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Abstract
Alzheimer’s disease (AD) is prevalent in old age people and is one of the most common brain diseases. Brain insulin resist-
ance, neuroinflammation, oxidative stress, and mitochondrial and cholinergic dysfunction are key features of the disease. 
In our study, streptozotocin (STZ) in a dose of 3 mg/kg was injected in male Wistar rats bilaterally through the intracer-
ebroventricular (ICV) route on stereotaxic apparatus. Chromium picolinate (CrPic) was tested at doses of 1 mg/kg, 2 mg/kg, 
and 4 mg/kg, while rivastigmine (2 mg/kg) was used as reference standard drug. Cognitive dysfunction induced by STZ was 
assessed by behavioral tests like Morris water maze and novel object recognition test. Treatment with CrPic revealed attenu-
ation of cognitive deficit. This was confirmed by behavioral tests, biochemical estimations of antioxidant enzymes, oxidative 
stress, nitrosative stress, and cholinergic and mitochondrial activity. CrPic did not change AchE activity significantly. STZ-
induced neuroinflammation evident by increased TNF-α, IL-6, and CRP levels was also significantly decreased by CrPic. 
Dysfunctional insulin signaling after ICV-STZ was demonstrated by reduced IRS-1, PI3K, AKT, BDNF gene expression, 
and increased GSK-3β, NF-κB gene expression with the help of qRT-PCR. CrPic treatment produced an improvement in 
insulin signaling revealed by increased gene expression of IRS-1, PI3-K, AKT, BDNF, and decreased gene expression of 
GSK-3β and NF-κB. It was concluded that CrPic reversed AD pathology revealed by improved memory, reduced oxidative 
stress, neuroinflammation, mitochondrial dysfunction, and upregulated insulin signaling.

Keywords ICV-STZ · Chromium picolinate · Oxidative stress · Neuroinflammation · Insulin resistance · Alzheimer’s 
disease

Introduction

Alzheimer’s disease (AD) is one of the most common forms 
of dementia affecting elderly people. People suffering from 
AD show symptoms of cognitive impairment, memory def-
icit, and disturbances in behavioral activities (Onor et al. 
2006). According to the 2017 report, around 44 million peo-
ple globally are suffering from AD with disease prevalence 
likely to rise to 115 million by 2050 (Sargent and Brown 
2017).

Despite more than 30 years of intense investigation, the 
field lacks consensus regarding the etiology and pathogen-
esis of sporadic AD, and therefore, we still do not know 
the best strategies for treating and preventing this debilitat-
ing disease. Moreover, the prevalence of AD is increasing 
rapidly in the absence of truly effective therapies. Epide-
miologic studies in elderly, experimental investigations in 
humans and animal models consistently demonstrate that 
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dysfunctional brain insulin signaling termed brain insulin 
resistance promotes and accelerates cognitive dysfunction 
and AD progression. This might be responsible for the spo-
radic and age-related AD (Talbot et al. 2012).

Insulin signaling impairment and irregularities in its 
molecules are found to be involved in AD characterized by 
impaired memory and cognitive dysfunction (Steen et al. 
2005). PI3K and AKT facilitate the transfer of GLUT 1 and 
GLUT 3 glucose transporters stimulating glucose uptake 
inside brain cells (Deng et al. 2009). Therefore, insulin-
mediated activation of PI3K/AKT pathway enhances glu-
cose and energy metabolism in the brain. In AD, there is a 
hindrance in the binding of insulin to its receptors, resulting 
in dysregulated insulin signaling (Frölich et al. 1999). More-
over, AD has been demonstrated to show reduced sensitivity 
to insulin signaling in the IRS-1/PI3K pathway (Talbot et al. 
2012). Reduced insulin sensitivity was found to be highest at 
the IRS-1 level (Talbot et al. 2012). Furthermore, decreased 
activation of PI3K/AKT leads to increased activation of 
GSK-3β, which is responsible for increased tau phosphoryla-
tion as well as augmented amyloid plaques deposition, the 
two major pathological hallmarks of AD (Baki et al. 2004). 
Most importantly, a positive association between increased 
GSK-3β mRNA gene expression and tau phosphorylation 
has been reported (Del Pino et al. 2016).

Insulin shows neuromodulatory actions in the brain and 
insulin signaling is involved in neuronal survival, energy 
production, gene expression, and neuronal plasticity. Brain 
insulin resistance, neuroinflammation, and oxidative stress 
promote Aβ toxicity and formation of neurofibrillary tangles 
(de la Monte 2012).

Chromium is defined as a trace element supplemented 
either with food or water. It is absorbed less than 3% from 
the intestine. The salt, chromium picolinate (CrPic) is, how-
ever, highly absorbed (Anderson et al. 1996). The natural 
sources of chromium include potatoes, tomatoes, oysters, 
broccoli, grape juice, and seafood, etc. CrPic has been 
studied to improve insulin sensitivity in diabetes mellitus 
(DM) by targeting the IRS-1/PI3K/AKT/GSK-3β pathway 
(Martin et al. 2006; Hua et al. 2012). CrPic binds to insu-
lin receptor increasing tyrosine kinase activity, and hence, 
the downstream molecules such as AKT/PI3K are activated 
and GSK-3β is subsequently inactivated (Desbois-Mouthon 
et al. 2001; Hua et al. 2012). Chromium salt has been proved 
to ameliorate diabetic symptoms by increasing the levels 
of antioxidant enzymes (Anderson et al. 2001). The anti-
oxidant and anti-inflammatory activities of CrPic are medi-
ated through Nrf2 and NFκβ pathway, by increasing and 
decreasing their activities, respectively (Sahin et al. 2012; 
Selcuk et al. 2012). CrPic was found to be non-toxic in rats 
weighing 200–250 gm even after 3 mg consumption daily for 
20 weeks (Franklin and Odontiadis 2003). Previous studies 
also support the protective effect of chromium picolinate in 

depression, anxiety (Dubey et al. 2015), and diabetic brain 
(Sahin et al. 2012).

However, to date, the neuroprotective effects of CrPic 
remain to be investigated in AD. Therefore, in the present 
study, we investigated the primary effect of CrPic by target-
ing IRS-1/PI3K/AKT/GSK-3β pathway of insulin signaling 
in the ICV-STZ model of AD which closely mimics insulin 
signaling impairment and insulin resistance.

Materials and methods

Animals

Male Wistar rats (210–280 g) of 8–10 weeks of age were 
acquired from Central Animal House, Panjab University, 
Chandigarh. Rats were housed in a pathogen-free environ-
ment. Animals were kept in polypropylene breeding cages 
containing paddy husk bedding. Food and water were 
given regularly. The habitation of animals was done for 
3–4 months at 12 h alternate dark/light cycles, and tem-
perature maintained at 25 ± 5 °C irrespective of the outside 
weather. Normal humidity of the room for animals was 
55 ± 10%. All the experiments were carried out between 
9 a.m. and 5 p.m. in a controlled environment.

Guidelines of Committee for the Purpose of Control and 
Supervision of Experiments on Animals (CPCSEA) were 
followed during the whole process of experimental work. 
The study protocol was approved by the Institutional Ani-
mal Ethics Committee (IAEC) with approval no: PU/45/99/
CPCSEA/IAEC/2018/99.

Drugs and chemicals

Streptozotocin (STZ) (CAS No.18883-66-4) was purchased 
from SRL Pvt. Ltd. India. Chromium picolinate (CrPic) 
was purchased from Research Lab Fine Chem Industries, 
Mumbai, India. Rivastigmine tartrate was purchased from 
Sun Pharma Laboratories Ltd. STZ was given in artificial 
CSF (2.9 mM KCl, 147 mM NaCl, 1.7 mM  CaCl2, 1.6 mM 
 MgCl2, and 2.2mMD-glucose). Ketamine and xylazine 
were injected as a cocktail. The doses of CrPic (Mozaffari 
et al. 2005; Sundaram et al. 2013; Dubey et al. 2015) and 
rivastigmine (Sachdeva et al. 2014) were decided based on 
previously reported studies. All the solutions were freshly 
prepared and all the chemicals used were of analytical grade.

Experimental animal groups and protocol design

Adult male Wistar rats (n = 64) were selected and randomly 
divided into eight groups comprising of eight animals in 
each group. Behavioral tests, and biochemical and molecular 
estimations were performed as per the experimental design 
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(Fig. 1). All the treatments to the animals were started from 
9:30 a.m. every day in the experimental laboratory during 
the whole experimental protocol.

Group 1 Normal control animals referred to as naive 
animals received distilled water by oral gavage for 21 days, 
starting from day 1, i.e., on the next day of surgery of other 
parallel groups. Although, surgery was not performed in this 
group.

Group 2 Sham control animals were injected with ICV-
artificial cerebrospinal fluid (aCSF) in a volume of 4 µl bilat-
erally by surgical procedure on a stereotaxic apparatus and 
received distilled water by oral gavage for 21 days, starting 
from day 1, i.e., on the next day of surgery.

Group 3 Negative control animals were injected with 
ICV-STZ dissolved in aCSF (3 mg/kg, 4 µl) bilaterally on 
a stereotaxic apparatus and received distilled water by oral 
gavage for 21 days, starting from day 1, i.e., on the next day 
of surgery.

Group 4 ICV-STZ-induced animals were given the lowest 
dose (1 mg/kg) of the test drug, i.e., CrPic by oral gavage for 
21 days, starting from day 1, i.e., on the next day of surgery.

Group 5 ICV-STZ-induced animals were given the 
medium dose (2 mg/kg) of CrPic by oral gavage for 21 days, 
starting from day 1, i.e., on the next day of surgery.

Group 6 ICV-STZ-induced animals were given the high-
est dose (4 mg/kg) of Cr.Pic by oral gavage for 21 days, 
starting from day 1, i.e., on the next day of surgery.

Group 7 ICV-STZ-induced animals were treated with 
rivastigmine (2 mg/kg) by oral gavage for 21 days, starting 
from day 1, i.e., on the next day of surgery. This group was 
referred to as positive control where rivastigmine acted as 
reference standard drug.

Group 8 In the per se group, no stereotaxic surgery was 
performed and no ICV-STZ was administered. The high-
est dose of CrPic (4 mg/kg) was given by oral gavage for 
21 days starting from day 1, i.e., on the next day of surgery.

Intracerebroventricular streptozotocin 
administration through stereotaxic surgery

Streptozotocin was administered intracerebroventricularly 
in rats using a stereotaxic apparatus. Rats were anesthetized 
with ketamine (60 mg/kg, i.p.) + xylazine (10 mg/kg, i.p). 
The head was shaved and then positioned in a stereotaxic 
frame, so that the scalp is tightened and straight. A mid-
line sagittal incision was made on the scalp with a sharp 
scalpel blade. Bregma was located by removing the layer 
of connective tissue over the skull and cleaned with saline. 

Fig. 1  Experimental design
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Coordinates such as 0.8 mm posterior to bregma, 1.5 mm 
lateral to sagittal suture on both left and right sides, and 
3.6 mm beneath the surface of the skull were adjusted digi-
tally. A burr hole was drilled with a driller through the skull 
on both sides over the lateral ventricle taking care that no 
blood leaks out. Microlitre Hamilton syringe was filled with 
STZ or aCSF up to 8 µl mark. Bilateral injection of STZ 
(3 mg/kg) dissolved in aCSF was slowly administered in a 
volume of around 4 µl on each side with a speed of almost 
1 µl/min. While administration, the syringe was kept fully 
upright. After delivering, it was kept as such for 1–2 min 
to evade expulsion of the injectable substance. The animal 
was then taken out of the apparatus. Within 1–2 min, den-
tal cement and fixer were applied over the injected place 
to fill the drilled hole, which is then removed after cement 
gets dried. The incised skin was stitched with black surgical 
thread and suturing needle, followed by the application of 
betadine over it. Saline was applied to the eyes to avoid dry-
ness. Betadine and antiseptic were applied over the stitched 
area for 3–4 days to combat infection. Sham group animals 
received the same volume of aCSF and the same procedure 
was followed (Sharma and Gupta 2002).

Behavioral assessments

Close field activity (CFA)

On day 14, in an actophotometer, locomotor or closed field 
activity was determined. Actophotometer is a square box-
shaped (30 × 23 × 22 cm3) arena, enclosed from all the sides 
and a lid on the top of it. It comprises of 16 infrared photo-
cells on the front side of the chamber, 8 each at a height of 
3 cm and 9 cm, respectively (IMCORP, Ambala, India). For 
the assessment of locomotor activity, rats were first acclima-
tized for 2–3 min inside the chamber, and then, the photocell 
counter was switched on to record the readings for ambula-
tion and rearing. The light from the photocell was cut when 
the animal comes across it and the counts of readings were 
recorded automatically. For the record of reading, each ani-
mal was kept in the actophotometer for 5 min., and ambula-
tory as well as rearing scores were noted down. After taking 
off the animal from the chamber, the floor was cleaned with 
70% ethanol. The scores for both ambulations and rearings 
were counted to determine the locomotor activity (Sachdeva 
et al. 2014).

Novel object recognition (NOR)

NOR was performed on days 15 and 16 to determine the 
recognition or associative memory by evaluating the rec-
ognition or discrimination ability of rats for two different 
objects (Antunes and Biala 2012). In a circular open field of 
diameter 50 cm and a wall of height 40 cm, with moderate 

daylight, training of the rats was done for 2–3 min on day 15. 
Rats were habituated and familiarized with the area. On the 
same day, another training was done with two similar objects 
of 10 cm height, rectangular in shape, red color cap, and 
white color body with a smooth texture. Objects were kept 
and fixed with tape on the floor of the arena at a distance 
of 10 cm from the wall. The two objects were distanced by 
almost 20 cm from each other. Each animal was put in the 
circular arena facing the head towards the wall and kept for 
5 min to explore and get familiarized with the two similar 
objects. Exploration of the objects was considered when the 
animals directed the nose towards the object at a distance 
less than or equal to 2 cm, sniffed the object, or touched 
the object while looking at it. The whole process was video 
recorded. The animal was taken off from the arena. The 
whole areas, as well as the objects, were cleaned with 70% 
ethanol to exclude the olfactory cues for the animals.

On the next day, i.e., day 16, one familiar object was 
replaced with a novel object of round shape, grey color, 
rough texture, and the almost same height of the familiar 
object. This novel object was kept at the same place and 
fixed in the same way as the earlier familiar object. Video 
recording of animals was done, while they were explor-
ing the objects. While counting the exploration time, the 
experimenter was blind to the treatments of the rats. Time 
to explore the familiar and novel object was determined. 
Discrimination index (DI) was calculated according to the 
following formula (Antunes and Biala 2012):

Here, Tn and Tf represent the time to explore the novel and 
familiar object, respectively.

Morris water maze (MWM)

MWM was performed for 5 days on days 17–21 for the eval-
uation of spatial learning and memory (Morris et al. 1982). 
The training period lasted for 4 days followed by probe trial 
on the 5th day of MWM.

MWM is a circular tank having dimensions of 180 cm 
diameter and 60 cm height. The whole tank was divided into 
four quadrants by two white threads tied over the top brim of 
the tank. In one of the quadrants, a square-shaped platform 
of area 12 cm2 and a height 38 cm was kept. The tank was 
filled to almost 2/3rd with water (28 ± 2 °C) to hide the plat-
form just 2 cm below the water surface to make it invisible 
to rats. The platform was kept in the fourth quadrant referred 
to as the target quadrant. Rats were trained for 4 days to 
navigate the hidden platform. These trainings were done by 
putting the rat in each of the quadrants starting from the first 
quadrant. While putting, the face of the animals was kept 
towards the wall of the tank and the starting location was 
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chosen close to the wall. The wall is marked with different 
signs and colors on each quadrant as a clue for animals to 
navigate and locate the platform. A total of four trials were 
done for each animal in each quadrant for 4 days.

For the trial, rats were allowed to swim for 90 s, taken 
as cut-off time. If the animal could not locate the platform 
in 90 s, then it was guided to the platform manually with a 
wooden stick. The animal was left on the platform for 15 s 
before returning it to the home cage. If the animal finds the 
platform in 90 s or less than 90 s, then that time was counted 
as escape latency. This parameter was noted down for the 
first 4 days of the trial.

While performing the probe trial on the final day, i.e., 
on the 5th day of MWM, the platform was taken off from 
the tank. The probe trial was done for 60 s for each animal 
and in all the four quadrants. The parameters assessed were 
time spent in the target quadrant (TSTQ) and the number of 
entries in the target quadrant (NETQ) (Morris 1984).

Biochemical assessments

Homogenization of cortex and hippocampus

On day 22, animals were anesthetized with ketamine (60 mg/
kg, i.p.) + xylazine (10 mg/kg, i.p) followed by decapitation. 
The brain was immediately removed, and the tissues of cor-
tex and hippocampus were dissected on an ice plate. All the 
tissues were divided into two halves, washed with ice-cold 
PBS, and immediately stored at − 80 °C for 2–3 days. The 
entire animal tissues in each group were again randomly 
grouped into two sets. One set of already halved tissues 
were processed for biochemical and mitochondrial estima-
tions, and the second set of halved tissues were processes 
for ELISA and qRT-PCR. Later, tissues were homogenized 
in a chilled phosphate buffer (pH 7.4). The white-colored 
thick homogenate was obtained which was then centrifuged 
at 10,000g at 4 °C for 20 min. The supernatant was collected 
for assessment of biochemical parameters, mitochondrial 
activity, and ELISA. Hippocampal tissues for qRT-PCR 
were kept in RNA later (Qiagen) at − 80 °C.

Protein quantification

Quantification of protein was done with the help of the biuret 
method (Gornall et al. 1949), and the concentration (mg/ml) 
was determined with the help of a Bovine serum albumin 
standard curve. This value of protein was used in the calcula-
tion of all other biochemical parameters.

Reduced glutathione (GSH) assay

For GSH assay, 100 µl of the supernatant of tissue homoge-
nate was added to 1 ml of 4% w/v sulfosalicylic acid. The 

precipitate was formed and the reaction mixture was kept at 
temperature 2–8 °C in the refrigerator. After 1 h, samples 
were centrifuged in a cold centrifuge, i.e., 4 °C; at a rota-
tion of 1200g for 15 min. Pellet was discarded to obtain 
the supernatant. Furthermore, 100 µl of this supernatant, 
2.7 ml of 0.1 M phosphate buffer (pH 8) and 200 µl of 0.1 M 
5,5-dithiobis-2-nitrobenzoic acid (DTNB-Ellman’s rea-
gent) was mixed to produce a pale yellow color. The color 
produced was read at 412 nm with the help of a UV–vis-
ible spectrophotometer (Perkin Elmer, USA). The calcula-
tion was done by applying the molar extinct coefficient of 
1.36×104 M−1 cm−1 and results were expressed as µM GSH 
per mg protein (Jollow et al. 1974).

Catalase assay

Catalase assay was performed by forming a mixture of 
50 µl of tissue supernatant and 3 ml  H2O2-phosphate buffer 
(50 mM phosphate buffer, pH adjusted to 7.0, and 12.5 mM 
hydrogen peroxide-H2O2 in the phosphate buffer). Absorb-
ance was read immediately at 240 nm for 2 min at each 
60 s. time interval. Absorbance change was determined and 
results were expressed as µM of  H2O2 decomposed per min 
per mg protein (Claiborne 1985).

Superoxide dismutase (SOD) assay

For SOD assay, solution A is made as 50 mM sodium car-
bonate in 0.1 mM ethylene diamine tetraacetic acid (EDTA) 
of pH adjusted to 10.8. Solution B consists of 96 mM Nitro 
blue tetrazolium (NBT) in solution A. Solution C is 20 mM 
hydroxylamine hydrochloride of pH 6.

Furthermore, the tissue supernatant was added to 2 ml 
solution B, followed by the addition of 500 µl solution C, 
which led to auto-oxidation of hydroxylamine hydrochlo-
ride. The absorbance was measured at 560 nm at each 30 s. 
Interval for 2 min and the change in absorbance was noted 
down. The calculation was done and results were expressed 
as SOD units per mg protein (Kono 1978).

Glutathione peroxidase (GPX) assay

For the estimation of glutathione peroxidase, a total 2 ml 
mixture comprising of 1.44 ml of 0.5 M phosphate buffer 
(pH 7.0), 100 µl of 1 mM EDTA, 100 µl of 1 mM sodium 
azide, 50 µl of glutathione reductase (1 eu/ml), 100 µl of 
1 mM glutathione, 100 µl of 2 mM NADPH, and 10 µl of 
0.25 mM hydrogen peroxide  (H2O2) was made. To this 
whole mixture, 100 µl of the sample of tissue supernatant 
was added and absorbance readings were immediately meas-
ured at 340 nm for 2 min at each 60 s. interval. Absorb-
ance change was noted down and calculated values were 
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expressed as nanomoles of oxidized NADPH per min per 
mg protein (Lawrence and Burk 1976).

Protein carbonylation (PCO) assay

For the estimation of PCO, 20 µl of dinitrophenylhydrazine 
(DNPH) was added to 100 µl of tissue supernatant sample, fol-
lowed by vortexing. The mixture was left in a dark place for 
60 min. Vortexing was done at each 15 min interval. After the 
final vortexing at 1 h, 120 µl of 20% trichloroacetic acid (TCA) 
was added. It was incubated on ice for 15 min. Then, centrifu-
gation was done at 10,000g for 5 min at 4 °C. The supernatant 
obtained after centrifugation was discarded and the pellet was 
collected. Pellet was washed twice with 100 µl of TCA by vor-
texing and centrifugation in the same way as above. Again, the 
pellet obtained was washed with 100 µl of ethyl acetate:ethanol 
(1:1) mixture by vortexing and centrifugation in the same way 
as above. Finally, after discarding the supernatant, the pellet 
was dried for 5 min. The dried pellet was then dispersed in 6 M 
guanidine. It was then kept for incubation in a shaker at room 
temperature for 30 min. Absorbance was recorded at 366 nm 
in a UV–visible spectrophotometer (Colombo et al. 2016). Cal-
culations were done and results were expressed as nanomoles 
of PCO per mg protein.

Lipid peroxidation (LPO) assay

Malonaldehyde (MDA) is a substance formed as a product 
of lipid peroxidation which indicates oxidative stress. For 
the LPO assay, 100 µl of tissue homogenate supernatant was 
added to 100 µl of 0.1 M Tris–HCl (pH 7.4). This mixture 
was incubated at 37 °C for 2 h. After incubation, 200 µl of 
10% TCA was added to this mixture. Then, centrifugation 
was done at 1000g for 10 min. 200 µl of supernatant was 
collected and, 200 µl of 0.67% w/v thiobarbituric acid (TBA) 
was added to it. Furthermore, all the samples were kept in 
boiling water for 10 min. The pink color was produced. It 
was cooled followed by the addition of 200 µl of distilled 
water. Measurement of absorbance was done at 532 nm on a 
UV–visible spectrophotometer. Calculations were done and 
results were expressed as nanomoles of MDA per mg protein 
(Wills 1966).

Nitrite assay

For nitrite assay, equal volumes, i.e., 100  µl of tissue 
homogenate sample, were mixed with 100 µl of Griess rea-
gent (0.1% naphthyl ethylenediamine dihydrochloride + 1% 
sulphanilamide in 5% phosphoric acid). This mixture was 
incubated at 25–30 °C for 10 min in a dark place. Absorb-
ance readings were taken in a UV–visible spectrophotometer 
at 540 nm. Nitrite concentrations were interpreted from a 

standard curve of sodium nitrite solution and results were 
expressed as µg of nitrite per mg protein (Green et al. 1982).

Acetylcholinesterase assay

For assessing the activity of acetylcholinesterase, 50 µl of 
the tissue sample, 3 ml of 0.01 M sodium phosphate buffer 
(pH 8), 100 µl of Ellman’s reagent (DTNB), and 100 µl of 
acetylthiocholine iodide (AThChI) were mixed. Immedi-
ately, absorbance was measured at 412 nm every 30 s for 
2 min. Results were expressed as µM of AThChI hydrolyzed 
per min per mg protein (Ellman et al. 1961).

Assessments for mitochondrial complexes

Isolation of mitochondria

Tissue was homogenized in isolation buffer (215 mM manni-
tol, 75 mM sucrose, 0.1% Bovine serum albumin, and 20 mM 
HEPES) made in double-distilled water (DDW), pH adjusted 
to 7.2 by KOH. Centrifugation was done at 10,000g at 4 °C for 
5 min. Pellet was collected after discarding the supernatant. 
The pellet was resuspended in isolation buffer with EGTA and 
centrifugation was done at 13,000g at 4 °C for 5 min. This 
process was repeated thrice. The final pellet was resuspended 
in 1 ml digitonin followed by incubation at room temperature 
for 10 min. It was again centrifuged at 13,000g for 10 min. 
In the last step, the pellet was resuspended in isolation buffer 
without EGTA. This was used for the estimation of mitochon-
drial complexes (Berman and Hastings 1999).

Mitochondrial complex I activity

NADH dehydrogenase (complex I) activity was determined 
by forming a mixture of 350 µl of 0.2 M glycyl glycine 
buffer, 100 µl of 10.5 mM Cytochrome-C, 100 µl of 6 mM 
NADH, 2.4 ml DDW, and 20 µl of 0.02 M sodium bicar-
bonate. 10 µl isolated mitochondrial sample was added to 
this mixture. Absorbance was immediately measured in 
a UV–visible spectrophotometer at each 60 s. interval for 
3 min. Change in OD was noted down. Then nanomoles of 
NADH oxidized per min per mg protein was calculated by 
applying the values of change in absorbance and extinction 
coefficient (King and Howard 1967).

Mitochondrial complex II activity

Succinate dehydrogenase (complex II) activity was deter-
mined by forming a mixture of 1.5 ml of 0.2 M sodium 
phosphate buffer (pH 7.8), 200 µl of 0.6 M succinic acid, 
300 µl of 1% BSA, 25 µl of 0.03 M potassium ferricya-
nide, and 1.75 ml of DDW. 25 µl of mitochondrial sam-
ple was added to this mixture and readings were taken 
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immediately at 420 nm in a UV–visible spectrophotometer 
at each 60 s interval for 3 min. Calculated values were shown 
as nanomoles of substrate activity per min per mg protein 
(King 1967).

Mitochondrial complex III activity (MTT assay)

This assay is also referred to as 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-H-tetrazolium bromide (MTT) assay. 10 µl of 
MTT was added to 100 µl of the mitochondrial homogenate. 
It was incubated for 3 h at 37 °C. Here, pale yellow-colored 
MTT gets converted to formazan crystal. Crystals were 
solubilized by the addition of a little amount of dimethyl 
sulfoxide (DMSO-50%). The purple color was produced 
which was immediately measured at 580 nm wavelength on 
an ELISA reader (Mosmann 1983; Surin et al. 2017).

Mitochondrial complex IV activity

Cytochrome-C oxidase (complex IV) was estimated by form-
ing a mixture of 100 µl of 0.3 mM reduced Cytochrome-C 
(reduction was achieved by sodium borohydride crystals, 
pH adjusted to 7.0 by 100 mM HCl), and 700 µl 75 mM 
phosphate buffer. 10 µl mitochondrial sample was added to 
this and absorbance was recorded immediately at 550 nm for 
180 s at an interval of every 60 s. Calculations were done 
and results were expressed as nanomoles of cytochrome-C 
oxidized per min per mg protein (Sottocasa et al. 1967).

Molecular estimations

Enzyme‑linked immunosorbent assay (ELISA)

For the estimation of inflammatory cytokines such as TNF-
α, IL-6, and CRP, ELISA was performed only in the hip-
pocampus region as it is the major site for learning and 
memory.

Tumour necrosis factor‑α (TNF‑α) TNF-α was estimated in 
rat hippocampus by Ray Bio rat TNF-α sandwich immuno-
assay kit (catalog #: ELR-TNFalpha-001). The monoclonal 
antibody was precoated on the ELISA plate specific for the 
estimation of TNF-α. 100 µl of the tissue homogenate of the 
hippocampus was added to each well of the plate. Covered 
with aluminum foil and incubated for 2.5 h at room tempera-
ture. Samples were discarded and washed four times with 
300 µl 1 × wash buffer. 100 µl of 1 × biotinylated antibody 
was added and incubated for 1  h. The washing step was 
repeated as above. Then, 100 µl streptavidin solution was 
added to the wells, followed by 45 min incubation at room 
temperature. Washing was repeated. 100 µl 3,3′,5,5′-Tetra-
methylbenzidine (TMB) was added and incubated for 
30 min in dark. 50 µl stop solution was added to stop the 

reaction and absorbance was recorded at 450 nm on ELISA 
reader. Results were expressed as pg/ml.

Interleukin‑6 (IL‑6) Estimation of IL-6 was done by Ray Bio 
rat IL-6 ELISA kit (catalog #: ELR IL-6-001). According to 
the instructions of the manufacturer, 100 µl tissue homoge-
nates of the hippocampus were added to each well of the 
microplate. It was incubated for 1 h room at temperature. 
The samples were then discarded by washing with 200 µl 
washing buffer, repeating the same for four times. The plate 
was tapped on an absorbent paper. Streptavidin solution was 
pipetted to the wells in a volume of 100 µl. It was kept for 
incubation for 45 min at room temperature. Washings were 
repeated. 100 µl TMB one-step substrate reagent was added 
to the wells, followed by incubation for 30 min at room tem-
perature. 50 µl of stop solution was added to stop the final 
reaction. Absorbance measurement was done at 450 nm on 
the ELISA reader. Results were expressed as ng/ml.

C‑reactive protein (CRP) CRP was quantified by the Assay-
pro rat CRP immunoassay kit (catalog #: ERC1001-1), USA 
following the manufacturer’s instructions. The hippocam-
pus sample in a volume of 50 µl was pipetted to the wells of 
a microplate. Covered and incubated for 2 h. Then, five-time 
washings were done with 200 µl wash buffer. The plate was 
inverted; shook and samples in wells were decanted. 50 µl 
biotinylated rat CRP antibody was added. Washings were 
repeated, followed by the addition of 50 µl streptavidin-per-
oxidase. Incubated for 30 min and washings were repeated 
in the same way as above. 50 µl of chromogen substrate was 
added and incubated for 12 min. Finally, 50 µl of stop solu-
tion was added and the color was changed from blue to yel-
low. Absorbance was recorded at 450 nm on ELISA reader. 
Calculations were done and CRP was expressed as ng/ml.

Quantitative RT‑PCR

For the determination of gene expression of IRS-1, PI3-K, 
AKT, GSK-3β, BDNF and NF-κB, q-RT-PCR was per-
formed only in the hippocampus region as it is the major 
site for learning and memory.

RNA isolation, complementary DNA synthesis, and quantita‑
tive RT‑PCR The tissue sample of the hippocampus stored at 
– 80 °C was suspended in RNA later for RNA stabilization. 
(Guerrero et al. 2012). Homogenization of the samples was 
done in Trizol reagent (Thermo Fisher Scientific, catalog#: 
15596026) to extract and isolate RNA from the hippocam-
pus. Chloroform was added to the homogenate to segregate 
the organic and aqueous layers. After this, isopropanol was 
added to obtain the RNA from the aqueous phase in the 
form of a precipitate. Extracted RNA was finally confirmed 
with the help of gel electrophoresis by running on 1% aga-
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rose gel. Quantification of RNA was done by Infinite VRM 
200 Pro Nano Quant (Tecan, Switzerland).

cDNA synthesis was done using the RT-first strand syn-
thesis kit (iScript cDNA Synthesis Kit, Bio-rad, catalog#: 
170-8891). Here, RNA was reverse transcribed to cDNA 
with the help of reverse transcriptase.

The primer sequence of genes was designed (Table 1). 
Expression of different target genes such as IRS-1, PI3K, 
AKT, GSK-3β, BDNF, and NFκB compared to housekeep-
ing control gene β-actin, was determined by qRT-PCR. 
This was achieved by taking cDNA as a template (Applied 
Biosystems 7500 Fast Real-Time PCR machine) and with 
the help of SYBR green (iTaq Universal SYBR Green 
Supermix, Bio-rad, catalog#: 172-5120). The repeated 
thermal cycles were set as follows: 95  °C for 10 min. 
Then, at 95 °C, 40 cycles were repeated followed by 60 °C 
for 1 min. Calculations were done applying the  2−ΔΔCt 
formula. Calculated results were shown as fold change or 
relative gene expression compared to the control group.

Statistical analysis

The average or mean values of each parameter were 
determined. Standard deviation and standard error mean 
(SEM) were also calculated. The parameters like escape 
latency, and biochemical and mitochondrial estimations 
were analyzed by two-way ANOVA followed by Bon-
ferroni’s post hoc test. While, the rest of the parameters 
like NETQ, TSTQ, DI, CFA, ELISA, and qRT-PCR were 
analyzed by one-way ANOVA followed by Tukey’s test. 
Data expression was done as mean ± SEM. All the results 
were considered to be significantly different if the P 
value < 0.05.

Results

Effect of CrPic on locomotor activity or closed field 
activity evaluated by actophotometer

Rearings (Fig. 2a) and ambulations (Fig. 2b) in actophotom-
eter were not significantly changed among various groups.

Effect of CrPic on cognitive functions in ICV‑STZ 
rats evaluated by novel object recognition (NOR) 
and Morris water maze (MWM)

Recognition or associative memory was assessed by NOR. 
The parameter for the same was the discrimination index 
(DI). The results showed that in the case of DI, it was 
significantly less in the ICV-STZ group (P < 0.001) as 
compared to the normal control group. All three doses of 
CrPic as well as Riv (2 mg/kg) significantly increased DI 
(P < 0.001) as compared to the ICV-STZ group (Fig. 3).

Spatial memory was evaluated by determining escape 
latency in MWM. It was found that there was no signifi-
cant change on day 1 of the trial phase. However, on days 
2, 3, and 4, escape latency was significantly higher in the 
ICV-STZ group compared to the normal control group 
(P < 0.001). All the three doses of CrPic (1 mg/kg, 2 mg/kg, 
4 mg/kg) and Riv (2 mg/kg) significantly decreased escape 
latency on day 4 (P < 0.001) (Fig. 4a). The number of entries 
in the target quadrant (NETQ) was significantly decreased 
in the ICV-STZ group (P < 0.01) compared to the control 

Table 1  Sequence of forward 
and reverse primers for the 
housekeeping gene and target 
genes

Primer Forward primer sequence 5′–3′ Reverse primer sequence 5′–3′

β-actin CCC ATC TAT GAG GGT TAC GC TTT AAT GTC ACG CAC GAT TTC 
IRS-1 CCT TTC CCT CTG GGC ATG AAA GAC GAG GTA GCT GCG CCA A
PI3-K AAC ACA GAA GAC CAA TAC TC TTC GCC ATC TAC CAC TAC 
AKT TCT ATG GCG CTG AGA TTG TG CTT AAT GTG CCC GTC CTT GT
GSK-3β GCA TTT ATC ATT AAC CTA GCA CCC ATT TTC TTT CCA AAC GTG ACC 
BDNF CCG GCT GGT GCA GGA AAG GGG TAA ACC CGA TTC CCT GG
NFκB ATG GCA GAC GAT GAT CCC TAC CGG AAT CGA AAT CCC CTC TGTT 
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Fig. 2  Effect of CrPic and rivastigmine on a ambulation and b rear-
ing in actophotometer: analysis of data was done using one-way 
ANOVA, followed by Tukey’s post hoc analysis. All the values were 
expressed as mean ± SEM
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group. Significantly increased entry (P < 0.01) in the target 
quadrant was observed with CrPic (4 mg/kg) and Riv (2 m/
kg) as compared to the ICV-STZ group (Fig. 4b). Time spent 
in target quadrant (TSTQ) in ICV-STZ group was found to 
be significantly decreased (P < 0.001) as compared to normal 
control group, which was again increased (P < 0.01) with 
CrPic (2 mg/kg, 4 mg/kg) and Riv (2 mg/kg) (Fig. 4c).

Effect of CrPic on antioxidant enzymes evaluated 
by the levels of GSH, catalase, SOD, and GPx

GSH level was significantly lower in the cortex (P < 0.001) 
and hippocampus (P < 0.01) regions in ICV-STZ-induced 
animals as compared to the normal control group. The high-
est dose of CrPic (4 mg/kg) significantly increased the GSH 
level in the cortex (P < 0.01) and hippocampus (P < 0.05) 
as compared to the ICV-STZ group. Riv (2 mg/kg) also 
increased the GSH level significantly (P < 0.001) in both 
the regions of the brain (Fig. 5a).

The estimation of catalase revealed significantly dimin-
ished catalase activity in cortex (P < 0.01) and hippocampus 
(P < 0.001) in the ICV-STZ group as compared to the normal 
control group. Furthermore, treatment with test and standard 
drugs did not produce a significant change in catalase activ-
ity in the cortex, while the hippocampus region showed a 
significantly increased level (P < 0.01) with Riv (2 mg/kg) 
treatment (Fig. 5b).

Superoxide dismutase (SOD) activity was found to be 
significantly decreased (P < 0.001) in the ICV-STZ group 
as compared to the normal group in both the regions of cor-
tex and hippocampus. CrPic (4 mg/kg) and Riv (2 mg/kg) 
showed significant increase (P < 0.05) in SOD level in hip-
pocampus region (Fig. 5c).

The other antioxidant enzyme, glutathione peroxidase 
(GPX), was found to be significantly decreased (P < 0.001) 
in both the regions of cortex and hippocampus in ICV-STZ 
rats as compared to the normal control group. Furthermore, 
the GPX level was significantly elevated (P < 0.001) by all 
the three doses of CrPic as well as Riv (2 mg/kg) in both the 
respective regions (Fig. 5d).

Effect of CrPic on oxidative and nitrosative stress 
evaluated by the levels of PCO, MDA, and nitrite

PCO was significantly increased (P < 0.001) in the ICV-
STZ group in the regions of cortex and hippocampus. CrPic 
(1 mg/kg and 2 mg/kg) reversed it significantly (P < 0.05) as 
well as CrPic (4 mg/kg), Riv (2 mg/kg) also reduced PCO 
levels (P < 0.001) in cortex and hippocampus (Fig. 6a).

Lipid peroxidation, measured by MDA levels, was sig-
nificantly increased (P < 0.001), in the cortex and hippocam-
pus in the ICV-STZ group compared to the control group. 
Treatment with different doses of CrPic and Riv (2 mg/kg) 
significantly attenuated the MDA levels in both the regions 
except CrPic (1 mg/kg) which did not produce a significant 
decrease level in the hippocampus (Fig. 6b).

On the other hand, the nitrite level was found to be sig-
nificantly higher (P < 0.001) in the ICV-STZ group as com-
pared to the control group in the cortex and hippocampus 
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Fig. 4  Effect of CrPic and rivastigmine on a escape latency, b num-
ber of entries in the target quadrant, and c time spent in the target 
quadrant, in MWM: analysis of data for escape latency was done 
using two-way ANOVA followed by Bonferroni’s post hoc analysis 
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regions. Nitrite level was significantly decreased by all three 
doses of CrPic and Riv (2 mg/kg) in the cortex (P < 0.001). 
CrPic (4 mg/kg) and Riv (2 mg/kg) significantly decreased 
nitrite levels in the hippocampus as compared to the ICV-
STZ group (Fig. 6c).

Effect of CrPic on AchE activity

AchE activity was done to estimate the acetylcholine 
level. This enzyme is responsible for metabolizing ace-
tylcholine. AchE activity was significantly enhanced in 
ICV-STZ injected group (P < 0.001) in both cortex and 
hippocampus regions of the brain. None of the doses of 
CrPic could reverse the AchE activity. However, rivastig-
mine was found to produce a significant decrease in AchE 
levels (P < 0.001) in the cortex and hippocampus (Fig. 7).
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Fig. 5  Effect of CrPic and Rivastigmine on antioxidant system a 
GSH, b catalase, c SOD, and d GPX: analysis of data was done using 
two-way ANOVA followed by Bonferroni’s post hoc analysis. All the 
values were expressed as mean ± SEM. *p < 0.05 as compared to the 
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Effect of CrPic on mitochondrial dysfunction 
evaluated by the mitochondrial complexes I, II, III, 
and IV activity

Activities of all the four mitochondrial complexes were 
significantly decreased (P < 0.001) in cortex and hip-
pocampus regions as compared to the control group.

Complex I (Fig. 8a) activity was significantly reversed 
by the treatment with CrPic (1 mg/kg) (P < 0.05), CrPic 
(2 mg/kg) (P < 0.01), CrPic (4 mg/kg) (P < 0.001), and 
Riv (2 mg/kg) (0.001) in the hippocampus region. While, 
complex II (Fig. 8b) activity was significantly reversed 
by the treatment with CrPic (2 mg/kg) (P < 0.01), CrPic 
(4 mg/kg) (P < 0.001), and Riv (2 mg/kg) (0.001) in the 
hippocampus region. All the reversals by the treatment 
were in comparison to the ICV-STZ group. Cortex region 
did not show a significant difference in complex I and 
complex II activities.

Treatment with CrPic (2 mg/kg and 4 mg/kg) and Riv 
2 mg/kg significantly produced an increase in percentage 
complex III activity, i.e., MTT assay in the cortex (P < 0.05) 
and hippocampus (P < 0.001) regions as compared to the 
ICV-STZ group (Fig. 8c). Furthermore, complex IV activ-
ity was also significantly improved by CrPic (1 mg/kg) 
(P < 0.01) and CrPic (2 mg/kg), CrPic (4 mg/kg), and Riv 
2 mg/kg (P < 0.001) in cortex and hippocampus as compared 
to the ICV-STZ group (Fig. 8d).

Effect of CrPic on neuroinflammation evaluated 
by ELISA of TNF‑α, IL‑6, and CRP

TNF-α, IL-6, and CRP were evaluated in the hippocampus 
and results indicated significantly elevated levels of above 
three markers in the ICV-STZ group (P < 0.001) compared 
to the normal control group.

However, TNF-α level was decreased significantly with 
the treatments with CrPic (2 mg/kg) (P < 0.01), CrPic (4 mg/
kg), and Riv (2 mg/kg) (P < 0.001) as compared to ICV-STZ 
group (Fig. 9a).
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Fig. 8  Effect of CrPic and rivastigmine on mitochondrial dysfunction 
as a complex I, b complex II, c complex III, and d complex IV: analy-
sis of data was done using two-way ANOVA followed by Bonferro-
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CrPic (1 mg/kg) (P < 0.01) significantly decreased IL-6 
level, while other doses like CrPic (2 mg/kg and 4 mg/kg) 
and Riv (2 mg/kg) produced even better and improved rever-
sal (P < 0.001) (Fig. 9b).

The dose of CrPic (1 mg/kg) (P < 0.05), CrPic (2 mg kg) 
(P < 0.01), CrPic (4 mg/kg), and (Riv 2 mg/kg) (P < 0.001) 
produced significant result in terms of decreasing CRP 
level in hippocampus as compared to ICV-STZ-induced 
rats (Fig. 9c).

Effect of CrPic on gene expressions of IRS‑1, PI3‑K, 
AKT, GSK‑3βBDNF, and NFκB evaluated by qRT‑PCR

Gene expression analysis of IRS-1, PI3-K, AKT, GSK-3β, 
BDNF, and NFκB was done in the hippocampus region 
using qRT-PCR. It was found that expressions of IRS-1 
(P < 0.001), PI3-K (P < 0.05), AKT (P < 0.01), and BDNF 
(P < 0.001) genes were significantly decreased, while 
GSK-3β (P < 0.001) and NFκB (P < 0.001) gene expressions 
were significantly increased in ICV-STZ group as compared 
to the normal control group.

Furthermore, the reversal of gene expression of most 
of the genes was noticed with different doses of CrPic as 

compared to ICV-STZ group as follows. Such as IRS-1 gene 
expression with CrPic (2 mg/kg) (P < 0.01), CrPic (4 mg/kg) 
(P < 0.001) (Fig. 10a); PI3-K gene expression with CrPic 
(4  mg/kg) (P < 0.01) (Fig.  10b); AKT gene expression 
with CrPic (2 mg/kg) (P < 0.01), CrPic (4 mg/kg) (0.001) 
(Fig. 10c); GSK-3β expression with CrPic (1 mg/kg and 
2 mg/kg) (P < 0.01), CrPic (4 mg/kg) (P < 0.001) (Fig. 10d), 
BDNF gene expression with (4 mg/kg) (P < 0.05) (Fig. 10e), 
and NFκB gene expression with CrPic (2 mg/kg and 4 mg/
kg) (P < 0.05).

Discussion

Intracerebroventricular (ICV) injection of streptozotocin 
(STZ) leads to brain insulin resistance and mimics patho-
logical and behavioral alterations of human sporadic AD 
such as cognitive dysfunction, oxidative stress, and mito-
chondrial dysfunction (Salkovic‐Petrisic et al. 2006). Sub-
diabetogenic dose of ICV-STZ leads to oxidative stress, the 
release of inflammatory cytokines, mitochondrial dysfunc-
tion, and impaired insulin signaling (Labak et al. 2010). As 
a result, cortex and hippocampus regions of the brain go 
through insulin signaling impairment, leading to neurode-
generative process, and subsequently, cognitive dysfunction 
occurs. Hence, ICV-STZ represents a model for sporadic 
Alzheimer’s disease (Labak et al. 2010). The limitation of 
this model is that, however, ICV-STZ administration in rats 
produces neuropathological and behavioral disturbances 
resembling sporadic AD; still, there is not complete resem-
blance to actual human sporadic AD and clear mechanistic 
explanations for these phenomena are not established (Grieb 
2016).

In the ICV-STZ model, the features of behavioral abnor-
malities are found in terms of cognitive impairment (Naghi-
zadeh et al. 2013). Our study revealed STZ-induced memory 
impairment which was assessed by Morris water maze and 
novel object recognition test. This result is in line with a 
previous study which demonstrated STZ-induced distortion 
of recognition or associative memory in novel object rec-
ognition test (Espinosa et al. 2013). Treatment with CrPic 
improved spatial memory in MWM and recognition memory 
in NOR. There is the least influence of the treatments on the 
locomotor or exploratory behavior of rats (Sachdeva et al. 
2014). This is concurrent with our finding where there were 
negligible changes in locomotion or closed field activity of 
diseased and treated animals.

There is a strong link between neuroinflammation and 
AD pathogenesis involving glial activation (Rai et al. 2014). 
STZ leads to the formation of neuroinflammatory media-
tors and free radicals (Rai et al. 2013). Free radicals trigger 
neuronal damage through the formation of pro-inflammatory 
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mediators. STZ was found to be responsible for generating 
reactive oxygen species in the forms of peroxides and super-
oxides causing oxidative stress. Furthermore, in our study, 
ICV-STZ decreased levels of antioxidant enzyme system 
comprising reduced glutathione, catalase, superoxide dis-
mutase, and glutathione peroxidase which were in line with a 
previous study (Ishrat et al. 2009). The brain is much vulner-
able to oxidative stress as it is not as abundant as antioxidant 
enzymes. Our findings produced significant results showing 
improved levels of almost all the antioxidant enzymes prov-
ing the antioxidant effect CrPic (Sundaram et al. 2013) as 
well as rivastigmine. Moreover, STZ generates free radicals 
that react with lipid components of cortex and hippocampus 
causing lipid peroxidation (Sharma and Gupta 2003). These 
free radicals also lead to the formation of oxidized adduct 
products of protein, causing protein carbonylation. Both the 
phenomenon depict the state of oxidative stress (Ishrat et al. 
2009). Furthermore, cognitive impairment has been reported 
to be induced by brain oxidative damage in the synapses 
of cortex and hippocampus (Fukui et al. 2002). Our results 
revealed decreased levels of MDA and protein carbonylation 
after treatment with CrPic and rivastigmine. This suggests 
and confirms the oxidative stress neutralizing capacity and 
protective effect of CrPic against STZ.

Neuronal mitochondrial dysfunction might be the conse-
quence or cause of the generation of reactive oxygen species. 
This is also one of the key features present in the ICV-STZ 
model of AD (Saxena et al. 2011). In the present study, the 
activities of the mitochondrial complexes I, II, III, and IV 
got reduced. However, the activities of the mitochondrial 
complexes were enhanced with the treatment of CrPic and 
rivastigmine. This might be responsible for improved energy 
metabolism in the brain.

STZ has been reported to aggravate the activity of acetyl-
cholinesterase in the brain leading to cholinergic dysfunc-
tion (Biasibetti et al. 2013). The enzyme acetylcholinesterase 
breaks down acetylcholine, a neurotransmitter having a role 
in cognition and memory through modulation of synaptic 
transmission (Bitner et al. 2007). Rivastigmine, which is a 
cholinesterase inhibitor, causes a decrease in the activity of 
acetylcholinesterase. However, CrPic could not change its 
level significantly, indicating that it did not improve cogni-
tive functions through the cholinergic pathway.

Neuroinflammation is the core feature of synaptic dys-
function and neurodegeneration in the ICV-STZ model of 
AD. STZ causes the release of pro-inflammatory cytokines 
such as TNF-α and IL-6 through activation of microglia, 
leading to neuroinflammation (Wang et al. 2012; Rai et al. 
2013; Liu et al. 2014; Xiang et al. 2019). Our study revealed 
modulation of neuroinflammation by CrPic through declined 
levels of pro-inflammatory cytokines. The possible mech-
anism for the inhibitory effect of CrPic on the levels of 
TNF-α, IL-6, and CRP could be mediated partially through 
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attenuating oxidative stress pathways as well as inhibiting 
NFκB pathway (Jain et al. 2007; Selcuk et al. 2012). Riv-
astigmine also decreased inflammatory cytokines, concur-
rent with a previous study (Shifrin et al. 2013).

Studies suggest that brain insulin protects the brain 
against neuroinflammation and oxidative stress-induced neu-
rodegeneration (Kamat 2015). STZ causes disturbances in 
brain glucose and energy metabolism due to hindered trans-
location of GLUT 1 and GLUT 3, the main transporters for 
glucose uptake. Glucose being the major fuel of the brain, 
loses its existence up to a certain level, leading to neuro-
degeneration and cognitive impairment (Salkovic‐Petrisic 
et al. 2006).

Furthermore, STZ has been reported to target the genes 
for IRS-1, PI3K, AKT and GSK-3β and causes decreased 
activation of IRS-1, PI3K, AKT, and increased activation 
of GSK-3β (Rajasekar et al. 2017a). GSK3-β activation is 
responsible for tau pathology, a hallmark of the AD model. 
Decreased activation of PI3K/AKT hinders the translocation 
of GLUT 1 and GLUT 3 transporter, the main molecule in 
the uptake of glucose in the brain (Deng et al. 2009). Insulin 
resistance also leads to dysregulated APP mediated process-
ing of amyloid plaques, another pathological hallmark of 
AD. Our study has shown that ICV-STZ administered rats 
produced decreased gene expressions of insulin signaling 
molecules such as IRS-1, PI3K, AKT, and increased gene 
expression of GSK-3β. This dysfunctional insulin signaling 
in the brain caused by ICV-STZ was found to be improved 
majorly by the medium and highest doses of CrPic as it 
increased the gene expression of IRS-1, PI3K, and AKT, 
and decreased that of GSK-3β. CrPic increases the binding 
of insulin to IR. It also increases IRS-1-mediated activa-
tion of PI3K and AKT, which leads to decreased activity of 
GSK-3β. Moreover, it has been reported to reverse insulin 
resistance through the IRS-1/PI3K/AKT/GSK-3β pathway 
(Morris et al. 2000; Hua et al. 2012). Moreover, ICV-STZ 
has been found to reduce the level of BDNF (Rajasekar et al. 
2017b). CrPic, in this study, elevated the gene expression 
of BDNF. Hence, CrPic used as a therapeutic intervention 
was found to reverse ICV-STZ associated neurodegenera-
tion. Furthermore, reports have demonstrated the antioxidant 
and anti-inflammatory activity of rivastigmine. Yassin et al. 
(2013) and Karam et al. (2014), concurrent with our results.

Our study demonstrated that, in most of the parameters, 
the highest dose of CrPic produced close results to the stand-
ard drug rivastigmine. It has been reported that PI3K/AKT 
pathway activation is positively associated with improved 
cholinergic function and neuronal growth, justifying our 
results of closely related activities of CrPic and rivastigmine 
as former is majorly involved in PI3K/AKT activation, while 
the later enhances cholinergic functions (Omri et al. 2012). 
The advantage of CrPic over rivastigmine can be counted as 
its easy availability and exclusion of cholinergic side effects. 

Moreover, CrPic can be included in dietary supplements and 
drinking water.

However, the major limitation of this study is that main-
stream pathological hallmarks of AD were not estimated. 
Still, in the present study, CrPic was found to attenuate cog-
nitive deficit induced by ICV-STZ by targeting the insulin 
signaling pathway of IRS-1/PI3K/AKT/GSK-3β as well as 
reversing oxidative stress, mitochondrial dysfunction, and 
neuroinflammation.

For future study, human equivalent dose of CrPic of the 
treated rats as a possible therapeutic agent in treatment of 
AD could maximally be 0.64 mg/kg, calculated according 
to a previously reported dose conversion study (Nair and 
Jacob 2016).

Conclusion

In a nutshell, this study can be concluded that in most of 
the behavioral, biochemical, and molecular parameters, the 
medium dose (2 mg/kg) and highest dose (4 mg/kg) of CrPic 
were found to be more effective than the lowest dose (1 mg/
kg). It reversed some of the core features of the sporadic 
AD model such as oxidative stress, neuroinflammation, 
and mitochondrial dysfunction in the regions of cortex and 
hippocampus. Moreover, CrPic ameliorated STZ-induced 
central insulin resistance by targeting the IRS-1/PI3K/
AKT/GSK-3β pathway of insulin signaling. This leads to 
improved cognition and memory in ICV-STZ-induced rat 
model of AD.
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