5000
dilution. Fluorophore tagged secondary antibodies (Molecular
Probes, Invitrogen) were all used at 1:6000. All HRP-conjugated
secondary antibodies (GE Healthcare, UK) were used at 1:5000.

Abeta ELISA

Levels of mouse soluble A 1-40 and AP 1-42 were measured
using the chemiluminescent BetaMark Beta Amyloid x-40 and x-
42 ELISA kits (Covance) according to the manufacturer’s
mstructions. Briefly, total brain homogenates from the frontal
cortex were diluted in working incubation buffer containing HRP
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detection antibody then loaded in duplicate onto the antibody
coated plate. The ELISA plate was incubated overnight at 4°C.
The plate was washed 5 times before addition of chemilumines-
cent substrates and read using a Wallac luminometer (Perkin
Elmer).

Statistics
Statistical significance was performed using the student’s t-test

and p<<0.05 was considered significant. Data are presented as
mean*SEM.

Acknowledgments

We thank Judy Latcham, Michael Fulleylove, Jason Smith and Sylvia Fung
from GlaxoSmithKline for their animal husbandry.

Author Contributions

Conceived and designed the experiments: SL TTC JES AT. Performed the
experiments: AT EMR JES. Analyzed the data: AT JES ERM.
Contributed reagents/materials/analysis tools: SL JES. Wrote the paper:
AWMT JES SL.

. Freude S, Plum L, Schnitker J, Leeser U, Udelhoven M, et al. (2005) Peripheral
hyperinsulinemia promotes tau phosphorylation in vivo. Diabetes 54:
3343-3348.

Killick R, Scales G, Leroy K, Causevic M, Hooper C, et al. (2009) Deletion of

Irs2 reduces amyloid deposition and rescues behavioural deficits in APP

transgenic mice. Biochem Biophys Res Commun 386: 257-262.

Schubert M, Brazil DP, Burks DJ, Kushner JA, Ye J, et al. (2003) Insulin

receptor substrate-2 deficiency impairs brain growth and promotes tau

phosphorylation. J Neurosci 23: 7084-7092.

Craft S, Asthana S, Schellenberg G, Baker L, Cherrier M, et al. (2000) Insulin

effects on glucose metabolism, memory, and plasma amyloid precursor protein

in Alzheimer’s disease differ according to apolipoprotein-E genotype.

Ann N Y Acad Sci 903: 222-228.

Craft S, Asthana S, Cook DG, Baker LD, Cherrier M, et al. (2003) Insulin dose-

response effects on memory and plasma amyloid precursor protein in

Alzheimer’s disease: interactions with apolipoprotein E genotype. Psychoneur-

oendocrinology 28: 809-822.

. Reger MA, Watson GS, Frey WH, 2nd, Baker LD, Cholerton B, et al. (2006)
Effects of intranasal insulin on cognition in memory-impaired older adults:
modulation by APOE genotype. Neurobiol Aging 27: 451-458.

. Reger MA, Watson GS, Green PS, Wilkinson CW, Baker LD, et al. (2008)
Intranasal insulin improves cognition and modulates beta-amyloid in early AD.
Neurology 70: 440-448.

. Francis GJ, Martinez JA, Liu WQ, Xu K, Ayer A, et al. (2008) Intranasal insulin
prevents cognitive decline, cerebral atrophy and white matter changes in murine
type I diabetic encephalopathy. Brain 131: 3311-3334.

. Francis G, Martinez J, Liu W, Nguyen T, Ayer A, et al. (2009) Intranasal insulin

ameliorates experimental diabetic neuropathy. Diabetes 58: 934-945.

Willson TM, Lambert MH, Kliewer SA (2001) Peroxisome proliferator-

activated receptor gamma and metabolic disease. Annu Rev Biochem 70:

341-367.

Watson GS, Cholerton BA, Reger MA, Baker LD, Plymate SR, et al. (2005)

Preserved cognition in patients with early Alzheimer discase and amnestic mild

cognitive impairment during treatment with rosiglitazone: a preliminary study.

Am J Geriatr Psychiatry 13: 950-958.

Risner ME, Saunders AM, Altman JF, Ormandy GC, Craft S, et al. (2006)

Efficacy of rosiglitazone in a genetically defined population with mild-to-

moderate Alzheimer’s disease. Pharmacogenomics J 6: 246-254.

Sato T, Hanyu H, Hirao K, Kanetaka H, Sakurai H, et al. (2009) Efficacy of

PPAR-gamma agonist pioglitazone in mild Alzheimer disease. Neurobiol Aging.

. Pedersen WA, McMillan PJ, Kulstad JJ, Leverenz JB, Craft S, et al. (2006)

Rosiglitazone attenuates learning and memory deficits in Tg2576 Alzheimer

mice. Exp Neurol 199: 265-273.

Heneka MT, Sastre M, Dumitrescu-Ozimek L, Hanke A, Dewachter I, et al.

(2005) Acute treatment with the PPARgamma agonist pioglitazone and

ibuprofen reduces glial inflaimmation and Abetal-42 levels in APPV7171

transgenic mice. Brain 128: 1442-1453.

d’Abramo C, Ricciarelli R, Pronzato MA, Davies P (2006) Troglitazone, a

peroxisome proliferator-activated receptor-gamma agonist, decreases tau

phosphorylation in CHOtau4R cells. ] Neurochem 98: 1068-1077.

. Camacho IE, Serneels L, Spittaels K, Merchiers P, Dominguez D, et al. (2004)
Peroxisome-proliferator-activated receptor gamma induces a clearance mecha-
nism for the amyloid-beta peptide. J Neurosci 24: 10908-10917.

20.
21.

22.

23.

28.

29.

30.

31.

33.

34.

February 2011 | Volume 6 | Issue 2 | €16991



36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

50.

51.

52.

53.

54.

57.

58.

d’Abramo C, Massone S, Zingg JM, Pizzuti A, Marambaud P, et al. (2005) Role
of peroxisome proliferator-activated receptor gamma in amyloid precursor
protein processing and amyloid beta-mediated cell death. Biochem J 391:
693-698.

Bodles AM, Banga A, Rasouli N, Ono F, Kern PA, et al. (2006) Pioglitazone
increases secretion of high-molecular-weight adiponectin from adipocytes.
Am J Physiol Endocrinol Metab 291: E1100-1105.

Yan Q, Zhang ], Liu H, Babu-Khan S, Vassar R, et al. (2003) Anti-
inflammatory drug therapy alters beta-amyloid processing and deposition in an
animal model of Alzheimer’s disease. J Neurosci 23: 7504-7509.
Clodfelder-Miller BJ, Zmijewska AA, Johnson GV, Jope RS (2006) Tau is
hyperphosphorylated at multiple sites in mouse brain in vivo after streptozot-
ocin-induced insulin deficiency. Diabetes 55: 3320-3325.

Planel E, Tatebayashi Y, Miyasaka T, Liu L, Wang L, et al. (2007) Insulin
dysfunction induces in vivo tau hyperphosphorylation through distinct
mechanisms. J Neurosci 27: 13635-13648.

Jolivalt CG, Hurford R, Lee CA, Dumaop W, Rockenstein E, et al. (2009) Type
1 diabetes exaggerates features of Alzheimer’s disease in APP transgenic mice.
Exp Neurol.

Ke YD, Delerue F, Gladbach A, Gotz J, Ittner LM (2009) Experimental diabetes
mellitus exacerbates tau pathology in a transgenic mouse model of Alzheimer’s
disease. PLoS One 4: e7917.

Kim B, Backus C, Oh S, Hayes JM, Feldman EL (2009) Increased tau
phosphorylation and cleavage in mouse models of type 1 and type 2 diabetes.
Endocrinology 150: 5294-5301.

Jolivalt CG, Lee CA, Beiswenger KK, Smith JL, Orlov M, et al. (2008) Defective
insulin signaling pathway and increased glycogen synthase kinase-3 activity in
the brain of diabetic mice: parallels with Alzheimer’s disease and correction by
insulin. J Neurosci Res 86: 3265-3274.

. Plaschke K, Kopitz J, Siegelin M, Schliebs R, Salkovic-Petrisic M, et al. (2010)

Insulin-resistant brain state after intracerebroventricular streptozotocin injection
exacerbates Alzheimer-like changes in Tg2576 AbetaPP-overexpressing mice.
J Alzheimers Dis 19: 691-704.

Li ZG, Zhang W, Sima AA (2007) Alzheimer-like changes in rat models of
spontaneous diabetes. Diabetes 56: 1817-1824.

Moroz N, Tong M, Longato L, Xu H, de la Monte SM (2008) Limited
Alzheimer-type neurodegeneration in experimental obesity and type 2 diabetes
mellitus. J Alzheimers Dis 15: 29-44.

Kohjima M, Sun Y, Chan L (2010) Increased Food Intake Leads to Obesity and
Insulin Resistance in the Tg2576 Alzheimer’s Disecase Mouse Model.
Endocrinology.

9. Julien C, Tremblay C, Phivilay A, Berthiaume L, Emond V, et al. (2008) High-

fat diet aggravates amyloid-beta and tau pathologies in the 3xTg-AD mouse
model. Neurobiol Aging.

Schubert M, Gautam D, Surjo D, Ueki K, Baudler S, et al. (2004) Role for
neuronal insulin resistance in neurodegenerative diseases. Proc Natl Acad
Sci U S A 101: 3100-3105.

Genis I, Gordon I, Sehayek E, Michaelson DM (1995) Phosphorylation of tau in
apolipoprotein E-deficient mice. Neurosci Lett 199: 5-8.

Tesseur I, Van Dorpe J, Spittacls K, Van den Haute C, Moechars D, et al.
(2000) Expression of human apolipoprotein E4 in neurons causes hyperpho-
sphorylation of protein tau in the brains of transgenic mice. Am J Pathol 156:
951-964.

Kobayashi M, Ishiguro K, Katoh-Fukui Y, Yokoyama M, Fujita SC (2003)
Phosphorylation state of tau in the hippocampus of apolipoprotein E4 and E3
knock-in mice. Neuroreport 14: 699-702.

Harris FM, Brecht W], Xu Q, Mahley RW, Huang Y (2004) Increased tau
phosphorylation in apolipoprotein E4 transgenic mice is associated with
activation of extracellular signal-regulated kinase: modulation by zinc. J Biol

Chem 279: 44795-44801.

. Hoe HS, Freeman J, Rebeck GW (2006) Apolipoprotein E decreases tau kinases

and phospho-tau levels in primary neurons. Mol Neurodegener 1: 18.

. Buttini M, Masliah E, Yu GQ, Palop JJ, Chang S, et al. (2010) Cellular source of

apolipoprotein E4 determines neuronal susceptibility to excitotoxic injury in
transgenic mice. Am J Pathol 177: 563-569.

Kummer MP, Heneka MT (2008) PPARs in Alzheimer’s Disease. PPAR Res
2008: 403896.

Arbones-Mainar JM, Johnson LA, Altenburg MK, Kim HS, Maeda N (2010)
Impaired adipogenic response to thiazolidinediones in mice expressing human
apolipoproteinE4. FASEB J.

@ PLoS ONE | www.plosone.org

1

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

73.

74.

76.

77.

78.

79.

80.

APOE Dependent Effects of Diet and Pioglitazone

Bubber P, Haroutunian V, Fisch G, Blass JP, Gibson GE (2005) Mitochondrial
abnormalities in Alzheimer brain: mechanistic implications. Ann Neurol 57:
695-703.

Lowell BB, Shulman GI (2005) Mitochondrial dysfunction and type 2 diabetes.
Science 307: 384-387.

Gibson GE, Haroutunian V, Zhang H, Park LC, Shi Q, et al. (2000)
Mitochondrial damage in Alzheimer’s disease varies with apolipoprotein E
genotype. Ann Neurol 48: 297-303.

Nakamura T, Watanabe A, Fujino T, Hosono T, Michikawa M (2009)
Apolipoprotein E4 (1-272) fragment is associated with mitochondrial proteins
and affects mitochondrial function in neuronal cells. Mol Neurodegener 4: 35.
Huang Y, Liu XQ, Wyss-Coray T, Brecht WJ, Sanan DA, et al. (2001)
Apolipoprotein E fragments present in Alzheimer’s disease brains induce
neurofibrillary tangle-like intracellular inclusions in neurons. Proc Natl Acad
Sci U S A 98: 8838-8843.

Chang S, ran Ma T, Miranda RD, Balestra ME, Mahley RW, et al. (2005)
Lipid- and receptor-binding regions of apolipoprotein E4 fragments act in
concert to cause mitochondrial dysfunction and neurotoxicity. Proc Natl Acad
Sci U S A 102: 18694-18699.

. Ljungberg MC, Dayanandan R, Asuni A, Rupniak TH, Anderton BH, et al.

(2002) Truncated apoll forms tangle-like structures in a neuronal cell line.
Neuroreport 13: 867-870.

Harris FM, Brecht W], Xu Q), Tesseur I, Kekonius L, et al. (2003) Carboxyl-
terminal-truncated apolipoprotein E4 causes Alzheimer’s disease-like neurode-
generation and behavioral deficits in transgenic mice. Proc Natl Acad Sci U S A
100: 10966-10971.

Brecht WJ, Harris FM, Chang S, Tesseur I, Yu GQ, et al. (2004) Neuron-
specific apolipoprotein e4 proteolysis is associated with increased tau
phosphorylation in brains of transgenic mice. J Neurosci 24: 2527-2534.
Zhou J, Chen J, Feng Y (2006) Effect of truncated-ApoE4 overexpression on tau
phosphorylation in cultured N2a cells. ] Huazhong Univ Sci Technolog Med Sci
26: 272-274.

Wang YL, Frauwirth KA, Rangwala SM, Lazar MA, Thompson CB (2002)
Thiazolidinedione activation of peroxisome proliferator-activated receptor
gamma can enhance mitochondrial potential and promote cell survival. ] Biol
Chem 277: 31781-31788.

Wilson-Fritch L, Nicoloro S, Chouinard M, Lazar MA, Chui PC, et al. (2004)
Mitochondrial remodeling in adipose tissue associated with obesity and
treatment with rosiglitazone. J Clin Invest 114: 1281-1289.

Bolten CW, Blanner PM, McDonald WG, Staten NR, Mazzarella RA, et al.
(2007) Insulin sensitizing pharmacology of thiazolidinediones correlates with
mitochondrial gene expression rather than activation of PPAR gamma. Gene
Regul Syst Bio 1: 73-82.

. Miglio G, Rosa AC, Rattazzi L, Collino M, Lombardi G, et al. (2009)

PPARgamma stimulation promotes mitochondrial biogenesis and prevents
glucose deprivation-induced neuronal cell loss. Neurochem Int 55: 496-504.
Hardy J, Allsop D (1991) Amyloid deposition as the central event in the aetiology
of Alzheimer’s disease. Trends Pharmacol Sci 12: 383-388.

Bales KR, Liu F, Wu S, Lin S, Koger D, et al. (2009) Human APOE isoform-
dependent effects on brain beta-amyloid levels in PDAPP transgenic mice.
J Neurosci 29: 6771-6779.

Shibata M, Yamada S, Kumar SR, Calero M, Bading J, et al. (2000) Clearance
of Alzheimer’s amyloid-ss(1-40) peptide from brain by LDL receptor-related
protein-1 at the blood-brain barrier. J Clin Invest 106: 1489-1499.

Kypreos KE, Karagiannides I, Fotiadou EH, Karavia EA, Brinkmeier MS, et al.
(2009) Mechanisms of obesity and related pathologies: role of apolipoprotein E
in the development of obesity. FEBS J 276: 5720-5728.

Chung SH (2009) Aberrant phosphorylation in the pathogenesis of Alzheimer’s
disease. BMB Rep 42: 467-474.

Piedrahita JA, Zhang SH, Hagaman JR, Oliver PM, Maeda N (1992)
Generation of mice carrying a mutant apolipoprotein E gene inactivated by
gene targeting in embryonic stem cells. Proc Natl Acad Sci U S A 89:
4471-4475.

Sullivan PM, Mezdour H, Aratani Y, Knouff C, Najib J, et al. (1997) Targeted
replacement of the mouse apolipoprotein E gene with the common human
APOLES3 allele enhances diet-induced hypercholesterolemia and atherosclerosis.
J Biol Chem 272: 17972-17980.

Knouff C, Hinsdale ME, Mezdour H, Altenburg MK, Watanabe M, et al. (1999)
Apo E structure determines VLDL clearance and atherosclerosis risk in mice.
J Clin Invest 103: 1579-1586.

February 2011 | Volume 6 | Issue 2 | €16991



