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Abstract

Vildagliptin (Vilda), a dipeptidyl peptidase-4 (DPP-4) inhibitor, has been highlighted as a promising therapeutic agent for neurode-
generative diseases as Alzheimer’s and Parkinson’s diseases. Vilda‘s effect is mostly linked to PI3K/Akt signaling in CNS. Moreover,
PI3K/Akt activation reportedly enhanced survival and dampened progression of Huntington’s disease (HD). However, Vilda’s role in
HD is yet to be elucidated. Thus, the aim of the study is to uncover the potentiality of Vilda in HD and unfold its link with PI3K/Akt
pathway in 3-nitropropionic acid (3NP) rat model. Rats were randomly assigned into 4 groups; group 1 received saline, whereas,
groups 2, 3 and 4 received 3NP (10 mg/kg/day; i.p.) for 14 days, concomitantly with Vilda (5 mg/kg/day; p.o.) in groups 3 and 4, and
wortmannin (WM), a PI3K inhibitor, (15 pg/kg/day; i.v.) in group 4. Vilda improved cognitive and motor perturbations induced by
3NP, as confirmed by striatal histopathological specimens and immunohistochemical examination of GFAP. The molecular signaling
of Vilda was estimated by elevation of GLP-1 level and protein expressions of survival proteins; p85/p55 (pY458/199)-PI3K, pS473-
Akt. Together, it boosted striatal neurotrophic factors and receptor; pS133-CREB, BDNF, pY515-TrKB, which subsequently main-
tained mitochondrial integrity, as indicated by enhancing both SDH and COX activities, and the redox modulators; Sirtl, Nrf2. Such
neuroprotection restored imbalance of neurotransmitters through increasing GABA and suppressing glutamate as well PDE10A.
These effects were reversed by WM pre-administration. In conclusion, Vilda purveyed significant anti-Huntington effect which may
be mediated, at least in part, via activation of GLP-1/PI3K/Akt pathway in 3NP rat model.
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Introduction

Huntington’s disease (HD) is a fatal neurodegenerative dis-
ease characterized by striatal degeneration leading to motor,
psychiatric, and cognitive impairments for which there is no
cure and whose progression cannot be slowed down or re-
versed [1, 2]. The causes of neuronal degeneration are not
completely understood, but oxidative stress, mitochondrial
dysfunction and changes in energy metabolism are regarded
as the main contributors to the pathophysiology of HD [2].
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One of the endogenous hormones that attracts the consid-
eration in the recent research is glucagon-like peptide-1 (GLP-
1) that emerged as a guard against neurodegenerative diseases
in different experimental models [3, 4]. However, one major
imperfection of GLP-1 was the short half-life attributed to
degradation by dipeptidyl peptidase-4 enzyme (DPP-4). This
promoted the fructification of DPP-4 inhibitors (gliptins), a
relatively new class of oral diabetes drugs that are dependent
on the elevation of GLP-1 level. Accordingly, binding of
GLP-1 to its receptor (GLP-1R) activates phosphoinositide
3-kinase (PI3K) with subsequent enhancement of CREB ex-
pression leading to cellular proliferation, mitochondrial bio-
genesis, inhibition of apoptotic and inflammatory processes
that ultimately ends up with enhanced cell survival [5].

Various DPP-4 inhibitors showed a prominent effect in
several pre-clinical and clinical trials for the treatment of neu-
rodegenerative disorders [6—8]. One of the potent and selec-
tive DPP-4 inhibitors is Vildagliptin (Vilda) that is approved


http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-019-00805-5&domain=pdf
http://orcid.org/0000-0002-0033-7215
mailto:nevine.abdallah@pharma.cu.edu.eg

Vildagliptin Attenuates Huntington’s Disease through Activation of GLP-1 Receptor/PI3K/Akt/BDNF Pathway in...

253

as an anti-hyperglycemic drug for the treatment of type-2 di-
abetes [9]. Relatively, recent studies pointed to the neuropro-
tective effect of Vilda against Alzheimer’s disease (AD) and
Parkinson’s disease (PD) which is ascribed to activation of
diverse signaling pathways by GLP-1R after DPP-4 inhibition
[10, 11]. The GLP-1 and PI3K are demonstrated to be the keys
behind the neuroprotective effect of Vilda in different disor-
ders [5]. Together, Chong et al. (2012) showed the indispens-
able role of PI3K and Akt proteins as cellular components in
hindering HD [12].

However, as of yet, no data exist on the potential impact of
Vilda in treatment of HD and its respective intracellular signal
transduction which presents as a promising avenue for thera-
peutic intervention in this striatal neurodegenerative disorder.
Herein, the current study aimed to investigate the possible
neuroprotective effect of Vilda against 3-nitropropionic acid
(3NP)-induced HD in rats and to unveil some of the possible
involved signals through using wortmannin (WM) as a direct
inhibitor of the PI3K pathway.

Material and Methods
Ethics Statement

The study protocol complies with the Guide for the Care and
Use of Laboratory Animals protocol (NIH publication No.
85-23, revised 2011) implemented by the Ethics Research
Committee of Faculty of Pharmacy, Cairo University (Cairo,
Egypt; PT BC2403). All efforts were done to reduce animal
suffering during the experimental period.

Animals

Adult male Wistar albino rats weighing (180+20 g) were
obtained from the animal facility of Faculty of Pharmacy,
Cairo University (Cairo, Egypt). Animals were allowed to
acclimatize to laboratory conditions for 2 weeks before the
experiment. Rats were kept under controlled environmental

3NP + WM (15 pg/kg/day; i.v) + Vilda

condition of constant temperature (23 +2 °C), humidity (60
+10%), and light/dark (12/12 h) cycle (lights on at 6:00 am).
Rats were allowed free access to standard chow pellet and
water ad libitum and all behavioral tests were carried out in
a sound isolated laboratory.

Experimental Design

Rats were randomly allocated into four groups; Group I received
normal saline and served as control group. Group II received
3NP (10 mg/kg/day; i.p; Sigma-Aldrich, MO, USA) [13].
Group III treated with Vilda (5 mg/kg/day; p.o.; Novartis
International AG, Switzerland) 1 h after 3NP injection [14].
Group IV treated with WM (15 pg/kg/day; i.v.; Sigma-Aldrich,
MO, USA) 15 min prior Vilda administration [15]. All treatments
were conducted for 14 days; where, 3NP, as well as, Vilda was
dissolved in saline, and WM was dissolved in dimethyl sulfoxide
(Merck, Germany) and freshly diluted with saline. Each group
consisted of 18 rats that were subjected to behavioral analysis as
shown in Scheme 1. Blood samples were collected from retro-
orbital sinus of all rats for evaluation of serum glucose and GLP-
1 levels. Animals were further classified into 4 subsets; first
subset (n=15) was used to assess parameters by Western blot
technique, second subset (n = 5) was used to measure parameters
by ELISA technique, third subset (n = 5) was used for mitochon-
drial isolation and succinate dehydrogenase (SDH) and cyto-
chrome ¢ oxidase (COX) activity assay,whereas, the last subset
(n=3) was used for striatal histopathological examination and
immunohistochemical assessment of glial fibrillary acidic protein
(GFAP), keeping into consideration blind unbiased slide reading.
During the analysis of these measurements, the investigators
were blinded to sample identity, and sample coding and decoding
were performed by an independent experimenter.

Behavioral Tests

Twenty four hours after the last injection of 3NP, Vilda, and/or
WM, rats were screened for motor performance using the
open field; rotarod, and grip strength meter analysis.
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Scheme 1 Time schedule for vildagliptin and wortmannin and behavioral assessment in 3-NP rat model
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Additionally, spatial learning and memory were assessed
using Morris water maze test. Tests were carried out in the
same sequence with 2 h resting period between the tests [16].
Monitoring of animals’ movement in the open field and
Morris water maze tests was performed using ANY-Maze vid-
eo tracking software (Stoelting Co, USA).

Open Field Test (OFT)

Open field test was performed to evaluate the animal’s sponta-
neous locomotor activity. The test was carried out using a square
wooden box (80 x 80 x 40 cm) with red walls and white polished
floor divided by black lines into 16 equal squares. The test was
performed under dim white light in a sound isolated room and an
overhead camera was used to monitor the animals. Briefly, each
rat was gently placed in the center of the open field and was
allowed to freely explore the area for 180 s, then the floor was
cleaned after each tested animal. Rearing frequency, total dis-
tance traveled, mean speed, time immobile, as well as, distance
traveled and time spent in the 4 central squares and peripheral 12
squares were recorded [17].

Rotarod Test

Rats were screened for motor coordination and balance using
rotarod apparatus (120 cm long and 3 cm in diameter and
rotating at a constant speed of 20 rpm). Before experimental
procedures, five trials were given to each rat; animals that
continued on the rod for 5 min were selected to carry out the
experiment. After completing OFT, the test was performed
again where the fall off latency was recorded [18].

Grip Strength Test

The rat’s forelimbs muscle strength was automatically measured
using grip strength meter (Ugo Basile, Italy). Each rat was
allowed to grasp a trapeze-shaped steel bar (stretched horizontal-
ly at a suitable height over a cushion support) mounted on a force
gauge with its forepaws. The gauge was reset to zero after stabi-
lization and the rat was gently pulled by the tail till the grasp was
released. The peak force in gf was recorded, and the average of
three consecutive measurements was calculated for each rat [19].

Morris Water Maze

Spatial learning and memory retention were examined using
the Morris water maze. The maze consisted of a circular
pool (60 cm in height and 150 cm in diameter) filled with
water up to 35 cm level and kept at a temperature of 25 +
2 °C. The water was made opaque using a non-toxic water-
soluble black paint. The pool was divided into 4 quadrants
and a movable escape platform (9 cm diameter) placed in
the center of a specific quadrant. The pool was placed in a
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dimly lit room with fixed distal visual clues that served as
navigational reference key for locating the target. In the
acquisition phase, rats were subjected to 3 training sessions
daily, each 120 s, for 4 consecutive days. During each ac-
quisition trial, animals were left free to find the platform in
the target quadrant. Once the rat located the platform, it was
permitted to remain on it for 10 s, while if an animal failed to
reach the platform within 120 s, it was gently placed on the
platform for 30 s. The escape latency was calculated as the
average of total time taken in all trials of each day of the
acquisition phase to locate the platform and was used as a
measure for spatial learning. On the fifth day, a probe test
was performed where the platform was removed and each
rat was placed in the water facing the pool wall starting from
the quadrant opposite to the platform quadrant and was
allowed to explore the pool for 60 s. The time spent swim-
ming in the target as well as opposite quadrants was record-
ed using an overhead camera [13].

Striatal Processing

At the end of behavioral tests, rats were euthanized and the
brains were immediately dissected, striata from each brain
were immediately isolated and flash frozen in liquid nitrogen,
then stored at —80 °C.

Assessment of p85/p55 (pY458/199)-PI3K, pS473-Akt,
pS133-CREB, BDNF, pY515-TrkB, Sirt1 and Nrf2

In the first subset, tissues were washed in PBS and lysed by the
Ready Prep™ protein extraction kit (Bio-Rad Inc., CA, USA).
Protein levels were measured using Bradford protein assay kit
(Thermo Fisher Scientific Inc., USA) [20] . Then, lysates were
boiled for 5 min with Laemmli buffer, and proteins were sepa-
rated by SDS-PAGE and transferred to an Immobilon membrane
(Millipore). Protein expression was evaluated using primary an-
tibodies (ThermoFisher Scientific, MA, USA) against p85/p55
(pY458/199)-PI3K (1:1000; cat#: PAS—17387), pS473-Akt
(1:250; cat#: 700392), pS133-CREB (1:250; cat#: PA1-851B),
BDNF (1:1000; cat#: OSB00017W), pY515-TrkB (1:2500;
cat#: PA5-38076), Sirtl (1:1000; cat#: PA5-20964) and Nrf2
(1:1000; cat#: PA5-67520). Antibodies were diluted in 5%
skimmed milk, Tris-HCI, 0.1% Tween 20, added to PVDF mem-
branes containing specimen samples and incubated at 4 C over-
night. The membranes were then incubated with the appropriate
secondary antibodies conjugated to horse-radish peroxidase for
2 h at room temperature. Densitometric analysis of the immuno-
blots was performed to quantify the amount of target proteins by
Image analysis software on the ChemiDoc MP imaging system
(version 3) produced by Bio-Rad (Hercules, CA). The same
membranes were reprobed several times. Results are expressed
as arbitrary units after normalization with (3-actin protein
expression.
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Quantification of Serum and Striatal GLP-1, As Well
As, Striatal cAMP, PKA, GABA, Glutamate and PDE 10A

In the second subset, striata were homogenized in PBS
(pH 7.4) and RayBio ELISA kit (GA, USA) was used for
the determination of serum and striatal GLP-1 (cat#: EIA-
GLP1, EIAM-GLP1, EIAR-GLP1), as well as, creative diag-
nostic ELISA kit (Shirley, NY, USA) was used for quantifica-
tion of cAMP (Cat#: DEIA2964). In addition, PKA activity
(Cat#: ab139435) was estimated using specific kit (Abcam,
Cambridge, MA, USA). Also, a kit purchased from
Elabscience (Wuhan, PRC) was used for quantification of
GABA (cat#: E0900r), whereas Abnova ELISA kit (Taipei,
Taiwan) was used for assessment of glutamate (cat#:
KA1909). Likewise, PDE 10A (cat#: MBS082585) was quan-
tified with specific ELISA kit (MyBioSource Inc., San Diego,
CA, USA). The procedures were performed according to the
manufacturer’s instructions. The results were presented as pg/
ml for serum GLP-1, pg/mg protein for striatal GLP-1,
pmol/mg protein for cAMP, ng/min/mg protein for PKA, ng/
mg protein for PDE 10A and pg/mg protein for GABA and
glutamate. The protein content of tissue homogenate was de-
termined using the method of Lowry et al. [21]. Aliquots of
the homogenate were used to assess oxidative stress
biomarkers.

Determination of Oxidative Stress Biomarkers

Oxidative stress status was evaluated in striatal homogenate
by measuring malondialdehyde (MDA), an end product of
lipid peroxidation, colorimetrically using specific kit (Eagle
Biosciences Inc., Boston, USA). In addition, reduced glutathi-
one (GSH) quantification was performed according to the
method of Ellman [22], whereas kit purchased from
BioVision (CA, USA) was used to estimate superoxide dis-
mutase (SOD) activity.

Mitochondrial Isolation for SDH and COX Activity
Assay

Rat brain mitochondria were isolated using mitochondria iso-
lation kit (Sigma-Aldrich Co., USA). The brain striatum was
homogenized in isolation buffer containing 2 mg/ml albumin,
1 M mannitol, 350 mM sucrose, and 5 mM Ethylene glycol
tetraacetic acid (EGTA), 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7.5. The homog-
enate was centrifuged at 600x g for 5 min. The supernatant
was carefully transferred to new tubes and centrifuged at
11,000x g for 10 min. The pellets were re-suspended in ex-
traction buffer and spun again at 600x g for 5 min. The
resulting supernatant was transferred to new tubes and centri-
fuged at 11,000 x g for 10 min. The pellets containing pure
mitochondria were resuspended in isolation buffer without

EGTA and used to assess SDH activity using the method
described by Sharman and Bondy [23].

Briefly, assay mixture consist of potassium phosphate buft-
er, 100 mM, pH 7.5, sodium succinate, 0.125 M, antimycin,
0.1 mg/ml, KCN, 100 mM, ferricytochrome c, 350 mM, phen-
azine methosulfate, 3.3 mg/ml. Succinate was oxidized by an
artificial electron acceptor, phenazine methosulfate, reoxida-
tion of the reduced phenazine methosulfate is accomplished
by ferricytochrome-c, whose reduction is monitored spectro-
photometrically. The reaction was started by the addition of
the striatum mitochondrial sample, and the increase in absor-
bance of ferrocytochrome ¢ at 551 nm minus the absorbance at
520 nm was measured during the first minute using Jenway
6405 spectrophotometer. Enzyme activity in nanomoles of
succinate per minute per mg of protein was quantified from
these absorbance data, using the extinction co-efficient
(9.0 mM ' em ') of cytochrome c.

Activity of COX; Complex IV, was measured by oxidation
of reduced cytochrome c in isolated mitochondria using cyto-
chrome oxidase activity colorimetric assay kit (BioVision Inc.,
CA, USA). Measurements were conducted by strictly adher-
ing to the manufacturers’ instructions. Specifically, 10 pl of
the striatum mitochondrial sample was added to a designated
sample well. The reaction was initiated by adding 120 ul di-
luted cytochrome c to all wells. The absorbance was measured
at 550 nm on the kinetic program over a period of 45 min at 5-
min interval. The rate of reaction was calculated by measuring
the changes in OD/min using the maximum linear rate.
Results were expressed as pumol cytochrome ¢ oxidized/min/
mg protein (U/mg protein), using molar extinction co-efficient
of cytochrome ¢ (7.04 mM 'em ™).

Serum Glucose Level

Serum glucose level was quantified colorimetrically using
specific glucose kit supplied by Spinreact (Girona, Spain) ac-
cording to manufacturers’ protocol.

Histopathological examination.

Striatal samples were fixed in 10% buffered formol saline
for 24 h. Samples were washed, dehydrated by serial dilutions
of alcohol, cleared in xylene, and embedded in paraffin at
56 °C in hot air oven for 24 h. Sections of 4 um were prepared
and stained with hematoxylin and eosin (H&E) and examined
under light microscope [24]. For Nissl staining analysis,
4-um-thick paraffin-embedded sections were incubated with
1% cresyl violet at 50 °C for 20 min. A fter rinsing with double
distilled water, sections were dehydrated and mounted with
Permount. Four random non-overlapping fields per tissue sec-
tion were analyzed for quantification of intact cell number in
striatum [25]. All micrographs were obtained using full HD
microscope camera operated by Leica application module for
tissue sections analysis (Leica Microsystems GmBH, Wetzlar,
Germany).
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Immunohistochemistry and Optical Density of GFAP

Assessment of astroglial alteration was carried out using
paraffin-embedded striatal sections. Samples were incubated
with a rabbit polyclonal glial fibrillary acidic protein (GFAP)
antibody (Genetex, CA, USA) for 60 min at 37 °C. Sections
were washed with PBS and incubated for 60 min at 37 °C with
biotinylated secondary antibody (Dako, Carpenteria, CA,
USA), and then with Avidin DH and biotinylated horseradish
peroxidase H complex according to Vectastain ABC peroxi-
dase kit instructions (Vector Laboratories Inc., Burlingame,
CA, USA). Following another wash with PBS, the reaction
was visualized with 3, 3'-diaminobenzidine tetrahydrochlo-
ride (DAB Substrate Kit, Vector Laboratories Inc.,
Burlingame, CA, USA). Sections were counterstained with
hematoxylin, dehydrated, and cleared in xylene then cover
slipped for light microscopic examination. Quantification of
GFAP was carried out by measuring the optical density from 4
randomly chosen fields in each section and averaged using
image analysis software (Image J, version 1.46a, NIH,
Bethesda, MD, USA) [24]. An experienced investigator,
blinded to sample identity, has performed all histopathological
assessments to avoid any bias.

Statistical Analysis

All data obtained were presented as mean + S.D. Results were
analyzed using one-way analysis of variance test (one-way
ANOVA) followed by Tukey’s multiple comparison test for
all parameters, except rearing frequency which was analyzed
using Kruskal-Wallis test followed by Dunn’s multiple com-
parison test. Statistical analysis was performed using
GraphPad Prism software (version 6). For all statistical tests,
the level of significance was fixed at p < 0.05.

Results

Effect of Vilda on Behavioral and Motor Alterations, As Well
As, Body Weight in 3NP Rats

Locomotor and behavioral deficits are main features of HD
models, which indicate striatal degeneration and motor im-
pairment. Herein, 3NP-intoxicated rats showed marked loco-
motor, motor coordination, muscle strength, as well as, cog-
nitive deficits (Figs. 1 and 2). In the open field test, a signif-
icant reduction of the total distance traveled, mean speed and
rearing frequency (19.77%, 29.61% and 4.84%, respectively).
3NP markedly suppressed both central and peripheral loco-
motor activity (13.87% and 20.83%, respectively). This was
coupled with a significant reduction in time spent in center
(31.84%) along with a marked increase in immobility time
and time in periphery (3.08 folds and 1.11 folds, respectively)
in the 3NP group. This was accompanied by a decline in fall
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off latency (15.02%), peak force (40.66%) in the rotarod and
grip strength meter tests, respectively. In the Morris water
maze test, spatial learning progression, indicated by escape
latency in the acquisition phase, was increased in 3NP rats.
In the probe trial, 3NP rats spent less time spent in the target
quadrant (56.9%) and more time in the opposite quadrant
(2.19 folds). Post-treatment with Vilda effectively
counteracted these effects, as manifested by the increase in
total distance traveled (3.15 folds), mean speed (2.14 folds),
rearing frequency (13.77 folds), distance in center (3.23
folds), distance in periphery (3.15 folds) and time in center
(2.16 folds) together with the decline in immobility time and
time in periphery (55.4% and 94.7%, respectively) in the open
field test. A concomitant increase in fall off latency (3.41
folds) and peak force (2.38 folds) was observed in Vilda-
treated rats. Vilda group also exhibited marked improvement
in finding the hidden platform during the Morris water maze
acquisition together with more time spent in target quadrant
(1.46 folds) and less time in the opposite quadrant (70.93%),
compared to 3NP rats, in the probe test. Nevertheless, pre-
administration of WM largely abated Vilda’s amendment of
behavioral anomalies in open field, rotarod, grip strength me-
ter, as well as, Morris water maze tests.

Regarding body weight, 3NP caused a significant weight
loss of about 15% of normal values. Surprisingly, Vilda did
not contribute to any further change in body weight, neither
did WM pretreatment, relative to 3NP group (Table 1).

Effect of Vilda on Striatal SDH and COX Activities, Sirt1
and Nrf2 Protein Expressions in 3NP Rats

As well known in literature about the primary mechanism of
toxicity of 3NP, 3NP showed significant dysfunction of the
respiratory chain in mitochondria through reducing striatal
SDH, COX activities, Sirtl and Nrf2 to 26, 52, 54 and 55%
of control rats, respectively (Fig. 3). The respiratory function
of mitochondria was significantly recovered in Vilda-treated
group to increase by 1.86, 1.88, 1.38 and 1.35-folds, com-
pared to 3NP treated group in respect to SDH, COX, Sirtl
and Nrf2. Meanwhile, this recovery was dampened in the
WM pretreated group by 71, 33, 43 and 62% reduction.

Effect of Vilda on GLP-1 and survival downstream pro-
tein alterations in 3NP rats.

To assess the possible Vilda-induced neuroprotective ef-
fect on striatal GLP-1 signaling, it was necessary to evaluate
serum and striatal protein levels of GLP-1, as well as,
striatal p-PI3K and p-Akt, cAMP and PKA kinase activity.
In fig. 4, 3NP notably lowered both circulating and striatal
levels of GLP-1 to 36% and 49% of control rats, concomi-
tant with a reduction in protein expression of phosphorylat-
ed forms of PI3K and Akt by 55 and 50%, as well as a
decline in cAMP protein expression and PKA activity by
66% and 79%, as compared to normal values. After Vilda
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Fig. 1 Effect of Vilda on locomotor activity of 3NP rats in open field
task. Panels represent total distance traveled (a), average speed (b),
immobility time (c), rearing frequency (d), distance (e) and time (f) in
center, distance (g) and time (h) in periphery as well as representative

treatment, the upstroke in circulating and striatal GLP-1
levels was significantly noted to reach 4.18 and 3-fold of
the model, and 1.49 and 1.5-fold of normal rats, respective-
ly. Subsequently, the protein expressions of p-PI3K and p-
Akt were elevated by 73 and 44% of 3NP treated group, in
addition to 2.5 and 3.8-fold rise in cAMP protein expression
and PKA activity. On the contrary, all these Vilda induced-
perturbations were repealed with pre-administration of WM
by 63 and 80% relative to serum and striatal GLP-1, and by
60, 47, 52 and 71% relative to p-PI3K, p-Akt, cAMP and
PKA, respectively. These results elaborated that Vilda
exerted its neuroprotective action, in part, through the
GLP-1 receptor/PI3K/Akt pathway.

Effect of Vilda on PDE10A Level, in Addition to,
Striatal Neuroplastic and Neurotrophic Factors
Alterations in 3NP Rats

PDEI10A is a crucial regulator of cAMP signaling and, conse-
quently, activation of the transcription factor CREB, and its
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downstream BDNF, a principal neurotrophic factor in stria-
tum. Impairment of these signaling cascades is assumed to
contribute to the pathology of HD. Thus, it was of interest to
investigate the effects of Vilda on PDE10A inhibition, CREB
phosphorylation (pCREB), BDNF and its receptor, tyrosine
kinase B (TrkB) in the present HD model (Fig. 5). 3NP injec-
tion increased PDE10A level by 19-fold, while mitigated the
protein expressions of p-CREB, BDNF and TrkB to reach 55,
52 and 54%, in respect to 3NP free rats, respectively.
Interestingly, Vilda abolished such elevation of PDE10A by
69% and amended the alterations of neuroplastic, neurotroph-
ic proteins and TrkB receptor by 31, 38 and 44% of
Huntington’s representative group, respectively. These find-
ings with Vilda, however, were reverted in WM-pretreated rats
and decreased to reach 52, 59 and 43%, regarding p-CREB,
BDNF and TrkB receptor, respectively. Besides, it impeded
the inhibitory effect of Vilda on PDE10A and increased its
level 2.2-fold to return to the same level as the 3NP treated-
group. Thus, PDE10 might be a good therapeutic target for
Vilda to ameliorate HD-specific deficits.
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Fig. 2 Effect of Vilda on motor coordination, muscle strength, as well
as cognitive deficits of 3NP rats in rotarod, grip strength meter and
Morris water maze, respectively. Panels represent fall off latency (a) in
rotarod, maximum peak force (b) in grip strength meter test, escape
latency during acquisition (c), time spent in target/opposite quadrant (d)

Effect of Vilda on GABA and Glutamate Levels in 3NP
Rats

Many of HD symptoms are associated with abnormal neuro-
transmission due to imbalance among inhibitory and excitato-
ry neurotransmitters like GABA and glutamate. 3NP dis-
turbed the balance between GABA and glutamate levels in
striatum (Fig. 6). This is noted by the significant lowering of
GABA and upleveling of glutamate by 74 and 48% in 3NP
treated group, respectively. On the other hand, Vilda attenuat-
ed this blemish and significantly restored the levels of GABA
and glutamate to reach 1.86 fold and 44% of Huntington’s
untreated group. However, WM-treated group blocked the
Vilda-induced increase of GABA by 81% and decrease of
glutamate by 1.7-fold.

Effect of Vilda on Oxidative Stress in 3NP Rats

Interruption of the respiratory chain imparted by 3NP, leads to
increased production of ROS due to incomplete electron
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as well as representative swim paths (e) of rats during probe trial of Morris
water maze test. Each bar with vertical line represents mean + S.D. of 18
rats per group. * vs control, # vs 3NP, @ vs Vilda using one-way ANOVA
followed by Tukey’s post hoc test; p < 0.05. 3NP; 3-nitropropionic acid,
Vilda; vildagliptin, WM; wortmannin

transfer, on one hand, and decreased antioxidant defense due
to mitochondrial dysfunction, on the other hand. As shown in
fig. 7, 3NP-induced oxidative damage is noted by the signif-
icant increase in the level of the lipid peroxidation product,
MDA, by 12-fold together with the significant decrease in the
level of antioxidants, reduced GSH (72%) and SOD activity

Table1  Effect of Vilda on 3NP-induced alterations of body weight and
serum glucose in rats

Group Final body weight (g) Serum glucose (mg/dl)
Control 207.9 + 13.4 98.4 + 10.9

3NP 177.1 £ 89" 159.6 + 13.4"

3NP + Vilda 175.6 + 7.6 94.5 + 10.8"
3NP+Vilda+WM 173.6 = 6.8" 132.5 + 8.17%@

Data are presented as means =+ S.D. of 18 rats per group. * vs control, # vs
3NP, @ vs Vilda using one-way ANOVA followed by Tukey’s post hoc
test; p <0.05. 3NP; 3-nitropropionic acid, Vilda; vildagliptin, WM;
wortmannin
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(57%), in striatum as compared to control values. Vilda suc-
cessfully alleviated this glitch and restored the levels of MDA,
reduced GSH, and SOD activity to reach 22%, 287%, and
255% of 3NP rats. WM pretreatment largely obliterated
Vilda-induced modifications and caused a 2.74-fold rise in
MDA level along with a reduction of 41% and 44% in reduced
GSH level and SOD activity.

Effect of Vilda on Blood Glucose in 3NP Rats

Glucose metabolism is known to be altered in HD. To evaluate
the effect of Vilda on glucose homeostasis in 3NP-induced
HD model, serum glucose level was measured (Table 1).
3NP rats exhibited increased serum glucose levels that
reached 1.6—fold of control values. Vilda treatment effectively
normalized glucose levels, whereas pretreatment with WM
hampered the normoglycemic effect of Vilda and increased
serum glucose level by 40%.
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Effect of Vilda on Striatal Histopathological
Alterations in 3NP Rats

HD is a neurodegenerative disorder which is characterized by
degeneration of striatum; therefore, the protection of striatal neu-
rons is a main goal of the protective agents. To validate the
neuroprotection imparted by Vilda, histopathologic examination
of hematoxylin-eosin, as well as, counting the number of intact
neurons in striatum using cresyl violet was performed (Figs. 8
and 9). Control samples showed normal morphological features
of striatum with apparent intact well-organized neurons showing
vesicular nuclei and prominent nucleoli, as well as, normal
neuropil with few glial cells infiltrations. Contrariwise, photomi-
crographs from 3NP rats demonstrated central core lesion with
marked neuronal loss and many degenerated neurons with pyk-
notic nuclei, evidenced by a 53% decrease in viable neurons,
accompanied by vacuolation and edema of neuropil with much
microglial cell infiltration. Vilda-treated rats, however, showed
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Fig. 3 Effect of Vilda on striatal SDH (a) and COX (b) activities as
well as protein expressions of Sirtl (c) as well Nrf2 (d) in 3NP rats.
Each bar with vertical line represents mean + S.D. of 5 rats per group. The
same membranes were reprobed several times. * vs control, # vs 3NP, @
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vs Vilda using one-way ANOVA followed by Tukey’s post hoc test;
»<0.05. 3NP; 3-nitropropionic acid, Vilda; vildagliptin, WM;
wortmannin
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Fig. 4 Effect of Vilda on serum (a) and striatal (b) GLP-1 level,
survival PI3K (c) and Akt (d) protein expressions, cAMP level (e)
as well as PKA activity (f) in 3NP rats. Each bar with vertical line
represents mean = S.D. of 5 rats per group. The same membranes were

almost well-organized striatum region with many apparent intact
homogenous distributed neurons with few shrunken degenerated
cells, manifested by a 24% increase in intact neurons, together
with apparent intact neuropil with mild infiltration of glial cells.
Pre-administration of WM negated Vilda effects and, interesting-
ly, rats from this group showed more widespread core lesion than
3NP rats.

Effect of Vilda on Striatal GFAP Immunoreactivity
Alteration in 3NP Rats

Striatal GFAP immunoreactivity was examined as a principal
marker for activation of astrocytes, which are important to the
structural and functional support for neurons. As depicted in
fig. 10, control rats showed homogenous striatal GFAP distri-
bution with few overall GFAP positive cells. On the other
hand, striatal sections from 3NP rats showed lower numbers
of astrocytes inside the lesion core with a dense accumulation
of astrocytes outside the lesion core area, with an 11.05%
increase in overall GFAP immunoexpression. Vilda treatment
effectively mitigated these effects as indicated by the lower
GFAP immunoreactivity (decreased by 6.35%) in striata of
Vilda-treated rats compared to 3NP group. Marked
astrocytosis similar to that of the 3NP group was evidenced
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reprobed several times. * vs control, # vs 3NP, @ vs Vilda using one-way
ANOVA followed by Tukey’s post hoc test; p<0.05. 3NP; 3-
nitropropionic acid, Vilda; vildagliptin, WM; wortmannin

in rats pretreated with WM. Thus, these results suggest that
Vilda may provide neuroprotection against 3NP induced
toxicity.

Discussion

In the current study, the presented potential molecular mecha-
nisms revealed the first evidence for the protective role afforded
by the DPP-4 enzyme inhibitor, Vilda, in an animal model of
3NP neurotoxicity which mimics the late stages of HD. This
notion is supported by multiple lines of evidence: (i) improved
cognitive and motor deficits; (ii) enhancement of striatal GLP-1
with the downstream activation of PI3K/Akt pathway; (iii)
evoked neurogenesis signals; CREB/BDNF/TrkB besides,
PDEI10 inhibition; (iv) alleviation of the mitochondrial function
and striatal oxidative stress by recovering SDH and COX activ-
ities and Sirt1/Nrf2 signaling; (v) elevating the inhibitory GABA
and decreasing the excitatory glutamate neurotransmission.
Striatum is the central area in the basal ganglia for motor
coordination, as well as, learning and memory functions [26,
27]. 3NP-induced neurodegeneration in striatum causes
movement impairment and loss of muscle grip strength, sim-
ilarly as manifested in the late stages of HD patients [28]. In
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Fig. 5 Effect of Vilda on protein expressions of striatal PDE10A level (a)
as well as pCREB (b) BDNF (c) and pTrkB (d) protein expression in 3NP
rats. Each bar with vertical line represents mean +S.D. of 5 rats per group.

the current study, open field, rotarod performance and grip
strength, as well as, Morris water maze tests depicted the
behavioral and motor abnormalities of 3NP intoxication.
Nevertheless, Vilda treatment significantly improved mus-
cular strength, locomotor activity, spatial learning and
memory skills of 3NP rats. In this context, Vilda reversed
learning and memory defects in a rat model of AD, as well in
STZ-induced type 2 diabetic rat model [14, 29]. Likewise,
Vilda was reported to improve motor deficits in a rat rote-
none model of PD [30].

Fig. 6 Effect of Vilda on striatal (a)
GABA (a) and glutamate (b)
levels in 3NP rats. Each bar with
vertical line represents mean +
S.D. of 5 rats per group. * vs
control, # vs 3NP, @ vs Vilda
using one-way ANOVA followed
by Tukey’s post hoc test; p < 0.05.
3NP; 3-nitropropionic acid,
Vilda; vildagliptin, WM;
wortmannin
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The same membranes were reprobed several times. * vs control, # vs 3NP, @
vs Vilda using one-way ANOVA followed by Tukey’s post hoc test; p < 0.05.
3NP; 3-nitropropionic acid, Vilda; vildagliptin, WM; wortmannin

In addition, data of the present study revealed that 3NP
induced a significant decrease in the final body weight. This
induced body weight loss could be explained on the basis of
metabolic dysfunction, including impairment of energy me-
tabolism in animals [31]. Moreover, anorexia and decreased
food intake associated with motor deficit could not be exclud-
ed as contributing factors to weight loss [24]. Interestingly,
Vilda treatment did not cause any further change in body
weight, compared to 3NP group. This effect may be related
to the weight neutrality exerted by Vilda which results, in part,

(b)

0.5 *#@

e
»
1

*

e
w
Il

L

(ng/mg protein)

o
-
1

Straiatal Glutamate

o
=)

@ Springer



262 Sayed et al.
Fig. 7 Effect of Vilda on striatal (a) (b)
MDA (a) and GSH (b) levels as 10- 8-
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from its intrinsically low risk for hypoglycemia. It is worth
mentioning that administration of GLP-1 and GLP-1 ana-
logues (exenatide and liraglutide, for instance) have signifi-
cant central and metabolic effects on gastric emptying, appe-
tite and food intake, which are translated into significant re-
ductions in body weight [32, 33], opposite to neutral effects on
body weight with the DPP-4 inhibitors [34, 35]. The weight
neutrality seen with Vilda in several studies [36, 37] seems to
be a class effect, because the DPP-4 inhibitors, saxagliptin and
sitagliptin, have also been shown to produce improvements in
glycemic control without significant change in body weight

[38, 39]. This favorable weight profile, we believe, entitles
Vilda superior to other incretin-based therapies, especially
where weight loss is a serious complication.

The role of GLP-1 and its receptor in the CNS has been
thoroughly studied regarding cellular protection, proliferation
and differentiation into neurons. GLP-1 activates adenylyl cy-
clase, and increases the intracellular cAMP level, which, in
turn, activates protein kinase A (PKA), as well as, PI3K, caus-
ing phosphorylation and activation of downstream signaling
pathways [5, 40]. Accumulating body of evidence, in cell
culture and rodent models, suggests that GLP-1 protects
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Fig. 8 Effect of Vilda on histopathological alterations in 3NP treated
rats. Representative photomicrographs illustrating H&E staining of the
striatum from a,e control group, b,f 3NP group, ¢,g Vilda-treated group
and d,h WM-treated group. Red arrows indicate intact well organized
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neurons, arrow heads indicate glial cells infiltration and dashed arrows
indicate degenerated neurons. Magnifications: x100 (a-d) & x400 (e-h).
3NP; 3-nitropropionic acid, Vilda; vildagliptin, WM; wortmannin



Vildagliptin Attenuates Huntington’s Disease through Activation of GLP-1 Receptor/PI3K/Akt/BDNF Pathway in... 263

Intact neurons in striatum
(% of total)

Fig.9 Effect of Vilda on neuronal survival in 3NP rats. Representative
cresyl violet-stained striatal sections from a,e control group, b,f 3NP
group, ¢,g Vilda-treated group and d,h WM-treated group. Black
arrows indicate intact neurons while red arrows indicate pyknotic
changes. Magnifications: X100 (a-d) & x400 (e-h). Panel i depicts the

against neuronal degeneration in experimental models of PD,
multiple sclerosis, and AD [41-43]. In the current study, the
concurrence of reduced striatal GLP-1 along with striatal dam-
age and neuronal loss, indicated by strong GFAP expression
and Nissl staining, provides the first direct evidence for a role
of declined striatal GLP-1 level/signaling in 3NP pathology.
Such effect was reversed by Vilda treatment which enhanced
both serum and striatal GLP-1 levels together with PI3K/Akt
phosphorylation. This could be directly linked to inhibition of
DPP-4 enzyme, which is a major catabolic enzyme of GLP-1,
by Vilda, hence increasing the active GLP-1 levels in the
peripheral blood, which then diffuses into the brain [30].

In this context, the neurotrophic and protective actions of
GLP-1 against H,O,-induced oxidative stress and apoptosis,
in human neuroblastoma SH-SYS5Y cells with overexpressed
GLP-1R, were linked to PKA and PI3K signaling enhance-
ment. These results were further confirmed by the use of PI3K
inhibitor, LY294002, which markedly attenuated GLP-1 me-
diated neurotrophic effects [44]. Our results are also in tune
with Zhu et al. (2016), who stated the in vivo neuroprotective
action of liraglutide, against ischemia-induced apoptosis that
was mediated via PI3K/Akt signaling [45]. Noteworthy, WM,
a PI3K inhibitor, blocked phosphorylation of PI3K and Akt in
Vilda-treated rats, which was concomitant with abolishment
of histological amendments afforded by the drug. These re-
sults suggest that Vilda neuroprotective effects are mediated,
at least in part, through activating PI3K and its downstream
target Akt.
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number of intact neurons in striatal sections of the four groups as % of
total. Each bar with vertical line represents mean +S.D. of 3 rats per
group. * vs control, # vs 3NP, @ vs Vilda using one-way ANOVA
followed by Tukey’s post hoc test; p < 0.05. 3NP; 3-nitropropionic acid,
Vilda; vildagliptin, WM; wortmannin

To ensure that the previous alterations were directly related
to GLP-1 receptor activation, it was necessary to measure
cAMP level and PKA activity, as they represent important
downstream singling molecules of GLP-1 receptor pathway.
Herein, the present results demonstrated that cAMP level and
PKA activity were depressed in animals treated with 3NP,
which was reversed upon treatment with Vilda. In harmony,
it was previously verified that GLP-1 exerts its actions through
a G protein-coupled receptor (GPCR) linked to activation of
PKA signaling [46]. On the other hand, the antinecrotic action
of GLP-1 in a mouse insulinoma cell line, was abolished by
the simultaneous exposure of cells to both PKA and PI3K
signaling pathway inhibitors [47].

In addition to the previous data, the canonical pathway,
PI3K/Akt, is the upstream activator of CREB, that thereafter
improves BDNF expression [48]. BDNF binds to TrkB recep-
tor that in turn autophosphorylates tyrosine residues and acti-
vates PI3K/Akt pathway [49], thus establishing a mutual acti-
vation between PI3K/Akt and CREB/BDNF/TrkB. The
CREB/BDNF/T1kB signaling plays a crucial role in synaptic
development and plasticity, as evidenced in neurodegenerative
diseases that accompanied by abnormal BDNF regulation [50].
This, in turn, rationalizes the reduction of PI3K/Akt phosphor-
ylation in part due to the reduction of GLP-1 and/or
BDNEF/TrkB signaling. In the present study, 3NP intoxication
showed low protein levels of pCREB, BDNF and TrkB. This
occurs in pathogenic HD mouse models and in cells with the
mutant huntingtin form where reduced BDNF and TrkB levels
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Fig. 10 Effect of Vilda on striatal GFAP immunoreactivity alteration
in 3NP rats. Representative photomicrographs of immunohistochemical
staining of GFAP in striatum from a,e control group, b,f 3NP group, ¢,g
Vilda-treated group and d,h WM-treated group. Magnifications: X100 (a-
d) & x400 (e-h). i GFAP optical density of % area of GFAP

are found. Wild-type huntingtin sequesters the neuron-
restrictive silencing factor (NRSF), a huntingtin interaction pro-
tein in the cytoplasm that increases the level of BDNF expres-
sion. Conversely, mutant huntingtin is associated with a reduc-
tion in BDNF, possibly, because of NRSF repression of BDNF
transcription [51]. The previous data emphasize the strong link
between BDNF levels and HD pathogenesis. Herein, the case
was reversed upon treatment with Vilda. Notably, pretreatment
of rats with WM, at a dose that blocked Akt phosphorylation
and reduced CREB/BDNF/TrkB levels, remarkably attenuated
the Vilda neuroprotective effect. In a STZ-induced type 2 dia-
betic rat model, Zhang et al. (2018) have reported that Vilda
treatment against cognitive deficits, is mediated via enhancing
Akt/BDNF/nerve growth factor expression levels [14].
Similarly, the effect of Vilda on hippocampal neurons of AD
rat model was identified, through targeting the Akt/GSK3f3
pathway, reducing tau phosphorylation [52].

Interestingly, disturbances in CREB signaling, another
downstream target of Akt, have been identified as another
culprit in HD pathology. Studies carried on HD patients have
verified the decreased transcription of CREB-dependent genes
may be related to a deficiency in cAMP. This is supported by
the presence of low cAMP in the cerebral spinal fluid of HD
patients [53]. Moreover, treatment of mutant huntingtin-
induced neuronal PC12 cell lines with either cAMP or
forskolin, an activator of adenylyl cyclase, induced neurite
outgrowth [54]. It is worth mentioning that the magnitude of
cAMP is determined by PDE enzyme. Especially in CNS,
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PDEI10A is abundantly expressed in striatum and plays a role
in controlling cAMP/PKA signaling cascades [55]. Needless
to say, PDE inhibitors have been demonstrated successfully in
HD models to increase cAMP as long PKA and subsequently
CREB with BDNF levels [56]. In context, PDE10 inhibition,
by papaverine, was found to improve object recognition and
spatial memories in R6/1 mice, which may be related, at least
in part, to increased CREB phosphorylation levels [55].
Herein, for the first time, the present results demonstrate the
inhibitory effect of Vilda on PDE10A. Our results concur with
the study conducted with Giampa et al. (2009), who depicted
the beneficial effect of treatment with the specific PDE10A
inhibitor, TP10, in a quinolinate-induced striatal excitotoxicity
rat model. They proposed that the effects of PDE10A inhibi-
tion on neuron survival are both indirect, due to increased
number of surviving neurons and direct, due to increased neu-
ronal CREB-mediated signaling, which consequently en-
hanced BDNF induction [57].

Hereafter, the study revealed that the downstream signaling
of CREB was not restricted to BDNF regulation but also ex-
tended to suppress mitochondrial dysfunction, oxidative stress
and neurotransmission imbalance; the cornerstones for the
development of HD lesions.

Regarding mitochondrial dysfunction, it is one of the
hallmarks of HD, as well a key feature of 3NP HD model.
Inevitably, 3NP-treated group showed a significant decline
in SDH (complex II) and the terminal enzyme of the respi-
ratory chain; COX (complex IV) activities; reflecting the
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dysregulated mitochondrial function. Contrariwise, Vilda
treatment mitigated 3NP’s effect and caused a significant
increase in SDH and COX activities, thus, restoring the
redox balance. Formerly, in high fat diet-induced obese rats,
Vilda attenuated brain mitochondrial dysfunction through
decreasing brain mitochondrial membrane potential
change, brain mitochondrial swelling and exerted anti-
oxidant effects [58]. Likewise, the DPP-4 inhibitor, MK-
0626, has significantly improved the limited exercise capac-
ity of mice with myocardial infarction through normaliza-
tion of mitochondrial oxidative capacity and increasing per-
oxisome proliferator-activated receptor gamma coactivator
1 (PGC-1) and mitochondrial transcription factor A
(TFAM) levels, which regulate mitochondrial biogenesis
[59]. Considering oxidative stress, one of the direct tran-
scriptional targets of CREB is the enhancement of Sirtl/
Nrf2 signaling pathway that upregulates antioxidant en-
zymes, scavenges ROS and enhances mitochondrial bio-
genesis [60]. It is noteworthy that both Sirtl, a NAD" de-
pendent protein deacetylase, and Nrf2, a transcription fac-
tor, have remarkable anti-oxidative capacity via activating
the expression of promoters containing the antioxidant re-
sponse element (ARE) resulting in the transcription of
ARE-responsive genes which finally quench ROS overpro-
duction [61]. As prementioned for the link between CREB
and Sirt1/Nrf2, it was previously demonstrated that CREB
deficiency drastically reduces the expression of Sirtl [62].
On one hand, Sirtl positively interacts with PGC-1«, thus
promoting mitochondrial biogenesis [63], on the other
hand, it significantly decreases both Keapl expression and
Nrf2 ubiquitination, thus promoting the transcriptional ac-
tivity of Nrf2, and augmenting the protein levels of Nrf2
antioxidant target genes such as SOD, heme oxygenase-1,
and glutathione S-transferases [64] .

In the current study, the antioxidant activity of Vilda was
elaborated by a significant increase in Sirtl and Nrf2 levels.
Also, different DDP-4 inhibitors showed concomitant results
where Hee et al. (2015) demonstrated that gemigliptin, in vas-
cular smooth muscle cells of rats, enhanced Nrf2 activity to-
gether with increasing Keapl proteasomal degradation, lead-
ing to the induction of Nrf2 target genes [65]. In rat rotenone
PD model, Vilda exerted antioxidant potential via reduction of
thiobarbituric acid-reactive substances [30].

Additionally, to elaborate the direct effects of Vilda on oxi-
dative stress markers, we estimated the levels of MDA, an end-
product of lipid hydroperoxide, SOD, an enzyme that catalyti-
cally reduces O, to hydrogen peroxide, and finally, GSH,
which can catalyze the reduction of hydrogen peroxide. The
present results showed that 3NP promoted oxidative stress as
evidenced by the high level of MDA and low levels of SOD
activity and reduced GSH, which was reversed by Vilda treat-
ment. This effect may be attributed to Nrf2-dependent upregu-
lation of antioxidative pathways. These findings comply with

the study conducted by Atteya H. (2015) that showed that ad-
ministration of Vilda ameliorated cyclosporine-induced neph-
rotoxicity in rats through suppressing oxidative stress and mod-
ulating levels of reduced GSH, MDA and SOD. Thus, suppres-
sion of oxidative stress may be one mechanism by which Vilda
exerts its neuroprotective effect [66].

The light spots in neurodegenerative diseases, on the im-
balance between GABA and glutamate tone [67]. In the pres-
ent study, the mitochondrial dysfunction as indicated by low-
ering SDH and COX activities may provide a validation for
the elevated glutamate level in 3NP exposed rats. On the other
hand, degeneration of inhibitory GABAergic projection neu-
rons in striatum is a primary event in HD that selectively
occurs [68] and evokes neuronal hyperexcitability thereafter.
In 3NP rats of the present study, the same finding occurred and
may be accounted to the reduction of BDNF. BDNF/TrkB
signaling affects the presynaptic concentration of GABA
through activation of GABA transporter (GAT-1) and upreg-
ulation of glutamate decarboxylase (GAD) mRNA; the
converting enzyme of glutamate to GABA [69]. Parallel data
in this regard from Mizuno et al. (1994) related the increase in
striatal GABA content, after injection of BDNF into the cere-
bral ventricles of neonatal rats, to the elevation of GAD activ-
ity and GABA uptake activity [70]. Also, Pérez-Navarro et al.
(2000) found that intrastriatal grafting of BDNF prevented
GAD-positive cell loss in the striata of quinolinate-induced
HD disease animal model [71]. Herein, Vilda-
neuroprotection was evidenced by restoring the neurotrans-
mission balance through a marked reduction in glutamate
and elevation in GABA levels, approaching normal levels
where this, in part, may be due to Vilda-induced mitochondrial
protection and BDNF/TrkB signaling.

Concerning glucose homeostasis, 3NP has been shown to
elevate serum glucose level. This effect was formerly attribut-
ed to SDH inhibition, which results in less ATP generation,
reduced glucose-induced mitochondrial membrane potential
hyperpolarization and, subsequently, affecting glucose-
induced alterations in cytosolic Ca** concentration and reduc-
ing insulin secretion [72]. Interestingly, previous data showed
that SDH inhibition by 3NP impaired insulin secretion via
lowering gene transcription of preproinsulin and synthesis of
proinsulin [73]. Indeed, Vilda normalized serum glucose level
through augmenting glucose stimulated insulin secretion. On
the contrary, WM significantly raised serum glucose level
which assures that GLP-1-induced glucose uptake is PI3K
dependent. WM significantly attenuated GLP-1-mediated in-
crease in GLUT4 protein level [74].

Taken together, the findings of the current study provide
the first evidence for the anti-Huntington effect of Vilda for
preventing striatal degeneration instigated by 3NP, via con-
quering GLP-1/PI3K/Akt/CREB/BDNF/TrkB signaling and
Sirt1/Nrf2 axis, thus, offering a new perspective for the poten-
tial role of DPP-4 inhibition in HD.
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