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Introduction

Cognitive dysfunction and dementia have been proven to be com-
mon complications of diabetes mellitus [DM; Ref. 1]. Both type
1 and type 2 DM have been associated with reduced perfor-
mance on numerous domains of cognitive function [2]. The ex-
act pathophysiology of cognitive dysfunction in diabetes is not
completely understood, though it was recognized as early as the
1920s that diabetes may affect cognition [3]. Very recently, a
new term- “diabetes-associated cognitive decline” (DACD) was
proposed to facilitate research into this area and to increase
recognition of the disorder [4]. This term is not suggestive of
a particular pathogenesis, but merely describes a state of mild
to moderate cognitive impairment, in particular, psychomotor
slowing and reduced mental flexibility, not attributable to other

causes.

© 2012 Blackwell Publishing Ltd

SUMMARY

Aims: Pioglitazone, known as a peroxisome proliferator-activated receptor y (PPARy) ag-
onist, is used to treat type 2 diabetes mellitus (T2DM). T2DM has been associated with
reduced performance on numerous domains of cognitive function. Here, we investigated
the effects of pioglitazone on memory impairment in a mouse model with defects in insulin
sensitivity and secretion, namely high-fat diet (HFD) streptozotocin (STZ)-induced diabetic
mice. Methods: ICR mice were fed with HFD for 4 weeks and then injected with a single
low dose of STZ followed by continued HFD feeding for an additional 4 weeks. Pioglita-
zone (18 mg/kg, 9 mg/kg body weight) was orally administered for 6 weeks once daily.
Y-maze test and Morris water maze test (MWM) were employed for testing learning and
memory. Serum glucose, serum insulin, serum triglyceride, brain g-amyloid peptide (Ag),
brain B-site amyloid precursor protein cleaving enzyme (BACE1), brain nuclear factor «B
(NF-«B), and brain receptor for advanced glycation end products (RAGE) were also tested.
Results: The STZ/HFD diabetic mice, characterized by hyperglycemia, hyperlipemia and
hypoinsulinemia, performed poorly on Y-maze and MWM hence reflecting impairment of
learning and memory behavior with increases of AB40/AB42, BACE1, NF-«B, and RAGE in
brain. Treatment of PPARy agonist, pioglitazone (18 or 9 mg/kg body weight), significantly
reversed diabetes-induced impairment of learning and memory behavior, which is involved
in decreases of AB40/AB42 via inhibition of NF-¥B, BACE1 and RAGE in brain as well as
attenuation of hyperglycemia, hyperlipemia, and hypoinsulinemia. Conclusions: It is con-
cluded that PPARy agonist pioglitazone may be considered as potential pharmacological
agents for the management of cognitive dysfunction in T2DM.

Strong epidemiologic evidence supports an association between
T2DM and Alzheimer’s disease (AD) characterized by accumula-
tion of B-amyloid peptide (AB), elevation of hyperphosphorylated
7, neurite degeneration, and neuronal loss [5,6]. There is a grow-
ing body of evidence that decreased insulin in T2DM may par-
ticipate in amyloid precursor protein (APP) dysregulation and A
accumulation. Some reports showed that the increased Ag level
was present in the central nervous system of the diabetic patients
[7-9]. AB accumulation also occurred in brain of the diabetic
animals spontaneously [10] or induced by streptozotocin [a dia-
betogenic agent, toxic to B cell of pancreatic island; Refs. 11,12],
accompanied by cognitive impairment [13,14]. Recent studies
showed that insulin deficiency or insulin resistance exacerbated
cerebral amyloidosis and behavioral deficits in an Alzheimer trans-
genic mouse model [15-17]. Furthermore, diabetes-accelerated
memory dysfunction was due to cerebrovascular inflammation
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and A deposition in an Alzheimer mouse model with diabetes
[18]. These findings suggest that A accumulation in brain in di-
abetic condition may be one of the reasons for diabetes-associated
impairment of cognition. Peroxisome proliferator-activated recep-
tors (PPARs) are ligand-dependent transcription factors. Activa-
tion of the PPARy subtype is known to increase insulin sensiti-
zation, modulate glucose and lipid metabolism. Pioglitazone is a
thiazoledinedione (TZD) and a highly selective PPARy agonist. It
is currently approved as an oral monotherapy and adjunctive ther-
apy for patients with T2DM [19]. In more recent years, the focus
on PPARy agonists has intensified, as their novel biological roles
have emerged, particularly for their therapeutic potential in neu-
rodegenerative disorders, such as AD [20]. However, so far, less
attention has been given to the effect of PPARy agonists on cogni-
tive impairment in T2DM. This study was undertaken to investi-
gate the effects of pioglitazone on memory impairment and brain
AB levels and other biochemical parameters in a mouse model
with defects in insulin sensitivity and secretion, namely high-fat
diet (HFD) streptozotocin (STZ)-induced diabetic mice.

Materials and Methods
Materials

Pioglitazone was purchased from Jiangsu Hengrui Medicine Co.
Ltd (Nanjing, China). STZ was purchased from Sigma (St. Louis,
MO, USA). Antibodies were purchased from different companies:
anti-AB42 from Bioworld Technology Co., Ltd (Minneapolis, MN,
USA), anti-receptor for advanced glycation end products (RAGE)
and secondary antibody from Abcam Ltd. (Hongkong, China),
anti-B-site APP cleaving enzyme 1(BACE1) from Cell Signaling
Technology (USA). Mouse Insulin (INS) ELISA Kit, mouse AB40
ELISA Kit, mouse AB42 ELISA Kit and nuclear factor «B (NF-
kB) p65 ELISA Kit were purchased from R&D Systems (Shang-
hai, China), Coomassie (Bradford) protain assay kit, Glucose Ox-
idase Kit and Triglyceride (TG) Kit were purchased from Nanjing
Jiancheng Biotech Institute (Nanjing, China). HFD was purchased
from Medical Center of Yangzhou University (Yangzhou, China),
consisted of 60% fat, 20% carbohydrate, and 20% protein, and all
other chemicals were of analytical grade and commercially avail-
able.

ICR male mice (8-10 weeks old, weighing 20-25 g) were pur-
chased from Medical Center of Yangzhou University (Yangzhou,
China). All animal procedures were performed in accordance with
the guidelines of the institutional animal care and use commit-
tee of China. Mice were housed eight per cage and allowed access
to diet and autoclaved water. Animal housing rooms were main-
tained at a constant room temperature (25°C) in a 12-h light (7:00
A.M.) / dark (7:00 P.M.) cycle.

Generation of Diabetic Model and Treatment
with Pioglitazone

The Mice were fed with HFD for 4 weeks and then injected
once with low dose of STZ (in the tail vein at 100 mg/kg body
weight) to induce partial insulin deficiency, followed by con-
tinued HFD feeding for an additional 4 weeks. The majority
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of STZ/HFD-treated mice displayed hyperglycemia, insulin resis-
tance, and glucose intolerance as previously reported [21]. Ani-
mals with similar degrees of hyperglycemia and body weight were
randomly divided into three groups, STZ/HDF plus vehicle group
(STZ/HDF+Veh), STZ/HDF plus pioglitazone (18 mg/kg body
weight) group (STZ/HDF+Pio 18 mg/kg), and STZ/HDF plus pi-
oglitazone (9 mg/kg body weight) group (STZ/HDF+Pio 9 mg/kg).
The normal diet-fed mice were divided into three groups, vehi-
cle plus vehicle group (Veh+Veh), vehicle plus pioglitazone (18
mg/kg body weight) group (Veh+Pio 18 mg/kg) and vehicle plus
pioglitazone (9 mg/kg body weight) group (Veh+Pio 9 mg/kg). Pi-
oglitazone was dissolved in 0.5% sodium carboxymethyl cellulose
(CMC-Na) and the duration for oral administration was 6 weeks.
Body weight was monitored every other day. After 5 weeks of pi-
oglitazone treatment, Y-maze test and subsequent Morris water
maze (MWM) test were carried out for the evaluation of cogni-
tive function. Blood glucose, serum insulin, and serum triglyceride
levels were measured using assay kits following behavior tests.
The mice were sacrificed under ether anesthesia for assays of A,
BACE]L, NF-«B, and RAGE in the brain.

Y-Maze Test

This was performed as described previously [22] with minor mod-
ification. The Y-maze was constructed of black plastic walls (10 cm
high), consisting of three compartments (10 x 10 cm) connected
with passages (4 x 5 cm), with the floor of 3.175 mm stainless
steel rods (8 mm apart). The test was conducted for two consecu-
tive days. On day 1 (learning trial), each mouse was placed in one
of the compartments and allowed to move freely for 5 min (ha-
bituation) before moving to the next session with electric power
on. During the training, electric shocks (2 HZ, 125 ms, 10 V) were
available through the stainless steel grid floor in two of the com-
partments and the light was on in the shock-free compartment.
Each mouse was trained 10 times. The training was stopped once
the mouse entered the shock-free compartment and stayed for 30
seconds, which was recorded as a correct choice. If the mouse did
not enter this compartment, it was gently navigated to the com-
partment and allowed to stay for 30 seconds. On day 2 (testing
trial), each mouse was also tested for 10 times following the same
procedures as on day 1. The number of correct choices in 10 times
was recorded manually.

Morris Water Maze

Spatial memory was assessed by the MWM test, which consisted of
5-day training (visible and invisible platform training sessions) and
a probe trial on day 6. This was carried out as described previously
[23] with some modifications. Mice were individually trained in
a circular pool (120 cm diameter, 50 cm height) filled to a depth
of 30 cm with water maintained at 25°C. The maze was located
in a lit room with visual cues. A platform (9 cm diameter) was
placed in the center of one quadrant of the pool. The platform’s
position was fixed throughout the training sessions; the start-
ing points were pseudo-randomized for each trial, with the ani-
mals facing toward the wall. Each mouse was individually trained
in both visible-platform (days 1-2) and hidden-platform (days
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3-5) versions. Visible platform training was performed for base-
line differences in vision and motivation; the platform was placed
1 cm below the surface of the water and was indicated by a small
flag (5 cm in height). The hidden-platform version evaluates spa-
tial learning and was used to determine the retention of memory
to find the platform. During the training, the platform was placed
1 cm below the surface of the water and the flag was removed. The
platform was always in the same place. On each day, the animal
was subjected to four trials with a 1-h interval between trials. Each
trial lasted for 90 seconds unless the animal reached the platform
first. If an animal failed to find the platform within 90 seconds, the
test was ended and the animal was gently navigated to the plat-
form by hand for 30 seconds. On day 6, the platform was removed
and the probe trial started, during which animals had 90 seconds
to search for the platform. The time spent and the number of en-
tries in the target quadrant (i.e., the quadrant where the platform
was previously located) and the number of times for the animals
entering the quadrant was recorded. Data of the escape latency,
the percentage of time and the number of entries in the target
quadrant were collected by the video tracking equipment and pro-
cessed by a computer equipped with an analysis-management sys-
tem (Viewer 2 Tracking Software, Ji Liang Instruments, China).

ELISA Assays

For ELISA assay of the brain tissues, mice (n = 4) were sacrificed
by cervical dislocation, and brains were snap-frozen in dry ice for
dissection of the hippocampus and cortex, which were then ho-
mogenated, 20% tissue homogenates were prepared in 0.1M PBS,
pH 7.4, and stored at —70°C before use. All the procedures were
performed following the manufacturer’s instructions. In brief, the
sample (50 L) was added into the precoated plate and incubated
for 30 min at 37°C in the dark. After washing each well of the
precoated plate with washing buffer, 50 uL labeled antibody so-
lution was added and the mixture was incubated at 37°C in the
dark for 30 min. Chromogen was then added after washing and
the mixture was incubated at 37°C in the dark for 15 min. After
the addition of the stop solution, the resulting color was recorded
at 450 nm using a microplate absorbance reader. The protein con-
tent was measured using Coomassie blue-based assay reagent and
bovine serum albumin as standard. Results were expressed by ug
of AB40 and AB42 per gram of protein, ng of NF-kB p65 per gram
of protein.

Immunohistochemical Staining

Mice were euthanized with diethyl ether and perfused with
0.1 M PBS followed by 4% paraformaldehyde. The brains were
collected and immediately fixed in 4% paraformaldehyde for 24
h before transferred successively to 10%, 20% and 30% sucrose
solutions, after which the brains were frozen on a cold stage and
sectioned in a cryostate (40 um-thick). Sections were treated with
endogenous peroxidase (3% H;O, in PBS), for 10 min, followed
by 0.01 M PBS blocking butffer containing 10% bovine serum al-
bumin in PBS for 40 min. The sections were then incubated with
rabbit polyclonal antibody against Ap42 (1:100) overnight. After
which sections were washed in PBS and incubated with the bi-
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otinylated secondary antibodies (1:500) for 30 min. The sections
were washed with PBS, incubated with the avidin-biotin complex
(Vector Laboratories, Burlingame, CA, USA) for 30 min, and visu-
alized by chromogen DAB (Vector Laboratories) reaction. The sec-
tions were dehydrated in ethanol, cleared in xylene, and mounted
with permaunt (Fisher Scientific, PA, USA).

Western Blotting

Mice hippocampus and cerebral cortex (z = 3) were chopped into
small pieces, homogenized in 0.5 mL of RIPA buffer. The dis-
solved proteins were collected from the supernatant after cen-
trifugation at 12,000 g for 15 min, Protein concentrations were
determined using Coomassie blue-based assay reagent and then
assessed for expression of BACE1 and RAGE proteins. Protein ex-
tracts were separated by a SDS-polyacrylamide gel electrophoresis
and then transferred onto a PVDF membrane. The membrane was
blocked with 5% skim milk in Tris buffer saline and then incu-
bated at 4°C overnight with respective primary antibodies for rab-
bit anti-BACE1 antibody (1:1000), anti-RAGE antibody (1:500) or
B-actin (inner control, 1:500). After washing with TBST, the mem-
branes were incubated with a horseradish peroxidase conjugated
secondary antibody (1:5000) for 2 h at room temperature. The
antibody-reactive bands were visualized by using the enhanced
chemiluminescence detection reagents by a gel imaging system
(ChemiScope 2850, Clinx Science Instruments Co., Ltd, Shanghai,
China).

Statistical Analysis

Data shown are expressed as means + standard error (SEM). All
the data, unless specified, were analyzed using one-way ANOVA
followed by Newman-Keuls tests for post hoc comparisons be-
tween groups. When two factors were assessed, the significance
of differences was determined using two-way ANOVAs. Statistical
significance was considered when P < 0.05.

Results

Effects of Pioglitazone on Cognitive Impairment
in the Diabetic Mice

We first assessed the performance of mice in the Y-maze. At the
learning trial (day 1), mice of all groups entered the compart-
ment randomly, and there were no significant differences among
groups (data not shown). In the testing trial (day 2), mice in the
STZ/HFD+Veh group showed significant decreases in the num-
ber of correct compared to those of Veh+Veh group, and mice in
STZ/HDF+Pio (18 or 9 mg/kg) group showed significant increases
in the number of correct compared to those of STZ/HFD+Veh
group (F[5,59] = 13.296, P < 0.001, Figure 1A), indicating that
pioglitazone at the dosage of 18 or 9 mg/kg produced significant
improvement on learning deficits in STZ/HFD diabetic mice.

To confirm the results observed in the Y-maze test, we also car-
ried out the MWM test. Mice in each group exhibited similar es-
cape latency in the 2-day visible-platform test, suggesting no dif-
ferences in vision or basal motivation among all groups (F[5,239]
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Figure 1 Effects of pioglitazone on memory impairmentin STZ/HFD diabetic
mice. The number of correct choices in the Y-maze test was shown (A). In
MWM test, day 0 indicates performance on the first trial, and subsequent
points represent average of all daily trials. (B) No differences were found in
the escape latency among all groups during the 2-day visible platform test.
(C) Changes in escape latency to reach the hidden platform during the 3-

= 1.018, P = 0.418, Figure 1B). We then tested the mice in the
3-day spatial hidden-platform variant; the results indicated that
mice in the STZ/HFD+Veh group showed increase in escape laten-
cies compared to those of the corresponding controls (Veh+Veh
group) (F[5,719] = 5.611, P < 0.001, Figure 1C), and these were
reversed by pioglitazone (4 trials/day for 3 days, P < 0.05). In the
probe trial, a putative measure of spatial learning and memory re-
tention, swim path (Figure 1F) showed that all the mice showed
preference for the target quadrant, with the exception of the mice
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day acquisition trials. The number of times of crossing the platform (D) and
the percentage of time spent in the target quadrant (E) during the probe
trial test. Representative swim paths of individual mice in each group (F).
Values are expressed as the mean + SEM (n = 10). *P < 0.05, **P < 0.01,
versus STZ/HFD+Veh group.

in STZ/HFD+Veh group which displayed significant decrease in
the number of times of crossing the platform (F[5,59] = 6.665,
P < 0.001, Figure 1D) and the percentage of time (F[5,59]
= 28.179, P < 0.001, Figure 1E) in the target quad-
rant compared to those of the Veh+Veh group. In con-
trast, STZ/HFD diabetic mice treated with pioglitazone (18 or
9 mg/kg) showed significant increases in both indices com-
pared to the STZ/HFD diabetic mice with vehicle (P < 0.05
for the number of entries and P < 0.01 for the percentage

© 2012 Blackwell Publishing Ltd
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of time). No differences can be observed in behavior tests between
Veh+Veh group and Veh+Pio (18 or 9 mg/kg) group.

Effects of Pioglitazone On Body Weight, Serum
Glucose, Triglyceride, and Insulin Levels in
Diabetic Mice

No significant differences can be observed in the mean body
weight among all groups (data not shown), whereas the combi-
nation of HFD and STZ treatment led to frank hyperglycemia, el-
evation of the serum triglyceride levels and a reduction of serum
insulin levels. Pioglitazone at the dose of 18 and 9 mg/kg can re-
verse these hyperglycemia (F[5,59] = 30.508, P < 0.001, Table 1),
hypertriglyceride (F[5,59] = 88.364, P < 0.001, Table 1), and hy-
poinsulinemia [F[5,59] = 3.814, P = 0.005, Table 1) situation.
Effects of pioglitazone on serum glucose, triglyceride and insulin
were not found in age-matched normal mice.

Effects of Pioglitazone on the A340 and ApB42 in
the Brain of Diabetic Mice

To examine whether pioglitazone could affect the AS generation,
we measured the Ap levels in the brain using ELISA assays. Com-
pared with age-matched Veh+Veh group, STZ/HFD diabetic mice
showed a significant increase in both Af40 and AB42 levels, by
15.6% (F[3,15] =6.129, P=0.009) and 27.8% (F[3,15] = 12.085,
P = 0.001) in hippocampus or by 20.7% (F[3,15] = 5.538, P =
0.013) and 19.3% (F[3,15] = 5.057, P = 0.017) in cerebral cortex.
As expected, treatment of pioglitazone at 18 or 9 mg/kg blocked
the increased levels of AB40 and AB42 in both brain regions of
STZ/HFD diabetic mice (Figure 2A and B). To further confirm this,
we use the immunohistochemical staining, this result bolstered
our ELISA findings that the immunoreactivity of Ag42 was sig-
nificantly increased in the brain of STZ/HFD diabetic mice, while
the level of AB42 immunoreactivity returned to the control level
after treatment of diabetic mice with pioglitazone at the dose of 18
and 9 mg/kg (Figure 2C).

Table 1 Effects of pioglitazone on serum glucose, serum insulin and serum
triglyceride levels in the STZ/HFD diabetic mice

Groups Serum glucose Seruminsulin -~ Serum trigly-
(mmol/L) (mlu/L) ceride (mmol/L)
Veh+Veh 531£0.22"*  22.61£2.00 0.48£0.12***
Veh+Pio 18 mg/kg 5,51 4+0.37** 23.61+1.84* 0.44£0.15***
Veh+Pio 9 mg/kg 541 £0.30"*  21.61£1.49% 0.49 £0.15***
STZIHFD+Veh 10.90 +£0.73 1592+152 1924038

21.74+£2.08* 0.8040.20"**
2237 £2.22* 0.78 £0.19***

STZIHFD+Pio 18 mgkg  6.24 = 0.49**
STZIHFD+Pi0c 9 mglkg  6.61 & 0.76**

Values are expressed as the mean £+ SEM (n = 10). *P < 0.05, **P < 0.01,
***P < 0.001 vs. STZ/HFD+Veh group.
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Effects of Pioglitazone on the BACE1 Levels in the
Brain of Diabetic Mice

BACE]1 is a transmembrane aspartic proteinase responsible for
cleaving the APP to generate the soluble ectodomain sAPP and
its C-terminal fragment CTF and thus plays an important role in
Ap production [24]. To examine whether BACE1 contributed to
the AB production in the STZ/HFD diabetic mice, the expression
of BACEI was detected by western blotting. As shown in Figure
3 that BACEL] levels significantly increased 1.7 times in the hip-
pocampus and 3.0 times in the cerebral cortex in the STZ/HFD di-
abetic mice, compared with those of Veh+Veh group. Treatment
of the STZ/HFD diabetic mice with pioglitazone at 18 or 9 mg/kg
caused significant reductions in the protein levels of BACE1 both
in hippocampus (F[3,11] = 72.793, P < 0.001) and cerebral cortex
(F[3,11] = 345.218, P < 0.001, Figure 3A and B).

Effects of Pioglitazone on the NF-«B p65 Levels in
the Brain of Diabetic Mice

To test whether BACE1 upregulation is involved in NF-«B acti-
vation, we used the ELISA assay to measure NF-«B p65 levels in
the brain. Our data showed that NF-kB p65 levels significantly
increased in both hippocampus and cerebral cortex in STZ/HFD
diabetic mice compared with those of Veh+Veh group (P < 0.05,
P < 0.01). Pioglitazone at 18 or 9 mg /kg significantly decreased
NF-«B p65 levels in hippocampus (F[3,15] = 23.800, P < 0.001)
and in the cerebral cortex (F[3,15] = 5.849, P = 0.011, Figure 4)
compared with STZ/HFD+Veh group.

Effects of Pioglitazone on the RAGE Levels in the
Brain of Diabetic Mice

We also detected the expression of RAGE by western blot. Com-
pared with those of Veh+Veh group, the RAGE levels significantly
increased in both the hippocampus and in the cerebral cortex in
the STZ/HFD+Veh group. Pioglitatone treatment (18 or 9 mg/kg)
significantly reversed the elevated RAGE levels in both the hip-
pocampus (F[3,11] = 197.401, P < 0.001) and the cerebral cortex
(F[3,11] = 32.126, P < 0.001, Figure 5A and B).

Discussion

Clinical and experimental studies indeed show that altered glu-
cose regulation impairs learning and memory [25]. The po-
tential mechanisms for this not only include direct effects of
hypo- or hyperglycaemia and hypo- or hyperinsulima, but also
indirect effects via cerebrovascular alterations [26,27]. In this
study, STZ/HFD diabetic mice, characterized by hyperglycemia,
hyperlipemia and hypoinsulinemia, produced marked impairment
in cognitive function which was coupled with marked increases in
AB40 and AB42 levels in brain. Chronic treatment with PPARy ag-
onist pioglitazone significantly ameliorated cognitive deficits, with
significant decreases in AB40 and AB42 levels via inhibition of
BACE], RAGE, and NF-«B in brain as well as attenuation of hy-
perglycemia, hyperlipemia, and hypoinsulinemia.
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Figure 2 Effects of pioglitazone on the AB40 and AB42 levels in the brain
of STZ/HFD diabetic mice. AB40 (A) and AB42 (B) levels in the hippocampus
and cerebral cortex were measured by ELISA assays. Immunohistochemistry
of AB42 was also conducted and representative immunohistochemical mi-

Animal models of type 1 and type 2 diabetes exhibit Alzheimer-
like changes, such as accumulation of APP and AS [10-12]. These
changes were more marked in a T2DM animal model than in a
T1DM model, and, thereby, AB accumulation in brain is one of
the reasons for DM-associated cognitive impairment. In this study,
ICR mice were fed with HED for 4 weeks and then injected with a
single low dose of STZ followed by continued HFD feeding for an
additional 4 weeks to generate a nongenetic rodent model mim-
icking human T2DM characterized by insulin resistance, insulin
deficiency, and significant cognitive impairment evidenced by de-
crease in the number of correct in Y-maze test as well as decreases
in number of times of crossing the platform and percentage of time
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crophotographs of AB42 are shown (C). Values are expressed as the mean
+ SEM (n = 4). *P < 0.05 versus hippocampus of STZ/HFD+Veh group,
#P < 0.05 versus cerebral cortex of STZ/HFD+Veh group.

spent in the target quadrant in the MWM test, coupled with the
elevated AB40 and AB42 levels in brain. It is well known that
accumulation of A in brain may initiate pathogenic cascades me-
diating neurovascular and neuronal dysfunctions associated with
the development of cerebral 8-amyloidosis and cognitive decline
in patients with diabetes [2,28]. AB originates from proteolysis
of the APP by the sequential enzymatic actions of BACEL, a -
secretase, and y-secretase. BACE] upregulation was recently re-
ported in a diabetic animal model, which is one of the reasons
for AB accumulation in brain [29]. BACE1 promoter contains NF-
«B binding site [30], which is a representative transcription fac-
tor activated by RAGE-ligand interactions [31]. Hyperglycemia, a

© 2012 Blackwell Publishing Ltd
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Figure 3 Effects of pioglitazone on BACE1 content in the brain of STZ/HFD
diabeticmice. Left panelis representative immunoblots of BACE1 and B-actin
(inner control) measured by western bloting using respective antibodies in
hippocampus, left panelisimmunoblots in cerebral cortex (A). Quantification
of BACET1 is expressed as the ratio (in percentage) of control (B). ** P < 0.01,
***P < 0.001 versus hippocampus of STZ/HFD+Veh group, #P < 0.01 versus
cerebral cortex of STZ/HFD+Veh group.

consequence of diabetes, enhances the formation of advanced gly-
cation end products (AGEs), senescent protein derivatives that re-
sult from the auto-oxidation of glucose and fructose [32]. Binding
of AGEs to the receptor for AGEs (RAGE), activates intracellular
signaling processes, such as NF-«B pathway, thus mediating pro-
inflammatory effects. The formation and accumulation of AGEs
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Figure 4 Effects of pioglitazone on NF-«B content in the brain of STZ/HFD
diabetic mice. NF-«B p65 levelsinthe hippocampus and cerebral cortex were
measured by ELISA assays. Values are expressed as the mean & SEM (n = 4).
*P < 0.05, **P < 0.01, ***P < 0.001 versus hippocampus of STZ/HFD+Veh
group, ¥P < 0.05 versus cerebral cortex of STZ/HFD+Veh group.
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Figure 5 Effects of pioglitazone on RAGE content in the brain of STZ/HFD
diabetic mice. Left-panel is representative immunoblots of RAGE and B-actin
(inner control) measured by western bloting using respective antibodies in
hippocampus, left-panelisimmunoblotsin cerebral cortex (A). Quantification
of RAGE is expressed as the ratio (in percentage) of control (B). *** P < 0.001
versus hippocampus of STZ/HFD+Veh group, #P < 0.01, ##P < 0.001
versus cerebral cortex of STZ/HFD+Veh group.

have been known to progress at an accelerated rate in diabetes
[33,34]. Activation of the AGEs/RAGE axis, as a result of hyper-
glycemia, driving the upregulation of the key enzyme, BACE], for
Ap production via NF-«B activation, results in Ag accumulation in
diabetic animal [29]. In addition, the increasing AGEs or A8 con-
tinued binding RAGE, in turn, caused NF-«B activation, thereby
triggering a positive feedback loop in which RAGE expression is
upregulated and thus enhances the binding capacity of the AGEs
and Ap ligands [29]. As expected, activation of NF-«B pathway
characterized by the elevation of NF-«B p65 protein level and its
mediated-upregulation of BACE1 and RAGE were observed in the
STZ/HFD diabetic mice.

The synthetic TZDs, such as pioglitazone and rosiglitazone,
which serve as PPARy agonists, are widely prescribed for the treat-
ment of T2DM, and have also been shown to be efficacious in a
number of CNS disease models [35,36]. Suppression of RAGE ex-
pression may be a molecular target of PPARy agonists [37]. Marx
et al. reported that the stimulation of human endothelial cell with
PPARy agonists such as rosiglitazone and pioglitazone decreased
basal as well as tumor necrosis factor-alpha-induced RAGE expres-
sion via suppression of NF-«B activation [38]. Our data suggested
that pioglitazone treatment deceased either RAGE or BACE1 by
interference with NF-«B activation in hippocampus and cortex of
STZ/HFD diabetic mice, and such mechanisms may explain its de-
crease of intracerebral AB accumulation that strongly correlated
with cognitive decline in the STZ/HFD diabetic mice. We used two
higher dosages of pioglitazone, 9 mg/kg body weight (equivalent
to the maximum dosage for patients, 0.75 mg/kg body weight),
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and 18 mg/kg body weight in the studies owing to its poor BBB
permeability, so that the level of intracerebral pioglitazone was
elevated based on the characteristic of its pharmacokinetics [39].
The beneficial effects of pioglitazone at lower dosage such as 4.5
mg/kg body weight for the central nervous system in the STZ/HFD
diabetic animals were not observed.

This study has important implications for diabetic patients. In
T2DM, the development of cognitive dysfunction is substantially
accelerated. Our data indicated that PPARy agonist pioglitazone
may provide a dual benefit for T2DM by ameliorating insulin re-
sistance and its metabolic sequelae as well as the improvement of
cognitive impairment.
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