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Abstract Alzheimer’s disease (AD) is a neurodegenerative
disease characterized by impaired memory function and oxida-
tive damage. NO is a major signaling molecule produced in the
central nervous system to modulate neurological activity
through modulating nitric oxide synthase. Recently, PPAR-γ
agonists have shown neuroprotective effects in neurodegenera-
tive disorders. However, there have been only a few studies
identifying mechanisms through which cognitive benefits
may be exerted. The present study was designed to investigate
the possible nitric oxide mechanism in the protective effect of
pioglitazone against streptozotocin (STZ)-induced memory
dysfunction. Wistar rats were intracerebroventricularly (ICV)
injected with STZ. Then rats were treated with pioglitazone,
NO modulators [L-arginine and nitro-L-arginine methyl ester
(L-NAME)] for 21 days. Behavioral alterations were assessed
in between the study period. Animals were sacrificed immedi-
ately after behavioral session, and mito-oxidative parameters,
TNF-α, IL-6, and caspase-3 activity were measured. STZ-

treated rats showed a memory deficit and significantly in-
creased in mito-oxidative damage and inflammatory mediators
and apoptosis in the hippocampus. Chronic treatment of pio-
glitazone significantly improved memory retention and attenu-
atedmito-oxidative damage parameters, inflammatorymarkers,
and apoptosis in STZ-treated rats. However, L-arginine pretreat-
ment with lower dose of pioglitazone has not produced any
protective effect as compared to per se. Furthermore, pretreat-
ment of L-NAME significantly potentiated its protective effect,
which indicates the involvement of nitric oxide for activation of
PPAR-γ action. These results demonstrate that pioglitazone
offers protection against STZ-induced memory dysfunction
possibly due to its antioxidant, anti-inflammatory, and anti-
apoptotic actionmediating nitric oxide pathways and, therefore,
could have a therapeutic potential in AD.
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Introduction

Memory impairment is a prominent feature of old age and of
several neurodegenerative disorders like AD, Huntington’s
chorea, and Down’s syndrome (Siemers 2011; Pike et al.
2011; Duff et al. 2010). Several pathomechanisms of memory
impairment have been documented, out of which nitrosative
oxidative stress plays a critical role in etiology of the above
diseases. Nitric oxide (NO) is a highly reactive and diffusible
signaling molecule that plays key roles in modulating both
physiologic and pathologic processes in promoting cell sur-
vival and inducing cell death (Choi et al. 2002). It is well
established that NO formed in the hippocampus has been
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suggested to have a significant role in learning and memory
processes (Steinert et al. 2010). Furthermore, NO-cGMP path-
way has been implicated in the induction of hippocampal
long-term potentiation (LTP), which is known to be the pre-
dominant mechanisms of learning and memory processes
(Feil and Kleppisch 2008; Steinert et al. 2010). Several behav-
ioral studies have demonstrated the involvement of NO in
certain forms of memory formation and blockade of learning
by NO synthase (NOS) inhibitors (Meyer et al. 1998; Yamada
et al. 1995).

Streptozotocin (STZ), a glucosamine-nitrosourea com-
pound, generates nitrosative stress by reacting with NO-
associated free radicals and destroys DNA of β cells in pancre-
atic islet (Van Dyke et al. 2010). It has been demonstrated that
administration of STZ through intracerebroventricular route in
rats has provided a relevant animal model for sporadic demen-
tia of the Alzheimer’s type (SDAT), which is characterized by
progressive deterioration of cognition, cerebral glucose and en-
ergy metabolism, along with oxidative stress (Hoyer et al.
1994). Even more interesting, brains intracerebroventricularly
(ICV) injected with STZ (ICV-STZ) display many pathological
features of SDAT including amyloid-β (Aβ) and tau patholo-
gies (Grunblatt et al. 2007; Salkovic-Petrisic and Hoyer 2007).
ICV-STZ causes a cholinergic deficiency, supported by reduced
choline acetyltransferase (ChAT) activity in the hippocampus
(Prickaerts et al. 1999).

Peroxisome proliferator-activated receptor gamma
(PPAR-γ) was recognized as a therapeutic target for AD about
a decade ago because of not only its effects on insulin sensi-
tization and energymetabolism but also its multiple actions on
the brain (Kaundal and Sharma 2010; Nicolakakis and Hamel
2010). Several in vitro and in vivo studies have demonstrated
that PPAR-γ is widely expressed in several regions of the
brain including piriform cortex, basal ganglia, and dentate
gyrus, both in neuronal and non-neuronal cells (Moreno
et al. 2004). Moreover, it has been demonstrated that
PPAR-γ agonists reduce neuronal cell loss in in vitro models
of neurotoxicity (Fuenzalida et al. 2007) and in in vivomodels
of cerebral ischemia-reperfusion injury (Culman et al. 2007),
Parkinson’s disease (Dehmer et al. 2004), and amyotrophic
lateral sclerosis (Kiaei et al. 2005). Pioglitazone has been
shown to reduce neuroinflammation, attenuate mitochondrial
dysfunction-associated oxidative damage, and reduce cell
death following CNS injury (Prakash and Kumar 2013;
Kapadia et al. 2008). Pioglitazone’s ability to target multiple
cellular mechanisms may provide an advantage over other
therapeutics for cognitive dysfunction which targets a single
secondary mechanism (Sauerbeck et al. 2011). Recently, we
have reported the neuroprotective potential of pioglitazone in
different neurological states like brain aging and chronic fa-
tigue syndrome (Prakash and Kumar 2013; Kumar et al.
2010). However, the exact protective mechanism of pioglita-
zone is still unclear. Recently, PPAR-γ ligands have been

reported to increase endothelial NO, but the signaling mecha-
nisms are still unclear so far (Allami et al. 2011). Although the
role of NO has been demonstrated in pioglitazone-induced
peripheral effects (Matsumoto et al. 2007), its role in cognitive
dysfunction is still far from our understanding.

Therefore, the present study has been designed to investi-
gate the probable role of nitric oxide mechanism in the neu-
roprotective effect of pioglitazone against streptozotocin-
induced memory dysfunction.

Materials and Methods

Animals

Male youngWistar rats (180–200 g) of age 3.5 months bred in
the Central Animal House, Panjab University, Chandigarh,
India were used in the study. Animals were acclimatized to
laboratory conditions at room temperature prior to experimen-
tation. Following surgery, animals were kept under standard
conditions of a 12-h light/dark cycle with food and water ad
libitum in groups of two in plastic cages with soft bedding. All
the experiments were carried out between 09.00 and 16.00 h.
The experimental protocol was approved by the Institutional
Animal Ethics Committee (IAEC) of Panjab University and
carried out in accordancewith the guidelines of Committee for
Control and Supervision of Experimentation on Animals
(CPCSEA), Government of India on animal experimentation.

Surgery and Intracerebroventricular Administration
of Streptozotocin

Surgerywas performed as per the previously described protocol
(Prakash and Kumar 2009). All animals were anesthetized with
thiopental sodium (45 mg/kg, i.p.) and positioned in a stereo-
taxic apparatus. The head was positioned in a frame and a
midline sagittal incision was made in the scalp. Two holes were
drilled in the skull for the placement of the injection cannula on
both sides over the lateral cerebral ventricle using the following
coordinates as described by Paxinos and Watson: 0.8 mm pos-
terior to bregma, 1.5 mm lateral to sagittal suture, and 3.6 mm
beneath the cortical surface of brain. The scalp was then closed
with a suture and dental cement. After surgery, all animals
received gentamicin (5 mg/kg, i.p.) to prevent sepsis after
1 week of surgery. Animals were given bilateral ICV injection
of STZ (3 mg/kg) with two divided doses (1 day and 3 days)
with the help of a Hamilton microsyringe through the cannula.
Streptozotocin was prepared in artificial cerebrospinal fluid and
a solution of 25 mg/ml was made. This solution was made
freshly and just before injection. In the sham group, artificial
cerebrospinal fluid (ACSF; in mmol/l—147 NaCl, 2.9 KCl, 1.6
MgCl2, 1.7 CaCl2, and 2.2 dextrose) was injected on the same
days as in the streptozotocin group. To promote diffusion, the
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microsyringe was left in place for a period of 1 min following
injection. Special care of the animals was taken during the
postoperative period.

Drugs and Treatment Schedule

Streptozotocin (STZ), nitro-L-arginine methyl ester (L-NAME)
and L-arginine (LA) were purchased from Sigma Chemicals
Co., St. Louis, MO, USA. Pioglitazone (PIO) was gifted from
Pancea Biotech, Mohali. STZ was prepared in ACSF and de-
livered in a 10-μl injection volume for ICV administration.
Pioglitazone was suspended in 0.5 %w/v sodium-carboxy-
methyl-cellulose (Na-CMC) and administered orally in the
dose of 5 ml/kg body weight for 21 days. LA and L-NAME
were administered 30 min before pioglitazone treatment. Ani-
mals were selected randomly based on their body weights into
ten groups of six animals each. The study was performed in
multiple phases as shown in Scheme 1. Three animals died
during the experimental period due to infection.

Treatment group

1. Control (vehicle)
2. Sham-operated group (ACSF, ICV)
3. STZ-treated group (3 mg/kg, ICV)
4. PIO (30 mg/kg p.o.) per se
5. LA (50 mg/kg i.p.)+STZ
6. L-NAME (5 mg/kg i.p.)+STZ
7. PIO (15 mg/kg p.o.)+STZ
8. PIO (30 mg/kg p.o.)+STZ
9. LA (50 mg/kg i.p.)+PIO (15 mg/kg p.o.)+STZ

10. L-NAME (5 mg/kg i.p.)+PIO (15 mg/kg p.o.)+STZ

Behavioral Assessment

Assessment of Cognitive Performance (Morris Water Maze
Task)

The acquisition and retention of memory was evaluated by
using theMorris water maze (Prakash and Kumar 2009).Mor-
ris water maze consisted of a large circular pool (150 cm in
diameter, 45 cm in height, filled to a depth of 30 cmwith water

at 28±1 °C). The pool was divided into four equal quadrants
with the help of two threads, fixed at right angle to each other.
The pool was placed in an illuminated light room among the
several colored clues. These external clues remained un-
changed throughout the experimental period and used as ref-
erence memory. A circular platform (4.5 cm diameter) was
placed in one quadrant of the pool, 1 cm above the water level,
during the acquisition phase. The same platform was placed
1 cm below the water level for retention phase. The position of
the platform was not changed in any quadrant during assess-
ment of both the phases. Each animal was subjected to four
consecutive trials with a gap of 5 min. The animal was gently
placed in the water of the pool between quadrants, facing the
wall of pool with drop location, changed for each trial, and
allowed 120 s to locate the platform. Then, the animal was
allowed to stay on the platform for 20 s. If the animal failed to
reach the platform within 120 s, the same was guided to reach
the platform and remained there for the next 20 s.

(a) Maze acquisition phase (training)
Animals received two consecutive daily training ses-

sions in the following days 12 and 13. During the acqui-
sition phase, each rat was put into the water in any one of
four starting positions, the sequence of which was select-
ed randomly. The time latency to reach the visual plat-
form (acquisition latency) was measured.

(b) Maze retention phase (testing for retention of the learned
task)

After completion of the acquisition phase, the animal
was released randomly from one of the edges facing the
wall of the pool to assess for memory retention. Time
latency to find the hidden platform on days 14 and 21
following the start of STZ administration was recorded,
termed as first retention latency (1st RL) (14th day) and
second retention latency (2nd RL) (21st day),
respectively.

Biochemical Tests

Biochemical tests were conducted 24 h after the last be-
havioral test. The animals were sacrificed by decapitation.

Scheme 1 Protocol design
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The brains were removed and rinsed with ice-cold isoton-
ic saline. Brains were then homogenized with ice-cold
0.1 mmol/l phosphate buffer (pH 7.4). The homogenate
(10 % w/v) was then centrifuged at 10,000×g for 15 min
and the supernatant so formed was used for the biochem-
ical estimations.

Measurement of Lipid Peroxidation

The extent of lipid peroxidation in the brain was deter-
mined quantitatively by performing the method as de-
scribed by Wills (1966). The amount of malondialdehyde
(MDA), a measure of lipid peroxidation, was measured
by reaction with thiobarbituric acid at 532 nm using a
Perkin Elmer Lambda 20 spectrophotometer. The values
were calculated using the molar extinction coefficient of
chromophore [1.56×105 (mol/l)−1cm−1].

Estimation of Nitrite

The accumulation of nitrite in the supernatant, an indica-
tor of the production of nitric oxide, was determined by a
colorimetric assay with Greiss reagent [0.1 % N-(1-
napththyl) ethylene diamine dihydrochloride, 1 % sulfa-
nilamide, and 5 % phosphoric acid] according to Green
et al. (1982). Equal volumes of the supernatant and the
Greiss reagent were mixed and the mixture was incubated
for 10 min at room temperature in the dark. The absor-
bance was measured at 540 nm using a Perkin Elmer
Lambda 20 spectrophotometer. The concentration of ni-
trite in the supernatant was determined from sodium ni-
trite standard curve.

Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was assayed by the
method of Kono (1978). The assay system consisted of
EDTA 0.1 mM, sodium carbonate 50 mM, and 96 mM
of nitro blue tetrazolium (NBT). In the cuvette, 2 ml of
the above mixture, 0.05 ml of hydroxylamine, and
0.05 ml of the supernatant were added and the auto-
oxidation of hydroxylamine was measured for 2 min at
30-s interval by measuring the absorbance at 560 nm
using a Perkin Elmer Lambda 20 spectrophotometer.

Estimation of Glutathione Levels

Reduced glutathione (GSH) in hippocampus and cortex was
estimated according to the method described by Ellman
(1959). Results were calculated using molar extinction coef-
ficient of chromophore (1.36×104 M−1 cm−1) and expressed
as percentage of control.

Estimation of Acetyl Cholinesterase (AChE) Activity

AChE is a marker of extensive loss of cholinergic neurons in
the forebrain. The AChE activity was assessed by the Ellman
method (Ellman et al. 1961). The assay mixture contained
0.05 ml of supernatant, 3 ml of sodium phosphate buffer
(pH 8), 0.1 ml of acetylthiocholine iodide, and 0.1 ml of
DTNB (Ellman reagent). The change in absorbance was mea-
sured for 2 min at 30-s interval at 412 nm using a Perkin Elmer
Lambda 20 spectrophotometer. Results were expressed as mi-
cromoles of acetylthiocholine iodide hydrolyzed per minute
per milligram of protein.

Mitochondrial Complex Estimation

Isolation of Rat Brain Mitochondria

Rat brain mitochondria were isolated by the method of
Berman and Hastings (1999). The hippocampus was homog-
enized in isolation buffer with EGTA (215 mM mannitol,
75 mM sucrose, 0.1 % BSA, 20 mM HEPES, 1 mM EGTA,
pH 7.2). Homogenates were centrifuged at 13,000×g for 5 min
at 4 °C. The pellet was resuspended in isolation buffer with
EGTA and spun again at 13,000×g for 5 min. The resulting
supernatants were transferred to new tubes and topped off
with isolation buffer with EGTA and again spun at 13,000×g
for 10 min. Pellets containing pure mitochondria were resus-
pended in isolation buffer without EGTA.

Estimation of NADH Dehydrogenase Activity

NADH dehydrogenase activity was measured spectrophoto-
metrically (UV-Pharmaspec 1700; Shimadzu, Japan) by the
method of King and Howard (1967). The method involves
catalytic oxidation of NADH to NAD+ with subsequent re-
duction of cytochrome c.

Estimation of Succinate Dehydrogenase (SDH) Activity

Succinate dehydrogenase (SDH) activity was measured spec-
trophotometrically (UV-Pharmaspec 1700; Shimadzu, Japan)
according to King (1967). The method involves oxidation of
succinate by an artificial electron acceptor, potassium
ferricyanide.

Estimation of MTT (Mitochondrial Redox Activity) Assay

The method employed in the present study is based on the
in vitro studies to evaluate mitochondrial redox activity
through the conversion of MTT tetrazolium salt to formazan
crystals by mitochondrial respiratory chain reactions in isolat-
ed mitochondria by the method of Liu (Liu et al. 1997). The
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absorbance of the resulting medium was measured by an
ELISA reader at 580 nm wavelength.

Estimation of Cytochrome Oxidase Activity

Cytochrome oxidase activity was assayed in brain mitochon-
dria according to the method of Sottocasa (Sottocasa et al.
1967). The assay mixture contained 0.3 mM reduced cyto-
chrome c in 75mMphosphate buffer. The reaction was started
by the addition of solubilized mitochondrial sample and ab-
sorbance change was recorded at 550 nm for 2 min.

Estimations of TNF-α and IL-6

The quantification of TNF-α and IL-6 was done by the help
and instructions provided by R&D Systems Quantikine rat
TNF-α and IL-6 immunoassay kits. The Quantikine rat
TNF-α and IL-6 immunoassays are 4.5 h solid-phase ELISA
designed to measure rat TNF-α and IL-6 levels. The assays
employ the sandwich enzyme immunoassay technique. A
monoclonal antibody specific for rat TNF-α and IL-6 have
been pre-coated in the microplate. Standard control and sam-
ples are pipetted into the wells and any rat TNF-α and IL-6
present are bound by the immobilized antibody. After washing
away any unbound substance, an enzyme-linked polyclonal
antibody specific for rat TNF-α and IL-6 is added to the wells.
Following a wash to remove any unbound antibody-enzyme
reagent, a substrate solution is added to the wells. The enzyme
reaction yields a blue product that turns yellow when the stop
solution is added. The intensity of the color measured is in
proportion to the amount of rat TNF-α and IL-6 bound in the
initial steps. The sample values are then read off the standard
curve.

Estimation of Caspase-3 Colorimetric Assay

Caspase-3, also known as CPP-32, Yama, or Apopain, is
an intracellular cysteine protease that exists as a pro-en-
zyme, becoming activated during the cascade of events
assoc ia ted wi th apop tos i s . The t i s sue lysa tes /
homogenates can then be tested for protease activity by
the addition of a caspase-specific peptide that is conjugat-
ed to the color reporter molecule p-nitroanaline (pNA).
The cleavage of the peptide by the caspase releases the
chromophore pNA, which can be quantitated spectropho-
tometrically at a wavelength of 405 nm. The level of
caspase enzymatic activity in the cell lysate/homogenate
is directly proportional to the color reaction. The enzy-
matic reaction for caspase activity was carried out using
the Imgenex (San Diego, USA) caspase-3 colorimetric kit.

Data Analysis

Values are expressed as mean±SEM. The behavioral assess-
ment data were analyzed by a repeated measures two-way
analysis of variance (ANOVA) with drug-treated groups as
between-subjects factors and sessions as the within-subjects
factors. The biochemical estimations were separately analyzed
by one-way ANOVA. Post hoc comparisons between groups
were made using Tukey’s test. P <0.05 was considered
significant.

Results

Effect of Pioglitazone and its Interaction with Nitric Oxide
Modulators on Spatial Navigation Task
in Streptozotocin-Injected Rats

There was a significant difference in the mean IAL of
streptozotocin-injected group as compared to sham treatment
on day 13 indicating streptozotocin induced impaired acquisi-
tion of spatial navigation task. In contrast, chronic pioglita-
zone (15 and 30mg/kg) treatment significantly decreased IAL
to reach the platform in the pre-trained rats as compared to
STZ rats on day 13 following streptozotocin injection [a two-
way ANOVA revealed on IAL on group (F14,8=15.36,
P<0.001), session (F25,14=76.45, P<0.001), and interaction
drug treatment×session group (F14,8=132.5, P<0.001)]
(Table 1).

Following training, the mean retention latencies (1st and
2nd RL) to escape onto the hidden platform was significantly
decreased in sham-operated and ACSF-injected rats on
days 14 and 21, respectively, as compared to IAL on day 13
following streptozotocin injection. On the contrary, the perfor-
mance in the STZ-injected rats was significantly altered (in-
creased mean retention latencies) after initial training in the
water maze on days 14 and 21, as compared to IAL on day 13.
The results suggest that streptozotocin caused significant cog-
nitive impairment. However, chronic pioglitazone (15 and
30 mg/kg, p.o.) treatment showed a significant decline and
improved the retention performance of the spatial navigation
task in the 1st and 2nd RL on days 14 and 21, respectively, as
compared to STZ-injected rats following streptozotocin injec-
tion (Table 1). Further, LA (50 mg/kg) pretreatment with sub-
effective dose of pioglitazone (15 mg/kg) has not produced a
significant effect as compared to pioglitazone (low dose)+
STZ group. However, L-NAME (5 mg/kg) pretreatment with
sub-effective dose of pioglitazone (15 mg/kg) significantly
potentiated its protective effect which was significant as com-
pared to pioglitazone (low dose)+STZ group. PIO (30mg/kg),
LA (50 mg/kg), and L-NAME (5 mg/kg) per se did not pro-
duce any significant effect in STZ-treated groups as compared
to sham treatment.
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Effect of Pioglitazone and its Interaction with Nitric Oxide
Modulators on Oxidative Parameters
in Streptozotocin-Injected Rats

Central streptozotocin administration caused a significant rise
in brain MDA level (F9,40=92.28, P<0.0001) and nitrite con-
centration (F9,40=18.39, P<0.0001) and depletion of reduced
GSH (F9,40 = 34.94, P<0.0001), SOD (F9,40 = 33.04,
P<0.0001), and catalase (F9,40=45.77, P<0.0001) activities
as compared to sham rats. However, chronic pioglitazone (15
and 30 mg/kg) treatment significantly attenuated oxidative
stress (reduced the rise in malondialdehyde, nitrite and re-
stored SOD, catalase and reduced glutathione levels), as com-
pared to streptozotocin-treated group. Further, LA (50 mg/kg)
pretreatment with sub-effective dose of pioglitazone
(15 mg/kg, p.o.) has not produced a significant effect as com-
pared to pioglitazone (low dose)+STZ group. However, L-
NAME (5 mg/kg) pretreatment with sub-effective dose of
pioglitazone (15mg/kg) significantly potentiated its protective
effect which was significant as compared to pioglitazone (low
dose)+STZ group. Besides, PIO (30 mg/kg), LA (50 mg/kg),
and L-NAME (5 mg/kg) per se treatment did not produce any
significant effect on oxidative damage as compared to sham
treatment (Fig. 1a, b).

Effect of Pioglitazone and its Interaction with Nitric Oxide
Modulators on Mitochondria Respiratory Enzymes
Activities in Streptozotocin-Treated Rats

ICV streptozotocin administration significantly impaired mi-
tochondrial complexes enzyme [NADH dehydrogenase (F9,

40=16.12, P<0.0001), succinate dehydrogenase (F9,40=
25.41, P<0.0001), and cytochrome oxidase (F9,40=22.75,
P<0.0001)] and cell viabilities (F9,40=24.9, P<0.0001) in
hippocampus of STZ rats as compared to sham-operated
groups. However, pioglitazone (15 and 30 mg/kg) administra-
tion significantly restored the levels of mitochondrial enzymes
and increased the cell viabili t ies as compared to
streptozotocin-treated rats. Further, LA (50 mg/kg) pretreat-
ment with sub-effective dose of pioglitazone (15 mg/kg) has
not produced a significant effect as compared to pioglitazone
(low dose)+STZ group. However, L-NAME (5 mg/kg) pre-
treatment with sub-effective dose of pioglitazone (15 mg/kg)
significantly potentiated its protective effect which was signif-
icant as compared to pioglitazone (low dose)+STZ group.
Besides, PIO (30 mg/kg), LA (50 mg/kg), and L-NAME
(5 mg/kg) per se did not produce any significant effect on
mitochondrial enzymes dysfunction as compared to sham
treatment (Fig. 2).

Effect of Pioglitazone and its Interaction with Nitric Oxide
Modulators on Inflammatory Markers (TNF-α and IL-6)
in Streptozotocin-Injected Rats

There was a significant increase in the level TNF-α and IL-6
in streptozotocin-treated rats as compared to the control group.
However, chronic pioglitazone (15 and 30 mg/kg) administra-
tion significantly attenuated the elevated levels of TNF-α (F9,

40=15.64, P<0.0001) and IL-6 (F9,40=34.94, P<0.001) in
streptozotocin-treated rats. Further, LA (50 mg/kg i.p.) pre-
treatment with sub-effective dose of PIO (15 mg/kg) has not
produced a significant effect as compared to pioglitazone (low
dose)+STZ group. However, L-NAME (5 mg/kg) pretreat-
ment with sub-effective dose of PIO (15 mg/kg) significantly
potentiated the protective effect of pioglitazone which was
significant as compared to pioglitazone (low dose)+STZ
group (Fig. 3).

Effect of Pioglitazone and its Interaction with Nitric Oxide
Modulators on Caspase-3 Activity
in Streptozotocin-Injected Rats

Central administration of streptozotocin showed significant
increase of caspase-3 activity in streptozotocin-treated rats as
compared to the control group. However, chronic pioglitazone
(15 and 30 mg/kg) administration significantly attenuated the

Table 1 Effect of pioglitazone and their interaction with nitric oxide
modulators on memory performance in Morris water maze paradigm in
ICV-STZ-injected rats

Treatment (mg/kg) Day 13 (IAL) Day 14 (1st RL) Day 21 (2nd RL)

Naïve (vehicle) 48±3.464 23±3.215 14±4.163

Sham (ACSF) 56±2.64 28.68±2.60 15.333±2.96

STZ 75±4.041a 79±2.9a 80±3.5a

PIO (30) per se 42±3.5 26±3.5 16±2.6

LA (50)+STZ 74±4.2 78±3.4 79±2.8

L-NAME (5)+STZ 70±3.8 75±4 74±4.7

PIO (15)+STZ 62.5±3.5b 60.5±3.5b 38.5±2.5b

PIO (30)+STZ 56±2.5b,c 48±2.5b,c 35.5±2.5b,c

LA (50)+PIO
(15)+STZ

65±3.5b 64.0±3.5b 52.5±3.5b

L-NAME (5)+PIO
(15)+STZ

55±3.5c,d 45.0±2.5c,d 30±3.5c,d

The initial acquisition latencies (IAL) on day 13 and retention latencies on
days 14 (1st RL) and 21 (2nd RL) following streptozotocin injection were
observed in Morris water maze. Values are mean±SEM
a P <0.05 as compared to sham group (repeated measures two-way
ANOVA followed by Tukey’s test for multiple comparisons)
bP <0.05 as compared to STZ-injected group (repeated measures two-
way ANOVA followed by Tukey’s test for multiple comparisons)
cP <0.05 as compared to PIO (15)+STZ group (repeated measures two-
way ANOVA followed by Tukey’s test for multiple comparisons)
dP <0.05 as compared to L-NAME (5)+STZ group (repeated measures
two-way ANOVA followed by Tukey’s test for multiple comparisons)
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Fig. 1 a, b Effect of pioglitazone
and their interaction with nitric
oxide modulators on oxidative
parameter in streptozotocin
injected rats. Values are mean±
SEM. aP <0.05 as compared to
sham group; bP <0.05 as
compared to streptozotocin-
treated group; cP <0.05 as
compared to PIO (15)+STZ
group; dP <0.05 as compared to
L-NAME (5 mg/kg)+STZ group;
eP <0.05 as compared to PIO per
se. Repeated measures one-way
ANOVA followed by Tukey’s test
for multiple comparisons

Fig. 2 Effect of pioglitazone and
their interaction with nitric oxide
modulators on a complex I, b
complex II, c MTT ability, and d
complex IV in streptozotocin-
treated rats. Values are mean±
SEM. aP <0.05 as compared to
sham group; bP <0.05 as
compared to streptozotocin-
treated group; cP <0.05 as
compared to PIO (15)+STZ
group; dP <0.05 as compared to
L-NAME (5)+STZ group.
Repeated measures one-way
ANOVA followed by Tukey’s test
for multiple comparisons
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increased activity of caspase-3 (F9,40=20.38, P<0.001) in
streptozotocin-treated rats (P<0.01). Further, LA (50 mg/kg
i.p.) pretreatment with sub-effective dose of PIO (15 mg/kg)
has not produced a significant effect as compared to pioglita-
zone (low dose)+STZ group. However, L-NAME (5 mg/kg)
pretreatment with sub-effective dose of PIO (15 mg/kg) sig-
nificantly potentiated the protective effect of pioglitazone
which was significant as compared to pioglitazone (low
dose)+STZ group (Fig. 4).

Effect of Pioglitazone and its Interaction with Nitric Oxide
Modulators on Acetylcholinesterase Activity
in Streptozotocin-Injected Rats

Intracerebroventricular administration of ACSF did not pro-
duce any significant effect on acetylcholinesterase activity as

compared to vehicle control group. Central streptozotocin ad-
ministration significantly increased acetylcholinesterase activ-
ity leading to memory impairment as compared to sham-
operated rats. However, pioglitazone (15 and 30 mg/kg) ad-
ministration significantly attenuated acetylcholinesterase ac-
t iv i ty (F9 , 40 = 68.89, P < 0.0001) as compared to
streptozotocin-treated group. Further, LA (50 mg/kg) pretreat-
ment with sub-effective dose of PIO (15 mg/kg) has not pro-
duced a significant effect as compared pioglitazone (low
dose)+STZ group. However, L-NAME (5 mg/kg) pretreat-
ment with sub-effective dose of PIO (15 mg/kg) significantly
potentiated the protective effect of pioglitazone which was
significant as compared to pioglitazone (low dose)+STZ
group. Besides, PIO (30 mg/kg), LA (50 mg/kg), and L-
NAME (5 mg/kg) per se did not produce any significant effect
on acetylcholinesterase enzymes as compared to sham treat-
ment (Figs. 5 and 6).

Discussion

Evidence suggested that there is an intimate link between an
excessive generation of reactive oxygen, nitrogen species
(ROS/RNS) and mitochondrial enzyme alteration (Penna
et al. 2012). ROS/RNS can damage various cellular compo-
nents, such as proteins, lipids, and DNAs, and modulate var-
ious pathways, particularly those involving MAPKs (e.g.,
JNK, ERK, and p38 MAPK) and PKCs (Penna et al. 2012).
Mitochondria are particularly vulnerable to oxidative stress
because of excessive ROS generation that constantly occurs
during oxidative phosphorylation. It has been suggested that
ROS-mediated signals (mainly by H2O2) arising within mito-
chondria can also generate a retrograde response that is con-
veyed to the nucleus, causing the upregulation of nuclear
genes encoding mitochondrial proteins and leading to the

Fig. 3 Effect of pioglitazone and their interaction with nitric oxide
modulators on inflammatory markers (TNF-α and IL-6) in
streptozotocin-treated rats. Values are mean±SEM. aP <0.05 as
compared to sham group; bP <0.05 as compared to streptozotocin-

treated group; cP <0.05 as compared to PIO (15)+STZ group; dP <0.05
as compared to L-NAME (5)+STZ group. Repeated measures one-way
ANOVA followed by Tukey’s test for multiple comparisons

Fig. 4 Effect of pioglitazone and their interaction with nitric oxide
modulators on caspase-3 activity in streptozotocin-treated rats. Values
are mean±SEM. aP <0.05 as compared to sham group; bP <0.05 as
compared to streptozotocin-treated group; cP <0.05 as compared to PIO
(15)+STZ group; dP <0.05 as compared to L-NAME (5)+STZ group.
Repeated measures one-way ANOVA followed by Tukey’s test for
multiple comparisons
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induction of mitochondrial biogenesis (Butow and Avadhani
2004). The results of the present study indicate that central
administration of streptozotocin impaired mitochondrial en-
zyme complex activities as indicated by a decrease in the
NADH dehydrogenase and succinate dehydrogenase activity
andMTTability and cytochrome c oxidase activities. A recent
cell culture study has also suggested that streptozotocin has
produced mitochondrial dysfunction in human hepatoma
HepG2 cells by increasing ROS/RNS production (Raza and
John 2012). It can suggest that NO can directly cause the
release of cytochrome c that results in the loss of the mito-
chondrial transmembrane potential. NO binds with

CytCoxidase (complex IV) in the mitochondrial chain of elec-
tron transfer (Riobo et al. 2001). Inflammation plays a pivotal
role in the pathogenesis of several neurological disorders
(Amor et al. 2010). The ROS/RNS are important contributors
in activation of microglia, which are capable of generating
vast amounts of oxidizing radicals such as superoxide, hydro-
gen peroxide, and nitric oxide as well as proinflammatory
cytokines such as TNF-α and IL-6 (Liu et al. 2003; Merrill
and Benveniste 1996). Activated microglia oxidative stress is
associated with both neuroinflammation and programmed cell
death (apoptosis) (Kubera et al. 2011). We found evidences of
each of these processes in the hippocampus following
streptozotocin administration. Thus, increases in proinflam-
matory cytokines TNF-α and IL-6 were noted after ICV ad-
ministration of STZ, demonstrating neuroinflammation. This
was associated with a persistent increase in caspase-3 activity,
a characteristic response to apoptosis. Furthermore, it has been
depicted that caspase-3 activity, a key enzyme in apoptotic cell
death, increased in the hippocampus of streptozotocin-
induced diabetic rats (Piotrowski et al. 2001). These data
showed that streptozotocin results in oxidative stress and
probably induced apoptosis in the hippocampus. The increase
in levels of malondialdehyde (MDA), the end product of lipid
peroxidation, and decrease in levels of glutathione, an antiox-
idant, were taken as markers of oxidative stress. In our study,
there was a significant increase in MDA level along with
marked reduction in reduced glutathione and enzymatic activ-
ity of superoxide dismutase and catalase that has been ob-
served in the brain of ICV streptozotocin-treated rats. Nitric
oxide combines with superoxide to form peroxynitrite, which
rapidly causes protein nitration or nitrosylation, lipid peroxi-
dation, DNA damage, and cell death and has direct toxic ef-
fects on the nerve tissue leading to neurotoxicity (Law et al.
2001). In the present study, significantly increased nitrite
levels in hippocampus of streptozotocin rats were ob-
served, indicating the role of nitric oxide in the
pathomechanism of AD. Multiple mechanisms of
streptozotocin are known to be involved in the etiology
of AD. Therefore, streptozotocin is thought to be respon-
sible for the pathogenesis of the neurodegenerative chang-
es as observed in this in vivo model of Alzheimer’s dis-
ease, even in the absence of amyloid β (Aβ) aggregation
(Grunblatt et al. 2007). The present study clearly demon-
strated that ICV-STZ produced memory impairment as
indicated by the delay in escape latency and retention
latency to find out the hidden platform in the Morris water
maze task. We have also found that ICV-STZ showed a
significant increase in acetylcholinesterase (AChE) activ-
ity suggesting cholinergic deficiency in the brain (Prakash
and Kumar 2009). Furthermore, it has been reported that
administration of STZ altered mRNA expression of AChE
and α7 nicotinic acetylcholine receptor (α7 nAChR) in
mice brain (Tota et al. 2011).

Fig. 5 Effect of pioglitazone and their interaction with nitric oxide
modulators on acetylcholinesterase activity in streptozotocin-treated
rats. Values are mean±SEM. aP <0.05 as compared to sham group; bP
<0.05 as compared to streptozotocin-treated group; cP <0.05 as compared
to PIO (15)+STZ group; dP <0.05 as compared to L-NAME (5)+STZ
group; eP <0.05 as compared to PIO per se. Repeated measures one-way
ANOVA followed by Tukey’s test for multiple comparisons

Fig. 6 Possible mechanism of action of pioglitazone-mediated nitric
oxide pathways against ICV-STZ-induced memory dysfunction
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Pioglitazone is a well-known PPAR-γ agonist expressed
widely in the hippocampus and entorhinal cortex (Berger
and Moller 2002). The role of PPAR-γ has been proposed in
modulation of learning and memory, aging, and neurodegen-
eration (Moreno et al. 2004). Chronic treatment of pioglita-
zone significantly improved retention latency suggesting its
beneficial effect in cognitive dysfunction. Our data indicated
that pioglitazone attenuated oxidative damage (decreased
LPO and nitrite and increased antioxidant levels) in hippo-
campus of streptozotocin-treated rats. NO has been previously
suggested as a probable mechanism involved in some effects
of PPAR-γ agonists. Recent reports have suggested that pio-
glitazone produces a neuroprotective effect by downregula-
tion of iNOS in AD (Landreth and Heneka 2001; Feinstein
2003). In the present study, chronic administration of pioglit-
azone significantly attenuated the increased concentration of
nitric in streptozotocin-induced rats. These findings provide
evidence in agreement with previous reports indicating the
probable NO-dependant mechanism in protective role of pio-
glitazone in streptozotocin-induced neurotoxicity. It has been
demonstrated that nitric oxide, by damaging DNA, could also
lead to poly ADP-ribose polymerase overactivation, causing
neuronal ATP depletion and death (Ha and Snyder 1999). Cell
culture study also suggested that pioglitazone upregulated mi-
tochondrial electron transport proteins in SH-SY5Y human
neuroblastoma cells (Miglio et al. 2009). The present study
indicated that chronic administration of pioglitazone restored
the decreased mitochondr ia l enzyme act ivi ty in
streptozotocin-treated rats. An earlier report from our groups
has shown that pioglitazone ameliorated the oxidative damage
as well as restored mitochondrial dysfunction in animal
models of Huntington’s disease. It seems that the beneficial
effect of pioglitazone on cognitive performance might be due
to its protective effect on mitochondria respiratory enzyme
activity. Mitochondrial oxidative damage is based on the fact
that electron leakage from electron transport chain (ETC) oc-
curs, mainly through complex I and complex III, and the
amount of O2·− increases dramatically if these complexes
are inhibited (Turrens 1997). Thus, it is reasonable to suppose
that mitochondrial enzyme protection could be the mechanism
involved in the neuroprotective effect of pioglitazone. How-
ever, the exact mechanism(s) through which pioglitazone re-
stored mitochondrial enzyme complexes activities remains to
be explored. Induction of apoptosis often converges on the
mitochondria to induce MPT and activation of caspase-3 pro-
teins into the cytoplasm, resulting in a biochemical and mor-
phological alteration of apoptosis (Li et al. 2010). Interesting-
ly, chronic administration of pioglitazone significantly atten-
uated the caspase-3 activation in streptozotocin-treated rats.

Another mechanism for the protective effects of pioglita-
zone is the downregulation of inflammatory responses
(Schnegg and Robbins 2011). PPAR-γ is widely expressed
in microglia and astrocytes and regulates inflammation in

the central nervous system (Storer et al. 2005). As shown in
the present study, PPAR-γ agonists like pioglitazone signifi-
cantly inhibited the streptozotocin-induced stimulation of IL-6
and TNF-α expression in STZ-treated rats, which indicate the
involvement of anti-inflammatory activity. We have also ob-
served that pioglitazone attenuated AChE activity in
streptozotocin-treated rats, which is a marker of cholinergic
functions. It has been demonstrated that in streptozotocin-
treated rats, there was a decrease in the number of new neu-
rons in the subgranular zone in the dentate gyrus, a reduction
of migration of neural progenitor cells, and a decline in spatial
learning and memory (Guo et al. 2010). This could be one of
the possible pathways of pioglitazone’s protective effect on
cognitive performance. It seems that multiple mechanisms
might have contributed to the neuroprotective effect of pio-
glitazone. Recently, it has been also reported that L-arginine
itself exacerbates Aβ-induced toxicity and oxidative stress in
models of AD (Luo et al. 2015; Liu et al. 2014). The rationale
behind the pre-treatment of L-arginine is to know the direct
and/or indirect involvement of nitrergic pathways in the mod-
ulation of PPAR-γ receptors. Considering the fact that NO
transmission can alter the therapeutic effect of pioglitazone,
we studied the interaction of pioglitazone with L-NAME
(NOS inhibitor) and LA (NOS inducer). NO is involved in
synaptic plasticity contributing to learning and memory in
several brain areas including the cerebellum and hippocampus
(Susswein et al. 2004). It has also been reported that there is a
facilitating role for hippocampal NO in an inhibitory avoid-
ance learning task in chicks and rats which is triggered via the
calcium-/calmodulin-dependent protein kinase II activation in
the hippocampus (Tan 2007). Nitric oxide is a very important
signaling molecule which is involved in various physiological
functions. However, when generated in excess in the presence
of free radicals, it can be neurotoxic. Nitric oxide exerts its
neurotoxic effects via several mechanisms. It has been report-
ed that excess NO is in part responsible for glutamate neuro-
toxicity in primary neuronal cell culture (Valina and Ted
1996). Nitric oxide is a free radical and can combine with
superoxide anions to form peroxynitrite, a highly destructive
radical moiety (Eliasson et al. 1999). The resultant reactive
oxygen/nitrogen species can induce significant oxidative/
nitrergic stress that causes lipid peroxidation and produces
functional alterations in proteins and DNA, eventually leading
to neuronal death (Beckman et al. 1994). L-Arginine pretreat-
ment with pioglitazone significantly reversed its protective
effect, providing an evidence for excess involvement of nitric
oxide. Further, pre-treatment of selective NOS inhibitor, L-
NAME, with pioglitazone significantly potentiated the protec-
tive effect of pioglitazone suggesting nitric oxide mechanism.
Evidences suggest that thiazolidinediones activate both
PPAR-γ-dependent and -independent pathways in the brain
(Feinstein et al. 2005). The PPAR-γ-dependent action is me-
diated through activation of nuclear transcription factors
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which occurs within days; instead, the receptor-independent
effect of thiazolidinediones occurs rapidly (within minutes to
hours) (Collino et al. 2006; Feinstein et al. 2005). Our results,
although preliminary, might be relevant to understand the neu-
roprotective effects of pioglitazone (PPAR-γ agonist). This
could be one of the possible proposed mechanisms in the
neuroprotective effect of pioglitazone, which have been
shown in Fig. 5.

The present study highlights the nitric oxide modulatory
mechanisms in the neuroprotective effect of pioglitazone
against ICV-STZ-induced cognitive dysfunction. Further
study provides hope that pioglitazone could be used success-
fully in the treatment and management of cognitive
dysfunction.
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