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Ellagic acid prevents dementia through modulation
of PI3-kinase-endothelial nitric oxide synthase signalling
in streptozotocin-treated rats
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Abstract
Ellagic acid (EGA)-enriched dietary supplements are widely acclaimed, owing to its versatile bioactivities. Previously, we
reported that chronic administration of EGA prevented the impairment of cognitive abilities in rats using the
intracerebroventricular-administered streptozotocin (STZ-ICV) model of Alzheimer’s disease. Impairment of phosphoinositide
3 (PI3)-kinase-regulated endothelial nitric oxide synthase (eNOS) activity by central administration of STZ in rodents instigates
dementia. The aim of the present study was to delineate the role of PI3-kinase-eNOS activity in the prevention of STZ-ICV-
induced memory dysfunctions by EGA. TheMorris water maze and elevated plus maze tests were conducted, and brain oxidative
stress markers (TBARS, GSH, SOD, CAT), nitrite, acetylcholinesterase (AChE), LDH, TNF-α and eNOS were quantified.
Administration of EGA (35 mg/k, p.o.) for 4 weeks daily attenuated the STZ-ICV (3 mg/kg)-triggered increase of brain oxidative
stress, nitrite and TNF-α levels; AChE and LDH activity; and decline of brain eNOS activity. The memory restoration by EGA in
STZ-ICV-treated rats was conspicuously impaired by N(G)-nitro-L-arginine methyl ester (L-NAME) (20 mg/kg, 28 days) and
wortmannin (5 μg/rat; ICV) treatments. Wortmannin (PI3-kinase inhibitor) and L-NAME groups manifested elevated brain
oxidative stress, TNF-α content and AChE and LDH activity and diminished nitrite content. L-NAME (arginine-based
competitive eNOS inhibitor) enhanced the eNOS expression (not activity) whereas wortmannin reduced the brain eNOS levels
in EGA- and STZ-ICV-treated rats. However, the L-NAME group exhibited superior cognitive abilities in comparison to the
wortmannin group. It can be concluded that EGA averted the memory deficits by precluding the STZ-ICV-induced loss of PI3-
kinase-eNOS signalling in the brain of rats.
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Introduction

The lipid (e.g. glycerophospholipids, sphingolipids, eicosa-
noids)-mediated intracellular signalling plays a key role in
inflammatory, proliferative and several metabolic disorders.
Phosphoinositide 3-kinase (PI3-kinase) constitutes a subfam-
ily of diverse lipid kinases that phosphorylates a 3′-hydroxyl
group of phosphatidylinositols (PIs) to generate second

messengers such as PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 that are
recognised by proteins (e.g. Akt) having pleckstrin homology
(PH) domains and thereby regulate cellular energy status (e.g.
GSK-3), fatty acid synthesis, apoptosis (e.g. CREB, Bax,
Bcl2, Bim), cell proliferation, cell cycle (e.g. FOXO), nitric
oxide signalling (e.g. endothelial nitric oxide synthase
(eNOS)) and several transcription factors (Franke 2008).
PI3-kinase crosstalk with several other pathways such as
TLR, JAK/STAT, VEGF, MAPK, p53 and chemokine signal-
ling under the influence of plethora of bioactive molecules,
notable ones are insulin, cytokines, neurotrophic factors (e.g.
NGF) and microbial products (PAMPs), affects several brain
processes including memory (Vivanco and Sawyers 2002).
The anti-apoptotic and pro-survival activities of PI3-kinase
are found reasonably beneficial in Alzheimer’s disease (AD)
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as progressive neurodegeneration, synaptic dysfunction and
severe cognitive decline are manifested in advanced stages
of AD-affected brain commensurate with hastened brain aging
(Kong et al. 2013; Franke 2008). Preclinical studies have
proclaimed that deregulation of PI3-kinase pathway spurs mi-
tochondrial free radical yield and release of pro-inflammatory
cytokines that embodies the basis of early neurodegenerative
changes in AD pathology (Meng et al. 2017).

Central PI3-kinase dysfunction is known to induce tau
phosphorylation (pTau) and aggravate amyloid β (Aβ) toxic-
ity by enhancing sequential amyloidogenic processing of am-
yloid precursor protein (APP) by β-secretase and γ-secretase
in the brain (Baki et al. 2004; Petanceska and Gandy 1999).
eNOS is a downstream target of PI3-kinase signalling in-
volved in cognitive functions of the brain (Austin et al.
2013). Several studies corroborated eNOS hypoactivity-
incited alterations in the brain akin to AD-type dementia
(Austin et al. 2013; Provias and Jeynes 2008). Central admin-
istration of PI3-kinase inhibitors (e.g. LY294002 or
wortmannin) interferes with eNOS functions and thereby ag-
gravates AD symptoms in rodents (Agrawal et al. 2011;
Petanceska and Gandy 1999). In central disorders, crosstalk
between neuronal and endothelial NOS isoforms to restore
nitric oxide (NO) transmission renders intact eNOS activity
highly essential (Rickard et al. 1999; Son et al. 1996).
Furthermore, PI3-kinase-eNOS signalling is associated with
the brain cholinergic activity adversely affected in AD patients
(Tyagi et al. 2010). In AD therapeutics, several drugs reinstat-
ing the brain cholinergic transmission (e.g. donepezil,
rivastigmine) are in contemporary use that afford symptomatic
relief in patients of dementia and is testimonial to the signifi-
cance of acetylcholine in memory processes.

Ellagic acid (EGA) and ellagitannins (ETs) constitute nat-
ural polyphenols present in nuts, pomegranates, berries and
wines and possess potent antioxidative, anti-inflammatory,
vasorelaxant, hypolipidemic, antidiabetic and antitumor activ-
ities. Ellagic acid is classified as nutraceutical, owing to its
significant health-promoting bioactivities which prompted
emergence and wide consumption of commercially available
EGA-enriched extracts such as Ellagic Active® tablets,
PomActiv™ and Biotech Nutritions Ellagic Acid Capsules®

as dietary supplement (Lipinska et al. 2014). ETs are complex
derivatives of hexahydroxydiphenoic acid and in vivo under-
go spontaneous lactonisation to EGAwhich is a dimeric gallic
acid derivative predominantly absorbed from the upper gas-
trointestinal tract. Preclinical and clinical studies revealed tis-
sue deposits of urolithins (prostrate and intestine) and signif-
icant amounts of unchanged EGA in plasma, urine and faeces
after consumption of EGA extract (Landete 2011; Yoshida et
al. 2010).

Cerebral ischemia and many neurotoxins (e.g. streptozotocin,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) compromise PI3-
kinase-mediated eNOS phosphorylation in the brain of rodents

and thereby incite synaptic dysfunction and profound cognitive
decline (Rajasekar et al. 2017). The diabetogenic, pro-
inflammatory and cytotoxic properties of streptozotocin (STZ)
precipitate tauopathy and amyloidogenesis and instigate AD
traits in the brain of rats (Lee et al. 2016). Revitalisation of PI3-
kinase-eNOS activity is known to forbid the cognitive debility in
STZ-treated rodents (Utkan et al. 2015). Many evidences have
unveiled the anti-apoptotic and anti-inflammatory effects of EGA
through modulation of PI3-kinase-eNOS signalling (Ou et al.
2010). Neuroprotective action of EGA against Aβ25–35, STZ
and traumatic brain injury (TBI) has been demonstrated in animal
studies (Bansal et al. 2017; Kiasalari et al. 2017). EGA is able to
restore endothelial dysfunction in mice and memory deficits in
scopolamine- and diazepam-treated rats (Ding et al. 2014;
Mansouri et al. 2016). However, the molecular insight into neu-
roprotective activity of EGA has been still eluded so far. Hence,
the aim of the present study is to delineate the role of PI3-kinase-
eNOS signalling in EGA-induced memory improvement in rats
treated with intracerebroventricular streptozotocin (STZ-ICV).

Materials and methods

Drugs

Ellagic acid (HiMedia Laboratories, Mumbai) was suspended
in 0.1% gum acacia maintaining the temperature 45 ± 5 °C
and pH 6–8 (Bansal et al. 2017). A 5% dimethyl sulphoxide
(DMSO) in aCSF [147 mM NaCl (0.0859 g), 2.9 mM KCl
(0.00216 g), 1.6 mM MgCl2 (0.00152 g), 1.7 mM CaCl2
(0.00249 g), 2.2 mM dextrose (0.00396 g) in 10 ml of water
for injection (pH 7.3)] solution was used as vehicle for intra-
cerebroventricular (ICV-vehicle) administration of
streptozotocin (SRL Pvt., Ltd., Mumbai) and wortmannin
(Sigma-Aldrich). N(G)-Nitro-L-arginine methyl ester (Sigma-
Aldrich) was dissolved in normal saline. All the drug solutions
were freshly prepared before administration.

Experimental animals and drug treatments

Wistar rats (180–220 g, either sex) were procured from the
Central Animal Facility, All India Institute of Medical
Sciences, New Delhi, and were reared at the Central Animal
Facility of the institute under standard laboratory conditions
(temperature, 23 ± 2 °C; humidity, 40 ± 10%; natural light-
dark cycle, 12 h each). The experimental protocol of this study
was approved by the Institutional Animal Ethics Committee
of the institute, and all procedures followed were as per guide-
lines of CPCSEA, Ministry of Forests and Environment,
Government of India. Three rats per cage (44 × 29 × 16 cm3)
were housed and nurtured with standard rodent pellet diet
(Ashirwad Industries, Mohali) and water ad libitum. The an-
imals were acclimatised 2 weeks before experiments and
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indiscriminately distributed to five different groups (n = 6): (i)
control group (Sham-treated) rats were administered ICV-
vehicle (10 μl); (ii) STZ group (STZ-ICV) rats were given
streptozotocin (3 mg/kg, 10 μl ICV-vehicle) alone; (iii)
EGA+STZ group (EGA+STZ) was administered EGA
(35 mg/kg, p.o.) for 4 weeks daily and STZ-ICV (3 mg/kg,
10 μl ICV-vehicle); (iv) wortmannin group (EGA+STZ+
Wort) received EGA (35 mg/kg, p.o.), STZ (3 mg/kg, 8 μl
ICV-vehicle) and wortmannin (5 μg/rat in two divided doses,
2.5 μg in 2 μl ICV-vehicle); and (v) N(G)-nitro-L-arginine
methyl ester (L-NAME) group (L-NAME+EGA+STZ) re-
ceived L-NAME (20 mg/kg, i.p.), EGA (35 mg/kg, p.o.) and
STZ-ICV (3 mg/kg, 10 μl ICV-vehicle).

EGA (35 mg/kg) was administered orally (10 ml/kg b.w.)
for 4 weeks daily (Bansal et al. 2017). Rat brain surgery was
performed after EGA treatment, and STZ was administered
through ICV route on days 1 and 3 to trigger AD-type demen-
tia. The modulation of PI3-kinase-regulated eNOS activity by
EGAwas elucidated by administering wortmannin (5 μg/rat)
through ICV route in STZ-ICV-treated rats. Previous studies
depicted that central administration of wortmannin (0.5 ng–
2.5 μg per rat) irreversibly inhibits the PI3-kinase activity
(IC50 value, 4–9 nM for PI3-kinase subunits) (Chen et al.
2012). L-NAME potently inhibits the eNOS and was injected
(dose 20 mg/kg, i.p., 2 ml/kg in normal saline) (Traystman et
al. 1995) in EGA- and STZ-ICV-treated rats for 4 weeks daily
to explore the role of eNOS (Fig. 1). Normal saline (2 ml/kg)
was administered to all remaining groups for 4 weeks daily.

Surgery of the rat brain

For ICV administration, the rat was rendered insensitive be-
fore surgery by administering chloral hydrate (350 mg/kg,
i.p.). The body of anaesthetised rat was placed on warm pad,
and the head was positioned in the stereotaxic frame (INCO,
Ambala, India). A mid-sagittal incision was made in the scalp,
skin was retracted and skull was exposed. A burr hole was
drilled through the parietal bone of the skull to access a ran-
domly selected lateral cerebral ventricle (stereotaxic coordi-
nates: antero-posterior from the bregma = − 0.8 mm,

mediolateral from the mid-sagittal suture = ± 1.5 mm, dorso-
ventral from the skull = ± 3.6 mm) (Paxinos et al. 1980). On
day 1, STZ (dose 3 mg/kg in 10 μl ICV-vehicle) was slowly
injected in the lateral cerebral ventricle of rats over a 10-min
duration (1 μl/min) (Sharma et al. 2010). After injection, the
microneedle was not displaced for 5 min to enhance diffusiv-
ity of drug in CSF. The wortmannin group received STZ
(3 mg/kg in 8 μl ICV-vehicle) pursued by wortmannin
(2.5 μg in 2 μl ICV-vehicle) (Gao et al. 2014; Yang et al.
2016). Hamilton® microsyringe was changed between differ-
ent administrations without displacing the microneedle. Sham
rats received the same volume (10 μl) of ICV-vehicle only.
The holes were repaired with dental cement post drug treat-
ments, skin was sutured and Neosporin® was applied pro re
nata to prevent contamination. The ICVadministrations were
repeated in the remaining lateral ventricle once after 48 h.
Cefazolin sodium (Ranbaxy) was injected (30 mg/kg, i.p.)
once postoperatively to avoid sepsis. Post-surgical hypother-
mia was prevented by keeping the rats warm (37 ± 0.5 °C).
Post surgery, each rat was placed individually in separate cage
(30 × 23 × 14 cm3) for 7 days, allowing access to food and
water gratis.

Locomotor activity

The locomotor activity was recorded on days 1, 21 and 28
using an actophotometer (INCO, Ambala, India) for a period
of 10 min and expressed as counts per 10 min (Bansal et al.
2017).

Rotarod test

Rotarod (Rolex Scientific Instruments, Ambala, India) appa-
ratus was used to assess motor impairment in rats on days 1
and 21. For habituation, the rats were placed on constantly
rotating rod (10 rpm) for 3 min. To determine motor coordi-
nation, each animal was placed on rod whose rotations grad-
ually increased from 6 to 40 rpm over 5 min and latency to fall
off (s) from rotating rod was noted.

Fig. 1 Drug treatment schedule
and experimental protocol
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Morris water maze test

Spatial navigation memory of rodents was assessed by
using the Morris water maze (MWM) test in the place-
condition paradigm which involves learning using
allocentric and egocentric cues to escape on a submerged
platform placed in a fixed location with the start position
of each animal randomised with each trial (Morris 1984).
A black-coloured metallic (iron) circular tank (diameter
200 cm, height 60 cm) was filled to a depth of 30 cm
with water (temperature 25 ± 1 °C), and two threads were
fixed at the right angle to each other on the rim of the
pool to divide the tank into four equal quadrants. A clock-
wise nomenclature was assigned to quadrants, viz. north
(N), east (E), south (S) and west (W). The standard pro-
cedure was adopted having three phases. On day 21, each
rat was familiarised with MWM by allowing maze explo-
ration for 120 s without platform. During acquisition
phase, a black-painted metal (iron) platform (area
11 cm2, search area/target ratio of 314:1) was submerged
2 cm below the surface of water in the centre of target
quadrant (W) of this tank. The platform was camouflaged
by making the water opaque. In the place-condition para-
digm, submerged platform was kept in a fixed location
(W) throughout the training session with the start position
of each animal randomised with each trial. The rat was
smoothly released in the water with head facing the wall
of the tank and allowed 120 s to locate submerged plat-
form. The start location of each animal was randomised,
viz. from N to W on day 22, from E to N on day 23, from
S to E on day 24, from W to S on day 25 and from N to
W on day 26 for each trial. Each rat received four training
trials consecutively per day with an inter-trial gap of 30 s
on the platform. The animal unable to locate the hidden
platform within 120 s was guided gently onto the plat-
form. The time taken by each rat to locate the hidden
platform denotes mean escape latency (MEL). After
24 h of the last acquisition trial, retention of memory of
each rat was determined in a probe trial. The platform was
removed, each rat was placed 180° from the original plat-
form position to navigate the tank for 60 s to eliminate
thigmotaxis (Vorhees and Williams 2006) and the mean
time spent in all four quadrants was noted. The reference
memory is denoted by the percentage of mean time spent
by the animal in target quadrant [TSTQ (%)] searching for
the camouflaged platform. Twenty-four hours after the
probe trial, a visible platform probe trial was performed
to assess the visuospatial and sensorimotor performance
of rats, with platform remaining at the same position but
protruding 2 cm above the water level and covered by
aluminum foil (Moosavi et al. 2014). The distal visual
cues and position of experimenter remained the same dur-
ing the whole study.

Elevated plus maze test

The elevated plus maze (EPM) consisted of a wooden appa-
ratus having a square central platform (area 100 cm2) connect-
ed to two open arms (50 cm × 10 cm) and two laterally cov-
ered arms with open roof (50 cm × 40 cm × 10 cm), placed
60 cm above the floor. The duration of entry of the rat from the
open arm into one of the covered arms (transfer latency) with
its entire four paws denoted memory of the animal. On day 27,
each rat was placed at the distal most end of an open arm with
head opposite to the central platform and allowed to explore
the maze for 90 s. The animal which failed to passage into a
closed arm within 90 s was gently guided in one of the cov-
ered arms. The rat was further given an exploration time of
20 s and then returned to its home cage. The memory of this
EPM learning was evaluated 24 h after the last trial (Bansal et
al. 2017).

Whole brain homogenate preparation

For biochemical estimations (n = 5), the rats were sacrificed
by decapitation under light diethyl ether anaesthesia on day 28.
The whole brain was dissected out and rinsed with ice-cold
sterile normal saline (0.9 g/l sodium chloride) to eliminate the
extraneous tissue residues and blood. Brain tissue homogenate
(10% w/v) was prepared in 50 mM sodium potassium phos-
phate buffer (1% v/v Triton X-100, pH 7.4) at 4 °C and cen-
trifuged at 15 × 103 rpm for 20 min (4 °C) in high-speed re-
frigerated centrifuge (CPR-30 Remi Compufuge, India), and
the supernatant was separated from the sediment for estima-
tion of acetylcholinesterase (AChE), reduced glutathione
(GSH), superoxide dismutase (SOD), catalase (CAT), nitrite
and lactate dehydrogenase (LDH).

Estimation of lipid peroxidation in the rat brain

Measurement of thiobarbituric acid-reactive substances
(TBARS) is a reliable index of lipid peroxidation (pink-
coloured malondialdehyde (MDA)-thiobarbituric acid
(TBA)2 adducts) and was measured by the method of
Ohkawa et al. (1979). The 4 ml assay mixture consisted of
0.1 ml homogenate, 0.2 ml of 8.1% sodium dodecyl sulphate,
1.5 ml of 20% glacial acetic acid (pH 3.5), 1.5 ml of 0.8%
TBA and 0.7 ml distilled water. Tubes were mixed, heated at
95 °C for 1 h on a water bath, cooled under tap water, vigor-
ously mixed with 5 ml mixture of n-butanol and pyridine
(15:1) and centrifuged at 4000 rpm for 10 min. The absor-
bance of upper 2 ml organic layer (n-butanol phase) was mea-
sured at a wavelength of λmax = 532 nm using a spectropho-
tometer (Shimadzu UV-1700, Pharmaspec). The amount of
MDA formed or TBARS was calculated by using the molar
extinction coefficient of chromophore 1.56 × 105 M−1 cm−1

and expressed as nanomoles/milligram of protein.
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Estimation of GSH in the rat brain

GSH was estimated according to the method of Ellman
(1959). The 1-ml supernatant was precipitated with 1 ml of
4% sulphosalicylic acid, cold digested for 1 h at 4 °C and, after
5 min, centrifuged at 2000 rpm for 10min at 4 °C. To 0.1 ml of
the supernatant obtained, 2.7 ml of 0.3 M phosphate buffer
(pH 8) and 0.2 ml of DTNB (0.1 mM, pH 8) were added. The
absorbance was measured at λmax = 412 nm using a spectro-
photometer (Shimadzu UV-1700, Pharmaspec), and the
amount of GSH (micromoles of GSH/milligram of protein)
was calculated using the molar extinction coefficient 1.36 ×
104 M−1 cm−1 of the chromophore.

Determination of SOD activity in the rat brain

SOD (EC 1.15.1.1) activity was determined according to the
method of Winterbourn et al. (1975) with slight modification.
The reaction mixture contains 0.05 ml of the supernatant,
0.2 ml of 0.1 M EDTA (containing 0.0015% or 0.3 mM
NaCN), 0.1 ml of 1.5 mM nitroblue tetrazolium (NBT),
0.05 ml of riboflavin (0.12 mM) and phosphate buffer
(67 mM, pH 7.8) q.s. to make up the total volume of 3 ml.
All the tubes were illuminated uniformly for 15 min under a
60 W Philips fluorescent bulb, and absorbance was measured
at the λmax = 560 nm wavelength for 5 min at 30-s intervals.
The amount of NBT reduced was determined by the change in
absorbance, based on the molar extinction coefficient of
15,000M−1 cm−1 for formazan, and the results were expressed
as micromoles of NBT reduced/minute/milligram of protein.

Determination of CAT activity in the brain of rats

CAT (EC 1.11.1.6) activity was assessed following the meth-
od of Claiborne (1985). The assay mixture consisted of
1.95 ml phosphate buffer (0.05 M, pH 7), 1 ml hydrogen
peroxide (0.02 M, prepared in 0.05 M phosphate buffer) and
0.05 ml of the supernatant (10%) in a final volume of 3 ml.
Decomposition of H2O2 by catalase parallels with a decrease
in absorbance at 240 nm. Change in absorbance for 3 min at
30-s intervals was recorded using a spectrophotometer.
Enzymatic activity was calculated using the molar extinction
coefficient of 43.6 M−1 cm−1 at λmax = 240 nm and expressed
as micromoles of H2O2 decomposed/minute/milligram of
protein.

Measurement of AChE activity in the brain of rats

The activity of acetylcholinesterase (EC 3.1.1.7) was assayed
by the method of Ellman et al. (1961). Briefly, the reaction
mixture consisted of 0.05 ml of the supernatant, 3 ml of phos-
phate buffer (100 mM, pH 8), 0.1 ml of 10 mM 5,5′-
dithiobis-(2-nitrobenzoic acid) and 0.1 ml of acetylthiocholine

iodide (0.075 M; AThCh). AChE activity is expressed in mi-
cromoles of acetylthiocholine iodide hydrolysed/minute/mil-
ligram of protein (ε = 1.36 × 104 M−1 cm−1, λmax = 412 nm).

Determination of LDH in the rat brain

The lactate dehydrogenase (EC 1.1.1.27) activity was assayed
by the method of Horecker and Kornberg (1948). The total
reaction mixture (3 ml) contained 1 ml of 0.2 M Tris-HCl
buffer (pH 7.4), 0.15 ml of 0.1 MKCl, 0.15 ml of 50 mM
sodium pyruvate, 0.20 ml of 2.4 mMNADH and 1.5 ml of the
supernatant. A decrease in extinction (6220 M−1 cm−1) at
λmax = 340 nm for 2 min at 25 °C was measured. The result
was expressed in LDH activity in micromoles/minute/milli-
gram of protein.

Measurement of nitrite content in the rat brain

Total brain nitrite was assessed by the method of Sastry et al.
(2002). Briefly, a mixture of 0.1 ml of the supernatant, 0.4 ml
of carbonate buffer (pH 9) and 150 mg Cu-Cd alloy was in-
cubated at room temperature for 1 h. The samples were
allowed to stand for 10 min and then centrifuged at
4000 rpm for 10 min. A measure of 0.5 ml of the Griess
reagent (1:1 solution of 1% sulphanilamide in 3 M HCl and
0.1% N-1-naphthyl ethylenediamine dihydrochloride in wa-
ter) was added to 0.1 ml of the supernatant and mixture was
incubated for 10 min at room temperature in the dark.
Absorbance of deep purple-coloured azo compound was mea-
sured at λmax = 548 nmwavelength. Standard curve of sodium
nitrite (10–100 μM) was plotted to calculate the concentration
of the test sample of nitrite (n micromole/mg of protein).

Enzyme-linked immunosorbent assay

The rat brain eNOS (KINESISDx, California) and TNF-α
(Krishgen, Mumbai) levels were determined by double-
antibody sandwich enzyme-linked immunosorbent assay
(ELISA) as per instructions provided in kits. The brain ho-
mogenate was centrifuged at 2500 rpm for 20 min, and the
supernatant was used for ELISA procedures. The sample was
added to rat monoclonal antibody-precoated wells (96 wells),
treated with secondary antibodies labeled with biotin followed
by streptavidin-horseradish peroxidase and incubated at 37 °C
for 1 h after covering the plate. Afterwards, treatment with
chromogenic solutions A and B or TMB substrate produced
a bluish colour, a stop solution was added to stop the reaction
and absorbance was noted at λmax = 450 nm in an ELISA
microplate reader (iMark, Bio-Rad) within 15 min of stopping
reaction. The concentration of eNOS (ng/ml) and TNF-α (pg/
ml) in the unknown sample was calculated from the standard
curve.
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Estimation of total protein in the rat brain

The total protein of isolated brain tissue was determined by the
method developed by Lowry et al. (1951). The reaction mix-
ture consisted of 0.25 ml of the supernatant, 0.75 ml phos-
phate buffer, 5 ml of Lowry’s reagent and 0.5 ml of the Folin-
Ciocalteu reagent (1 N). After incubation, the protein content
was determined spectrophotometrically at λmax = 650 nmwith
a standard curve (0.25–2.50 mg/ml of bovine serum albumin).

Histopathology of the rat brain

The rats (n = 1) were deeply anaesthetised with chloral hydrate
(400 mg/kg, i.p.) and transcardially perfused with 10% neutral
buffered formalin (NBF) solution (10%). The head was de-
capitated; the brain was removed and fixed in 10% NBF
(0.05% sodium azide, pH 7) in a 10:1 ratio of fixative to tissue
for 6 days at 4 °C. Afterwards, the brain was stored in 70%
ethanol at 4 °C until sectioning. Sections (5μm)were trimmed
out by microtome and stained with haematoxylin and eosin
(H&E). Slides were then cover slipped with permanent
mounting medium (synthetic resin DPX) and examined in
light microscopy at × 100 magnifications for pyknotic nuclei.

Statistical analysis

One-way ANOVA followed by Tukey’s post hoc test and two-
way ANOVA followed by the Bonferroni post hoc test were
utilised to interpret inter-group variation using software
GraphPad Prism5 (GraphPad Software, Inc., USA). All the
values are denoted as mean ± SEM, and statistical significance
was achieved at p < 0.05.

Results

Locomotor activity of rats was unaffected by different
treatments

The mean locomotor activity scores of days 1, 21 and 28
exhibited no significant difference between different groups
(Fig. 2).

Motor coordination of rats was not altered by various
treatments

In the present study, the mean fall-off latency (s) from the
rotating rod did not differ significantly among rats of all the
groups as determined on days 1 and 21 (Fig. 3).

Prevention of learning and memory impairment
in STZ-ICV-treated rats by EGA is attenuated
by wortmannin and L-NAME in the MWM paradigm

Consistent with previous findings, there was no significant
difference in MEL among all the groups on day 22 of acqui-
sition trials in MWM, but major differences emerged out on
day 23. The rats administered with STZ-ICV alone exhibited
poor spatial learning evident by significantly (p < 0.001)
higher MEL with respect to rats of the sham-treated group.
Oral administration of EGA (35 mg/kg) attenuated (p < 0.001)
the STZ-ICV-induced increase of MEL when compared to the
STZ-ICValone group and thereby manifested improvement in
learning of rats. The wortmannin (PI3-kinase inhibitor) group
portrayed considerable rise (p < 0.001) in MEL in comparison
to the EGA+STZ group; however, the MEL was lower (p <
0.001) in the STZ-ICV group. The L-NAME (eNOS inhibitor)
group exhibited enhanced (p < 0.001) MEL in comparison to
the EGA+STZ group but exhibited a considerable decline (p
< 0.001) of MEL with respect to the wortmannin group
(Fig. 4a).

The probe trial was conducted on day 27 to assess the
memory of rats. The STZ-ICV alone group exhibited a pro-
found decrease (p < 0.001) in the percentage of time spent in
the target quadrant [TSTQ (%)] with respect to rats of the
sham-treated group and thereby denoted cognitive dysfunc-
tion. The EGA+STZ group spent significantly (p < 0.001)
more time in the target quadrant when compared with the
STZ-ICV alone group depicting attenuation of memory dys-
function. A decline (p < 0.001) of TSTQ (%) in the
wortmannin group was noted in comparison to the EGA+
STZ group. However, the wortmannin group revealed a higher
(p < 0.05) TSTQ (%) than the STZ-ICV alone group. The L-
NAME group displayed downfall of TSTQ (%) (p < 0.001) in
comparison to the EGA+STZ group, though improved TSTQ
(%) with respect to the wortmannin group (p < 0.05) (Fig. 4b).
The MWM results disclosed that in the STZ-ICV model,
wortmannin (PI3-kinase inhibitor) or L-NAME (NOS inhibi-
tor) treatments impeded the memory-enhancing activity of
EGA. No significant difference between MEL of different
groups was observed during the visible platform trial which
pointed intact sensorimotor function and visuospatial acuity in
rats (Fig. 4c).

Wortmannin and L-NAME preclude EGA-induced
memory enhancement of STZ-ICV-treated rats
in the EPM task

None of the groups depicted significant variation in mean
transfer latency (TL) on day 27 during the acquisition trial
of the EPM task. In the retrieval trial on day 28, an increase
(p < 0.001) in mean TL was observed in the STZ-ICV group
when compared to the sham-treated group which signified
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loss of memory. The EGA+STZ group showed a decline (p <
0.001) of TL in comparison to the STZ-ICV group. The
Wortmannin group displayed enhanced (p < 0.001) TL in
comparison to the EGA+STZ group, but TL was lower than
that in the STZ-ICValone group. The L-NAME group exhib-
ited a considerable delay (p < 0.001) of TL in the closed arm
of EPM with respect to the EGA+STZ group but showed
improvement in TL (p < 0.05) when compared to the
wortmannin group (Fig. 5).

Wortmannin and L-NAME enhance STZ-ICV-induced
brain lipid peroxidation in EGA-treated rats

Measurement of TBARS quantifies the lipid peroxidation
product MDA, an established biomarker of oxidative stress.
Central administration of STZ elevated the brain TBARS con-
tent (p < 0.001) in comparison to sham-treated rats. Chronic
EGA treatment arrested the STZ-ICV-induced surge in
TBARS content (p < 0.001) in the brain of rats as compared
to rats that received STZ-ICV alone. ICV administration of
wortmannin (PI3-kinase inhibitor) augmented (p < 0.001) the
TBARS content in the brain of EGA- and STZ-ICV-treated
rats with respect to rats that received EGA and STZ-ICVonly.

Administration of L-NAME (eNOS inhibitor) conspicuously
raised the whole-brain TBARS level (p < 0.001) in EGA- and
STZ-ICV-treated rats with respect to rats that received EGA
and STZ-ICV only. However, the L-NAME group showed
significantly lower brain TBARS content (p < 0.01) than the
wortmannin group (Fig. 6a). These results suggested the rise
of oxidative stress in response to inhibition of eNOS activity
by wortmannin and L-NAME in EGA- and STZ-ICV-treated
rats.

Wortmannin and L-NAME reduce GSH content
in the brain of EGA- and STZ-ICV-treated rats

Centrally administered STZ subsided the whole-brain GSH
level (p < 0.001) in comparison to sham treatment. Chronic
treatment with EGA prohibited the STZ-ICV-triggered de-
crease in brain GSH level (p < 0.001) in rats with respect to
rats that received STZ-ICV alone. The wortmannin group
manifested lower GSH level (p < 0.001) with respect to the
EGA+STZ group. Administration of L-NAME (eNOS inhib-
itor) for 4 weeks daily diminished the whole-brain GSH con-
tent (p < 0.001) in EGA- and STZ-ICV-treated rats with re-
spect to rats that received EGA and STZ-ICVonly. However,

Fig. 2 Mean ambulatory scores in
the actophotometer showed no
significant variation. Two-way
ANOVA followed by the
Bonferroni post hoc test was ap-
plied. Values are expressed as
mean ± SEM (n = 6)

Fig. 3 Different groups have no
significant variation in latency to
fall off (s) determined by utilising
a rotarod apparatus. One-way
ANOVA followed by Tukey’s
post hoc test was applied. Values
are denoted as mean ± SEM (n =
6)
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the L-NAME group showed a significant elevation in GSH
level (p < 0.01) than the wortmannin group (Fig. 6b).

Wortmannin and L-NAME reduce SOD activity
in the brain of EGA- and STZ-ICV-treated rats

STZ-ICV treatment diminished the whole-brain SOD activity
(p < 0.001) in comparison to sham treatment. Administration
of EGA for 4 weeks daily attenuated the STZ-ICV-induced
reduction of brain SOD activity (p < 0.001) in comparison to
STZ-ICValone treatment. ICV administration of wortmannin
(PI3-kinase inhibitor) to EGA- and STZ-ICV-treated rats
lowered the SOD activity (p < 0.001) in comparison to rats
that received EGA and STZ-ICVonly. Chronic treatment with
L-NAME (eNOS inhibitor) decreased the SOD activity (p <
0.05) in the brain of EGA- and STZ-ICV-treated rats with

respect to rats that received EGA and STZ-ICV only.
However, the L-NAME group showed a significant increase
in SOD activity (p < 0.001) than the wortmannin group
(Fig. 6c).

Wortmannin and L-NAME diminish the CAT activity
in the brain of EGA- and STZ-ICV-treated rats

ICVadministration of STZ abated the brain CATactivity (p <
0.001) in comparison to sham treatment. Orally administered
EGA arrested the dwindling CAT activity (p < 0.001) in the
brain of STZ-ICV-treated rats when compared to rats treated
with STZ-ICV alone. Centrally administered wortmannin
(PI3-kinase inhibitor) impeded the restoration of brain CAT
activity (p < 0.001) by EGA in STZ-ICV-treated rats in com-
parison to rats that received EGA and STZ-ICV only. Long-

Fig. 4 Wortmannin (5 μg/rat) and L-NAME (20 mg/kg) treatments at-
tenuate EGA (35 mg/kg)-induced learning and memory enhancement in
STZ-ICV-treated rats. Statistical comparison of a mean escape latency
(MEL) during the 5-day acquisition trials in MWM (two-way ANOVA
followed by the Bonferroni post hoc test was applied). b Percentage of
time spent in the target quadrant [TSTQ(%)] during the probe trial in
MWM (one-way ANOVA followed by Tukey’s post hoc test was

applied). cMean escape latency during the visible platform trial to assess
the sensorimotor and visuospatial functions of rats in MWM (one-way
ANOVA followed by Tukey’s post hoc test was applied). Values are
expressed as mean ± SEM (n = 6). Significance at @p < 0.001 vs. the
sham-treated group; #p < 0.001 vs. the STZ-ICV group; ***p < 0.001
vs. the EGA+STZ group; $p < 0.05 and $$$p < 0.001 vs. the EGA+
STZ+Wort group
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term treatment with L-NAME diminished the CATactivity (p
< 0.001) in the brain of EGA- and STZ-ICV-treated rats with
respect to rats that received EGA and STZ-ICV only.

However, the L-NAME group showed a significant elevation
in CAT activity (p < 0.01) than the wortmannin group
(Fig. 6d).

Wortmannin and L-NAME attenuate brain AChE
inhibitory activity of EGA in STZ-ICV-treated rats

The STZ-ICV group showed a significant increase (p < 0.001)
in whole-brain AChE activity in comparison to the sham-
treated group. EGA attenuated (p < 0.001) the STZ-ICV-
induced rise of AChE activity in the brain of rats as compared
to rats that received STZ-ICV alone. L-NAME and
wortmannin groups exhibited a significant increase in AChE
activity (p < 0.01 and p < 0.001, respectively) with respect to
the EGA+STZ group (Fig. 7a). However, the brain AChE
activity of the L-NAME group was significantly (p < 0.05)
lower than that of the wortmannin group. These results
showed that suppression of NO biosynthesis by L-NAME
(competitive NOS inhibitor) or wortmannin (PI3-kinase-
eNOS blocker) impeded the AChE inhibitory activity of
EGA and thereby attenuated cholinergic function in the brain
of rats.

Fig. 6 Modulation of markers of oxidative stress by wortmannin (5 μg/
rat) and L-NAME (20 mg/kg) in the brain of EGA- (35 mg/kg) and STZ-
ICV-treated rats. Statistical comparison of the brain a thiobarbituric acid
reactive substances (TBARS) content, b reduced glutathione (GSH) level,
c superoxide dismutase (SOD) activity and d catalase (CAT) activity in

different groups (one-way ANOVA followed by Tukey’s post hoc test
was applied). Values are expressed as mean ± SEM (n = 5). Significance
at @p < 0.001 vs. the sham-treated group; #p < 0.001 vs. the STZ-ICV
group; *p < 0.05 and ***p < 0.001 vs. the EGA+STZ group; $$p < 0.01
and $$$p < 0.001 vs. the EGA+STZ+Wort group

Fig. 5 Wortmannin (5 μg/rat) and L-NAME (20 mg/kg) treatments im-
peded the prevention of STZ-ICV-triggeredmemory dysfunction by EGA
(35 mg/kg). Statistical comparison of mean transfer latency (s) during the
retrieval trial in EPM (one-way ANOVA followed by Tukey’s post hoc
test was applied). Values are expressed as mean ± SEM (n = 6).
Significance at @p < 0.001 vs. the sham-treated group; #p < 0.001 vs.
the STZ-ICV group; ***p < 0.001 vs. the EGA+STZ group; $p < 0.05
vs. the EGA+STZ+Wort group
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Wortmannin and L-NAME enhance STZ-ICV-induced
brain LDH activity in EGA-treated rats

An increase in LDH activity in the brain manifests disruption
of neuron integrity and cell death. The rats of the STZ-ICV
group exhibited an exorbitant rise (p < 0.001) in brain LDH
activity in comparison to rats of the sham-treated group.
Administration of EGA subsided (p < 0.001) the STZ-ICV-

triggered rise in the brain LDH activity as compared to STZ-
ICV alone treatment. The L-NAME and wortmannin groups
displayed high (p < 0.001) brain LDH activity with respect to
the EGA+STZ group. However, the brain LDH activity of the
L-NAME group was significantly (p < 0.05) lower than that of
the wortmannin group (Fig. 7b). These findings indicated pre-
vention of STZ-ICV-triggered neurodegeneration by EGA
through PI3-kinase pathway.

Wortmannin and L-NAME enhance STZ-ICV-induced
increase of brain TNF-α level in EGA-treated rats

A significant (p < 0.001) rise in brain TNF-α level was ob-
served in STZ-ICV group rats as compared to rats of the sham-
treated group. Chronic treatment with EGA attenuated (p <
0.001) the brain TNF-α levels of STZ-ICV-administered rats
with respect to rats that received STZ-ICValone. L-NAME or
wortmannin treatment abolished (p < 0.001) the subsidence of
brain TNF-α by EGA in separate groups of STZ-ICV-treated
rats when compared to rats administered with EGA and STZ-
ICV only. However, the brain of the L-NAME-treated group
exhibited considerably low (p < 0.05) TNF-α levels in com-
parison to that of the wortmannin-treated group (Fig. 7c).
These findings suggested enhancement in neuroinflammation
in response to inhibition of PI3-kinase and eNOS activity in
the brain of rats. However, EGA was able to exert an anti-
inflammatory effect by rescuing STZ-ICV-triggered downreg-
ulation of brain PI3-kinase pathway.

Wortmannin and L-NAME potentiate the reduction
of total brain nitrite content by EGA
in STZ-ICV-treated rats

The STZ-ICV administration significantly (p < 0.001) in-
creased the brain nitrite content in comparison to sham treat-
ment. The EGA+STZ group depicted low (p < 0.001) brain
nitrite content as compared to the STZ-ICV group. L-
NAME (NOS inhibitor) or wortmannin (PI3-kinase
inhibitor) treatment potentiated (p < 0.001 and p < 0.01, re-
spectively) the EGA-induced reduction of the brain nitrite
content in separate groups of STZ-ICV-treated rats. The brain
nitrite level of the wortmannin group was significantly (p <
0.05) higher than of the L-NAME group. These results sug-
gested implication of the compensatory role of NOS isoforms
(Fig. 8a).

Wortmannin and L-NAME alter the effect of EGA
on brain endothelial NOS in STZ-ICV-treated rats

Administration of STZ-ICV alone diminished (p < 0.001) the
brain eNOS levels with respect to sham treatment, implying
disruption of PI3-kinase activity in the brain of rats. Chronic
treatment with EGA prevented (p < 0.001) the STZ-ICV-

Fig. 7 Modulation of brain acetylcholinesterase (AChE), lactate
dehydrogenase (LDH) and TNF-α by wortmannin (5 μg/rat) and L-
NAME (20 mg/kg) in EGA- (35 mg/kg) and STZ-ICV-treated rats.
Statistical analysis of the brain a AChE activity, b LDH activity and c
TNF-α content in different groups (one-way ANOVA followed by
Tukey’s post hoc test was applied). Values are expressed as mean ±
SEM (n = 5). Significance at @p < 0.001 vs. the sham-treated group; #p
< 0.001 vs. the STZ-ICV group; **p < 0.01 and ***p < 0.001 vs. the
EGA+STZ group; $p < 0.05 vs. the EGA+STZ+Wort group
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triggered decrease in brain eNOS function when compared
with STZ-ICV alone treatment. The L-NAME (competitive
eNOS inhibitor) group exhibited rise in brain eNOS content
(not activity) with respect to EGA+STZ (p < 0.05) and
wortmannin (p < 0.001) groups. Upregulation eNOS expres-
sion in the brain of EGA- and STZ-ICV-treated rats through
suppression of nitric oxide transmission by L-NAME sug-
gested that eNOS activity is under feedback control of NO.
Inhibition of PI3-kinase activity by wortmannin impeded (p <
0.001) the EGA-induced rise in eNOS expression and the
activity in the brain of STZ-ICV-treated rats with respect to
rats that received EGA and STZ-ICV only (Fig. 8b). These
results imply that eNOS is under control of PI3-kinase at tran-
scription level.

Histology of the rat brain

The brain histology of sham group rats showed intact neurons.
STZ-ICV injection instigated profound neurodegeneration in
the cortical region of the rat brain. Chronic administration of
EGA (35 mg/kg; p.o.) for 4 weeks daily prevented the brain of

rats from neurotoxicity of STZ-ICV treatment. L-NAME and
wortmannin groups also showed conspicuous neurodegener-
ation (Fig. 9).

Discussion

STZ is an N-methyl-N-nitrosourea-derived microbial product
that simulates dementia akin to AD when administered cen-
trally in dose ranges 1–3 mg/kg in rodents. STZ-triggered
insulin resistance and reduction in cerebral blood flow are
congruous with impairment of PI3-kinase and eNOS signal-
ling (Agrawal et al. 2011; Rajasekar et al. 2017). Downfall of
PI3-kinase-eNOS signalling in response to diabetogenic prop-
erty of STZ conjures exaggeration of mitochondrial free rad-
ical generation and microglial pro-inflammatory cytokine re-
lease (Meng et al. 2017). PI3-kinase pathway plays a vital role
in cellular respiration by facilitating insulin-mediated glucose
metabolism. Correspondingly, aberration in PI3-kinase activ-
ity disrupts the mitochondrial aerobic respiration that accen-
tuates ROS production (Zhao et al. 2017).

In the present study, ICV administration of STZ elevated
the TBARS content and decreased the GSH levels and SOD
and CATactivity in the brain of rats. TBARS, GSH, SOD and
CAT constitute biomarkers of oxidative stress markedly al-
tered very early in the AD affected brain. Surfeit of lipid per-
oxidation (TBARS) and depletion of brain antioxidant de-
fense (GSH, SOD, CAT) ruin neuronal coherence and cogni-
tive prowess (Sharma et al. 2010). Chronic EGA administra-
tion attenuated the brain lipid peroxidation (TBARS) and
prevented waning of GSH, SOD and CAT activity in STZ-
ICV-treated rats. These results are consistent with findings
reported in earlier studies as the antioxidative property of
EGA has been explored in a number of disorders such as
cancer, colitis and diabetes (Landete 2011). Previous findings
confirm that NO bestows antioxidant activity through inter-
ruption of free radical chain reaction and formation of biolog-
ically stable S-nitrosothiols with SH groups (e.g. S-
nitrosoglutathione) (Paul and Ekambaram 2011).
Commensurate with earlier reports, in the present study, sup-
pression of eNOS activity by L-NAME (direct eNOS inhibi-
tor) or wortmannin (PI3-kinase inhibitor) aggravated the lipid
peroxidation (TBARS) and vanished the endogenous antiox-
idant guard (GSH, SOD, CAT) in the brain of EGA- and STZ-
ICV-treated rats. However, the L-NAME group showed low
TBARS level and superior GSH content and SOD and CAT
activity as compared to the wortmannin group. These results
demonstrated that competitive inhibition of eNOS activity by
L-NAME or through interruption of PI3-kinase activity by
wortmannin provided impetus to oxidative stress and decimat-
ed the antioxidant shield in the brain of EGA- and STZ-ICV-
treated rats.

Fig. 8 Modulation of the brain nitrite content and endothelial nitric oxide
(eNOS) activity by wortmannin (5 μg/rat) and L-NAME (20 mg/kg) in
EGA- (35 mg/kg) and STZ-ICV-treated rats. Statistical analysis of the
brain a total nitrite content and b eNOS level in different groups (one-
way ANOVA followed by Tukey’s post hoc test was applied). Values are
expressed as mean ± SEM (n = 5). Significance at @p < 0.001 vs. the
sham-treated group; #p < 0.001 vs. the STZ-ICV group; *p < 0.05, **p
< 0.01 and ***p < 0.001 vs. the EGA+STZ group; $p < 0.05 and $$$p <
0.001 vs. the EGA+STZ+Wort group
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TNF-α is a pro-inflammatory cytokine associated with nu-
merous cellular responses such as excitotoxicity, inflamma-
tion, apoptosis and necrosis. Release of TNF-α by reactive
microglia and astrocytes in response to immunogenic brain
insult (e.g. TBI, Aβ or STZ) are a characteristic feature of
the AD affected brain (Calsolaro and Edison 2016). In the
present study, administration of EGA for 4 weeks daily atten-
uated the STZ-ICV-triggered pathogenic release of TNF-α in
the brain of rats. PI3-kinase dysfunction-originated Aβ40–42

aggregates are known to exacerbate chronic inflammation in
the brain by activating microglia through TLRs, RAGE and
NODRs (Doens and Fernandez 2014). Competitive inhibition
of eNOS and suppression of PI3-kinase-eNOS signalling by
L-NAME and wortmannin respectively blocked the anti-
inflammatory activity of EGA in the brain of STZ-ICV-
treated rats. Earlier reports also substantiate the increase in
brain TNF-α expression by inhibition of PI3-kinase activity
by wortmannin or LY294002 and eNOS by L-NAME (Guha
and Mackman 2002; Harry et al. 2001). However,
wortmannin treatment raised the brain TNF-α level conspic-
uously in comparison to L-NAME treatment in EGA- and
STZ-ICV-administered rats. Oxidative stress and inflamma-
tion compromise the neuron integrity quantified by measure-
ment of brain LDH activity. LDH is a widely acclaimed bio-
marker of cell death. ICVadministration of STZ induced pro-
found neurodegeneration as indicated by high LDH activity
determined in the brain of rats (Sharma et al. 2010). EGA

treatment attenuated the STZ-ICV-induced rise in brain LDH
activity and concomitant neurodegeneration.Worsening of the
free radical toxicity and inflammation amplified the LDH ac-
tivity and subsequent brain tissue breakdown in the L-NAME
group. Wortmannin (PI3-kinase inhibitor) treatment accelerat-
ed the brain LDH activity which suggested pro-survival activ-
ity of PI3-kinase pathway in EGA- and STZ-ICV-treated rats.
These biochemical results were well supported by histopath-
ological studies which showed neuron death. The wortmannin
group exhibited higher LDH activity with respect to the L-
NAME group. This study elucidates that the anti-
inflammatory and pro-survival effects of EGA in the STZ-
ICV model are mediated through PI3-kinase-eNOS
signalling.

Neuronal and endothelial NOS-derived NO performs
pleiotropic functions in the brain associated with synaptic
plasticity and long-term potentiation. However, superfluous
NO generation by inducible NOS (iNOS) may precipitate
neurotoxicity through peroxynitrite, genotoxicity, PARP, inhi-
bition of mitochondrial aerobic respiration and glutamate
excitotoxicity (Murphy 1999). STZ is a nitrosourea derivative
metabolised to NO in vivo, triggers iNOS activity (Rajasekar
et al. 2017) and diminishes the expression and activity of
eNOS through PI3-kinase dysfunction (Bedse et al. 2015).
Analogous to previous studies, a surge of brain nitrite content
in STZ-ICV-treated rats was noted. However, downfall in
brain eNOS level in the STZ-ICV group indicated alteration

Fig. 9 Histology of the rat (n = 1) brain cortex (H&E, × 100; arrow mark indicates degenerated neurons). a Sham-treated group. b STZ-ICV group. c
EGA+STZ group. d Wortmannin group (EGA+STZ+Wort). e L-NAME group (L-NAME+EGA+STZ)
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of the PI3-kinase pathway. Dysfunction of eNOS in stroke,
experimentally induced brain ischemia and through specific
eNOS inhibitors (e.g. L-N5-(1-iminoethyl) ornithine or
diphenyleneiodonium chloride) has been associated with loss
of neurotrophic factors (BDNF, NGF) and memory (Li et al.
2014; Provias and Jeynes 2008). EGA negated the STZ-ICV-
induced outrageous rise of nitrite content and downregulation
of eNOS level in the brain of rats. L-NAME and wortmannin
treatments vigorously potentiated the decrease of brain nitrite
content by EGA in STZ-ICV-treated rats. Chronic administra-
tion of L-NAME caused a profound decline in brain nitrite
level as it is a relatively specific arginine-derived competitive
eNOS inhibitor which binds with L-arginine binding site. In
the STZ-ICVAD model, chronic administration of L-NAME
elevated the brain eNOS level (not activity) in EGA-treated
rats. Previous findings suggested that eNOS expression is a
function of NO transmission and glucose metabolism (Mohan
et al. 2012). ICV administration of wortmannin (PI3-kinase
inhibitor) attenuated the rise of eNOS expression and activity
by EGA in STZ-ICV-treated rats. In currently employed AD
model, upregulation of PI3-kinase-regulated eNOS activity
exhibited a vital role in the prevention of noxious effects of
STZ-ICV by EGA.

Numerous CNS studies have shown that loss of the brain
cholinergic activity deteriorates cognitive functions.
Acetylcholine is involved in brain development, cerebral
blood flow, sleep-wake cycle and memory (Ferreira-Vieira et
al. 2016). In earlier studies, endogenous acetylcholine and
anti-cholinesterase drugs (e.g. donepezil, rivastigmine) are
shown to facilitate brain cholinergic activity through the PI3-
kinase pathway (Resende and Adhikari 2009; Tyagi et al.
2010). Impairment in cellular glucose metabolism ruins brain
acetylcholine status through acetylcholinesterase hyperactivi-
ty, energy deficit, thiamine depletion or degeneration of cho-
linergic neurons (Sharma et al. 2010). In this study, ICV ad-
ministration of diabetogenic compound, STZ, caused pro-
found enhancement in the AChE activity in the brain of rats.
Administration of EGA lowered the AChE activity and there-
by rescued a cholinergic decline in the brain of STZ-ICV-
treated rats. L-NAME and wortmannin groups exhibited high
brain AChE activity, implying a brain cholinergic deficit. In
previous studies, a decrease in NO transmission is associated
with impairment of brain cholinergic function (Prast et al.
1995). The wortmannin group showed profound brain cholin-
ergic hypofunction in comparison to the L-NAME group. The
present study corroborates that PI3-kinase-eNOS signalling is
involved in cholinergic augmentation by EGA in the brain of
STZ-ICV-treated rats.

The behavioral tests demonstrated that STZ-ICV
treatment invoked oxidative stress, inflammation, cholin-
ergic deficit and loss of eNOS activity-culminated pro-
found cognitive decline in rats. Chronic administration
of EGA lessened the neurotoxic influence of STZ-ICV

in the rat brain and subsequently augmented their mem-
ory functions. These results substantiate the therapeutic
benefits of EGA as a nutraceutical in promotion of
mental health. L-NAME treatment inhibited the eNOS
activity and thereby accrued oxidative stress and inflam-
mation and hampered the memory functions in the brain
of EGA- and STZ-ICV-treated rats. ICV-administered
wortmannin (PI3-kinase inhibitor) stymied the EGA ac-
tivities and redemption of cognitive abilities in STZ-
ICV-treated rats. However, the L-NAME group
portrayed better memory in comparison to the
wortmannin group. The visuospatial and sensorimotor
abilities of rats determined during the visible platform
trial remained intact in response to chronic L-NAME
treatment. The locomotor activity and motor coordina-
tion of rats were unaffected by different treatments.

Conclusions

In the presently employed STZ-ICV model of AD, sup-
pression of the brain PI3-kinase-eNOS activity by
wortmannin (PI3-kinase inhibitor) or direct competitive
inhibition of eNOS by L-NAME impeded the brain cho-
linergic, antioxidative, anti-inflammatory, pro-survival
and memory-enhancing functions of EGA in rats.
However, brain eNOS expression (not activity) was en-
hanced by L-NAME and reduced by wortmannin in
EGA- and STZ-ICV-treated rats. In behavioral studies,
the wortmannin group showed profound loss of cognitive
abilities in comparison to the L-NAME group. Hence, it is
highly pertinent to conclude that EGA averted the STZ-
ICV-induced loss of brain PI3-kinase-eNOS activity and
thereby prevented the memory deficits in rats. The present
study emphasises that EGA or EGA-fortified supplements
are brain tonics having potent therapeutic potential in
allaying neurodegenerative disorders such as AD.
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