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Abstract
Alzheimer’s disease (AD) is a progressive neurodegenerative disease that afflicts millions of people all over the world. Intrac-
erebroventricular (ICV) injection of a sub-diabetogenic dose of streptozotocin (STZ) was established as an experimental 
animal model of AD. The present study was conducted to evaluate the efficacy of curcumin nanoparticles (CNs) against the 
behavioral, neurochemical and histopathological alterations induced by ICV-STZ. The animals were divided into: control 
animals, the animal model of AD that received a single bilateral ICV microinjection of STZ, and the animals protected by a 
daily oral administration of CNs for 6 days before the ICV-STZ injection. The animals of all groups were subjected to surgi-
cal operation on the 7th day of administration. Then the administration of distilled water or CNs was continued for 8 days. 
The ICV-STZ microinjection produced cognitive impairment as evident from the behavioral Morris water maze (MWM) 
test and induced oxidative stress in the cortex and hippocampus as indicated by the significant increases in lipid peroxidation 
and nitric oxide (NO) levels and the significant decrease in reduced glutathione (GSH) levels. It also produced a significant 
increase in acetylcholinesterase (AChE) and tumor necrosis-alpha (TNF-ɑ) and a significant decrease in Na+,K + -ATPase. In 
addition, a significant increase in amino acid neurotransmitters occurred in the hippocampus, whereas a significant decrease 
was obtained in the cortex of STZ-induced AD rats. CNs ameliorated the behavioral, immunohistochemical and most of the 
neurochemical alterations induced by STZ in the hippocampus and cortex. It may be concluded that CNs might be considered 
as a promising therapeutic agent for the treatment of AD.
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Introduction

Alzheimer’s disease (AD) is an age-related, neurodegenera-
tive disorder that has become a critical social problem and an 
important health care issue worldwide. AD is characterized 
by progressive and irreversible deterioration of cognition 
and loss of memory (Giraldo et al. 2014). AD causes damage 
in the hippocampus and other brain regions especially those 
involved in memory and cognition (Nowrangi et al. 2015).

The etiology of AD is not yet clear, but several pharma-
cological studies provided evidence that oxidative stress is 
implicated in AD neurodegeneration associated with cogni-
tive deficit and age-related cognitive impairment (Axelsen 
et al. 2011). Oxidative stress causes several alterations in 
cell structure and function that eventually lead to protein and 
DNA damage, mitochondrial dysfunction, energy deficiency, 
tau hyperphosphorylation, and overexpression of β amyloid 
(Aβ) (Giraldo et al. 2014). In addition, recent studies empha-
sized the role of chronic neuroinflammation (Pennisi et al. 
2017) and dysfunction of several neurotransmitters (Correia 
et al. 2016) that occur before amyloidogenesis. Although 
most of the studies focused on the cholinergic system and the 
development of anticholinesterase drugs, in the last decade 
investigators reported the importance of GABA in several 
intracellular functions that fail in AD (Nava-Mesa et al. 
2014) and lead to loss of memory (Lithfous et al. 2013). 
GABA, glutamate and acetylcholine represent the most 
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important neurotransmitters in the hippocampus and cortex, 
the brain areas involved in synaptic plasticity and memory 
formation (Ellender and Paulsen 2010).

Streptozotocin (STZ) is a glucosamine derivative that 
preferentially damages the pancreatic β cells by the cyto-
toxic product generated from its metabolism. Intracer-
ebroventricular (ICV) injection of a sub-diabetogenic dose 
of STZ was found to induce cognitive impairment, disrupt 
intracerebral glucose and energy metabolism, and increase 
oxidative stress leading to cholinergic deficits, tau hyper-
phosphorylation, Aβ deposition, neuro-inflammation, and 
other neuropathological and neurochemical changes in rats 
that end eventually in memory and learning impairment 
similar to those manifested in sporadic Alzheimer’s dis-
ease (Salkovic-Petrisic et al. 2009). Therefore, ICV-STZ 
was used to establish an experimental animal model of the 
early pathological alterations in sporadic AD (Mostafa et al. 
2016).

Turmeric (Curcuma longa) is a perennial herb from the 
Zingiberaceae family. It contains curcuminoids which are 
polyphenols, the most abundant and bioactive of which 
is curcumin (Rajsekhar et al. 2015). It has been shown 
that the antioxidant activity of curcumin is mediated by 
the electron-donating groups of curcumin, especially the 
phenolic hydroxyl group (Zheng et al. 2017). Despite the 
remarkable pharmacological activities of curcumin, its 
therapeutic use was hampered by low bioavailability. The 
low bioavailability of curcumin is caused by its poor water 
solubility and thereafter limited absorption from the gas-
trointestinal tract, high metabolic rate and rapid systemic 
clearance (Aggarwal and Harikumar 2009). These restric-
tions could be solved by using curcumin in its nanoform 
enabling it to cross the blood brain barrier (Barbara et al. 
2017).

Several studies showed that CN are neutral and have 
no detrimental effects even in high concentrations (Kanai 
et al. 2012). A literature review on nanocurcumin dem-
onstrated its therapeutic efficacy as an anti-inflammatory 
(Wang et al. 2008), anticancer (Bisht et al. 2007), neuro-
protective (Khadrawy et al. 2019), and immunomodula-
tory agent (Sankar et al. 2013). Recently, CNs have been 
developed as a novel strategy for AD treatment (Cheng 
et al. 2013; Fan et al. 2018). The antidiabetic effect of 
CNs in STZ-induced diabetes has also recently been 
established (Gouda et al. 2019; Sudirman et al. 2019; 
Sharma et al. 2021).

Considering the beneficial effects of CNs, the use of 
CNs as a protective agent in geriatric patients and indi-
viduals susceptible to dementia and AD would be of value 
in ameliorating much of the social and economic burdens 
caused by such disorders. Thus, the aim of the present 
study was to evaluate the neuroprotective effect of CNs 

in an AD animal model induced by the intracerebroven-
tricular injection of streptozotocin through behavioral, 
immunohistochemical and neurochemical investigations. 
The role of amino acid neurotransmitters in the patho-
physiology of AD, which is not usually emphasized, was 
also investigated.

Materials and methods

The study was not pre-registered.

Experimental animals

Adult male Wistar albino rats, weighing 250 g–350 g, were 
used as experimental animals in the present investigation. 
They were kept under stable and adequate housing condi-
tions for 1 week to acclimatize with the animal house con-
ditions and were provided with food and water ad libitum. 
Experimental protocols and procedures used in this study 
were approved by the Institutional Animal Care and Use 
Committee (IACUC) (Egypt), (CU/I/F/41–19) of the Faculty 
of Science, Cairo University.

Drugs and chemicals

Streptozotocin (STZ) was obtained from Sigma Chemical 
Co. (St. Louis,MO, USA). STZ was dissolved in artificial 
CSF (2.9 mM KCl, 147 mM NaCl, 1.7 mM CaCl2, 1.6 mM 
MgCl2, 2.2 mM D-glucose) prepared in a 25 mg/ml solu-
tion according to Zhou et al. (2013). Nanocurcumin was 
purchased from One Planet Nutrition Company (5910 Star 
Grass Lane Naples, FL 34116, USA). Absolute ethyl alcohol 
(Sigma-Aldrich, Germany) was used for homogenization. 
Analytical grade dansyl chloride (Sigma, Germany), lithium 
carbonate (Sigma-Aldrich, Germany), and high performance 
liquid chromatography (HPLC) grade acetonitrile (Fisher, 
UK), methanol (BDH, England), glacial acetic acid (Fisher, 
UK), and triethylamine (Sigma-Aldrich, Germany) were 
used for derivatization and preparation of the mobile phase. 
Standard amino acids were supplied by BDH (England). 
Sulfanilamide, N-1-naphthylethylene diamine, thiobarbituric 
acid, perchloric acid, and trichloroacetic acid were obtained 
from Sigma Aldrich. In addition, acetylthiocholineiodide, 
5,50-dithiobis-(2-nitrobenzoic acid) (DTNB), glutathione, 
ethylenediaminetetracetic acid, and phosphate buffers were 
also purchased from Sigma Aldrich. For immunohistochem-
istry (IHC), Phospho-Tau pSer199 Monoclonal antibody 
(Product # 701054) (Thermo-Fisher Scientific) was used.
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Chemical composition of CNs

Both curcumin and nanocurcumin have the same chemical 
structure. The chemical formula of curcumin is C21H20O6 
(1E,6E)-1,7-bis(4-hydroxy-3-methoxy phenyl)-1,6-heptadi-
ene-3,5-dione. It has two aromatic rings of o-methoxy phe-
nolic groups, linked by a seven-carbon connector composed 
of α,β-unsaturated β-diketone moiety (Nelson et al. 2017).

Experimental design

Thirty animals were divided into three groups (n = 10, 8 for 
biochemical analysis and 2 for histopathology). Group (1) 
represented the control animals which received daily oral 
administration of distilled water for 6 days. On the 7th day 
of administration, the animals were subjected to surgical 
operation to receive a single bilateral intracerebroventricular 
(i.c.v.) microinjection of artificial CSF. The oral administra-
tion of distilled water was continued for 8 days after surgery.

Group (2) represented the AD animal model induced 
by streptozotocin (STZ). The animals of this group 
received a daily oral administration of distilled water 
for 6 days. On the 7th day of administration, the animals 
were subjected to surgical operation to receive a single 
bilateral intracerebroventricular microinjection of STZ 
(3 mg/kg in artificial CSF) to induce Alzheimer’s dis-
ease according to Bao et al. (2017). The oral adminis-
tration of distilled water was continued for 8 days after 
surgery.

Group (3) represented the animals protected by curcumin 
nanoparticles (CNs). The animals of this group received a 
daily oral administration of CN (50 mg/kg in dist. water) 
for 6 days (Khadrawy et al. 2019). On the 7th day of admin-
istration, the animals were subjected to surgical operation 
to receive a single bilateral intracerebroventricular micro-
injection of STZ to induce Alzheimer’s disease. The oral 
administration of CN was continued for 8 days after disease 
induction.

The behavioral test (Morris water maze) was carried out 
on the 8th day post induction of Alzheimer’s disease. The 
animals were trained on the maze for 4 days (twice a day) 
before recording the data.

Stereotaxic surgery and AD induction

The surgical procedure was carried out as described by 
Moreira-Silva et al. (2018). Rats were anesthetized using 
sodium pentobarbital (40 mg/kg, i.p.) and placed in the ster-
eotaxic device (David Kopf instruments, Tujunga, Califor-
nia, USA). Bilateral intracerebroventricular microinjections 
of STZ (3 mg/kg in artificial CSF, 5 μl at each side) were 
applied at the following coordinates relative to the bregma 

(AP: −0.48 mm, ML: ±1.6, V: −4.2 mm from the skull sur-
face) using a 10 μl Hamilton syringe (Paxinos and Watson 
2006). The infusion rate was 1 μl/min. The syringe was held 
in place for 5 min after injection to ensure that STZ was 
completely absorbed. Betadine and Fucidin cream were used 
as antiseptic and antibiotic agents, respectively.

Morris water maze test

Morris water maze was used to test the spatial memory 
of animals according to Morris (1984). A circular pool, 
170 cm in diameter and 65 cm in height, was filled with 
water up to 35 cm and divided into four quadrants. A plat-
form (12.5 cm in diameter and 33 cm in height) was placed 
in the 4th quadrant of the pool submerged 1 cm below the 
water surface. The water temperature was maintained at 
20 ± 2 °C to prevent hypothermia. A brightly colored clue 
was positioned at the same place throughout the study to 
be used by rats for spatial orientation. The position of the 
circular platform remained unchanged during each trial. 
The trial automatically ended as soon as the rat found the 
platform or after 120 s had passed. If they did not find the 
platform after 120 s of swimming, they were placed gently 
on the platform by the examiner. The rats were kept on 
the platform for 5 s then were taken out and another trial 
was started. After each trial, rats were dried using a clean 
towel and returned to their home cage. The training of rats 
was repeated for 4 consecutive days then the recording of 
the data was carried out on the 6th day. The Morris water 
maze (MWM) procedure is generally used to assess spatial 
memory.

Handling of tissue samples

Each animal was sacrificed by sudden decapitation and 
its brain was rapidly moved to an ice-cold Petri dish. The 
cortex and hippocampus of each animal were dissected 
out and divided into two equal halves, weighed and stored 
at −20 °C till analysis. The right halves were used for 
assaying amino acid neurotransmitters. The left halves 
were homogenized in Tris-HCl buffer (pH 7.4), centri-
fuged and the supernatant was used for the analysis of 
oxidative stress parameters, acetylcholinesterase (AChE) 
and Na+, K + -ATPase activities and tumor necrosis factor 
alpha (TNF-α).

No sample calculation was performed.

Determination of amino acid concentrations

The analysis of the amino acids, glutamate, aspartate, 
GABA, glycine, and taurine, and the amide glutamine was 
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performed using high performance liquid chromatography 
(HPLC) as described by Márquez et al. (1986).

Tissue preparation

Each brain area was homogenized in 75% ethyl alcohol 
using a Heidolph homogenizer (Germany) then centri-
fuged for 30 min at 15,777×g at 4 °C with a high speed 
cooling centrifuge (Type 3 k-30, Sigma, Germany). The 
clear supernatant was subjected to evaporation until dried.

Dansylation reaction

Derivatization of the dried amino acid samples was per-
formed using dansyl chloride dissolved in acetonitrile and 
lithium carbonate (40 mM, pH 9.5) containing 2-aminobu-
tyric acid as an internal standard (Tapuhi et al. 1981). Each 
sample was then injected into the HPLC system.

Chromatography

The HPLC system consisted of a Knauer Wellchrom 
Mini-star K-501 pump (Germany), a column thermostat 
(5–85 °C) equipped with a 20 μl loop injector (Knauer, 
Germany), a C-18 reversed phase Luna column (5 μm par-
ticle size, 150 × 4.6 mm I.D.) purchased from Phenomenex 
(USA), a Knauer Wellchrom spectrophotometer K-2600 
with variable wavelength (Germany), and a EuroChrom 
2000 chromatography workstation. The mobile phase 
consisted of methanol/water (50/50 v/v), containing 0.6% 
glacial acetic acid, and 0.008% triethylamine. The con-
centrations of the amino acids were expressed as μmol/g 
fresh tissue.

Determination of oxidative stress parameters

Determination of lipid peroxidation

Malondialdehyde (MDA), as an indicator of lipid peroxida-
tion, was measured in the cortex and hippocampus according 
to Ruiz-Larrea et al. (1994). Thiobarbituric acid reactive 
substances produce a red colored complex after reacting 
with thiobarbituric acid. The absorbance of this complex 
was measured at 532 nm in a Helios Alpha UV-Visible spec-
trophotometer (ThermoSpectronic, England).

Determination of reduced glutathione

The method of Beutler et al. (1963) was used to measure 
GSH. The –SH groups of GSH reduce Ellman’s reagent to 
form 2-nitro-s-mercaptobenzoic acid which has a yellow 
color that was read spectrophotometrically at 412 nm.

Determination of nitric oxide level

Nitric oxide levels were measured using Griess reagent 
based on the method of Montgomery and Dymock (1961). 
Nitrite is used as a measure for NO due to its stability. It 
reacts with Griess reagent to give a deep purple azo com-
pound whose color was read spectrophotometrically at 
540 nm.

Determination of acetylcholinesterase activity

The determination of AChE activity was based on the pro-
cedure of Ellman et al. (1961) as modified by Gorun et al. 
(1978). The method depends on the hydrolysis of acetylthi-
ocholine iodide by acetycholinesterase to give thiocholine 
which reacts with the –SH groups of DTNB. DTNB is 
reduced to thionitrobenzoic acid whose yellow color is read 
spectrophotometrically at 412 nm.

Determination of  Na+,K+‑ATPase activity

Na+,K+-ATPase activity was determined spectrophotometri-
cally by the method of Bowler and Tirri (1974) as modified 
by Tsakiris et al. (2000).  Na+,K+-ATPase activity was meas-
ured as the difference between total ATPase activity  (Na+, 
 K+,  Mg2+-dependent) and  Mg2+-dependent ATPase activity. 
The color developed is read at 640 nm.

Determination of TNF‑α

The level of TNF-α was measured in the cortex and hip-
pocampus using rat TNF-α ELISA Kit purchased from 
Koma Biotech INC, Seoul (Korea).

Histopathological study

Histological studies were performed for confirmative/illus-
trative purposes. Samples from the cortex and hippocampus 
were fixed in 10% neutral buffered formalin, and processed 
to prepare paraffin sections. Standard 5–7 μm thick histolog-
ical sagittal sections were cut with a microtome and stained 
with haematoxylin and eosin for general light microscopic 
examination of the cortex and hippocampus (Bancroft and 
Gamble 2002).

Immunohistochemical study of tau protein

The immunohistochemistry (IHC) for all groups was per-
formed by using Phospho-Tau pSer199 Monoclonal antibody 
(Product # 701054). The paraffin sections of 5–7 μm thickness 
were deparaffinized and dehydrated, including positive control 
sections from the rat cortex and hippocampus. The endoge-
nous peroxidase activity was stopped with 3%  H2O2 -methanol 
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for 15 min at room temperature, and washed with distilled  H2O 
and phosphate buffered saline)PBS(. It was then probed with 
Phospho-Tau pSer199 Monoclonal antibody diluted in 1:200 
bovine serum albumin (3%) BSA-PBS overnight at 4 °C in a 
humidified chamber. Tissues were washed thoroughly in PBS 
and detected with a horseradish peroxidase (HRP)-conjugated 
secondary antibody then detected colorimetrically using a 
diaminobenzidine (DAB) kit. Tissues were counterstained 
with hematoxylin, dehydrated with ethanol and xylene and 
prepared for mounting (Irwin et al. 2012).

Morphometric statistical study

The image of each slide each group was captured with a 40 
X objective (Bar = 50) equipped with a numerical aperture of 
a high resolution 16-bit digital camera (1280 X 1024 pixel). 
Images were visualized and recorded with an Olympus micro-
scope having a spot digital camera, using a MATLAB soft-
ware computer program (image J). The image optical density 
(IOD) changes of the IHC stain for tau-protein in the indi-
vidual groups was recorded as the maximum, minimum and 
integrity of color intensity based on Gray-level acquisition. 
Analysis of the data was performed by reading 10 fixed areas 
for each image and five images for each group. The mean val-
ues of each image were based on the mean of pixel number. 
The IOD was based on Gray-level transition probabilities in 
digitized images from dark to light (0 up to 250). The final 
calculation was obtained after subtracting the pixel value from 
250 the peak of lighter elimination.

Statistical analysis

No blinding was performed.
All the data were calculated as means ± S.E.M. Analysis of 

data was performed by analysis of variance (ANOVA). Dun-
can post hoc test was applied when the F-test was significant 
(p ˂ 0.05). All analyses were carried out with the Statistical 
Package for Social Sciences (SPSS) software in a compatible 
computer. The equilibrium ratio percent between the excitatory 
and inhibitory amino acids in the cortex and hippocampus was 
calculated as follows:

Results

Behavioral data

The mean latency time for location of the hidden platform 
in the Morris water maze test was significantly increased in 
STZ-induced animal model of AD by 184.49% as compared 

ER% ∶
[

Glutamate + Aspartate∕GABA
]

∗ 100

to control rats. However, the latency to locate the platform 
submerged below the water surface was reduced in animals 
protected with CNs to become nonsignificantly changed 
from the control values (Table 1).

Neurochemical results

Oxidative stress parameters

Figure 1 revealed significant increases in MDA and NO lev-
els in the cortex after a single bilateral i.c.v. injection of 
STZ, recording 69.41 and 91.67% above the control levels, 
respectively. However, cortical GSH levels decreased sig-
nificantly by 21.22%. The daily protection of STZ-induced 
animal model of AD with CNs for 15 days improved the 
changes in MDA and GSH levels and returned NO levels to 
nearly control levels.

In the hippocampus, the single i.c.v. injection of STZ 
increased MDA and NO levels significantly by 85.27 and 
96%, respectively, but decreased GSH levels significantly 
by 12.11%. However, both MDA and GSH levels returned 
to control levels after protection with oral CNs daily for 
15 days while NO levels recorded a slight improvement.

Tumor necrosis factor‑alpha (TNF‑α)

The i.c.v. injection of STZ resulted in a significant increase 
in TNF-α in both the cortex and hippocampus recording 
140 and 88.14% above the control levels, respectively. This 
increase was ameliorated in both areas after the daily protec-
tion with CNs for 15 days (Fig. 1).

Acetylcholinesterase and  Na+,  K+‑ ATPase

The i.c.v. injection of STZ induced a significant increase 
in acetylcholinesterase (AchE) activity in both the cortex 
and hippocampus recording 149.04 and 120% above the 
control values, respectively. The daily protection of STZ-
induced animal model of AD with CNs for 15 days attenu-
ated the increase in cortical AchE activity and ameliorated 
the increase in the hippocampal enzyme activity (Fig. 2).

On the other hand, a significant decrease in  Na+,K+-ATPase 
activity was obtained in the cortex and hippocampus of STZ-
induced rat model of AD. This decrease was attenuated in the 
cortex and alleviated in the hippocampus of rats protected 
with daily oral CNs for 15 days (Fig. 2).

Neurotransmitter amino acids

The data in Table 2 revealed that the i.c.v. injection of STZ 
to induce the animal model of AD resulted in a significant 
decrease in all the tested amino acid neurotransmitters and 
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glutamine in the cortex. The major excitatory amino acids, 
glutamic acid and aspartic acid, were decreased by 23.84% 
and 34.33% below the control levels, respectively, while 
the major inhibitory amino acid GABA recorded −30.41% 
below the control value. The daily protection with CNs 
ameliorated the decrease in glutamate concentration and 
improved the decrease in glycine, GABA and taurine in 
STZ-induced rat model of AD. However, the decrease 
in glutamine and aspartic acid continued significantly in 

animals protected with CNs. The ER% did not reveal any 
changes in the cortex.

Contrary to the cortex, a significant increase in all the 
tested amino acids occurred in the hippocampus of STZ-
induced AD rats. The highest increase was recorded for 
glutamine, glutamic acid, GABA and aspartic acid being 
107%, 184.05%, 68.60% and 54.42% above the control 
levels, respectively. The daily oral administration of CNs 
for 15 days ameliorated the increases in all the tested 

Table 1  The Effect of daily protection with CNs (50 mg/kg/day for --- days) on the Morris water maze test time of STZ-induced rat model of AD

Values represent mean ± S.E. with the number of animals between parentheses
% D: % difference with respect to control values
Different letters indicate significantly different means at p value <0.05
Same letters indicate non significant changes

Control STZ-induced Rat model of AD. %D Rat model of AD treated with CNs %D p value

Time
(sec)

28.36 ± 4.99a (9) 80.68 ± 10.56b (8) +184.49 48.00 ± 7.07a (7) +69.25 0.000

Fig. 1  The Effect of daily protection with CUR-NPs (50  mg/kg/day 
for 15  days) on the levels of malondialdehyde (MDA), nitric oxide 
(NO), reduced glutathione (GSH) and tumor necrosis factor-alpha 
(TNF-α) in the cortex and hippocampus of STZ-induced rat model of 

AD.  Control Rats.  Rat model of AD induced by ATZ.  Rat 
model of AD treated with CUR-NPs. *: statistically significant com-
pared to control at p value <0.05. #: statistically significant compared 
to control and STZ-induced AD model at p value <0.05
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amino acid neurotransmitters restoring the concentra-
tions of glutamate, glycine and GABA to nearly control 
values. The ER% increased in rats injected intracere-
broventricularly with STZ (31.8%) in favor of excitatory 
amino acids and decreased to 9.86% after treatment with 
CNs (Table 3).

Histological and Immunohistochemical 
observations

Light microscopic examination of standard histological 
coronal sections of control cortex exhibited normal neural 
architecture with intact cells and normal neurons, glial cells, 
blood vessels and neuropils were seen (Fig. 3A). Histopatho-
logical investigation of AD-group indicated increased vas-
cularity, edema, pyknotic neurons and increased number 
of glial cells (gliosis) (Fig. 3B). CNs treated / AD-group 
showed edema and increased vascularity. However, some 
neurons were seen normal and others appeared pyknotic 
together with moderate number of glial cells (Fig. 3C). 
Hippocampal tissue of control rats consists of three layers; 
the pyramidal layer (P) with its large rounded pale stain-
ing pyramidal neurons, the granular layer (G) with its small 
darkly stained granular neurons and the molecular layer 
(M) including the dendrites and terminal arborizations of 
the preceding layers (Fig. 3D). AD-group localized marked 
edema and vascularization. The pyramidal layer (P) showed 
many darkly stained pyknotic nuclei and shrunken cells. The 
granular layer (G) showed disorganization, and appeared 
shrunken with pyknotic and collapsed granular neurons 
(Fig. 3E). Figure 3F of CNs treated / AD-group showed 
edema and moderate vascularity. The pyramidal and granu-
lar layers contained decreased number of pyknotic neurons.

Immunohistochemical investigation of tau protein in rat 
cortex of control group (Fig. 4A) visualized moderate inten-
sity of brown color indicating the presence of tau protein 
in the intra- and extra- neurons in the form of neurofibril-
lary tangles (NFTs) and/or plaques. Tau protein showed 
increased immunoreactivity with increased accumulation of 
NFTs in the cortical neurons of AD- group (Fig. 4B). This 
increased activity was attenuated in CNs treated / AD-group 
(Fig. 4C). Rats of control group showed normal tau protein 
immunoreactivity in the different layers of the hippocampus 

Fig. 2  The Effect of daily protection with CNs (50  mg/kg/day for 
15 days) on the activities of acetylcholinesterase (AchE) and  Na+/K+-
ATPase in the cortex and hippocampus of STZ-induced rat model of 
AD.  Control Rats.  Rat model of AD induced by ATZ.  Rat 
model of AD treated with CNs. *: statistically significant compared to 
control at p value <0.05. #: statistically significant compared to con-
trol and STZ-induced AD model at p value <0.05

Table 2  The Effect of daily 
protection with CNs (50 mg/
kg/day for 15 days) on the 
concentrations (μmol/g) of 
amino acid neurotransmitters in 
the cortex of STZ-induced rat 
model of AD

Values represent mean ± S.E. with the number of animals between parentheses
% D: % difference with respect to control values
Different letters indicate significantly different means at p value <0.05
Same letters indicate non significant changes
ER%: [Glutamate + Aspartate / GABA]*100

Control STZ-induced Rat 
model of AD.

%D Rat model of AD 
treated with CNs

%D p value

Glutamine 4.18 ± 0.09a (10) 2.90 ± 0.22b (6) −30.62 3.26 ± 1.91b (6) −22.01 0.008
Glutamate 6.67 ± 0.08a (8) 5.08 ± 0.23b (6) −23.84 5.90 ± 0.46a (6) −11.54 0.002
Aspartate 10.40 ± 0.29a (8) 6.83 ± 0.16b (6) −34.33 7.65 ± 0.63b (6) −26.44 0.000
Glycine 1.42 ± 0.03a (10) 0.83 ± 0.03b (6) −41.55 0.97 ± 0.07c (6) −31.69 0.000
GABA 1.94 ± 0.04a (10) 1.35 ± 0.05b (6) −30.41 1.54 ± 0.04c (6) −20.62 0.000
Taurine 8.15 ± 0.22a (9) 4.05 ± 0.36b (6) −50.31 5.65 ± 0.68c (6) −30.68 0.000
ER% 879.8 882.2 +0.27 879.8 0
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indicated by its brown color (Fig. 4D). AD-group showed 
increased tau immunoreactivity with accumulated NFTs and 
plaques (Fig. 4E). CNs treated / AD-group showed moderate 
tau immunoreactivity (Fig. 4F).

Figure 5 showed an increased IOD for accumulated tau-
protein in both the cortex and hippocampus of AD-treated 
groups. This increased value returned to normal in CNs/AD 
group. Regarding the control group, the tau-protein immu-
noreactivity appeared as accumulated brown color in both 
neurons and neuropils in both areas (Fig. 4A and D). Fig-
ure 4(B and E) showed an increased tau-immunopositivity 
as indicated by the increased brown color in the cortex and 
hippocampus, recording a percentage difference of 49.68% 
and 24.8%, respectively with respect to the control values. 
CNs/AD treated group exhibited nearly normal tau-immu-
noreactivity (Fig. 4C and F).

Discussion

The present study revealed that the single bilateral i.c.v. 
microinjection of STZ (ICV-STZ) produced substan-
tial cognitive impairment as evident from the changes in 
behavioral MWM test, oxidative stress parameters, activ-
ity of acetylcholinesterase (AchE) enzyme and amino acid 
neurotransmitters.

Behaviorally, STZ induced a decline in memory and 
cognitive function. This was indicated from the present sig-
nificant increase in the escape latency to locate an invisible 
platform in MWM which is considered a measure of spatial 
memory impairment, as suggested by Shoham et al. (2003). 
This effect could be due to neuronal death in the cortex and 
hippocampus due to the direct oxidizing and alkylating 
effects of STZ (Lenzen 2008).

The histopathological changes induced by ICV-STZ that 
include increased vascularity, edema, pyknotic neurons and 
increased number of glial cells (gliosis) in the cortex and 
hippocampus could have a potential role in the decline in 
memory and cognition. In addition, immunohistochemical 
investigation of tau protein and measurements using mor-
phometric analysis, in the present study, showed increased 
immunoreactivity with increased accumulation of NFTs and 
tau hyperphosphorylation in the cortical and hippocampal 
neurons of ICV-STZ rats. These changes may underlie the 
chronic progressive memory and learning impairment in rats 
and agree with the studies of Lester-Coll et al. (2006) and 
Correia et al. (2013).

The present oxidative stress induced by STZ in the cor-
tex and hippocampus may contribute to the neuronal death 
and consequently the histopathological changes in the two 
studied brain regions. The increase in lipid peroxidation in 
the brain is one of the main indicators of free radical pro-
duction and cell membrane damage (Axelsen et al. 2011). 
Nitric oxide is one of the free radicals that could react with 
superoxide  (O2•-) anion to give peroxynitrite (ONOO-). The 
latter compound could attack several biological molecules 
causing damage and neuronal death (Darvesh et al. 2010). 
STZ injection promotes the upregulation of neuronal nitric 
oxide synthase (nNOS) and inducible nitric oxide synthase 
(iNOS) and mRNA expression leading to elevated nitrite 
level in the cortex and hippocampus which may be toxic to 
neurons (Rendeiro et al. 2015). In addition, the reduced level 
of the free radical scavenger GSH could be due to its exhaus-
tion against the massive production of free radicals by STZ.

The present findings showed that oxidative stress was 
associated with an increased level of TNF-α in the cortex 
and hippocampus of STZ-treated rats. Increasing evidence 
demonstrated that neuro-inflammatory changes are a cru-
cial hallmark in AD progression. The relationship between 

Table 3  The Effect of daily 
protection with CNs (50 mg/
kg/day for 15 days) on the 
concentrations (μmol/g) of 
amino acid neurotransmitters 
in the hippocampus of STZ-
induced rat model of AD

Values represent mean ± S.E. with the number of animals between parentheses
% D: % difference with respect to control values
Different letters indicate significantly different means at p value <0.05
Same letters indicate non significant changes
ER%: [Glutamate + Aspartate / GABA]*100

Control STZ-induced Rat 
model of AD.

%D Rat model of AD 
treated with CNs

%D p value

Glutamine 2.57 ± 0.22a (8) 5.32 ± 0.17b (8) +107 2.16 ± 0.26 a (6) −15.95 0.000
Glutamate 6.43 ± 0.73a (9) 18.20 ± 0.90b (8) +183.05 6.22 ± 0.37a (6) −3.27 0.000
Aspartate 5.77 ± 0.21a (7) 8.91 ± 1.07b (6) +54.42 6.47 ± 0.52a (7) +12.13 0.010
Glycine 1.21 ± 0.07a (7) 1.57 ± 0.07b (6) +29.75 1.15 ± 0.11a (6) −4.96 0.006
GABA 2.07 ± 0.15a (9) 3.49 ± 0.32b (8) +68.60 1.96 ± 0.23a (6) −5.31 0.000
Taurine 1.62a ± 0.11a (8) 2.44 ± 0.24b (7) +50.62 1.16 ± 0.10a (6) −28.40 0.000
ER% 589.37 776.79 +31.80 647.45 +9.86
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STZ-induced toxicity and neuroinflammation has been 
reported previously (Nazem et al. 2015). ICV-STZ elevates 
the inflammatory cytokines through prolonged disruption 
of brain energy metabolism and oxidative stress and these 
cytokines in turn induce mitochondrial dysfunction and raise 

the risk of apoptosis in the brain, especially in the hippocam-
pus (Vendramini et al. 2011).

Thus the oxidative stress could be attributed to the reduc-
tion in glucose utilization by the neurons under the effect of 
STZ which inhibit the cerebral insulin receptors. This effect 

Fig. 3  Photomicrographs of sec-
tions in the rat cerebral cortex 
(1) and hippocampus (2) stained 
by hematoxylin and eosin: (1a) 
Control group showing normal 
cortical neural architecture, 
with normal neuron having 
rounded nuclei and prominent 
nucleoli (arrow head), blood 
capillary (*), glial cells (bend 
arrow), (1b) AD-group showing 
increased cortical vascular-
ity with perivascular edema 
(*), increased number of glial 
cells (bend arrow), pyknotic 
neurons (arrow) and distorted 
neurons, with perinuclear 
edema (arrow head), and (1c) 
CNs treated AD-group showing 
increased cortical vascular-
ity (*), normal neuron (arrow 
head), some pyknotic (arrow) 
and moderate number of glial 
cells (bend arrow). (H. &E., 
scale bar = 50 μm). (2a) Control 
group showing normal hip-
pocampal neural architecture, 
pyramidal layer (P), molecular 
layer (M) and granular layer (G) 
(H. &E., scale bar = 200 μm), 
(2b) AD-group showing hip-
pocampal neuropil with edema 
and increased vascularity (*), 
atrophy and pyknosis of pyrami-
dal neurons (bend arrow) and 
disorganization, shrinkage and 
dark staining of the granular 
neurons (arrow), and (2c) CNs 
treated AD-group showing 
hippocampal edema, while 
the granular and pyramidal 
layers (G & P) appeared with 
decreased number of darkly 
stained neurons. (H. & E., scale 
bar = 50 μm)
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prevents the transportation of glucose into the cell producing 
hypoglycemic effect (Duelli et al. 1994).

The present study also revealed a significant increase in 
AchE and a significant decrease in  Na+,K+-ATPase activities 
in both the cortex and hippocampus after the ICV injection 
of STZ.

Zhang et al. (2013) has proposed that there is a relation-
ship between oxidative stress and dysruption in acetylcho-
linesterase (AchE) and  Na+,K+-ATPase activities in many 
neurodegenerative diseases. The vital role played by the cho-
linergic system in learning and memory and its dysfunction 
during AD progression is well established (Lagarde et al. 

Fig. 4  Photomicrographs of 
sections of rat cerebral cortex 
(3) and hippocampus (4): (3a) 
Showing normal tau protein 
immunoreactivity in the cortical 
neurons and neuropil indicated 
by its brown color, (3b) AD-
group showing increased corti-
cal tau-immunoreactivity and 
accumulated NFTs (arrows), 
and (3c) CNs treated/ AD-group 
showing moderate immunore-
activity of cortical tau protein 
and decreased brown color 
with decreased accumulation 
of NFTs. (Tau protein immu-
nostaining, Scale bar = 50 μm). 
(4a) Showing normal tau 
protein immunoreactivity 
in the different layers of the 
hippocampus indicated by its 
brown color (arrow and arrow 
head), pyramidal layer (P), 
molecular layer (M) and granu-
lar layer (G), (4b) AD-group 
showing increased hippocampal 
tau immunoreactivity, accu-
mulated NFTs (bend arrows) 
and plaques (arrow), and (4c) 
CNs treated AD-group showing 
decreased immunoreactivity of 
hippocampal tau protein with 
decreased brown color intensity. 
(Tau protein immunostaining, 
Scale bar = 50 μm)
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2017). AchE is the enzyme that hydrolyzes the neurotrans-
mitter acetylcholine (Ach). The present increase in AChE 
activity may reduce Ach levels leading to cholinergic dys-
function and hence memory impairment.

In addition,  Na+,K+-ATPase is a crucial enzyme that reg-
ulates intracellular ion and membrane potential homeosta-
sis and thus neuronal excitability. Variations in this enzyme 
activity have been correlated with impairment in learning 
and memory (Zhang et al. 2013).  Na+,K+-ATPase has also 
been reported to increase the the activity of AchE (Kreutz 
et al. 2013). This could explain the present inhibition in the 
cortical and hippocampal AchE activity that may contribute 
to the reduced level of Ach and consequently memory and 
cognitive impairment.

The present decrease in Na+,K + -ATPase activity by 
STZ could be mediated by two mechanisms. First, by oxi-
dative stress as Na+,K + -ATPase is a membrane embed-
ded enzyme very sensitive to oxidative stress. Several 
studies reported that its activity decreases due to oxida-
tive stress (Hattori et al. 1998). Therefore, the decrease in 
the enzyme activity could be attributed to the oxidative 
stress induced by STZ. Second, the decrease in the enzyme 
activity could be due to the reduced ATP production, the 
substrate of the enzyme. The decrease in ATP is due to the 
effect of STZ on glucose metabolism which is the main 
substrate for the brain. STZ acts by decreasing the rate 
of glucose utilization and consequently decreases ATP 
production (Zhou et al. 2012). In addition, It has been 
reported that the inhibition of Na+, K + -ATPase activity 
may lead to learning and memory deficits and may also 

induce apoptosis (Thakurta et al. 2014). Thus, the reduced 
Na+,K + -ATPase activity could mediate the impairment 
in memory and cognition induced in the present model.

The present ICV injection of STZ to induce the animal 
model of AD resulted in a significant increase in all the 
tested amino acids in the hippocampus. Contrary to the 
hippocampus, a significant decrease in all the tested amino 
acid neurotransmitters and glutamine occurred in the cor-
tex of STZ-induced AD rats.

Glutamate can stimulate synaptic plasticity and memory 
at low doses (Rezvani 2006), but is toxic at high doses and 
results in the development of neurodegenerative diseases. 
The extracellular elevation of glutamate activates NMDA 
receptors and triggers a cascade of events that end in mas-
sive Ca2+ influx and ultimately neuronal death, which is 
related to the loss of memory and learning in AD patients 
(Bezprozvanny and Hiesinger 2013).

The present accompanying neuronal oxidative stress, 
and inflammation, and the increase in hyperphosphoryl-
ated-tau may eventually enhance the sensitivity of the glu-
tamatergic system leading to neuronal damage and death 
(Danysz and Parsons 2012).

It is clear from the marked increase in the concentra-
tion of hippocampal excitatory amino acids glutamate 
and aspartate that a state of excitotoxicity developed in 
the hippocampus under the effect of ICV-STZ. This was 
accompanied by an increase in glutamine and GABA lev-
els which may indicate that the brain attempts to induce a 
metabolic shift from glutamate and aspartate to glutamine 
and GABA to reduce the excitotoxicity. The accompanying 
increase in taurine which plays a neuroprotective role in 
the brain may also serve this purpose.

On the other hand, STZ was found to cause prolonged 
impairment in brain glucose and energy metabolism with 
decrease in glucose utilization (Duelli et al. 1994), aden-
osine triphosphate (ATP) and creatine phosphate (Lan-
nert and Hoyer 1998), and important glycolytic enzymes 
(Plaschke and Hoyer 1993). A reduction in the neuron-
specific GLUT3 has also been found in this rat model 
(Salkovic-Petrisic et al. 2014).

It may be suggested that the general decrease in the 
cortical amino acid neurotransmitters obtained in the pre-
sent study may be attributed to the impaired glucose and 
energy metabolism since glucose is the main source of 
amino acids in the brain. It was indicated that GABAer-
gic depletion results in memory impairment in AD, and 
precedes amyloid-beta accumulation in mouse models of 
AD and in human patients suffering from AD (Wang et al. 
2014; Riese et al. 2015).

The projection from the hippocampus to medial prefron-
tal cortex (PFC) is critical in executive function and work-
ing and long-term memory (Barker and Warburton 2011). 
There is a direct projection from glutamatergic neurons 

Fig. 5  The Effect of daily protection with CNs (50  mg/kg/day for 
15 days) on percentage difference of tau immunoreactivity in the cor-
tex and hippocampus of STZ-induced rat model of AD.  Rat model 
of AD induced by ATZ.  Rat model of AD treated with CNs. % D: 
% difference with respect to control values. Different letters indicate 
significantly different means at p value <0.05. Same letters indicate 
non significant changes
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of the ventral hippocampal cornuammonis 1 (CA1) to the 
ipsilateral PFC which synchronizes the activities of the two 
areas during particular behavioral functions (O’Neill et al. 
2013). Impairment of hippocampal–PFC synchrony leads to 
cognitive disorders (Uhlhaas and Singer 2010).

The present increase in the excitatory amino acids gluta-
mate and aspartate in the hippocampus of ICV-STZ-induced 
animals results in a state of excitotoxicity in the hippocam-
pus that eventually leads to neuronal death. This reduces 
the glutamatergic supply from the hippocampal projections 
to the cortex participating in the reduction of glutamate and 
other amino acid neurotransmitters in the cortex and result-
ing in cognitive impairment. The disruption in glutamater-
gic and GABAergic signaling after STZ-ICV injection is 
strengthened by the fact that synaptic dysfunction in these 
two major systems induces cognitive impairment in demen-
tia (Murtishaw et al. 2016).

The present data indicate that CNs reduced the escape 
latencies in CNs-treated rats confirming its protective 
effect against STZ-induced learning and memory impair-
ment. Similar results were obtained in an AD mouse model 
induced by aluminum chloride in which mice treated with 
solid lipid nanoparticles loaded with curcumin (SLN-Cur) 
showed reduced learning and cognitive impairment as meas-
ured by the Morris water maze test (Sadegh et al. 2018).

Due to its powerful antioxidant and anti-inflammatory 
effects, CNs attenuated the oxidative stress and the elevated 
level of TNF-α. These effects reflected positively on the 
other parameters.

Several studies investigated the effect of curcumin in 
the ICV-STZ animal model and demonstrated its antioxi-
dant and anticholinesterase effect as well as its ability to 
prevent the cognitive deficits in the ICV-STZ rat (Ishrat 
et al. 2009; Agrawal et al. 2010). These neuroprotective 
effects of curcumin will be reinforced with CNs due to its 
increased bioavailability. Djiokeng Paka et al. (2016) found 
that Cur-PLGA-NP exhibited greater antioxidant activity 
against peroxyl radical than curcumin alone and prevented 
the alterations in Tau phosphorylation caused by AD.

The present study revealed that the neuroprotective 
potential of CNs in the ICV-STZ-induced model of AD 
was more prominent in the hippocampus than the cortex. 
The daily protection of STZ-induced animal model of AD 
with CNs for 15 days improved the changes in cortical 
MDA and GSH levels and returned NO levels to nearly 
control levels. However, both hippocampal MDA and GSH 
levels were restored to control levels after protection with 
CNs while NO levels recorded a slight improvement. 
These effects could be due to the powerful antioxidant 
effects of CNs (Huang et al. 2017; Zheng et al. 2017) and 
its strong anti-inflammatory effects (Wang et al. 2008). 
The anti-inflammatory effect of curcumin could be medi-
ated by inhibition of TNF-α generation (Sahebkar et al. 

2016) or binding of curcumin to TNF-α receptor thus pre-
venting its action (Gupta et al. 2011). This effect was also 
confirmed by Meng et al. (2015) who found that Cur-N 
decreased the expression of TNF-α, IL-1ß, and IL-6 in 
macrophages stimulated by Aβ fibrils.

In addition, curcumin could reduce the histopathological 
changes induced by STZ in the present study by increas-
ing neurogenesis especially in the hippocampus (Xu et al. 
2007). Tiwari et al. (2014) reported that PLGA-NP-Cur 
restored hippocampal neurogenesis and improved learning 
and memory impairment in an AD rat model induced by 
Aß. Thus, the present improvement in the histopathological 
picture in rats treated with CNs may be due to the increased 
neurogenesis and reduced tau hyperphosphorylation.

It is clear that the ability of CNs to reverse the alterations 
in AchE and Na+,K + -ATPase activities in the cortex and 
hippocampus of the present ICV-STZ-treated rats was cor-
related with the antioxidant activity of CNs in both areas. 
Sadegh et al. (2018) reported that treatment of mice with 
curcumin-loaded nanoparticles produced a 73% recovery in 
acetylcholinesterase and a 97.46% recovery in membrane 
lipids in an aluminum-induced AD model. The ability of 
CNs to restore Na+,K + -ATPase activity in the hippocam-
pus, contrary to the cortex, may be due to the neurogenesis 
that has been observed prominently in the hippocampus.

It has been reported that curcumin improved spatial 
learning and memory, at least in part, by increasing glucose 
metabolism and repairing the impaired insulin signaling 
pathways in the brain (Wang et al. 2017). This could explain 
the ability of CNs to ameliorate the decrease in cortical glu-
tamate concentration and improve the decrease in glycine, 
GABA and taurine. However, the decrease in glutamine and 
aspartic acid continued significantly in animals protected 
with CNs. On the other hand, the daily oral administration of 
CNs ameliorated the increases in all the tested hippocampal 
amino acid neurotransmitters restoring the concentrations 
of glutamate, glycine and GABA to nearly control values.

Thus, the ability of CNs to prevent the excitotoxicity 
induced by the increase in glutamate and aspartate in the 
present ICV-STZ animal model may be due to the decrease 
in Ca influx and modulation of glutamate transporter-1 
(GLT-1) (Kuo et al. 2011; Lin et al. 2011). This assists in 
restoring the concentrations of the rest of the amino acids to 
their normal values and decreasing the ER % from +31.8% 
to 9.86%. The restored hippocampal glutamatergic activity 
by CNs may provide a glutamatergic supply to the cortex 
increasing cortical glutamate concentration to nearly control 
levels. However, it is clear that the ability of CNs to amelio-
rate the altered cortical metabolic activity induced by STZ 
is not rapid enough to restore the levels of the other amino 
acids to their normal values.

In conclusion, the present findings indicate that 
CNs might have a neuroprotective effect against the 
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neurochemical changes induced in the cortex and hip-
pocampus of rat model of AD. This effect was mediated by 
its antioxidant and anti-inflammatory effects and its ability 
to ameliorate the changes in amino acid neurotransmitters. 
These effects were reflected positively on the histological, 
immunohistochemical and behavioral changes induced by 
STZ. Further research is highly recommended to evaluate 
the long-term use of CNs and to establish its success as a 
neuroprotective and therapeutic agent against AD both in the 
elderly and susceptible individuals.
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