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Abstract

Alzheimer’s disease (AD) is one of the most prevalent neurodegenerative illnesses, and yet, no workable treatments have
been discovered to prevent or reverse AD. Curcumin (CUR), the major polyphenolic compound of turmeric (Curcuma longa)
rhizomes, and Ginkgo biloba extract (GBE) are natural substances derived from conventional Chinese herbs that have long
been shown to provide therapeutic advantages for AD. The uptake of curcumin into the brain is severely restricted by its low
ability to cross the blood-brain barrier (BBB). Meanwhile, GBE has been shown to improve BBB permeability. The present
study evaluated the neuroprotective effects and pharmacokinetic profile of curcumin and GBE combination to find out whether
GBE can enhance curcumin’s beneficial effects in AD by raising its brain concentration. Results revealed that CUR + GBE
achieved significantly higher levels of curcumin in the brain and plasma after 30 min and 1 h of oral administration, compared
to curcumin alone, and this was confirmed by reversed phase high-performance liquid chromatography (RP-HPLC). The
effect of combined oral treatment, for 28 successive days, on cognitive function and other AD-like alterations was studied
in scopolamine-heavy metal mixtures (SCO+HMM) AD model in rats. The combination reversed at least, partially on the
learning and memory impairment induced by SCO+HMM. This was associated with a more pronounced inhibitory effect on
acetylcholinesterase (AChE), caspase-3, hippocampal amyloid beta (AB1-42), and phosphorylated tau protein (p-tau) count,
and pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-a) and interleukine-1beta (IL-1p), as compared to the
curcumin alone-treated group. Additionally, the combined treatment significantly decreased lipid peroxidation (MDA) and
increased levels of reduced glutathione (GSH), when compared with the curcumin alone. These findings support the concept
that the combination strategy might be an alternative therapy in the management/prevention of neurological disorders. This
study sheds light on a new approach for exploring new phyto-therapies for AD and emphasizes that more research should
focus on the synergic effects of herbal drugs in future.
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Abbreviations

AChE Acetylcholinesterase

AD Alzheimer’s disease
ANOVA  Analysis of variance

APP Amyloid precursor protein
As Arsenic

Ap Amyloid beta
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Blood-brain barrier
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Discrimination index
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GSH Reduced glutathione

HMM Heavy metal mixture

HPF High-power field

LP. Intraperitoneal

IHC Immunohistochemistry

IL-1p Interleukin-1p

MDA Malondialdehyde

MEM Memantine

MWM Morris water maze

NC Negative control

NFTs Neurofibrillary tangles

NMDA N-methyl-D-aspartate

NORT Novel object recognition test

PA Passive avoidance

Pb Lead

PBS Phosphate-buffered saline

p-tau Phosphorylated tau protein

ROS Reactive oxygen species

RP-HPLC Reversed phase high-performance liquid
column

SCO Scopolamine

SE Standard error

STL Step-through latency

TNF-a Tumor necrosis factor-a

Introduction

Dementia is a condition in which one’s ability to think, learn,
remember, behave, and carry out daily tasks deteriorates (El
Gizawy et al. 2021). According to newly released data, there
are currently over 50 million individuals living with demen-
tia worldwide, with that number expected to rise to 152 mil-
lion by 2050 (Li et al. 2022). Dementia has significant social
and economic consequences. The current yearly expense of
dementia is predicted to be US$ 2 trillion by 2030 (Rodg-
ers 2021). Above all, Alzheimer's disease (AD) is the most
common form of dementia, accounting for 60-80% of all
dementia cases (Crous-Bou et al. 2017).

Extracellular amyloid beta (Af) plaques and intracellu-
lar neurofibrillary tangles comprised hyper-phosphorylated
Tau protein (pTau) represent the major hallmarks of AD. In
addition, the downstream cognitive symptoms can be caused
by non-Ap factors including oxidative stress, inflammation,
mitochondrial dysfunction and lipid perturbations (Zhang
et al. 2015b).

Despite the increasing incidence and prevalence of the
disease, clinical studies on disease-modifying medication
have largely failed, making AD therapy one of the most
difficult fields of modern medicine (Magierski and Sobow
2015). There are currently six FDA-approved drugs for the
treatment of AD, four of which (tacrine, donepezil, rivastig-
mine, and galantamine) are acetylcholinesterase inhibitors,

and one of which (memantine) is a NMDA antagonist, while
aducanumab is an amyloid beta-directed monoclonal anti-
body (Jurcau 2021).

Despite all the scientific advances in recent decades that
have increased our understanding of the cellular and molecu-
lar bases of AD, still, viable medicines to cure or slow the
disease progression are very poor (Cahill and Huang 2017,
Abbas et al. 2021).

Considering the dramatic increase in the number of AD
cases, as well as the enormous economic and social burden
posed on families and societies, advances in AD therapeu-
tic strategies that lead to even minor delays in AD onset or
progression would significantly reduce the disease’s global
burden (Winblad et al. 2016). This has enticed the research-
ers in this study to investigate natural replacement therapy,
which have fewer side effects and are highly effective in
managing AD and memory loss.

Curcumin is the major polyphenol found in turmeric
curry (Curcuma longa). Several experimental and clinical
investigations have shown that curcumin and its new formu-
lations protect against AD (Antona et al. 2021). Curcumin
has been proven to have antioxidant, anti-inflammatory, and
neurotrophic properties, as well as the ability to suppress
apoptosis and hyper-phosphorylation of tau protein (Yang
et al. 2022).

Despite these numerous benefits of curcumin, in research
conducted by Begum et al. (2008) and Ringman et al. (2012)
on the effects of curcumin supplementation on AD models,
it was found that there was no significant impact. The lim-
ited capacity of curcumin to cross the BBB, hampers its
delivery to the brain at concentrations far less sufficient to
offer the expected effects (da Costa et al. 2019). As a result,
temporarily opening of the BBB para-cellular route could
be useful technique for improving brain medication delivery
(Dong 2018).

Ginkgo biloba is a living fossil tree, where its extract
(GBE) is currently one of the most researched herbal thera-
pies for cognitive impairments. GBE contains 24% ginkgo-
flavone glycosides and 6% terpenoids (Singh et al. 2019;
Oken et al. 1998).

According to Liang et al. (2020), GBE potentially acti-
vates gap junctions and improves the para-cellular perme-
ability of the BBB via adenosine receptor activation. This
could promote the distribution of Ginseng's active com-
ponents in the brain tissue. Furthermore, previous studies
have shown that the flavone in GBE may be a P-glycoprotein
inhibitor, which may aid in increasing the concentration of
co-administered medicines in the brain (Zhang et al. 2015a;
Fan et al. 2009).

Nevertheless, to our knowledge, no reports so far, indi-
cate whether the combination of GBE and curcumin could
increase brain concentrations of the later. Consequently, that
might improve curcumin’s beneficial effects in ameliorating
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the cognitive dysfunction and other AD-associated patholo-
gies. Accordingly, the current study focused on the evaluation
of the beneficial effects of curcumin and GBE combination
on a new modified experimental model of AD, in comparison
to conventional standard therapy. Results of this study could
provide a novel, effective and safe approach for the prevention
and treatment as well as halting the progression of AD.

Methodology
Experimental animals

Male Wistar rats (8—10 months old, average weight
300—450g) were purchased and housed in the animal house
facility, faculty of Medicine, Assiut University until they
were slaughtered. Animals were housed in a 12:12 h light/
dark cycle (lights on 7 a.m.) with a regulated room tempera-
ture (25 °C) and humidity (65-75%). Rats were housed in
groups of six in light plastic cages (60 x40 x40 cm). Ani-
mals received standard rodent pellet diet and drinking water
ad libitum. Animal procedures and their care were carried
out under globally established guidelines for the care and
use of laboratory animals (Guide for the Care and Use of
Laboratory Animals). The tests have been approved by the
Research Advisory Ethical Committee of Assiut University's
Faculty of Medicine (approval NO. 17101494).

Drugs and chemicals

Memantine hydrochloride, 98%, was purchased from AK
Scientific (USA). Scopolamine hydrobromide trihydrate,
99%, was purchased from ACROS Organics (Belgium). Cur-
cumin, 95%, was purchased from Alfa Aesar (Germany).
GBE was purchased from AK Scientific (USA). Arsenic
(As), cadmium (Cd), and lead (Pb) heavy metals were pur-
chased from BDH Chemicals Ltd (Poole, England).

Rat TNF-a, IL-1p, AchE and, caspase-3 ELISA kits were
purchased from AB-clonal Biotechnology Co., Ltd (USA).
Spectrophotometric kits for GSH and malondialdehyde were
purchased from Biodiagnostic (Giza, Egypt). Polyclonal
Beta-amyloid (Ap 1-42) antibody and p-tau (Ser202) anti-
body were purchased from Bioss ANTIBODIES, USA, and
Invitrogen Thermo Fisher Scientific, USA, respectively.
EconoTek HRP species-specific biotinylated secondary anti-
body (Goat anti-mouse IgG) was purchased from ScyTek
(USA).

Experimental and treatment schedule
Experimental procedure

Cognitive impairment was induced in rats by a newly
modified model for AD, using scopolamine hydrobromide
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trihydrate and a mixture of heavy metals. Scopolamine, dis-
solved in physiological saline, was intraperitoneally injected
(I.P.) at a dose of 4 mg/kg, once a day for 28 days (Assi
et al. 2022). Rats received the heavy metals mixture (HMM)
through their drinking water throughout the experiment. The
HMM was made up of the following components: As 3.80
parts per million, Cd 0.98 parts per million, and Pb 2.22
parts per million (Ashok and Rai 2019; Ashok et al. 2015).

Animal groups

Animals were randomly divided into six groups (n=_8).
Group I negative control (NC), was IP injected with saline
and given oral carboxymethyl cellulose (CMC), for 28 days.
Group II was injected with IP scopolamine, received oral
CMC and HMM-laced water (positive control group; SCO/
HMM), for 28 days. Group III received the standard drug;
memantine (MEM; 20 mg/kg). Group IV received curcumin
(CUR; 100 mg/kg). Group V received a combination of cur-
cumin (in the previously mentioned dose) and ginkgo biloba
extract (GBE; 400 mg/kg; CUR + GBE). Oral administra-
tion of the vehicle, drug or extracts was given via a gavage,
90 min prior to the IP injection of scopolamine daily for
28 days (the experimental period).

The behavioral tests were conducted on rats from the 21st
to the 28th day from the commencement of the experiment,
45 min after the daily scopolamine injection. All animals
were sacrificed at day 28 of the study.

Behavioral tests
Passive avoidance task (PA)

The passive avoidance task was tested using equipment
consisting of an electric grid floor divided into two equal-
sized sections (light and dark) by a sliding door (Ugo Basile,
Italy). Rats’ performance is influenced by their inherent
preference for darkness. When rats were first placed in the
light compartment, the learning trial began. A 2 s duration
electric foot shock (1.5 mA) was provided via the grid floor
when the rat crossed to the dark compartment. The retention
trial was done 24 h following the acquisition trial, with rats
placed in the light compartment again, and the latency to
enter the dark room (step-through latency; STL) was evalu-
ated using a 300 s cut-off time.

Morris water maze (MWM)

The MWM was used to test spatial memory in rats. The
animals were permitted to swim freely in a circular pool
with a diameter of 1.4 m, filled with opaque water, and con-
ceptually divided into four quadrants. The rats had to find
the escape platform, which was submerged 1 cm below the
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water’s surface and kept in the center of one of the pool’s
quadrants. Each rat was given 90 s to look for the hidden
platform, after which those who did not find the platform
were gently guided and placed on it for 10 s. All animals
were subjected to three training trials per day for 6 days.
The animals were given a probe trial (retention test) on the
seventh day, in which the platform was removed from the
tank and the latency to reach the position of the platform and
the time spent in the target quadrant were measured.

Novel object recognition test (NORT)

The NORT was used to examine non-spatial and long-term
memory, which is considered the primary cognitive loss
in AD. The test is based on rodents' natural tendency to
favor examining novel objects over familiar ones. Rats were
kept in the test box for at least 30 min prior to the test. The
absence of spontaneous preference was previously evaluated
on each duplicate copy of each object. Prior to the test, rats
were habituated to the test box without any objects for two
days in a row, for a total of 10 min each day (Antunes and
Biala 2012). Following a session of habituation, each animal
was placed in a test box with two identical objects for as long
as it took them to spend a total of 15 s examining these two
objects. This was known as the learning trial (familiariza-
tion phase). Any rat who did not spend 15 s exploring the
objects within the cut-off time (4 min) was not allowed to
participate in the study. Exploration is defined as the animal
having its head within 2 cm of the object while looking at,
sniffing, or touching it (Antunes and Biala 2012). Following
the familiarization phase, three testing sessions (test phase)
were held to evaluate short-, intermediate-, and long-term
memory, at intervals of 5 min, 2, and 24 h, respectively.
Animals were exposed to one of the objects previously seen
during the familiarization phase along with a novel object,
and allowed to explore for 3 min. Animals with low level
of object exploring (time spent in exploring novel, plus,
familiar objects less than 5 s) were excluded from the data
analysis (Antunes and Biala 2012). A discrimination index
percent (DI%) was calculated using the following equation:
DI% = [(novel object or location exploration time—familiar
object or location exploration time)/total time spent explor-
ing objects]*100 (Bali et al. 2019).

This result can vary between+ 1 and — 1, where a posi-
tive score indicates more time spent with the novel object,
a negative score indicates more time spent with the familiar
object (Antunes and Biala 2012).

Preparation of brain homogenate
Animals were sacrificed by decapitation under 2% ether

anesthesia on the last day of the behavioral test. Blood
samples were collected in tube containing EDTA from the

posterior vena cava. Plasma was separated and preserved at
— 20 °C until ready for use. Each rat's brain was separated
and divided into 2 hemispheres. For immunohistochemical
examination, the left hemisphere was fixed in 10% neutral-
buffered formalin for 48 h. The hippocampus was dissected
on dry ice from the right hemisphere of each rat, and the
wet tissues were blotted dry on filter paper, weighed, and
stored at — 80 °C for ELISA, HPLC, and spectrophotometric
assays.

Upon testing, the hippocampal tissues were homogenized
in phosphate-buffered saline (PBS) (pH 7.4) and centrifuged
for 10 min to remove debris. Each supernatant was snap-
frozen in liquid nitrogen and stored at — 20 °C.

Quantification of curcumin in hippocampus
and plasma by reversed phase high-performance liquid
chromatography (RP-HPLC)

Curcumin concentrations in the hippocampus and plasma
were quantified by reversed phase high-performance liquid
chromatography (RP-HPLC). Sample preparation was per-
formed as described previously (Setyaningsih et al. 2016).
Briefly, hippocampus tissue was rapidly dissected, weighed,
and homogenized in PBS. All the samples were vortexed and
then centrifuged for 5 min at 10,000 rpm. The supernatant of
each sample was filtered through a 0.22 Mm Millipore filter
before the RP-HPLC assay. The RP-HPLC quantifications of
curcumin were carried out according to previously described
method (Setyaningsih et al. 2016). For each sample, six rats
were used. The results are expressed in terms of ng of cur-
cumin per g of tissue.

Immunohistochemistry (IHC)

An IHC investigation was carried out to find out how CUR/
GBE affected the key elements of senile plaques and neu-
rofibrillary tangles (NFTs) in diseased rats. This technique
was used to determine patterns of development of the
amyloid beta (Ap) 1-42 and p-tau (Ser202) proteins in rat
hippocampus.

Histological sections (measuring 4.0 mm in thickness)
were deparaffinized in xylene, then hydrated in graded alco-
hols, and the endogenous peroxidase was blocked using
3% hydrogen peroxide in methanol for 5 min. For antigen
retrieval, the slides were placed in citrate buffer and put in
the microwave for 10 min. For AB 1-42 and p-tau (Ser202)
staining, sections were incubated with anti-Ap 1-42 anti-
body (rabbit polyclonal antibody) (Bioss ANTIBODIES) at
a dilution of 1:500 for 2 h at room temperature and anti-
p-tau (Ser202) antibody (rat polyclonal antibody) (Invitro-
gen) at a dilution of 1:2000 overnight at room temperature,
respectively. They were then incubated with the correspond-
ing biotinylated secondary antibodies and visualized with
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chromogen 3-3'-diaminobenzidine and counterstained with
hematoxylin stain. Negative control slides were done by
omitting the primary antibody. All the assessments were
done in a blinded fashion. Photomicrographs were taken by
a digital camera (Nikon DMX1200).

The expression of AP was discovered as brown patches
or plaques in all immuno-stained brain slices, whereas the
p-tau protein was identified as a cytoplasmic expression or
tiny NFTs. In 10/ HPF (high-power field), the number of Ap
1-42 plaques or p-tau-labeled NFTs was counted, and the
mean number was calculated for each slide and compared
among animal groups (Shankar et al. 2009).

Biochemical assay

Analysis of tissue homogenates caspase-3 activity
in the hippocampus

An ELISA kit was used to detect the level/activity of cas-
pase-3 as a marker of neurodegeneration in hippocampal
homogenate, and the experiment was carried out according
to the manufacturer's instructions (Li et al. 2017). Results
are expressed in pg/g of tissue.

Estimation of acetylcholinesterase (AChE) activity

The hippocampal levels of AChE were measured using
ELISA kit (ABclonal Technology), and the absorbance was
read at 450 nm using a microtiter plate reader. The con-
centration of AChE was calculated using standard curves,
according to the manufacturer’s protocols (Ellman et al.
1961), and expressed as pg/g of tissue homogenate.

Measurement of the hippocampal level
of pro-inflammatory cytokines

The goal of this study was to determine the involvement of
pro-inflammatory cytokines in the impairment of cognitive
function in SCO/HMM rats, as well as the effect of treatment
on tumor necrosis factor-o (TNF-a) and interleukin-1 (IL-
1B) levels in the hippocampal tissue. The assays were car-
ried out using ELISA kits, as directed by the manufacturer
(Barichello et al. 2010).

Determination of hippocampal oxidative stress

In addition to reduced glutathione (GSH), the change in the
hippocampal level of malondialdehyde (MDA), a lipid per-
oxidation marker, was employed to assess the effect of treat-
ment on the oxidant/antioxidant balance in the brains of dis-
eased rats as a possible mechanism for improving memory
function in these animals.
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Glutathione detection was carried out by spectrophoto-
metric kit at 405 nm (Beutler 1963). Results are given in
pumol/g tissue. The hippocampal level of MDA was moni-
tored colorimetrically at 534 nm, as described by (Ohkawa
et al. 1979). Results are expressed in nmol/g tissue.

Determination of curcumin in hippocampus
and plasma by reversed phase high-performance liquid
chromatography (RP-HPLC)

Due to curcumin's lipophilic nature, its levels in the hip-
pocampus and plasma are very low and difficult to detect
after oral ingestion. Therefore, this study used RP-HPLC
which is a sensitive, accurate and reliable method for the
determination of curcumin concentration in the hippocam-
pus and plasma.

Chromatographic procedures achieved using Phenome-
nex, Luna C18 column (150 X 4.6 mm. 5-micrometer particle
size) with security guard C18 (4x 3.0 I'd) and a gradient
program of the ideal mobile phase composition.

Internal standard stock solution of quercetin was diluted
with methanol to prepare a working stock solution. The fro-
zen samples were thawed at room temperature. After thawed
completely, the samples were vortexed for 20 s. To 100 uL.
of sample, 10 uL of working stock solution of IS was added.
Then, 20 uL of 2% acetic acid and 400 uL of acetonitrile
were added to induce protein precipitation. The resulting
mixture was vortexed for 20 s. A volume of 1000 pL extrac-
tion medium, which consisted of 95 vol-% ethyl acetate and
5 vol-% methanol was added to the sample. The mixture was
vortexed for 2 min to extract the curcumin. After centrifuga-
tion at 1000 rpm for 20 min, the supernatant was removed
quantitatively and transferred into 5 mL tubes. The dried
samples under vacuum were reconstituted with 100 pL. meth-
anol. To remove any undissolved substances, the sample was
centrifuged at 8000 rpm for 20 min after which the superna-
tant was taken. The supernatants were transferred into the
inserts of the HPLC amber vials, and an aliquot of 20 uL. was
injected onto the HPLC column. The method was validated
according to the FDA guidelines (Setyaningsih et al. 2016).
The method linearity (correlation coefficient of 0.9825) was
demonstrated at 1.25-100 ng/ml.

Statistical analysis

Data are expressed as the mean + standard error (SE).
Statistical analysis was performed by a one-way analysis
of variance (ANOVA), followed by Tukey’s post hoc test,
using GraphPad Prism 9.0.0 (GraphPad Software, Inc.). A
P value < 0.05 was deemed statistically significant for all
statistical comparisons.
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Results

Effect of curcumin and CUR + GBE on learning
and memory of SCO/HMM-treated rats

Passive avoidance task

Throughout the acquisition trials, the initial latencies
were not significantly different among animal groups.
However, in the retention trial, STL in SCO/HMM-treated
rats was considerably lower than in the negative control
group (250.6 +15.82 s for NC vs 16.38 +1.438 s for SCO/
HMM; p <0.01). Also, rats treated with MEM, CUR,
and CUR + GBE had significantly higher STL than rats
treated with SCO/HMM (171.3 +10.25, 208.8 + 13.68,
240.0 + 11.50 s, respectively vs. 16.75 +0.2500 for SCO/
HMM; p <0.01), (Fig. 1a). Notably, rats treated with the
combination had the greatest increase in STL, which was
significantly higher than that seen in the groups treated
with MEM (p <0.01), while there was no significant dif-
ference in STL between rats treated with CUR alone and
those treated with the combination.

Morris water maze test

During the acquisition phase of this test, a gradual decrease
in latency to the escape platform was seen across the 6 days
of acquisition, demonstrating that the acquisition was
obtained gradually. Rats in the SCO/HMM group showed
considerably longer latencies than rats in the other experi-
mental groups (p <0.01). Consistent with these findings,
in the probe trial, the latency to determine the position of
the formerly submerged platform for the SCO/HMM group
was longer than that of the NC group (16.75 +£0.2500 vs.
4.000+0.2673 s; respectively; p < 0.01). Nevertheless, sco-
polamine-injected, HMM-drinking rats treated with MEM,
CUR, and CUR + GBE for 4 weeks, showed a significant
reduction in the prolonged escape latency to the position
of the platform compared to the SCO/HMM control group
(9.875+0.6391, 6.250+0.2500, 5.125 +0.4407 s; respec-
tively, p <0.01, vs. 16.75 +£0.6105 for SCO/HMM (Fig. 1b).
Rats treated with CUR + GBE revealed the most pronounced
reduction in escape latency to the position of the previously
immersed platform, compared to MEM group, while there
was no significant difference in escape latency between the
group treated with CUR alone and those treated with the
combination. Similarly, SCO/HMM rats spent significantly
less time on the quadrant where the platform was located

a Passive avoidance task b Morris water maze
300 Probe trial
# 20-
T x> = NC tt

200- mm SCO+HMM i = NC

f = MEM g B SCO+HMM
= = MEM

& mm CUR =

1004 CUR+GBE & =

+
— 2 B= CUR+GBE
tt
0 1
c Morris water maze

= 40- Probe trial
- E 30+ — NC
== *
g3 B SCO+HMM
= T 50 T1
e = MEM
Z5 == CUR

P B CUR+GBE

£ 5 .

Fig. 1 Effect of CUR and CUR + GBE on learning and memory defi-
cits in SCO+HMM rats. a Passive avoidance (PA) test. Step-Through
Latency (STL) to enter the dark compartment in seconds, 24 h after
training, b Escape latency to reach previously submerged platform in
the Morris water maze (MWM) probe trail following 6 days of the
acquisition trail, ¢ Time spent on the target quadrant in MWM probe

trail where the platform was located. Data are represented as the
mean=+SE for n=8. TP <0.01 vs. NC group; *P <0.05, **P<0.01
vs. SCO+HMM group; #P<0.01 vs. MEM group. S second, NC
normal control, CUR curcumin, GBE ginkgo biloba extract, MEM
memantine, SCO + HMM scopolamine/heavy metals mixture
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than NC rats (17.88 +£0.6105 vs. 36.63 +0.8438 s; respec-
tively p <0.01), whereas this time was significantly longer
in rats treated with MEM, CUR and CUR + GBE, compared
to SCO/HMM control group (24.25+0.9014, 28.63 +2.705
and 33.13 + 1.288 s; respectively; p <0.01 vs. 17.88+0.6105
for SCO/HMM), (Fig. 1c). The combination-treated rats
demonstrated the most prolonged time spent in the target
quadrant compared to that of MEM-treated group, while
there was no significant difference in the group treated with
curcumin only and the group treated with the combination
in terms of time spent in the target quadrant.

Novel object recognition test

During the training phase, no significant difference was
detected in the time spent exploring two identical objects
put in diagonal locations among the tested groups, dem-
onstrating that the positioning of the objects had no
impact on the exploratory behavior of rats (Fig. 2a). In
the testing phase (5 min, 2 h, and 24 h) with two differ-
ent objects (one novel, the other familiar), diseased rats
explore the novel object for a shorter time period and have

a NORT
— 20~
L)
°© 3 NC
E 45-
= mm SCO+HMM
S = MEM
& 10
S mm CUR
5 s mm CUR+GBE
8
o
- 0-
c NORT
& 100-
X 2 0 NC
5 s mm SCO+HMM
S = MEM
g mm CUR
£ mm CUR+GBE
@
()
i
& 10—

Fig.2 Impact of CUR and CUR +GBE on learning and memory def-
icits in SCO+HMM rats. A Total exploration time for familiar object
(in sec) in the NORT. B, C and D % of discrimination index for the
novel object 5 min, 2 h and 24 h; respectively, after training in the
NORT. Data are shown as the mean + SE for n=8. "TP<0.01 vs. NC
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a lower discrimination index percent (DI%) than normal
controls (— 49.04 +1.892 vs. 70.09 +3.102 at 5 min,
—46.71+3.000 vs. 73.15+3.313 at2 h, — 71.88 +4.112
vs. 78.16 +3.621 for 24 h; respectively, p <0.01). Rats
treated with natural agents explored the novel item for
longer periods of time and had a higher DI% than diseased
rats (33.50+2.500 for CUR, 68.24 +2.475 for CUR + GBE
vs. — 49.04 +1.892 at 5 min; 29.81 +2.797 for CUR,
57.84 +3.234 for CUR + GBE vs. — 46.71 +3.000 at 2 h,
and 48.35 +2.460 for CUR, 68.04 +3.867 for CUR + GBE
vs. — 71.88 £4.112 for 24 h; p <0.01). Similarly, MEM-
treated rats explore the novel object for longer peri-
ods of time and have a higher DI% than diseased rats
(41.69 £3.458, 43.10£2.942, 48.30 £2.827 vs. at 5 min,
2 h. and 24 h. respectively) (Fig. 2b, c, d). There were
substantial differences in the effects of different treatments
on DI percent; the group that received a combination of
CUR + GBE had significantly higher DI percent than other
treated groups; p <0.01. Overall, the findings of the behav-
ioral tests showed that SCO + HMM generated learning
and memory deficits in rats, which were recovered using
natural agents.
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GBE ginkgo biloba extract, MEM memantine, SCO + HMM scopola-
mine/heavy metals mixture
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Table 1 Curcumin

; — CUR alone 30 min 1 h after CUR alone CUR+GBE 30 min CUR+GBE1h
concentrations in hippocampus
(ng/g) and plasma (ng/ml) after Hippocampus (ng/g)  49.46+3.763 119.7+3.069 175.9+8.346 409.5+6.766
single and combined treatment Plasma (ng/ml) 57.31+4.134 60.38 +2.747 80.58 +3.297 100.3 +5.463
with GBE
Plasma Hippocampus treatment with MEM and natural agents significantly
g %007 &&l reduced hippocampal AChE activity (0.1475+0.01381 for
ﬁ 400- MEM, 0.3062 +0.02340 for CUR, and 0.1652+0.01351 for
K = CUR CUR +GBE, respectively, vs. 0.4694 +0.0410 for diseased
< 300- . :
% B CUR+GBE rats received SCO + HMM; p <0.01), (Fig. 4a). The effects
£ 200~ && of the CUR and CUR + GBE combination on AChE activity
g 8& were significantly different.
8 100 & & Y
£
©  o- . , Impact of natural agents’ administration on caspase-3
30 min 1hr 30 min 1hr

Fig.3 Effect of GBE on curcumin absorption in the plasma and
distribution in the brain hippocampus after 30 min and 1 h from
oral administration in SCO+HMM Wistar rats. Data are shown
as the mean+SE for n=8. &P <0.05, &&P <0.01 vs. CUR group
(unpaired ¢ test). min minute, Ar hour, CUR curcumin, GBE ginkgo
biloba extract, SCO + HMM scopolamine/heavy metals mixture

Quantification of Curcumin in hippocampus and plasma
by RP-HPLC in curcumin alone and CUR + GBE treated rat

group

The concentrations of curcumin in the hippocampus and
plasma were detected by RP-HPLC (Table 1). The data sug-
gest that the combined ginkgo biloba extract and curcumin
increased curcumin absorption in the plasma and distribu-
tion in the brain hippocampus compared to its administration
alone. The curcumin concentration was detected 30 min and
1 h after oral curcumin administration, (Fig. 3) (Table 2).

Biochemical assays

Effect of natural agents on AChE activity
in the hippocampus of memory deficit rats

In the hippocampal homogenates of diseased rats that
received SCO + HMM, there was a significant increase in
ACHE activity compared to normal controls (0.4694 +0.0410
vs 0.06140+0.0040451 pg/g tissue; respectively, p < 0.01).
Similarly, as compared to SCO + HMM rats, 28 days of

activity in the hippocampus of diseased rats

The effect of natural substances on neurodegeneration
and apoptosis in demented rats was studied by follow-
ing hippocampal caspase-3 activity. When compared to
healthy rats, diseased rats had a significant increase in
caspase-3 levels in the hippocampus (0.1677 +£0.01397
vs. 1.882+0.05015 pg/g tissue; respectively, p <0.01).
However, 28 days of treatment to diseased rats with
MEM and natural agents reduced the increased level of
caspase-3 in comparison to diseased rats that received
SCO + HMM (0.8596 +0.04733, 1.130+0.1015, and
0.2783 +0.02539 pg/g tissue for MEM, CUR, and
GBE + CUR; respectively, vs. 1.882 +0.05015 ng/g tissue
for diseased rats; p <0.01), (Fig. 4b). Strikingly, the com-
bination produced the most noticeable reduction in the hip-
pocampal level of caspase-3 compared to MEM and CUR
alone (p <0.01).

Effect of administration of natural agents
on the hippocampal level of pro-inflammatory cytokines

Diseased rats had considerably higher hippocampal
levels of TNF-a and IL-1f than normal control rats
(103.1+4.432 vs. 9.741 +0.4445 ng/g tissue for TNF-q;
respectively, p<0.01;295.7+10.55vs. 35.85 +3.071ng/g
tissue for IL-1p; respectively, p <0.01). In contrast, after
28 days of treatment with MEM and natural agents, there
was a significant reduction in the elevated TNF-a levels
compared to diseased rats (50.43 +4.712, 32.43 +1.070,

Table 2 Hippocampus/plasma ratio of curcumin concentrations after single and combined treatment with GBE

Hippocampus/plasma ratio (com-
bination 1 h)

Hippocampus/plasma ratio (CUR  Hippocampus/plasma ratio (CUR  Hippocampus/plasma ratio (com-
alone 30 min) alone 1 h) bination 30 min)

0.05349 + 0.0005978 0.1214 + 0.006378 0.1571+0.002059 0.2876+0.01726

Data are expressed as the mean + SE (n=6). CUR: 100 mg/kg curcumin, GBE: 400 mg/kg ginkgo biloba extract
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Fig.4 Effect of CUR and CUR + GBE administration on the level of
A AChE, B Caspase-3, C TNF-a, D IL-1p, E MDA, F GSH in the
hippocampus of SCO+HMM rats. Data are shown as the mean +SE
for n=8. P<0.01 vs. NC group; **P<0.01 vs. SCO+HMM
group; *P<0.05, #P<0.01 vs. MEM group; ¥¢P<0.01 vs. CUR

and 13.81 +0.8341 ng/g tissue for MEM, CUR, and
GBE + CUR; respectively vs. 103.1 +4.432 for diseased
rats, p <0.01), (Fig. 4c). In the same manner, IL-1f levels
notably declined in the hippocampus of animals treated
with MEM and natural agents relative to diseased rats
(129.6 +10.87, 123.6 +6.866, and 47.33 +3.573 ng/g
tissue for MEM, CUR, and GBE + CUR; respectively vs.
295.7 +10.55 for diseased rats, p <0.01), (Fig. 4d). Inter-
estingly, the combination produced the most pronounced
reduction in the hippocampal level of pro-inflammatory
cytokines compared to MEM and CUR alone (p <0.01).

@ Springer

group. NC normal control, CUR curcumin, GBE ginkgo biloba
extract, MEM memantine, SCO + HMM scopolamine/heavy metals
mixture, AChE acetylcholinesterase, TNF-a tumor necrosis factor-o,
IL-1f; interleukine-1p, MDA malondialdehyde, GSH reduced glu-
tathione

Influence of natural agents on the oxidant/antioxidant
status in the hippocampus of diseased rats

In the brains of demented rats that received SCO/HMM,
the oxidant/antioxidant balance was considerably dis-
rupted, as evidenced by a significant decrease in GSH
levels compared to the NC group (1.283+0.1114 vs.
16.98 +£1.193 umol/g tissue; respectively, p <0.01) and a
marked increase in MDA hippocampal levels (51.32+1.194
vs. 14.78 +1.222 nmol/g tissue; respectively, p <0.01).
Remarkably, the hippocampal levels of oxidative stress
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biomarkers were significantly altered in natural agents
treated groups in comparison with diseased rats. Lev-
els of MDA in the hippocampus of animals treated with
MEM and natural products were significantly lower than
that in SCO/HMM rats (34.22 +1.304, 32.01 +0.8726,
and 20.22+0.9931 nmol/g tissue for MEM, CUR, and
GBE + CUR, respectively, vs. 51.32+1.194 nmol/g tis-
sue for diseased rats; p <0.01), (Fig. 4e). Also, a marked
increase in the reduced GSH levels was observed following
28 days of treatment with MEM and natural agents compared
to diseased rats that received SCO/HMM (6.651 +0.4639,
13.07+0.8599 and 16.40+0.2961 pmol/g tissue for
MEM, CUR, and GBE + CUR, respectively; p <0.01 vs.
1.283+0.1114 pumol/g tissue for diseased rats), (Fig. 4f).
Similarly, there were significant differences between MEM,
CUR, and GBE + CUR treatments on GSH and MDA, where
GBE + CUR showed the most remarkable results (p <0.01).

Influence of natural agents treatment on amyloid plaques
and tau pathology in SCO + HMM rats

Immunohistochemical analysis for Ap and p-tau revealed
that the SCO + HMM rats showed a remarkable rise in the
mean count of AP deposits, together with p-tau (Ser202)
positive cells, in the brain, compared to those that received
conventional chow (AP: 7.833 +0.4773 vs. 0.1667 +0.1667,
p-tau: 5.500+0.500 vs. 0.0+0.0; p<0.01). Compared with
the SCO + HMM control group, demented rats that received
MEM, CUR, and CUR + GBE for 4 weeks showed a sig-
nificant decrease in AP 1-42 burden in the total brain area
analyzed (MEM: 3.667 +0.3333, CUR: 3.333+0.2108, and
CUR +GBE: 0.3333+0.2108; p<0.01), (Fig. 5a and c).
Similarly, p-tau immunoreactivity was considerably lowered
by treatment (MEM: 2.333 +0.3333, CUR: 2.167 +0.1667,
and CUR + GBE: 0.1667 +0.1667; p <0.01), (Fig. 5b and
d). Strikingly, the combination produced the most noticeable
reduction in the hippocampal level of A 1-42 and p-tau
compared to MEM and CUR (p <0.01).

Discussion

Dementia is a condition in which one’s ability to think, learn,
remember, behave, and carry out daily tasks deteriorates. It
is most manifested in AD. Extracellular amyloid beta (Af)
plaques and intracellular neurofibrillary tangles comprised
hyper-phosphorylated Tau protein (p-Tau) represent the
major pathological hallmarks of AD. The present study
demonstrated the potential role of CUR and GBE combina-
tion in attenuating SCO + HMM-induced cognitive deficits
in rats. Curcumin was found to affect pathways such as the
B-amyloid cascade, tau phosphorylation, neuro-inflamma-
tion, and oxidative stress sequelae that are involved in the

pathogenesis of neurodegenerative disorders (Witkin and
Li 2013; Fan et al. 2017). It was thus concluded that CUR
might be used therapeutically to reduce neuro-inflammation
in AD. However, curcumin limited absorption as well as per-
meability through the BBB restricts its therapeutic potential.
To achieve acceptable therapeutic results, free CUR can be
delivered to target tissues by increasing its bioavailability in
the brain and plasma (Anand et al. 2007; Tsai et al. 2011).
Thus, our study focused on increasing CUR concentration in
the plasma and brain in a trial to enhance its neuroprotective
effects on AD parameters.

Based on previous reports on the potential ability of GBE
to boost the distribution of the co-administered drugs to
brain tissue, the present study investigated the effect of GBE
supplementation on CUR plasma and brain concentrations,
in addition to its beneficial effects on an AD animal model.
This is probably the first study investigating the simulta-
neous oral administration of CUR with GBE followed by
quantifying CUR concentration in plasma and brain using
RP-HPLC analysis. The combination achieved significantly
higher (p <0.01) levels of CUR in the plasma and brain
compared to CUR alone following 30 min and 1 h from the
combination oral administration. The enhancement of CUR
bioavailability and brain distribution may be attributed to the
presence of flavones in GBE. These flavones act as inhibitors
of the p-glycoprotein pathway; a significant bottleneck in
CUR absorption and distribution. In addition, GBE's capac-
ity to open gap junctions and raise the para-cellular perme-
ability of the BBB via adenosine receptor activation may be
another beneficial mechanism. The increased bioavailability
induced by GBE is in line with several other studies (Ren
et al. 2019; Guo et al. 2020; Mukai et al. 2009). One of these
studies found that the concentration of four ginsenosides (the
major pharmacologically active components of Ginseng)
increased in the brain of rats treated with a combination
of Ginseng and GBE (Liang et al. 2020). In contrast, some
reports found that GBE decreases the plasma concentration
of the co-administered drugs (Hoerr et al. 2022; Xing et al.
2022). The controversy may be due to difference in the type
of study, duration of treatment, dose of GBE, co-adminis-
tered drugs and/or the environment of the study.

Both CUR and GBE have long been known to help treat
and prevent AD. Hence, we studied the effect of their con-
current administration on AD-like alterations. Due to its
numerous limitations to mimic human AD, SCO model
was used in the present study with some modifications.
Ashok et al. (2019) found that rats receiving a mixture of
As, Cd and Pb daily in drinking water developed remark-
able AD-like alterations. Therefore, the present study used
a modified SCO model by addition of HMM to enhance
the pathological features of the traditional SCO model. Our
novel model met the requirements for AD induction, and
this was confirmed by significant memory decline, elevation
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Fig.5 Immunohistochemical examination of AD pathological hall-
marks in rat hippocampal tissue. Photomicrographs of A protein
deposits a and p-tau protein positive cells b in brain sections of rats
of different groups. Impact of CUR and CUR + GBE administration
on count of beta amyloid protein ¢ and p-tau d in hippocampal tissue
in the brain of SCO+HMM rats. Data are shown as the mean+SE

in brain lipid peroxidation biomarkers, Ap1-42 deposits,
p-tau (Ser202) positive cells, TNF-a and IL-1p, as well as
caspase-3 and AChE activity. On the other hand, there was
a significant decrease in GSH level. Similar findings from
other researches conducted on SCO model support these
outcomes (San Tang 2019; Ashok et al. 2015).

Many previous studies reported that CUR alone has anti-
oxidant and anti-inflammatory activities, decreases Ap1-42
deposits, p-tau (Ser202) aggregation, decreases caspase-3
hippocampal levels and acts as anti or decreases cholinest-
erase activity, with concurrent improvement in the cognitive
function in different AD animal models induced by many
substances including SCO (Lin et al. 2020; Huang et al.
2016; Akinyemi et al. 2017; Banji et al. 2014).

To examine the impact of CUR alone and CUR and GBE
combination, the following tests (the PA, MWM, and the
NORT) were chosen to evaluate the behavioral changes
in different groups of rats. These tasks are widely used to
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for n=8. "p <0.01 vs. NC group; **p <0.01 vs. SCO+HMM group;
#p<0.01 vs. MEM group; “4p<0.01 vs. CUR group. NC normal
control, CUR curcumin, GBE ginkgo biloba extract, MEM meman-
tine, SCO + HMM scopolamine/heavy metals mixture, Af amyloid
beta, p-tau phosphorylated tau

evaluate learning and memory (Morris, 1984, Rasmus-
sen et al. 2001; Botton et al. 2010). The study found that
SCO + HMM-treated rats increased the escape latency of the
probe trial of MWM but decreased time spent in the target
quadrant, as well as the STL of PA, and time for exploration
of the novel object in addition to the DI%.

In contrast to SCO + HMM-treated rats, CUR + GBE-
treated animals, significantly lengthened STL in the PA task,
demonstrating their facilitation of the cognitive functions
in the retrieval stages of memory. In addition, rats treated
with these natural products showed a significant reduction
in the escape latency, while spending noticeably more time
in the target quadrant in the MWM probe trial. Similarly,
the treated groups explored the novel object for a longer
time with markedly higher DI% than the diseased rats. These
findings confirm that these natural agents enhanced learn-
ing and recognition memory in the NORT and reversed
cognitive function impairment of diseased rats induced
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by SCO +HMM. Strikingly, the combination-treated rats
showed a significant increase in DI% compared to the CUR-
alone group. In harmony with our results, Zhao et al. (2021)
found that rats that co-administered GBE and low/high-dose
donepezil had significantly shorter escape latency and more
time was spent in the target quadrant than those treated with
individual low/high-dose donepezil or GBE. Moreover, the
study of Abdelmeguid et al. (2021) found that aluminum
chloride /D-galactose AD rats showed significant increase in
the DI % when treated with docosahexaenoic acid plus GBE.
Our results also revealed that SCO + HMM rats that
received CUR and GBE combination for 4 weeks showed a
significant decrease in Ap1-42 burden and p-tau immunore-
activity in the total brain area analyzed. Notably, no previous
studies reported the effect of GBE, in combination, on AD
pathological hallmarks. However, GBE alone has a proven
efficacy on theses hallmarks in previous reports (Nikmahzar
et al. 2018; Zeng et al. 2018; Verma et al. 2020).
Numerous investigations have revealed that SCO induces
brain oxidative stress. Likewise, human AD brains have ele-
vated levels of ROS (reactive oxygen species). Consequently,
scavenging oxygen free radicals is one of the most essential
criteria for an AD modifying drug (Morrison et al. 2010;
Wang et al. 2016). Results of the present study revealed
that combination of CUR and GBE resulted in a significant
decrease in the hippocampal levels of MDA, with a concom-
itant increase in GSH, compared to SCO + HMM diseased
rats. Interestingly, the combination produced a more pro-
nounced effect on the oxidative stress parameters than CUR
alone. In accordance to our results, Zhao et al. (2021) found
that rats treated with low/high-dose donepezil and GBE had
significantly lower MDA activities than those treated with
either low/high-dose donepezil or GBE alone. Additionally,
the study of Tian et al. (2013) demonstrated that hyperbaric
oxygen/GBE combination showed more pronounced effects
in improving GSH activity and reduced MDA content.
Microglial cells in the CNS trigger inflammatory pro-
cesses by releasing cytokines in response to APP (amyloid
precursor protein), which leads to a continuous state of
inflammation. This cascade worsens the neural plaque load
and accelerates the progression of the disease (Dong et al.
2009). To overcome this, a disease-modifying drug should
also target neuro-inflammation (Coman and Nemes, 2017).
In the present study, SCO + HMM rats exhibited impaired
memory along with significantly elevated hippocampal lev-
els of pro-inflammatory cytokines. These findings strength-
ened the notion of the involvement of neuro-inflammation
in the cognitive dysfunction and suggest its role in the
dysregulated or increased levels AChE activity and subse-
quent behavioral alterations observed in demented rats. On
the contrary, hippocampal levels of TNF-a and IL-1f were
notably reduced in SCO + HMM rats treated with CUR and
GBE combination. Again, the combination resulted in a

more profound reduction in hippocampal TNF-ao and IL-1p
levels than CUR alone. Also, the study of Abdelmeguid et al
(2021) revealed that the combined treatment of docosahex-
aenoic acid and GBE significantly decreased TNF-o level
compared to diseased rats. All these findings suggest that
GBE can improve the antioxidant and anti-inflammatory
activity of CUR, and this could be attributed to enhance-
ment of CUR brain levels by the co-administered GBE as
confirmed by HPLC results.

Both experimental animals and AD patients' neurons
displayed apoptotic alterations, such as caspase-3 activa-
tion (Forloni et al. 1993; Gastard et al. 2003; Kovacs et al.
1999; Ptéciennik et al. 2015). This protease is thought to
be crucial for apoptosis because it performs an irreversible
phase in the apoptotic process (Wolf et al. 1999). In the
current study, SCO + HMM-treated rats showed a signifi-
cant increase in hippocampal caspase-3 levels. According
to these findings, therapy with CUR and GBE combination
dramatically prevented the elevation of hippocampal lev-
els of caspase-3 compared to the SCO + HMM group. The
combined effects of CUR and GBE were more pronounced
than CUR alone. Similarly, Tian et al. (2013) demonstrated
that hyperbaric oxygen and GBE reduced caspase-3 activity
in the hippocampus of rats with AD induced by AB25-35
injection, and their combination showed a more significant
effect than the individual treatments.

Another well-known fact is that AChE expression and
activity control the dynamic concentration of ACh in the
cholinergic synapses of the brain (Buckingham et al.
2009). The altered levels of AChE in AD patient’s brains
and plasma, as well as the co-localization of this enzyme
with AP deposits in the hippocampus, suggest that this
enzyme may have a crucial role in the pathogenesis of AD
(Mushtagq et al. 2014; de Matos et al. 2018). In the present
study, AChE activity was remarkably increased in the hip-
pocampal homogenates of SCO/HMM-treated rats, com-
pared to their normal surrogates. Our result revealed that
co-administration of CUR and GBE produced a synergistic
inhibitory effect on AChE hippocampal activity as compared
to the diseased group. This inhibitory effect was also more
pronounced than those animals treated with CUR alone. In
agreement to this finding, Zhao et al. (2021) found that dis-
eased rats treated with low/high-dose donepezil and GBE
had significantly lower AChE activities than those treated
with each of the individual drugs.

Again, these findings support the idea that co-adminis-
tration of GBE can enhance the beneficial effects of CUR
on AD-like alterations, including anti-cholinesterase activity
and caspase-3 level. This may also be the result of increasing
central CUR levels.

Collectively, results of the current study suggest that a
combination of CUR and GBE could ameliorate the learn-
ing and memory impairment in SCO + HMM diseased rats
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through the reversal of the AD-related neural and biochemi-
cal alterations. This combination dramatically enhanced the
beneficial effects of CUR. The ability of the combination
of CUR and GBE to delay the development or arrest the
progression of SCO +HMM-induced AD requires further
studies.

Conclusion

Our results provide strong evidence for the hypothesis that
ginkgo biloba extract increases curcumin's plasma bioavail-
ability and brain access, which may improve curcumin’s
effectiveness against characteristic symptoms of AD. Our
study demonstrated that the combination of curcumin and
Ginkgo biloba extract is superior to curcumin alone in pre-
venting cognitive dysfunction, hippocampal neuronal degen-
eration and accumulation of intracellular NFT, and extracel-
lular A plaques in SCO + HMM-demented rats. In addition,
the increased ability of curcumin by ginkgo biloba extract to
attenuate cholinesterase activity, and enhance its anti-inflam-
matory and antioxidant properties, was evidenced. These
effects may be mediated by activate gap junctions, improve
the para-cellular permeability of the BBB via adenosine
receptor activation and P-glycoprotein inhibitor of ginkgo
biloba extract. This research may serve as a stepping stone
to the creation of an innovative anti-neurodegeneration pro-
phylactic strategy. Moreover, it may support the idea that
ginkgo biloba extract and curcumin may be used together
to prevent the central pathological changes that result in the
occurrence of AD, and arrest the progression of AD suc-
cessfully. Therefore, it is recommended that further studies
should be applied to reveal the effectiveness of this combina-
tion strategy in treatment of the AD.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
performed by A-AA-MMA, DMMB, MMYF, MAAN, and EAHA.
The first draft of the manuscript was written by MAAN and EAHA.
All authors commented on previous versions of the manuscript. All
authors read and approved the final manuscript.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB). This work was supported by the Science
& the Technology Development Fund (STDF), Ministry of State for
Scientific Research, Egypt (Grant # 43688) to purchase materials.

Data availability The data that support the findings of this study are
available from the corresponding author upon reasonable request.
Some data may not be made available because of privacy or ethical
restrictions.

@ Springer

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Ethical approval This study was carried out in strict accordance with
the recommendations of the international guidelines on animal Care.
The protocol was approved by the Institutional Animal Care and Use
Committee guidelines (Medical ethics committee, Assiut University),
the approved ethical number (17101494).

Author agreement We the undersigned declare that this manuscript
is original, has not been published before and is not currently being
considered for publication elsewhere. We confirm that the manuscript
has been read and approved by all named authors and that there are no
other persons who satisfied the criteria for authorship but are not listed.
We further confirm that the order of authors listed in the manuscript
has been approved by all of us. We understand that the corresponding
author is the sole contact for the Editorial process. He/she is responsi-
ble for communicating with the other authors about progress, submis-
sions of revisions, and final approval of proofs.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbas S, Latif M, Shafie N, Ghazali M, Abidin N, Mustafa M, Kormin
F (2021) A review of antioxidant and anti-acetylcholinesterase
activities of Centella asiatica (L.) Urb. for the treatment of Alz-
heimer’s disease. Food Res 5:1-17

Abdelmeguid NE, Khalil MI, Elhabet R, Sultan AS, Salam SA (2021)
Combination of docosahexaenoic acid and ginko biloba extract
improves cognitive function and hippocampal tissue damages
in a mouse model of Alzheimer’s disease. ] Chem Neuroanat
116:101995

Akinyemi AJ, Oboh G, Oyeleye SI, Ogunsuyi O (2017) Anti-amnestic
effect of curcumin in combination with donepezil, an anticho-
linesterase drug: involvement of cholinergic system. Neurotox
Res 31:560-569

Anand P, Kunnumakkara AB, Newman RA, Aggarwal BB (2007)
Bioavailability of curcumin: problems and promises. Mol Pharm
4:807-818

Antona ME, Gonzalez PM, Ramos C, Cabrera J, Olano C, Morales C,
Zago V, Steimetz T, Puntarulo S, Friedman SM (2021) Curcumin
exerts a protective effect against obesity and liver injury induced
by an atherogenic diet. Funct Foods Health Dis 11:673-689

Antunes M, Biala G (2012) The novel object recognition memory:
neurobiology, test procedure, and its modifications. Cogn Process
13:93-110

Ashok A, Rai NK, Tripathi S, Bandyopadhyay S (2015) Exposure
to As- Cd-, and Pb-mixture induces A, amyloidogenic APP


http://creativecommons.org/licenses/by/4.0/

Protective effects of curcumin and Ginkgo biloba extract combination on a new model of Alzheimers... 1463

processing and cognitive impairments via oxidative stress-depend-
ent neuroinflammation in young rats. Toxicol Sci 143:64—-80

Ashok A, Rai N (2019) Metal mixture-induced non-transgenic ani-
mal model of Alzheimer’s disease: pros and cons. Pre-Clinical
Research 2(1)

Assi A-A, Abdelnabi S, Attaai A, Abd-Ellatief RB (2022) Effect of
ivabradine on cognitive functions of rats with scopolamine-
induced dementia. Sci Rep 12:1-20

Bali YA, Kaikai N-E, Ba-M’hamed S, Bennis M (2019) Learning and
memory impairments associated to acetylcholinesterase inhibi-
tion and oxidative stress following glyphosate based-herbicide
exposure in mice. Toxicology415:18-25

Banji OJ, Banji D, Ch K (2014) Curcumin and hesperidin improve
cognition by suppressing mitochondrial dysfunction and apoptosis
induced by D-galactose in rat brain. Food Chem Toxicol 74:51-59

Barichello T, dos Santos I, Savi GD, Simdes LR, Silvestre T, Comim
CM, Sachs D, Teixeira MM, Teixeira AL, Quevedo J (2010)
TNF-a, IL-1f, IL-6, and cinc-1 levels in rat brain after menin-
gitis induced by Streptococcus pneumoniae. J] Neuroimmunol
221:42-45

Begum AN, Jones MR, Lim GP, Morihara T, Kim P, Heath DD, Rock
CL, Pruitt MA, Yang F, Hudspeth BJJOP, Therapeutics E (2008)
Curcumin structure-function, bioavailability, and efficacy in mod-
els of neuroinflammation and Alzheimer's disease. J Pharmacol
Exp Ther 326:196-208

Beutler E (1963) Improved method for the determination of blood glu-
tathione. J Lab Clin Med 61:882-888

Botton PH, Costa MS, Ardais AP, Mioranzza S, Souza DO, da Rocha
JBT, Porcitncula LO (2010) Caffeine prevents disruption of mem-
ory consolidation in the inhibitory avoidance and novel object
recognition tasks by scopolamine in adult mice. Behav Brain Res
214:254-259

Buckingham SD, Jones AK, Brown LA, Sattelle DB (2009) Nicotinic
acetylcholine receptor signalling: roles in Alzheimer’s disease and
amyloid neuroprotection. Pharmacol Rev 61:39-61

Cahill MK, Huang EJ (2017) Testing the amyloid hypothesis with a
humanized AD mouse model. Neuron 93:987-989

Coman H, Nemes B (2017) New therapeutic targets in Alzheimer’s
disease. Int J Gerontol 11:2-6

Crous-Bou M, Minguillén C, Gramunt N, Molinuevo JL (2017) Alzhei-
mer’s disease prevention: from risk factors to early intervention.
Alzheimers Res Ther 9:71

da Costa IM, de Moura Freire MA, de Paiva Cavalcanti JR, de Aratijo
DP, Norrara B, Moreira Rosa IMM, de Azevedo EP, do Rego
ACM, Guzen FP (2019) Supplementation with curcuma longa
reverses neurotoxic and behavioral damage in models of Alz-
heimer’s disease: a systematic review. Curr Neuropharmacol
17:406-421

de Matos AM, de Macedo MP, Rauter AP (2018) Bridging type 2 dia-
betes and Alzheimer’s disease: assembling the puzzle pieces in the
quest for the molecules with therapeutic and preventive potential.
Med Res Rev 38:261-324

Dong X (2018) Current strategies for brain drug delivery. Theranostics
58(6):1481-1493

Dong H, Yuede CM, Coughlan CA, Murphy KM, Csernansky JG
(2009) Effects of donepezil on amyloid-p and synapse density
in the Tg2576 mouse model of Alzheimer’s disease. Brain Res
1303:169-178

El Gizawy HA, Abo-Salem HM, Ali AA, Hussein MA (2021) Phe-
nolic profiling and therapeutic potential of certain isolated com-
pounds from parkia roxburghii against AChE activity as well as
GABAA a5, GSK-3p, and p38a MAP-kinase genes. ACS Omega
6:20492-20511

Ellman GL, Courtney KD, Andres JRV, Featherstone RM (1961) A
new and rapid colorimetric determination of acetylcholinesterase
activity. Biochem Pharmacol 7:88-95

Fan L, Tao G-Y, Wang G, Chen Y, Zhang W, He Y-J, Li Q, Lei H-P,
Jiang F, Hu D-L (2009) Effects of Ginkgo biloba extract ingestion
on the pharmacokinetics of talinolol in healthy Chinese volun-
teers. Ann Pharmacother 43:944-949

Fan C-D, Li Y, Fu X-T, Wu Q-J, Hou Y-J, Yang M-F, Sun J-Y, Fu X-Y,
Zheng Z-C, Sun B-L (2017) Reversal of beta-amyloid-induced
neurotoxicity in PC12 cells by curcumin, the important role of
ROS-mediated signaling and ERK pathway. Cell Mol Neurobiol
37:211-222

Forloni G, Chiesa R, Smiroldo S, Verga L, Salmona M, Tagliavini F,
Angeretti N (1993) Apoptosis mediated neurotoxicity induced by
chronic application of beta amyloid fragment 25-35. NeuroReport
4:523-526

Gastard MC, Troncoso JC, Koliatsos VE (2003) Caspase activation in
the limbic cortex of subjects with early Alzheimer’s disease. Ann
Neurol 54:393-398

Guo C, Wang H, Liang W, Xu W, Li Y, Song L, Zhang D, Hu Y, Han
B, Wang W (2020) Bilobalide reversibly modulates blood-brain
barrier permeability through promoting adenosine A1l receptor-
mediated phosphorylation of actin-binding proteins. Biochem
Biophys Res Commun 526:1077-1084

Hoerr R, Zimmermann A, Seitz F, Dienel A (2022) Single and repeated
doses of EGb 761® do not affect pharmacokinetics or pharmaco-
dynamics of rivaroxaban in healthy subjects. Front Pharmacol
13:868843-868843

Huang H-C, Zheng B-W, Guo Y, Zhao J, Zhao J-Y, Ma X-W, Jiang
Z-F (2016) Antioxidative and neuroprotective effects of cur-
cumin in an Alzheimer’s disease rat model co-treated with
intracerebroventricular streptozotocin and subcutaneous
D-galactose. J Alzheimer’s Dis 52:899-911

Jurcau A (2021) Insights into the pathogenesis of neurodegenera-
tive diseases: focus on mitochondrial dysfunction and oxidative
stress. Int J Mol Sci 22:11847

Kovacs DM, Mancini R, Henderson J, Na SJ, Schmidt SD, Kim TW,
Tanzi RE (1999) Staurosporine-induced activation of caspase-3
is potentiated by presenilin 1 familial Alzheimer’s disease muta-
tions in human neuroglioma cells. J] Neurochem 73:2278-2285

Li W, Tao S, Wu Q, Wu T, Tao R, Fan J (2017) Glutamine reduces
myocardial cell apoptosis in a rat model of sepsis by promoting
expression of heat shock protein 90. J Surg Res 220:247-254

Li R, Wang X, Lawler K, Garg S, Bai Q, Alty J (2022) Applications
of artificial intelligence to aid detection of dementia: a scoping
review on current capabilities and future directions. J] Biomed
Inform, 104030

Liang W, Xu W, Zhu J, Zhu Y, Gu Q, Li Y, Guo C, Huang Y, Yul,
Wang W (2020) Ginkgo biloba extract improves brain uptake
of ginsenosides by increasing blood-brain barrier permeability
via activating A1l adenosine receptor signaling pathway. J Eth-
nopharmacol 246:112243

Lin L, Li C, Zhang D, Yuan M, Chen C-H, Li M (2020) Synergic
effects of berberine and curcumin on improving cognitive func-
tion in an Alzheimer’s disease mouse model. Neurochem Res
45:1130-1141

Magierski R, Sobow T (2015) Benefits and risks of add-on therapies
for Alzheimer’s disease. Neurodegenerative Dis Management
5:445-462

Morris R (1984) Developments of a water-maze procedure for study-
ing spatial learning in the rat. J] Neurosci Methods 11(47):60

Morrison CD, Pistell PJ, Ingram DK, Johnson WD, Liu Y, Fernan-
dez-Kim SO, White CL, Purpera MN, Uranga RM, Bruce-Kel-
ler AJ (2010) High fat diet increases hippocampal oxidative
stress and cognitive impairment in aged mice: implications for
decreased Nrf2 signaling. J Neurochem 114:1581-1589

Mukai R, Satsu H, Shimizu M, Ashida H (2009) Inhibition of
P-Glycoprotein enhances the suppressive effect of kaempferol

@ Springer



1464

A-A.Assietal.

on transformation of the aryl hydrocarbon receptor. Biotechnol
Biochem 73:1635-1639

Mushtaq G, H Greig N, A Khan J, A Kamal M (2014) Status of
acetylcholinesterase and butyrylcholinesterase in Alzheimer’s
disease and type 2 diabetes mellitus. CNS & Neurological Dis-
orders-Drug Targets (Formerly Current Drug Targets-CNS &
Neurological Disorders), 13, 1432—-1439

Nikmahzar E, Jahanshahi M, Babakordi F (2018) Ginkgo biloba
extract decreases scopolamine-induced congophilic amyloid
plaques accumulation in male rat’s brain. Jundishapur J Nat
Pharmaceutical Products 13

Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem
95:351-358

Oken BS, Storzbach DM, Kaye JA (1998) The efficacy of Ginkgo
biloba on cognitive function in Alzheimer disease. Arch Neurol
55:1409-1415

Ptéciennik A, Prendecki M, Zuba E, Siudzinski M, Dorszewska J
(2015) Activated caspase-3 and neurodegeneration and synaptic
plasticity in Alzheimer’s disease. Adv Alzheimer’s Dis 4:63

Rasmussen T, Fink-Jensen A, Sauerberg P, Swedberg MD, Thomsen
C, Sheardown MJ, Jeppesen L, Calligaro DO, Delapp NW, Whi-
tesitt C (2001) The muscarinic receptor agonist BuTAC, a novel
potential antipsychotic, does not impair learning and memory in
mouse passive avoidance. Schizophr Res 49:193-201

Ren Y, Li H, Liu X (2019) Effects of ginkgo leaf tablets on the
pharmacokinetics of atovastatin in rats. Pharm Biol 57:403-406

Ringman JM, Frautschy SA, Teng E, Begum AN, Bardens J, Beigi M,
Gylys KH, Badmaev V, Heath DD, Apostolova LGJASR, Therapy
(2012) Oral curcumin for Alzheimer's disease: tolerability and
efficacy in a 24-week randomized, double blind, placebo-con-
trolled study. Alzheimers Res Ther 4:1-8

Rodgers PA (2021) Designing work with people living with dementia:
reflecting on a decade of research. Int J Environ Res Public Health
18:11742

San TK (2019) The cellular and molecular processes associated with
scopolamine-induced memory deficit: a model of Alzheimer’s
biomarkers. Life Sci 233:116695

Setyaningsih D, Murti Y, Martono S, Hinrichs W, Hertiani T, Fud-
holi A (2016) A novel reversed phase high performance liquid
chromatography method to accurately determine low concentra-
tions of curcumin in rat plasma. Int J Pharmaceutical Clin Res
8(Suppl):377-386

Shankar GM, Leissring MA, Adame A, Sun X, Spooner E, Masliah
E, Selkoe DJ, Lemere CA, Walsh DM (2009) Biochemical and
immunohistochemical analysis of an Alzheimer’s disease mouse
model reveals the presence of multiple cerebral AP assembly
forms throughout life. Neurobiol Dis 36:293-302

Singh SK, Srivastav S, Castellani RJ, Plascencia-Villa G, Perry G
(2019) Neuroprotective and antioxidant effect of Ginkgo biloba
extract against AD and other neurological disorders. Neurothera-
peutics 16:666—674

Tian X, Zhang L, Wang J, Dai J, Shen S, Yang L, Huang P (2013) The
protective effect of hyperbaric oxygen and ginkgo biloba extract
on AP25-35-induced oxidative stress and neuronal apoptosis in
rats. Behav Brain Res 242:1-8

@ Springer

Tsai Y-M, Chien C-F, Lin L-C, Tsai T-H (2011) Curcumin and its
nano-formulation: the kinetics of tissue distribution and blood—
brain barrier penetration. Int J Pharm 416:331-338

Verma S, Sharma S, Ranawat P, Nehru B (2020) Modulatory effects
of ginkgo biloba against amyloid aggregation through induction
of heat shock proteins in aluminium induced neurotoxicity. Neu-
rochem Res 45:465-490

Wang Y, Wang H, Chen H-Z (2016) AChE inhibition-based multi-
target-directed ligands, a novel pharmacological approach for the
symptomatic and disease-modifying therapy of Alzheimer’s dis-
ease. Curr Neuropharmacol 14:364-375

Winblad B, Amouyel P, Andrieu S, Ballard C, Brayne C, Brodaty H,
Cedazo-Minguez A, Dubois B, Edvardsson D, Feldman H (2016)
Defeating Alzheimer’s disease and other dementias: a priority for
European science and society. Lancet Neurol 15:455-532

Witkin JM, Li X (2013) Curcumin, an active constiuent of the ancient
medicinal herb Curcuma longa L.: some uses and the establish-
ment and biological basis of medical efficacy. CNS & Neurologi-
cal Disorders-Drug Targets (formerly Current Drug Targets-CNS
& Neurological Disorders) 12:487-497

Wolf BB, Schuler M, Echeverri F, Green DR (1999) Caspase-3 is the
primary activator of apoptotic DNA fragmentation via DNA frag-
mentation factor-45/inhibitor of caspase-activated DNase inactiva-
tion. J Biol Chem 274:30651-30656

Xing X, Kong M, Hou Q, Li J, Qian W, Chen X, Li H, Yang C
(2022) Effects of ginkgo leaf tablet on the pharmacokinetics of
rosiglitazone in rats and its potential mechanism. Pharm Biol
60:1190-1197

Yang H, Zeng F, Luo Y, Zheng C, Ran C, Yang J (2022) Curcumin
scaffold as a multifunctional tool for Alzheimer’s disease research.
Molecules 27:3879

Zeng K, Li M, Hu J, Mahaman YA, Bao J, Huang F, Xia Y, Liu X,
Wang Q, Wang J-Z (2018) Ginkgo biloba extract EGb761 attenu-
ates hyperhomocysteinemia-induced AD like tau hyperphospho-
rylation and cognitive impairment in rats. Curr Alzheimer Res
15:89-99

Zhang C, Fan Q, Chen S-L, Ma H (2015a) Reversal of P-glycoprotein
overexpression by ginkgo biloba extract in the brains of pentylene-
tetrazole-kindled and phenytoin-treated mice. Kaohsiung J Med
Sci 31:398-404

Zhang L, Zhang S, Maezawa I, Trushin S, Minhas P, Pinto M, Jin LW,
Prasain K, Nguyen TD, Yamazaki Y, Kanekiyo T, Bu G, Gateno
B, Chang KO, Nath KA, Nemutlu E, Dzeja P, Pang YP, Hua DH,
Trushina E (2015b) Modulation of mitochondrial complex I activ-
ity averts cognitive decline in multiple animal models of familial
Alzheimer’s disease. EBioMedicine 2:294-305

Zhao J, Li K, Wang Y, Li D, Wang Q, Xie S, Wang J, Zuo Z (2021)
Enhanced anti-amnestic effect of donepezil by ginkgo biloba
extract (EGb 761) via further improvement in pro-cholinergic and
antioxidative activities. J Ethnopharmacol 269:113711

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Protective effects of curcumin and Ginkgo biloba extract combination on a new model of Alzheimer’s disease
	Abstract
	Graphical abstract

	Introduction
	Methodology
	Experimental animals
	Drugs and chemicals
	Experimental and treatment schedule
	Experimental procedure
	Animal groups

	Behavioral tests
	Passive avoidance task (PA)
	Morris water maze (MWM)
	Novel object recognition test (NORT)
	Preparation of brain homogenate
	Quantification of curcumin in hippocampus and plasma by reversed phase high-performance liquid chromatography (RP-HPLC)
	Immunohistochemistry (IHC)

	Biochemical assay
	Analysis of tissue homogenates caspase-3 activity in the hippocampus
	Estimation of acetylcholinesterase (AChE) activity
	Measurement of the hippocampal level of pro-inflammatory cytokines
	Determination of hippocampal oxidative stress
	Determination of curcumin in hippocampus and plasma by reversed phase high-performance liquid chromatography (RP-HPLC)
	Statistical analysis


	Results
	Effect of curcumin and CUR + GBE on learning and memory of SCOHMM-treated rats
	Passive avoidance task
	Morris water maze test
	Novel object recognition test
	Quantification of Curcumin in hippocampus and plasma by RP-HPLC in curcumin alone and CUR + GBE treated rat group

	Biochemical assays
	Effect of natural agents on AChE activity in the hippocampus of memory deficit rats
	Impact of natural agents’ administration on caspase-3 activity in the hippocampus of diseased rats
	Effect of administration of natural agents on the hippocampal level of pro-inflammatory cytokines
	Influence of natural agents on the oxidantantioxidant status in the hippocampus of diseased rats
	Influence of natural agents treatment on amyloid plaques and tau pathology in SCO + HMM rats


	Discussion
	Conclusion
	References




