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Pioglitazone ameliorates memory deficits in
streptozotocin-induced diabetic mice by reducing
brain 3-amyloid through PPARYy activation
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Aim: To examine the effects of pioglitazone, a PPARy agonist, on memory performance and brain amyloidogenesis in streptozotocin

(STZ)-induced diabetic mice.

Methods: ICR male mice were injected with STZ (150 mg/kg, iv) to induce experimental diabetes. Pioglitazone (9 and 18 mgkg™*d™, po)
was administered for 6 weeks. Passive avoidance and Morris water maze (MWM) tests were used to evaluate cognitive function. The
blood glucose and serum insulin levels were detected using the glucose oxidase method and an ELISA assay, respectively. B-amyloid
(AB), B-amyloid precursor protein (APP), B-amyloid precursor protein cleaving enzyme 1 (BACE1), NF-kB p65, the receptor for advanced
glycation end products (RAGE) and PPARYy in the brains were analyzed using Western blotting assays.

Results: The STZ-induced diabetic mice characterized by hyperglycemia and hypoinsulinemia performed poorly in both the pas-

sive avoidance and MWM tests, accompanied by increased AB4_40/AB1_42, APP, BACEL, NF-kB p65 and RAGE levels and decreased
PPARYy level in the hippocampus and cortex. Chronic pioglitazone treatment significantly ameliorated the memory deficits and
amyloidogenesis of STZ-induced diabetic mice, and suppressed expression of APP, BACE1, RAGE and NF-kB p65, and activated PPARy
in the hippocampus and cortex. However, pioglitazone did not significantly affect blood glucose and insulin levels.

Conclusion: Pioglitazone ameliorates memory deficits in STZ-induced diabetic mice by reducing brain AB level via activation of PPARy,
which is independent of its effects on blood glucose and insulin levels. The results suggest that pioglitazone may be used for treating

the cognitive dysfunction in type 1 diabetes mellitus.
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Introduction

There is substantial evidence that diabetes mellitus (DM) may
have a negative impact on the central nervous system, and
that cognitive impairment is the most common symptom of

this condition™

. Hyperglycemia-associated microvascular
changes in the brain are responsible for the cognitive decline
in patients with type 1 diabetes mellitus (T1DM); intensive
insulin therapy for the treatment of T1IDM results in improved
glycemic control. Additionally, insulin treatment aims toward
correcting the deficits in spatial learning and memory™ .

However, cognitive deficits are almost fully prevented by
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C-peptide (a byproduct of insulin biosynthesis) replacement
from the onset of diabetes, but C-peptide has no effect on the
blood glucose level®”. Thus, diabetes-associated cognitive
decline can be influenced by other biomedical factors that are
insidiously associated with diabetes.

The impairment of cognitive capacities is reportedly asso-
ciated with the increasing amount of amyloid plaques and
neurofibrillary tangles in the hippocampus at autopsy in
diabetes®"".  Amyloid-p (AP) accumulation also occurred

[11]

in the brain of diabetic animals spontaneously" " or induced

by streptozotocin (STZ), a diabetogenic agent, toxic to p cells

of pancreatic island™*™l,

Furthermore, diabetes-accelerated
memory dysfunction was due to cerebrovascular inflamma-
tion and AP deposition in an Alzheimer mouse model with
diabetes”. These findings suggested that Ap accumulation

in the brain in diabetic condition may be one of the important
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reasons for diabetes-associated cognition impairment.
Peroxisome proliferator-activated receptors (PPARs) are
ligand-dependent transcription factors. Activation of the
PPARYy subtype is known to increase insulin sensitization
and to 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 therapy for patients with type 2 diabetes mellitus
(T2DM)™]. Recently, the focus on PPARy agonists has intensi-
fied because their novel biological roles have emerged, par-
ticularly for their therapeutic potential in brain disorders!.
We found in our previous studies that pioglitazone reverses
memory impairment in a mouse model with T2DM, which is
involved not only in the inhibition of amyloidogenesis in the
brain but also in the attenuation of hyperglycemia and hypoin-
sulinemia in the periphery™. To date, less attention has been
given to the effect of PPARy agonists on the cognitive impair-
ment in TIDM. In this study, we used STZ-induced diabetic
mice similar to those with TIDM to observe the effects of pio-
glitazone on memory deficits and cerebral amyloidogenesis.

Materials and methods

Materials

Pioglitazone was purchased from Jiangsu Hengrui Medicine
Co Ltd (Nanjing, China). STZ was purchased from Sigma (St
Louis, MO, USA). Mouse antibodies were purchased from dif-
ferent companies: anti-Ap; 4 and anti-receptor for advanced
glycation end products (RAGE) were obtained from Abcam
Ltd (Hong Kong, China); anti-PPARYy, anti-B-amyloid precur-
sor protein (APP), anti-p-site amyloid precursor protein cleav-
ing enzyme 1 (BACE1), and anti-NF-kB p65 were obtained
from Cell Signaling Technology, Inc (Boston, MA, USA);
anti-pB-actin was obtained from Boster Biotechnology Co, Ltd
(Wuhan, China); and secondary antibodies were obtained
from Bioworld Technology Co, Ltd (Minneapolis, MN, USA).
Mouse AP;_4, APy and insulin ELISA kits were purchased
from Jianglai Biotech Institute (Shanghai, China). The glu-
cose kit and the Coomassie (Bradford) protein assay kit were
purchased from Nanjing Jiancheng Biotech Institute (Nanjing,
China). All other chemicals were of analytical grade and were
commercially available.

Methods

ICR male mice (aged 8-10 weeks old, weighing 20-25 g) were
purchased from Yangzhou University Medical Center (Yang-
zhou, China). The mice were provided with appropriate food
and water, and they were kept under conventional conditions
of controlled temperature, humidity, and lighting (22+2°C,
55%%5%, and a 12-h light/dark cycle with lights on at 7:00
AM). All experiments were performed in accordance with
the National Institute of Health Guide for the Care and Use
of Laboratory Animals, USA. We produced the STZ-induced
hyperglycemic state as an animal model of TIDM by a single-
tail vein injection of STZ, 150 mg/kg body weight, freshly dis-
solved in sodium citrate buffer (pH 4.5). We determined the
fasting blood glucose (FBG) and serum insulin levels using the
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glucose oxidase method and an ELISA assay. We confirmed
diabetes by the presence of hyperglycemia (>11.0 mmol/L)
and insulinopenic conditions. Animals with similar degrees of
hyperglycemia and body weight were randomly divided into
3 groups: the STZ plus vehicle group (STZ+Veh), the STZ plus
18 mg/kg pioglitazone group (STZ+Pio 18) and the STZ plus 9
mg/ kg pioglitazone group (STZ+Pio 9). Age-matched control
mice were injected with the vehicle and divided into 2 groups:
the vehicle plus vehicle (Veh+Veh) group and the vehicle plus
18 mg/kg pioglitazone (Veh+Pio 18) group. Pioglitazone was
dissolved in 0.5% sodium carboxymethyl cellulose (CMC-Na);
the total time for oral administration was 6 weeks.

The dosages and time of pioglitazone treatment were
designed based on our previous study™. Body weight was
monitored every week. After 5 weeks of pioglitazone treat-
ment, the passive avoidance test and subsequent Morris water
maze (MWM) test were carried out to evaluate cognitive
function. Following these behavior tests, we measured blood
glucose and serum insulin levels using assay kits. The mice
were euthanized under ether anesthesia for assays of Ap, APP,
BACE1, NF-xB p65, RAGE, and PPARYy in the brain.

Passive avoidance test

The passive avoidance test is a widely accepted simple and
rapid means of testing memory. Passive avoidance response
was determined using a “step-through” apparatus (Huai-
bei Zhenghua Biologic Equipment Co, Ltd, Huaibei, China),
which consisted of illuminated and dark compartments (each
32.5 cmx14 cmx36 cm) adjoining each other via a guillotine
door. The floors were constructed of 3.175-mm stainless steel
rods set 8 mm apart. The mice underwent two separate trials:
a training trial and a test trial 24 h later. For the training trial,
mice were initially placed in the illuminated chamber. When
mice entered the dark compartment, the door closed and an
electrical foot shock (0.4 mA) of 2 s duration was delivered
through the stainless steel rods. One hour before the training
trial, mice were administered with pioglitazone (18 mg/kg
or 9 mg/kg, orally). Control animals received 0.5% CMC-Na
rather than pioglitazone. Twenty-four hours after the training
trial, mice were placed in the illuminated compartment for the
test trial. The time taken for a mouse to enter the dark com-
partment after the door opening was defined as latency for
both training and test trials. Latency to enter the dark com-
partment was recorded up to 300 s. To avoid a ceiling effect
in normal animals, pioglitazone alone was administered 1 h
before the training trial.

Morris water maze test

Spatial memory was assessed by the Morris water maze
(MWM) test, which consisted of a 5-d training period (visible
and invisible platform training sessions) and a probe trial on
d 6. This test was carried out as described previously? with
some modifications. The mice were individually trained in
a circular pool (120 cm diameter, 50 cm height) filled with
water to a depth of 30 cm and maintained at 25°C. The maze
was located in a lit room with visual cues. A platform (9 cm
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diameter) was placed in the center of one quadrant of the pool.
The platform’s position was fixed throughout the training ses-
sions; the starting points were pseudo-randomized for each
trial, with the animals facing the wall. Each mouse was indi-
vidually trained in both visible-platform (d 1-2) and hidden-
platform (d 3-5) versions. Visible-platform training was per-
formed for baseline 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 spatial learning and determines
memory retention in terms of the ability to find the platform.
During training, the platform was placed 1 cm below the sur-
face 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 90 s unless the animal reached the platform in less
time. If an animal failed to find the platform within 90 s, the
test was ended and the animal was gently navigated by hand
to the platform for 30 s. On d 6, the platform was removed
and the probe trial started, during which the animals had
90 s to search for the platform. The time spent in the target
quadrant (ie, the quadrant where the platform was previously
located) was recorded. Data of the escape latency and the
percentage of time in the target quadrant were collected by
the video tracking equipment and processed by a computer
equipped with an analysis-management system (Viewer 2
Tracking Software, Ji Liang Instruments, China).

ELISA assay

For the ELISA assay of the brain tissues, the mice were eutha-
nized by cervical dislocation, and their brains were snap-
frozen in dry ice for dissection of the hippocampus and cortex,
which were then homogenized; ie, 20% tissue homogenates
were prepared in 0.1 mol/L PBS, pH 7.4, and stored at -70°C
until use. All the procedures were performed in accordance
with the manufacturer’s instructions. The sample (50 pL) was
added to 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 pL of labeled antibody solution was
added, and the mixture was incubated at 37°C in the dark for
30 min. Chromogen was added after washing, and the mix-
ture was incubated at 37°C in the dark for 15 min. After the
addition of the stop solution, the absorption of the resulting
solution was recorded at 450 nm using a microplate absor-
bance reader. The protein content was measured using a Coo-
massie blue-based assay reagent and bovine serum albumin as
standards. The results were expressed as micrograms of A{3; 4
and AP, 4, per gram of protein.

Western blotting

The mouse hippocampus and cortex were chopped into small
pieces and homogenized in 0.5 mL of RIPA buffer. The dis-
solved proteins were collected from the supernatant after
centrifugation at 12000xg for 15 min. Protein concentrations
were determined using Coomassie blue-based assay reagent,
and then the levels of AP, APP, BACE1, NF-xB p65, RAGE,
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and PPARYy proteins were determined. Protein extracts were
separated by SDS-polyacrylamide gel electrophoresis and
then transferred onto a PVDF membrane. The membrane was
blocked with 5% skim milk in Tris-buffered saline and then
incubated at 4° C overnight with the appropriate primary
antibodies for rabbit anti-Ap; 4 (1:500), APP (1:500), BACE1
(1:500), RAGE (1:500), NF-xB p65 (1:500), PPARYy (1:500), or
B-actin (inner control, 1:500). After washing with TBST, the
membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody (1:5000) for 2 h at room tem-
perature. The antibody-reactive bands were visualized using
the enhanced chemiluminescence detection reagents included
in a gel imaging system (ChemiScope 2850, Clinx Science
Instruments Co, Ltd, Shanghai, China).

Statistical analysis

The data are expressed as the meantstandard error (SEM).
All data, unless specified, were analyzed using a one-way
ANOVA followed by Newman-Keuls tests for post hoc com-
parisons between groups. When two factors were assessed,
the significance of differences was determined using two-way
ANOVAs. P<0.05 was considered statistically significant.

Results

Chronic pioglitazone treatment attenuates memory impairment
in STZ-induced diabetic mice

We first assessed the performance of mice for long-term mem-
ory using the passive avoidance task. The latency during the
learning trial did not differ among any of the groups (data not
shown), indicating that all the mice had similar responses to
the testing environment and electric shocks. The retention test
24 h after the initial training illustrated that STZ-induced dia-
betic mice demonstrated significant decreases in step-through
latency [F(4,49)=6.957, P<0.001, Figure 1A] and increases in
the number of errors [F(4,49)=6.640, P<0.001, Figure 1B] com-
pared to those in the age-matched Veh+Veh group. Treating
STZ-induced diabetic mice with pioglitazone (18 mg/kg and
9 mg/kg) demonstrated significant increases in the escape
latency (P<0.01, Figure 1A) and decreases in the number of
errors (P<0.05, Figure 1B) compared to those in STZ+Veh
group.

To confirm the results observed in the passive avoidance
task, we carried out the MWM test. The mice in each group
exhibited similar escape latency in the 2-d visible-platform
test, suggesting that there was no difference in vision or basal
motivation among all the groups [F(4,299)=1.782, P=0.132,
Figure 1C]. We then tested the mice in the 3-d spatial hidden-
platform variant; the results indicated that the mice in the
STZ+Veh group showed increases in escape latencies com-
pared to those in the corresponding controls (Veh+Veh group)
[F(4,399)=5.025, P=0.001, Figure 1D]; these were reversed by
pioglitazone. In the probe trial, a putative measure of spatial
learning and memory retention, the swim path (Figure 1F)
showed that all the mice demonstrated a preference for the tar-
get quadrant, with the exception of the mice in the STZ+Veh
group, which displayed a significant decrease in the percent-
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Figure 1. Chronic pioglitazone treatment attenuates memory impairment in STZ-induced diabetic mice. The mean latency time (A) and the number of
errors (B) in the passive avoidance test and mean latency time during the visible-platform test (C), mean latency time during the hidden-platform test
(D), the percentage of total time left in the target quadrant (E), and representative swim paths (F) during the spatial probe test are shown. D O indicates
performance in the first trial, and subsequent points represent the average of all daily trials in the Morris water maze. Pioglitazone (18 mg/kg or 9
mg/kg) was administered orally once daily for 6 weeks. Values are expressed as the mean+SEM (n=8-9). °P>0.05, °P<0.05, °P<0.01 vs Veh+Veh.

¢p<0.05, 'P<0.01 vs STZ+Veh.

age of time [F(4,49)=18.539, P<0.001, Figure 1E] in the target
quadrant compared to the Veh+Veh group. In contrast, STZ-
induced diabetic mice treated with pioglitazone (18 mg/kg or
9 mg/kg) showed significant increases in the index compared
to the STZ+Veh group. The total distance swum during the
probe trial test was not different among the groups (data
not shown). No differences were observed in behavior tests
between the Veh+Veh group and Veh+Pio (18 mg/kg) group.

Pioglitazone treatment prevents the brain Ap accumulation in
STZ-induced diabetic mice

It has been confirmed that abnormal accumulation of Ap in
the brain is an important cause of memory impairment!”.
To examine whether pioglitazone affects the AP generation,
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we measured the Ap levels in the brain using ELISA assays.
Figure 2A and 2B illustrated that the AB;_4 and Af;_4» con-
tent significantly increased by 35.5% and 28.5% in the hip-
pocampus or by 22.0% and 25.5% in the cerebral cortex in
mice in the STZ+Veh group compared to the age-matched
Veh+Veh group. Treatment with pioglitazone (18 mg/kg or
9 mg/kg) decreased the AP, 4 content by 29.1% and 21.1%
in the hippocampus compared to that of the STZ+Veh group
[F(3,15)=11.488, P=0.001, Figure 2A], but decreases in the
A4 level in the cortex did not achieve statistical significance
[F(3,15)=4.019, P=0.034, Figure 2A]. Treatment with pioglita-
zone (18 mg/kg and 9 mg/kg) decreased the A, 4, content by
27.9% and 29.9% in the hippocampus [F(3,15)=5.046, P=0.017,
Figure 2B] and by 18.2% and 17.1% in the cortex [F(3,15)=5.547,



www.chinaphar.com

Liu LP et al
459
A O Hippocampus B O Hippocampus
= 5001 c W Cortex _ 45¢ b W Cortex
] [ =
% © 40}
5 400f £ 35
o
2 0 30
Z 300t E 25
g 200} 5 20
s £ 15
o o
o 100} < 10
N i 5
Q
< 0 £ 0
Veh Veh Pio 18 Pio 9 Veh Pio 18 Pio 9
Veh STZ Veh STZ
Treatment and dose (mg/kg) Treatment and dose (mg/kg)
C D 200 ~ O Hippocampus
= W Cerebral cortex
o
Veh  Veh Pio18 Pio9 Veh  Veh Pio18 Pio9 5 150 |-
Veh STZ Veh STz G
AB1-a2 X 100 -
(87 kDa) s WP i —— e AR o e E’
[}
B-Actin w T < 50t
(43 kDa) _— ' :
2 0
Hippocampus Cerebral cortex Veh Pio 18 Pio 9
Veh STZ

Treatment and dose (mg/kg)

Figure 2. Pioglitazone treatment prevents brain AB accumulation in STZ-induced diabetic mice. AB;_4 (A) and AB;_4, (B) levels in the hippocampus
and cortex were assayed by ELISA. Representative immunoblots of AB, 4, and B-actin (inner control) were obtained by Western blotting using the
appropriate antibodies (C), and quantification of AB,_4, is expressed as a proportion (in percentage) relative to the control (D). Values are expressed as
the mean+SEM (n=3-5). °P<0.05, °P<0.01 vs Veh+Veh. ‘P>0.05, °P<0.05, P<0.01 vs STZ+Veh.

P=0.013, Figure 2B] compared with the STZ+Veh group. Fur-
thermore, we detected Ap;_ s, a more neurotoxic Af species, in
the hippocampus or cortex using Western blotting. This result
was similar to the data that we found using ELISA assays (Fig-
ure 2C and 2D).

Pioglitazone treatment reduces brain APP and BACE1 levels in
STZ-induced diabetic mice

Ap is generated by secretase-dependent proteolysis of the
B-amyloid precursor protein (APP)™. We measured the
expression of APP by Western blotting. As shown in Fig-
ure 3, the expression of APP was significantly increased in
the hippocampus and cortex of STZ-induced diabetic mice.
Pioglitazone treatment (18 mg/kg or 9 mg/kg) significantly
reversed the elevated APP levels in both the hippocampus
[F(3,11)=8.866, P=0.0063] and cortex [F(3,11)=7.391, P=0.0108,
Figure 3A and 3B].

BACE]1, also referred to as -secretase, is a transmembrane
aspartic proteinase responsible for cleaving the APP to gener-
ate the soluble ectodomain sAPP and its C-terminal fragment
CTF and thus plays an important role in Ap production™. To
examine whether BACEI contributed to the AP production in
STZ-induced diabetic mice, we determined the BACE1 levels
by Western blotting. As shown in Figure 3, BACE1 levels sig-
nificantly increased in the hippocampus and cortex of the mice
in the STZ+Veh group compared with those of the mice in

the Veh+Veh group. Treatment of STZ-induced diabetic mice
with pioglitazone (18 mg/kg or 9 mg/kg) caused significant
reductions in protein levels of BACE1 in both the hippocam-
pus [F(3,11)=8.467, P=0.0073] and the cortex [F(3,11)=9.302,
P=0.0055, Figure 3A and 3C].

Pioglitazone inhibits RAGE and NF-kB p65 in the brains of STZ-
induced diabetic mice

Activation of receptor for advanced glycation end products
(RAGE) may play a role in neuronal damage and neuroinflam-
mation associated with diabetes™!. To determine the effect
of pioglitazone on the brain RAGE levels of STZ-induced dia-
betic mice, we detected the expression of RAGE by Western
blotting. Compared with those in the Veh+Veh group, the
RAGE levels significantly increased in both the hippocam-
pus and cortex in mice in the STZ+Veh group. Pioglitazone
treatment (18 mg/kg or 9 mg/kg) significantly reversed the
elevated RAGE levels in both the hippocampus [F(3,11)=9.344,
P=0.0054] and cortex [F(3,11)=9.477, P=0.0052, Figure 4A and
4B].

Because activation of RAGE triggers NF-«B signaling that
regulates some gene expression, such as APP and BACE1™,
we used Western blotting to detect NF-xB p65 levels in the
brain. Our data showed that NF-«B p65 levels significantly
increased in both the hippocampus and cortex in STZ-induced
diabetic mice compared to those in the Veh+Veh group

Acta Pharmacologica Sinica
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Figure 3. Pioglitazone treatment reduces brain APP and BACE1 levels
in STZ-induced diabetic mice. The expressions of APP and BACE1
in the hippocampus and cortex were detected by Western blotting.
Representative immunoblots of APP, BACE1, and B-actin (inner control)
are displayed (A), and quantification of APP or BACE1 is expressed as a
proportion (in percentage) of the control (B and C). Values shown are
expressed as the mean+SEM. n=3. °P<0.05, °P<0.01 vs Veh+Veh.
¢P<0.05 vs STZ+Veh.

(P<0.01). Pioglitazone (18 mg/kg or 9 mg/kg) significantly
decreased NF-«B p65 levels in the hippocampus [F(3,11)=8.677,
P=0.0068] and cortex [F(3,11)=9.992, P=0.0044, Figure 4A and
4C] compared to those levels in the STZ+Veh group.

Pioglitazone activates the brain PPARy in STZ-induced diabetic
mice

To determine if pioglitazone causes these effects through
the activation of PPARy, we measured brain PPARYy levels
in the mice by Western blotting. As shown in Figure 5, the
STZ-induced diabetic mice showed significant decreases in
PPARy levels in both the hippocampus and cortex compared
to the age-matched Veh+Veh group, and treatment with pio-
glitazone (18 mg/kg or 9 mg/kg) significantly reversed the
decreased PPARYy levels in the hippocampus [F(3,11)=8.029,
P=0.0085] and cortex [F(3,11)=13.88, P=0.0015, Figure 5A and
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Figure 4. Pioglitazone suppresses RAGE and NF-kB p65 in the brain of
STZ-induced diabetic mice. Representative immunoblots of RAGE, NF-
kB p65, and B-actin (inner control) were obtained by Western blotting
using the appropriate antibodies in the hippocampus and cerebral cortex
(A). Quantification of RAGE or NF-kB p65 is expressed as a proportion (in
percentage) relative to the control (B and C). Values shown are expressed
as the mean+SEM. n=3. °P<0.05, °P<0.01 vs Veh+Veh. °P<0.05,
'P<0.01 vs STZ+Veh.

5B], suggesting that the activation of PPARy by pioglitazone
may be involved in improving amyloidogenesis and memory
dysfunction in STZ-induced diabetic mice.

Pioglitazone does not beneficially influence body weight or blood
glucose and insulin levels in STZ-induced diabetic mice
Compared with the age-matched Veh+Veh group, diabetic
mice had lower body weights, higher levels of serum glucose
[F(4,49)=232.685, P<0.001, Table 1] and lower levels of serum
insulin [F(4,49)=141.631, P<0.001, Table 1]. We observed no
significant changes in body weight or serum glucose and insu-
lin levels after pioglitazone treatment for 6 weeks. We did not
find any effects of pioglitazone treatment on body weight or
serum glucose and insulin levels in the age-matched normal
mice.
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Figure 5. Pioglitazone activates brain PPARy in STZ-induced diabetic
mice. PPARYy of the hippocampus or cortex was assayed by Western
blotting. Representative immunoblots of PPARy and B-actin (inner control)
are displayed (A), and quantification of PPARY is expressed as a proportion
(in percentage) of the control (B). Values shown are expressed as the
mean+SEM. n=3. °P<0.05, °P<0.01 vs Veh+Veh. °P<0.05 vs STZ+Veh.

Table 1. Effects of pioglitazone on body weight, serum glucose and insulin
levels in STZ-induced diabetic mice (mean+SEM. n=9-10). °P>0.05,
°P<0.01 vs Veh+Veh. °P>0.05 vs STZ+Veh.

Body weight Blood glucose  Serum insulin
Groups
(8 (mmol/L) (mlu/L)

Veh+Veh 26.1+1.0 4,95+0.52 14.58+0.92
Veh+Pio (18 mg/kg) 28.3+1.0° 5.35+0.45° 15.28+1.05°
STZ+Veh 21.840.3° 27.57+0.62° 4.80+0.34°
STZ+Pio (18 mg/kg) 21.2+0.4¢ 26.44+1.26° 4.54+0.51°
STZ+Pio (9 mg/kg) 20.7+0.2° 25.80+1.81¢ 4.27+0.37¢

Discussion

Patients with TIDM, which is caused by the destruction of
insulin-producing P cells of the pancreas, are susceptible to
complications, such as deficits of cognition, psychomotor
function, learning and memory™.  Although several factors
such as vascular complications, metabolic disturbances, and
the release of free radicals are implicated, the mechanisms
underlying these complications are not fully understood. In
our study using an experimental TIDM animal model, STZ-
induced diabetic mice, were characterized by hyperglycemia
and hypoinsulinemia; these mice demonstrated marked
impairment in cognitive function, which was coupled with
marked increases in AP;_4 and AP, 4, levels in the brain.
Chronic treatment with pioglitazone, a PPARy agonist, signifi-
cantly ameliorated cognitive deficits and produced significant
decreases in APy and APy levels via activation of PPARYy,

which affected NF-xB p65, APP, BACE1, and RAGE in the
brain instead of its regulation of hyperglycemia or hyperinsu-
linemia in STZ-induced mice.

Several publications have confirmed that abnormal accumu-
lation of AP in the brain is associated with cognitive dysfunc-
tion™ *1. The mice injected with a single high dose of STZ, a
nongenetic rodent model mimicking human T1DM, displayed
memory impairment, which was demonstrated by decreases in
the step-through latency and increases in the number of errors
in the passive avoidance test, as well as decreases in the per-
centage of time spent in the target quadrant in the MWM test,
accompanied by elevations of A, 4 and AP;4, levels in the
brain. The accumulation of AP, especially AP, s, in the brain
may initiate pathogenic cascades mediating neurovascular and
neuronal dysfunctions associated with the development of
cerebral B-amyloidosis and cognitive decline in patients with
diabetes™ *. AP originates from proteolysis of the APP by
the sequential enzymatic actions of BACE1, a {3-secretase, and
y-secretase.

Overexpression of APP and BACE1 was recently reported
in a diabetic animal model, which is one of the reasons for A{
accumulation in the brain"*" . Both APP and the BACE1
promoter contain a binding site for NF-kB?" **, which is a
representative transcription factor activated by RAGE-ligand
interactions™ *. Hyperglycemia, a consequence of diabetes,
enhances the formation of advanced glycation end products
(AGEs), senescent protein derivatives that result from the
auto-oxidation of glucose and fructose®. Binding of AGEs to
the receptor for AGEs (RAGE) activates intracellular signaling
processes, such as the NF-xB pathway, thus mediating proin-
flammatory AGE effects. The formation and accumulation of
AGEs have been known to progress at an accelerated rate in
diabetes™ *. Activation of the AGEs/RAGE axis, as a result
of hyperglycemia, drives the upregulation of the APP, and
BACE]1 for AP production via NF-«B activation and results in
AP accumulation in diabetic animals. In addition, the increas-
ing AGEs or AP continued binding RAGE, which, in turn,
caused NF-xB activation, thereby triggering a positive feed-
back loop in which RAGE expression is upregulated and thus
enhances the binding capacity of the AGEs and AP ligands™.
As expected, activation of the NF-xB pathway, which is char-
acterized by the elevation of NF-xB p65 protein level, and
its mediated-upregulation of APP, BACE1 and RAGE were
observed in STZ-induced diabetic mice.

The synthetic TZDs, such as pioglitazone and rosiglitazone,
which serve as PPARy agonists, are widely prescribed for the
treatment of T2DM and have also been shown to be efficacious
1. The nuclear recep-
tor subtype PPARYy is a ligand-activated transcription factor
whose biological actions regulate glucose and lipid metabo-
lism and suppress inflammatory gene expression. Agonists
of this receptor represent an attractive therapeutic target for
diabetes-associated cognitive decline. Recently, pioglitazone
was shown to be efficacious in treating cognitive deficits in a
mouse model of T2DM; pioglitazone treatment contributes to
either decreases in A levels in the brain or the attenuation

in a number of CNS disease models!
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of hyperglycemia and hypoinsulinemia®!. However, little

was known about whether its CNS effect is independent of
or secondary to the regulation of hyperglycemia and hypoin-
sulinemia in T2DM. In STZ-induced diabetic mice, no effects
of pioglitazone on hyperglycemia and hypoinsulinemia were
observed; and interestingly, it still showed similar CNS effects
with mouse model of T2DM. Significant low expression of
PPARy was observed in both the hippocampus and the cortex
of the diabetic mice, and chronic treatment with pioglitazone
reversed the decreased PPARYy levels, indicating enhancement
of its activity. Pascual ef al recently provided compelling evi-
dence that PPARy blocks NF-«kB-dependent gene expression
through corepressor interference™. Thus, it is reasonable that
decreases in the expression of APP, BACE1, or RAGE resulted
from PPARy-mediated inactivation of NF-«xB in the brains of
diabetic mice treated with pioglitazone.

In conclusion, we have demonstrated that chronic adminis-
tration of pioglitazone improves learning performance in STZ-
induced diabetic mice. This CNS effect results from allevia-
tion of AP burden via activation of PPARYy in the brain rather
than attenuation of hyperglycemia and hypoinsulinemia in the
periphery. Our study has important implications for patients
with T1DM, suggesting a potential role for PPARy agonists
as an adjuvant therapy for the prevention and treatment of
diabetes-associated cognition impairment.
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