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Thymoquinone (TQ) demonstrates its neuroprotective effect via an anti-
inflammatory action on the AB(;_4,)-infused rat model of Alzheimer’s disease

Birsen Elibol ©2, Sule Terzioglu-Usak ©2, Merve Beker® and Cigdem Sahbaz”

Department of Medical Biology, Faculty of Medicine, Bezmialem Vakif University, Istanbul, Turkey; °Department of Psychiatry, Faculty of
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ABSTRACT

OBJECTIVES: Alzheimer’s disease (AD) is a severe neurodegenerative disease with presentation
of the neuronal death, memory loss and cognitive decline. The relationship between
neuroinflammation and AD has been well documented. However, the options of anti-
inflammatory treatment are very limited in patients with AD. Previous studies showed that
flavonoids might be an effective treatment and thymoquinone (TQ), an aromatic
hydrocarbon found in Nigella sativa suggested as a candidate molecule due to having strong
anti-inflammatory effects. Our study aimed to investigate the effects of TQ on
neuroinflammation and neuroprotection in AB(;_42) infused rat model of AD.

METHODS: A rat model of AD was established in 6 month-old rats (n = 23) by intra-hippocampal
infusion during 14 days via a micro-osmotic pump containing aggregated AB(;_45). After model
establishment, TQ at a dosage of 20 mg/kg/day was intubated intragastrically for 15 days. The
functional recovery was determined using the Morris Water Maze task by measuring memory
consolidation. The content of cytokine levels of Tumour Necrosis Factor-alpha (TNF-a),
Interleukin-1 beta (IL-1f8), Interleukin-1 alpha (IL-1a) and Interferon-gamma (IFN-y) in the
hippocampus was assessed by Magnetic Luminex assay. In order to reveal the functional
molecular changes in hippocampal tissue upon TQ administration, the protein expression
profile of neuronal migration protein Doublecortin (DCX), synaptic plasticity marker Mitogen
Activated Protein Kinase2 (MAP2) and apoptosis related protein Poly (ADP-ribose)
Polymerase (PARP) was analyzed by Western blotting.

RESULTS: AB(1_42 infused group had worse memory performance than sham control group on
Day 4 with an amelioration in this behaviour by TQ. In our study, the levels of TNF-q, IL-1a and IL-
1B did not significantly alter among groups. On the other hand, AB(_43 infusion slightly
decreased the level of IFN-y compared to sham control group. TQ treatment ameliorated
both impaired memory performance and IFN-y levels. It was found that TQ treatment
increased the protein levels of DCX compared to the sham control group. Also, the levels of
MAP2 and the activation of PARP protein markedly decreased in both AB(_4 and ABq-
42+TQ groups compared to the sham control groups Pearson’s correlation test showed a
positive relation between IL-18 and DCX in the AB(1_42) group.

DISCUSSION: Our data suggested that TQ-related functional improvement might result from
the increasing level of neurogenesis and ameliorating the level of IFN-y in the AB(_42
infused rat model of AD.
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Introduction
Like other brain disorders [4], a relationship

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder which is characterized by two main
pathological hallmarks including the formation of
senile plaques and neurofibrillary tangles. The neuro-
toxicity due to these aberrant structures results in the
loss of neuronal function and neuronal cell death by
triggering the inflammatory activity of microglia [1].
The response-driven mainly by activated microglial
cells has been noticed in both animal models
and patients with AD [2]. The activation of microglia
is accompanied by an activated complements
system and high levels of specific cytokines and
chemokines [3].

between neuroinflammation and neurodegeneration
in AD has been well documented since different cyto-
kines such as Interleukins (ILs), Tumour Necrosis Fac-
tors (TNFs), Interferons (IFNs), and Transforming
Growth Factors (TGFs) are actively participated in
the pathogenesis of AD [5-7]. However, there were
contradictions among different research groups in
terms of the level of cytokines and regulation on the
expression of cytokines both in the AD animal models
and the patients with AD [5]. These contradictory
results complicated to define the roles of cytokines
and chemokines as diagnostic or therapeutic targets
for AD neurodegeneration.
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In the conventional treatment of AD, well-accepted
clinical drugs such as acetylcholinesterase (AChE)
inhibitors and N-methyl-D-aspartate (NMDA) receptor
antagonists are only used for compensation of cholin-
ergic dysfunction or improvement of cognitive functions
[8]. Therefore, current treatment strategies are limited to
provide symptomatic relief by slowing the cognitive,
behavioural, and psychological progression of AD [9].
For that reason, alternative therapeutic strategies for
AD are needed to prevent or delay the onset of the clini-
cal symptoms and to remove the underlying pathology.
Recently, a growing interest in the use of herbal medi-
cine because of their neuroprotective properties has
developed for AD treatment [10].

Thymoquinone (TQ), one of the main active ingre-
dients of the black cumin seeds (Nigella sativa), is a
candidate molecule for herbal medicine due to its var-
ious therapeutic values. TQ may be a potential agent
against to AD regarding the results of studies showing
that its antioxidant, anti-inflammatory and neuropro-
tective properties concerning central nervous system
disorders [11-13]. For instance, TQ treatment of cul-
tured hippocampal and cortical neurons efficiently
improved cell viability by decreasing neurotoxicity
via inhibition of mitochondrial membrane potential
depolarization and reactive oxygen species (ROS) gen-
eration after amyloid beta induced neurotoxicity [14].
Also, TQ prevented Af(;_4,) aggregations in vitro and
restored synaptic vesicle recycling inhibition [14]. Fur-
thermore, it was observed that TQ improved LPS-
induced learning and memory deficiencies in rat hip-
pocampus by decreasing inflammatory markers such
as IL-6, TNF-a, and NO metabolites [15]. In a strep-
tozotocin-induced neurodegeneration model, TQ
treatment showed its antioxidant and regenerative
effects on the hippocampus through the inhibition
of NOS enzymes and the activation of the MAPK
pathway [16].

While previous studies provide data for the thera-
peutic effect of TQ on AD, we aimed to investigate
the effects of TQ on the cytokines and protein
expression levels in Af;_4,) infused rat model of AD
regarding its possible roles in neuroinflammation and
neuroprotection.

Materials & methods
Animals

Adult female Sprague Dawley rats (6-month-old) were
housed in a quiet, temperature and humidity-con-
trolled room (21 + 2°C; 62 + 7% relative humidity; 12-
h cycles dark/light) They were fed ad libitum with a
standard dry rat diet and tap water. The Guide for
the Care and Use of Laboratory Animals adopted by
the National Institutes of Health (U.S.A.) and the

Declaration of Helsinki were followed during

experiments. Experimental protocol of this study was
approved by the local scientific ethical committee of
Bezmialem Vakif University, Istanbul, Turkey (2015/
229).

AB(1-42) infused rat model

Lyophilized AB(;_4,) peptide (SCP0038, Sigma Aldrich)
was reconstituted in stock solution (0.1% TFA, 35%
acetonitrile and 64,9% dH,0). Then, soluble peptide
suspensions were incubated at 37°C for 72 h with
gentle shaking for fibril formation [17]. An infusion
cannula was implanted into the right hippocampus
(AP:—3,60: L:—2,00: V:—4,00 from bregma) [18] and
it was fixed in place with Loctite contact cement. Sub-
sequently, the skin incision was sutured and the rats
were injected with saline and 0.1 ml of Sefazone S
(Astech Pharma) in order to rehydration and preven-
tion from infection. Following surgery, the rats were
placed in their home cages for a continual infusion
for two weeks by attaching an infusion cannula to a
mini-osmotic pump (Alza, Palo Alto, CA, U.S.A.) con-
taining AfB(; 42y (300 pmol/day) or 0.9% NaCl saline
solution [19].

Thymoquinone administration

At the 15th day of surgery, rats (n = 23) were randomly
divided into three groups; Sham control (n =38, 0.9%
NaCl saline solution infusion via osmotic pump and
corn oil administration via intragastric infusion for
the following two weeks), Af(;_42) (n =8, AB;_4, infu-
sion), and AB(;_42) +TQ (n=7, AB(1_42) infusion and
TQ 20 mg/kg in corn oil) administration via intragas-
tric intubation for the following two weeks.

Behavioural analysis

After TQ administration, Morris Water Maze (MWM)
was applied to observe changes in the learning and
memory after Af infusion [16,20]. MWM, a circular,
stainless pool (a height of 51 cm and a diameter of
210 cm) filled with water containing a non-toxic
paint. The maze was divided into four equal quadrants
and a hidden platform (11 x 11 cm) was centred 2 cm
below the surface of the water. A daily session of four
trials was given to all groups for four consecutive
days. The trial was finished when the animal found
the platform or 60 s passed. The video-tracking system
(EthoVision XT11 software, Noldus Information Tech-
nology, The Netherlands) was automatically recording
the escape latency to reach the invisible platform.

Hippocampal tissue analysis

After behavioural assessments, rats were sacrificed
under the anaesthesia and their brains were quickly



removed to dissect their hippocampi. The obtained hip-
pocampal tissues were stored at —80°C until analyses.
Frozen hippocampal tissues were homogenized with
RIPA lysis buffer in the presence of protease and phos-
phatase inhibitor cocktail. Homogenized hippocampal
tissues were centrifuged 14000 rpm for 15 min at 4°C
and supernatants were collected for further analysis.

Relative expression of proteins including neuronal
migration protein Doublecortin (DCX), synaptic plas-
ticity marker Microtubule Associated Protein 2
(MAP2) and apoptosis related protein Poly (ADP-
ribose) Polymerase (PARP) were investigated in
order to reveal the functional molecular changes in
the hippocampal tissue upon TQ administration in
the AB(_4) infused rats. Protein concentrations were
determined using BCA assay kit in Multiskan™ GO
Microplate Spectrophotometer (Thermo Fisher Scien-
tific; Paisley, England). An equal amount of proteins
were separated by sodium dodecyl sulfate polyacryl-
amide gels (SDS-PAGE) and subsequently transferred
to a PVDF membrane. Then, the blots were incubated
with primary antibodies: anti-DCX (Thermo Scien-
tific), anti-PARP (Cell Signaling Technologies), anti-
MAP-2 (Thermo Scientific) diluted in 5% milk powder
in 0.1% Tween 20/0.1 M Tris-buffered saline (TBST) at
4°C overnight. The following day, membranes were
washed and incubated in peroxidase-conjugated sec-
ondary antibodies which were also diluted in the
same solution as the primary antibodies. Signal detec-
tion was obtained with luminol substrate (Advansta,
San Francisco, U.S.A.) under CCD camera with Fusion
FX7 (Vilber Lourmat) system. The loading control was
checked with a monoclonal mouse antibody against -
actin and S-tubulin (Thermo Fisher Scientific, Paisley,
England). Immunoreactive protein bands were quan-
tified densitometrically using the Image] programme
(NIH; Washington, U.S.A.).

The cytokine levels of tumour necrosis factor alpha
(TNF-a), interferon gamma (IFN-y), interleukinl
alpha and beta (IL-1a and IL-1p) in the content of hip-
pocampus were evaluated in order to determine the
effects of TQ on inflammation by utilizing Magnetic
Luminex Screening Assay (LXSARM-04, R&D Sys-
tems, Minneapolis, MN, U.S.A.) according to the man-
ufacturer’s instructions. Briefly, 50 pl of lysate prepared
from hippocampus dissected from rats or standards
were incubated with antibody-linked beads for two h
on shaker, afterwards incubated 1 h with biotinylated
secondary antibodies before 30 min incubation with
streptavidin-phycoerythrin. Acquisitions were per-
formed by MULTIPLEX Analyst through MAGPIX
system (Luminex).

Statistical analysis

Significant differences among the groups were deter-
mined using the one-way ANOVA analysis (SPSS for
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Windows, version 18.0, Chicago, IL, U.S.A.). Post-
hoc comparisons were made using the least significant
difference (LSD) tests. Pearson’s correlation test was
also applied to determine the relationship between
the cytokines levels of inflammation (SPSS for Win-
dows, version 18.0, Chicago, IL, U.S.A.). Effect sizes
() for statistically significant values were estimated
by Cohen’s d [21]. d <0.2 accepted as small effect
size, d=0.5 accepted as mean effect size, d>0.8
accepted as large effect size. All values are reported as
mean * standard error of the mean (SEM). Statistical
significance was set at p < 0.05.

Results

Effect of TQ administration on behaviour in
AB(1_42) infused rats

The MWM training to test for spatial reference learn-
ing was assessed using statistical analysis by one way
ANOVA was revealed insignificant differences among
groups on Day 1 (F(,.;9y=0.009, p =0.991) and a mar-
ginally significant group differences on Day 4 (F(,.19)=
2.858, p=0.097). During training in the MWM, as
expected, a decrease in the latency to reach the hidden
platform was observed from the first day to the fourth
day of training in all groups (Figure 1). However, this
decrease was slow in the A _4) group than the
sham control group on Day 4 according to the post
hoc LSD test (p = 0.040) (Figure 1). TQ administration
ameliorated this effect because there was no significant
difference between Af(;_42)+TQ group and sham con-
trol group (p =0.559) and learning and memory per-
formance of Af_42+TQ group was better than
Af(1_42) group on the fourth day of the MWM training
(Figure 1).

Effect of TQ administration on inflammation in
AB(1_42) infused rats

In our study, the levels of any cytokine did not signifi-
cantly alter among groups (F (2.19)=2.178, p =0.144;
effect size (4°)=0.204 for IFN-y; F (551,=0.442,

60
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Figure 1. Mean swimlatency calculated on the first and fourth
day of the acquisition phase of Morris water maze test for all
groups. Error bars denote SEM. The degree of significance is
denoted as * for p < 0.05.
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Table 1. The results of Pearson’s correlation of the levels of
IFN-y, IL-1q, IL-18 and TNF-a with each other among sham,
AB(1-a2) and AB;_4 + TQ groups.

Sham AB1-42) AB-a2+TQ
(n=8) (n=8) (n=7)
r p r p r p

IFN-y correlations with:
IL-1a 0.332 0.467 0.310 0.499 0.517 0.294
IL-18 -0.379 0.402 —0.837 0.019*% 0.942 0.005**
TNF-a 0.122 0.795 0373 0.410 —0.565 0.243
IL-1a correlations with:
IFNy 0.332 0.467 0.310 0.499 0.517 0.294
IL-18 0.234 0.577 0.178 0.703 0314 0412
TNF-a 0.480 0.228 -0.173 0.711 —0.730 0.062
IL-1B correlations with:
IFNy -0.379 0.402 —0.837 0.019*% 0.517 0.294
IL-1a 0234 0577 0.178 0.703 0314 0412
TNF-a 0.138 0.745 0.126 0.766 —0.386 0.392
TNF-a correlations with:
IFNy 0.122 0.795 0.373 0.410 —0.565 0.243
IL-1a 0.480 0.228 —0.173 0.711 —0.730 0.062
IL-18 0.138 0.745 0.126 0.766 —0.386 0.392

Note: Negative r value shows negative correlation and positive r value
shows positive correlations of each inflammation marker.

n, number of individuals; p, statistical significance value; r, correlation
coefficient; IFN-y, interferon-gamma; IL-1q, interleukin 1-alpha; IL-18,
interleukin 1-beta; TNF-a, tumour necrosis factor-alpha; AB(1-42), amy-
loid beta-infused group; AB(1-42) + TQ, amyloid beta infused and thymo-
quinone treated group. Statistical evaluation by Pearson’s Correlation.
The results are shown as mean =+ standard error.

*Correlation is significant at the 0.05 level.

p=0.649 for IL-1a; F (5.52)=0.163, p = 0.850 for IL-1p;
F(2.22)=0.137, p = 0.872 for TNF-«) (Figure 2). On the
other hand, multiple comparisons according to the
post hoc LSD test showed that AB(;_45) infusion slightly
decreased the level of IFN-y compared to the sham
control group (p =0.053). Furthermore, TQ treatment
ameliorated this effect (Figure 2(A)). However, there
was no change in the levels of IL-1a (Figure 2(B)),
IL-18 (Figure 2(C)) and TNF-« (Figure 2(D)). Accord-
ing to the Pearson’s correlation test, a negative corre-
lation between IL-18 and IFN-y (p=0.019) was
noted in the Af(; 4, infusion group. However, TQ
treatment produced a positive correlation between
IL-1 and IFN-y (p =0.005) (Table 1).

Effect of TQ administration on protein
expression in AB(;_4z) infused rats

According to one way ANOVA, there was a significant
between group differences in the levels of MAP-2
(F2.8)=15.696, p =0.004, effect size (172) =0.840) and
PARP (F,.5=31.346, p=0.001, effect size (1°)=
0.913) with a marginal between group differences in
the level of DCX (F(5.5)=4.359, p=0.068, effect size
(;12)=0.592). Post hoc LSD test showed that the
protein levels of DCX in Af(;_42)+TQ group signifi-
cantly increased compared to the sham control group
(p=0.026) (Figure 3(A)). Also, MAP2 protein
expression markedly decreased in both Af;_4) and
AB(1-42) +TQ groups compared to sham control groups
(p=0.002 and p=0.004, respectively) (Figure 3(B)).
Furthermore, the levels of protein expression of

PARP decreased in both AB(; 4y and AB 4 +TQ
groups compared to the sham control groups (p=
0.002 and p <0.001, respectively) (Figure 3(C)). Pear-
son’s correlation test showed a positive relation
between IL-1f8 and DCX in the Af(;_42) group (p=
0.024) (Table 2).

Discussion

The relationship between neuroinflammation and neu-
rodegenerative disorders including AD has been
studied by many investigators and suggested that the
molecular mechanism of AD pathophysiology on
learning, memory and neuronal plasticity might
occur under the influence of inflammation [22,23].
Much of the attention has been devoted to natural
anti-inflammatory substances to improve the cognitive
impairments in AD-like pathology [24,25]. TQ might
be a strong candidate for preventing or delaying the
symptoms of AD by reducing neurotoxicity via its
anti-inflammatory activity [26]. However, the molecu-
lar effect of TQ on AD has not yet been established in
detail. Here, we aimed to investigate the mechanism of
TQ in terms of neuroinflammation and neuroprotec-
tion in the hippocampus of AB(1-42) infused rat
model of AD.

In our AD model, a decline in the learning and
memory performance at the last day of training was
observed depending on Af infusion as shown in the
previous studies [27-29]. The rats with AD learnt
slowly and showed worse performance in the memory
task. However, TQ treatment increased the level of
memory performance to control levels on Day 4,
suggesting the ameliorative effect of TQ in spatial
learning. The recovery role of TQ in cognitive func-
tions was also demonstrated in distinct models of neu-
rodegeneration [11,13,30].

In previous studies, the neuroprotective role of TQ
was associated with its modulatory effects on inflam-
mation [31]. Also, it was noted that inflammation had
a crucial role in the initiation and deterioration of
neurodegeneration in AD [32]. TNF-o,IFN-y and
IL-1 act as either pro-or anti-inflammatory having
some sort of a dual function. In our AD model, a sig-
nificant decrease was observed in the levels of IFN-y
which is a cytokine that plays an essential role in
inducing and modulating of immune responses and
an effector of inflammation [33,34]. While there has
been inadequate information related to the alterations
in the level of IFN-y among AD patients, a decrease
in IFN-y level in transgenic mice model of AD was
obtained in parallel to our findings [35]. In the pre-
sent study, TQ administration ameliorated the levels
of IFN-y in rats with AD that pointing out the anti-
inflammatory effect of TQ. In a previous study, it
was observed that IFN-y increases the Af uptake by
microglia for synaptic integrity [36]. It was also



. IFN-y
180
160 - TI * I
140 - *
120 4
100 -
% 80
=%
60 -
40
20
0 T
Sham AB(1-42) AB(1-42) +TQ
C
IL-1p
14
12 4
10 1
T .
5
& 6-

Sham AB(1-42) AB(1-42) +TQ

PSYCHIATRY AND CLINICAL PSYCHOPHARMACOLOGY e 383

B IL-10
20 -
£
16 - 1
= 124
5]
=9
8 -
4 o
0 . ‘
Sham AB(1-42) Ap(1-42) + TQ
D TNF-0,
32 -
28 T
24 -
20 -
z
2 16 -
12
8 4
4 4
0 ; )
Sham AB(1-42) AB(1-42) +TQ

Figure 2. The concentrations of selected inflammatory markers (A) IFN-y (B) IL-1a (C) IL-18 (D) TNF-a.which were measured by
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proposed that the enhancing effect on the IFN-y levels
might be as a result of the Thl and NK cells acti-
vation [31]. Therefore, we can suggest that TQ may
show its anti-inflammatory activity by increasing the
levels of IFN-y for activation of microglia in the treat-
ment of AD.

In addition to IFN-y, other cytokines, including
interleukins, TNF-«, and TGF-f3, are actively partici-
pated in the pathogenesis of AD [32]. In our model,
there was no change in the levels of IL-1a, IL-1f3, and
TNF-a, while their concentrations increased in the
AD patients [37,38]. It was previously suggested that
TQ exhibited anti-inflammatory effects by decreasing
several cytokines, including TNF-a, NF-«B, IL-6, IL-
13, and iNOS [39,40]. On the other hand, we noted
that a significant negative correlation between IFN-y
and IL-1f in our AD model, suggesting that Af3-related
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decreased level of the IFN-y might increase the level of
IL-1B. This result may be responsible for the well-
known neuroinflammatory process in the AD as the
activation of glial cells, and release of IL-1f3 contribute
to neuronal dysfunction [41]. In healthy conditions, it
was shown that IFN-y potentiates IL-1f release from
human cells [42]. In parallel to this finding, we
observed a significant positive correlation between
IFN-y and IL-1p levels upon TQ treatment suggesting
the TQ’s ameliorative effect on the neuroinflammation.
Previously, the anti-inflammatory effect of TQ also
found as a decline of iNOS protein expression and
attenuation of proinflammatory cytokines/chemokines
levels [40]. Therefore, both high levels of IFN-y and
positive correlation between the levels of IFN-y and
IL-1f may generate a TQ- dependent clearance of Af8
plaques in the AD.
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Table 2. The results of Pearson’s correlation of the levels of inflammatory markers with DCX, MAP2 and PARP in the sham, AB(;_42

and AB(_42) + TQ groups.

Sham AB_az) AB_an+TQ
(n=8) (n=8) (n=7)
r p p R p

IFN-y correlations with:
DCX 0.738 0.471 —0.232 0.851 - -
MAP2 —0.020 0.987 —0.900 0.287 - -
PARP —0.972 0.152 0.960 0.180 - -
IL-1a correlations with:
DCX 0.064 0.959 0.232 0.851 —0.640 0.558
MAP2 —0.708 0.499 0.900 0.287 —0.921 0.255
PARP —0.863 0337 —0.960 0.180 0.364 0.763
IL-18 correlations with:
DCX 0.955 0.193 —0.999 0.024* 0.362 0.764
MAP2 0.405 0.734 —0.661 0.540 0.749 0.461
PARP —0.780 0.430 0.526 0.648 —0.048 0.969
TNF-a correlations with:
DCX 0.000 1.000 —0.958 0.184 0.000 1.000
MAP2 0.000 1.000 0,066 0,479 0.000 1.000
PARP 0.000 1.000 —0.828 0.379 0.000 1.000

Note: Negative r value shows negative correlation and positive r value shows positive correlations between each protein and inflammation marker.

n, number of individuals; p, statistical significance value; r, correlation coefficient; IFN-y, interferon-gamma; IL-1a, interleukin 1-alpha; IL-18, interleukin 1-
beta; TNF-a, tumour necrosis factor-alpha; DCX, doublecortin; MAP2, microtubule associated protein 2; PARP, poly (ADP-ribose) polymerase; AB(1-42),
amyloid beta-infused group; AB(1-42) + TQ, amyloid beta infused and thymoquinone treated group. Statistical evaluation by Pearson’s Correlation.

The results are shown as mean + standard error.
*Correlation is significant at the 0.05 level (1-tailed).

Besides, we also noted a significant negative corre-
lation between IL-1f and DCX, a neuronal migration
protein and suggested an inverse relation between
inflammation and neurogenesis. In a recent study,
the changes in interleukin-1f (IL-1p) have been associ-
ated with cognitive dysfunction, and its increased con-
centration significantly decreased DCX positive cells in
the hippocampus [43]. Researchers have claimed that
IL-1f can bind directly to neural precursors to cause
cell cycle arrest in vitro [44]. Besides, IL-1f indirectly
activated microglia and astrocytes by recruiting periph-
eral leukocytes to invade the brain and reduce neuro-
genesis [45,46]. In the current study, we found that
TQ treatment significantly increased the expression
of DCX protein. This result confirmed our previous
findings that TQ administration had a positive effect
on the neurogenesis [47]. As seen, it can be interpreted
elevated neurogenesis in the hippocampus could be as a
result of TQ-triggered protective effect against the
pathophysiology of AD. Correspondingly, a study
showed that Nigella sativa that contains TQ promoted
neurite outgrowth, which is an essential event for
neuro-regeneration [48].

Interestingly, unlike DCX, another microtubule-
associated protein, MAP-2, was significantly affected
by Ap infusion in our AD model, and TQ remained
incapable of restoring this effect. MAP-2, a microtubule
binding protein, aggregates and forms Alzheimer-type
neurofibrillary tangles by altering neurofilamentous
elements [49]. Upregulation of MAP-2 is required for
activity-dependent stabilization of new dendritic
arbours [50] In an in vitro retinal neuron culture,
exposure to physiological amounts of AS1-42 for
24 h resulted in impairment to neuronal MAP-2 by
transient downregulation [51]. Also, the decrease in

the MAP-2 protein varied depending on the type of
plaque in AD. For example, in AD brains, MAP-2
protein was lower in the Af-positive dense-core pla-
ques which are fibrillary deposits of A showing all
the classical properties of amyloid including beta-
sheet secondary structure than diffuse plaques which
are amorphous deposits [52,53]. These results show
that A infusion disrupts the cytoskeletal elements in
the AD brain by worsening the neurodegeneration,
and the regenerative activity of TQ can find no way
out to fix this problem in our model.

Lastly, to observe the effect of TQ on the level of
nuclear proteins, it was investigated the level of
PARP protein, which has a role in nucleic acid metab-
olism, modulation of chromatin structure, DNA syn-
thesis, and DNA repair [54]. In our model, we
observed a significant decrease in the activation of
PARP and TQ treatment did not affect the activation
of PARP. The decrease of the PARP activation could
be related to the role of PARP in cell proliferation
and cell death processes [55]. In a study a reduced
level, nucleolar immunohistochemical staining of
PARP in hippocampal pyramidal cells was noted as a
sensitive marker of functional changes on the postmor-
tem hippocampus of individuals with AD [56]. It may
be suggested that memory deficiency in AD can be cor-
related to decrease in the level of this chromatin-remo-
delling enzyme (PARP) due to its role in synaptic
plasticity and memory consolidation which was noted
in both Aplysia and rodents [57,58]. Using nicotina-
mide adenine dinucleotide (NAD+), ribosylation by
PARP forms branched ADP-ribose polymers on
DNA polymerases, ligases, and histones and allows
repair proteins and transcription factors to access the
DNA by epigenetic modifications [54]. However, a



decrease in the activation of PARP resulted in the
reduced expression of genes required for memory con-
solidation [59].

In summary, in the current study, we observed a
TQ-related functional recovery in our AD model by
increasing neurogenesis and inhibiting neuroinflam-
mation through amelioration of IFN-y levels.
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