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Abstract
L-dopa is still considered as the gold standard therapy for Parkinson’s disease (PD); however, L-dopa-induced dyskinesia (LID)
is a serious complication of long-term L-dopa treatment. The present study investigated the therapeutic potential of sitagliptin and
liraglutide in comparisons with L-dopa against PD. In addition, their capacity to modulate L-dopa dose and/or side effects was
investigated, too. Rats were injected with rotenone (3 mg/kg/day, s.c.) for 10 consecutive days to induce the experimental PD.
The rotenone-treated rats were administered sitagliptin (30 mg/kg/day, p.o.) and liraglutide (50 μg/kg, s.c.) for 16 days either
alone or together with L-dopa/carbidopa (50/25 mg/kg/day, i.p.). Scoring of LID was done on days 2, 4, 8, 12, and 16 in all L-
dopa-treated groups. Twenty-four hours after the last administered dose of tested drugs, the behavior of rats in each group was
screened by using the open-field test. Sitagliptin and liraglutide revealed marked attenuation of LID scores; in addition, they
markedly increased animals’ motor performance. Moreover, they preserved substantia nigra pars compacta (SNpc) tyrosine
hydroxylase (TH) and vesicular monoamine transporter 2–positive (VMAT2) cells with prominent increase of the striatal
dopamine (DA) content. On the other hand, they significantly decreased nigral neuromelanin (NM)–positive cells, activated
microglia, gliosis, and other pathological changes. In conclusion, sitagliptin and liraglutide could be a promising therapeutic
challenger in PD, modifying L-dopa effect and/or allowing the use of L-dopa with fewer side effects.
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Abbreviations
AIMs Abnormal involuntary movements
CNS Central nervous system
DA Dopamine
GLP-1R Glucagon-like peptide-1 receptor
GPCR G protein-coupled receptor
LID L-dopa-induced dyskinesia
NM Neuromelanin
PD Parkinson’s disease
SNpc Substantia nigra pars compacta
TH Tyrosine hydroxylase
VMAT2 Vesicular monoamine transporter 2

Introduction

Parkinson’s disease (PD) is considered the second most
common neurodegenerative disorder after Alzheimer’s
disease (AD) (Alves et al. 2008; Toulouse and Sullivan
2008). The progressive nature of PD involves dysfunction
of dopamine (DA)-producing neurons in the brain, as DA
is a neurotransmitter responsible for body-coordinated
movement; therefore, its decreased levels lead to difficul-
ty of both voluntary and involuntary movements (Lew
2007; Dexter and Jenner 2013).

Administration of DA precursor L-3,4-dihydroxyphenylal-
anine (L-dopa) is still considered as the gold standard therapy
for PD (Carlsson 2002; Olanow et al. 2004), where L-dopa
provides the greatest antiparkinsonian benefit for motor signs
and symptoms in the short-term therapy; however, long-term
L-dopa use is associated with the development of motor fluc-
tuations (Bwearing-off^) and dyskinesia known as L-dopa-
induced dyskinesia (LID) (Lesser et al. 1979; Fahn 2000;
Pahwa and Lyons 2009).
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L-dopa-induced dyskinesia adversely affects the quality
of life of parkinsonian patients which was described to be
more devastating than PD itself and increases the cost of
healthcare (Dodel et al. 2001; Lundblad et al. 2005). The
developing LID depends on the age of onset of the dis-
ease besides dose and duration of L-dopa therapy (Obeso
et al. 2000; Kumar et al. 2005; Sharma et al. 2006).
Moreover, nigral denervation and subsequent loss of
striatal DA input were suggested to be principally partic-
ipated in LID, where their loss involves a series of mo-
lecular events within the basal ganglia, followed by a
functional impairment of basal ganglia motor circuits (Di
Monte et al. 2000; Paille et al. 2004; Jenner 2008; Dos-
Santos-Pereira et al. 2016).

Few therapeutic alternatives of L-dopa are used in the late-
stage disease; in addition, drugs developed for the treatment of
dyskinesia are limited and may be restricted on few patients as
they are rapidly tolerated on long-term use (Connolly and
Lang 2014). Moreover, the current DAergic medication
worsens the progression of the established abnormal involun-
tary motor movements (AIMs) (Rascol et al. 2003; Fabbrini
et al. 2007; Guridi et al. 2012).

Importantly, the mechanisms underlying the role of L-dopa
in the development of dyskinesia are still incompletely under-
stood; however, the increase of DA content by L-dopa treat-
ment can enhance neuromelanin (NM) formation and subse-
quently activate the pro-inflammatory microglia phenotype
(Sulzer et al. 2000; Haining and Achat-Mendes 2017) and
thereby make DA neurons more vulnerable to injuries
(Zucca et al. 2014). Thus, there is a strong need for therapeutic
strategies, which may reduce L-dopa dose or even ameliorate
its side effects without loss of its therapeutic efficacy over
motor control.

A growing number of studies have demonstrated the
neuroprotective/neurotrophic effects of glucagon-like pep-
tide-1 receptor (GLP-1R) stimulation in models of PD and
other neurodegenerative ones, which resulted in pronounced
improvements of motor and nonmotor deficits (Harkavyi et al.
2008; Harkavyi and Whitton 2010; Athauda and Foltynie
2016).

The GLP-1R is a seven-transmembrane-spanning G
protein-coupled receptor (GPCR) that is mainly expressed in
pancreatic islets and selectively expressed throughout the
brain, with high densities in the frontal cortex, hypothalamus,
thalamus, hippocampus, cerebellum, and substantia nigra pars
compacta (SNpc) (Baggio and Drucker 2007; Cork et al.
2015). Following the activation of GPCR-α-subunit of GLP-
1R, it leads to an increase of intracellular cyclic adenosine
monophosphate (cAMP), which then activates protein kinase
A (PKA) and phosphoinositide 3-kinase (PI3K). These in turn
phosphorylate and activate a variety of downstream signaling
pathways (Park et al. 2006), which can modulate intracellular
events and improve cell survival such as enhancing protein

synthesis, cellular proliferation, and mitochondrial biogenesis,
while inducing inhibition of apoptosis, inflammation, and pro-
tein aggregation (Athauda and Foltynie 2016; Lee and Jun
2016).

On the other hand, GLP-1R modulators mediate their
neuroprotective/neurotrophic effects via increase of the
tyrosine hydroxylase/vesicular monoamine transporter 2
(TH/VMAT2)–positive cells in SNpc (Bertilsson et al.
2008).

Where TH represents the rate-limiting enzyme in DA syn-
thesis, in addition, VMAT2 is considered as a key regulator of
neurotransmission and is responsible for the proper storage,
handling, and filling of synaptic vesicles with DA (Miller
et al. 1999). Furthermore, it was thought that VMAT2 has a
neuroprotective role in the DAergic system by sequestering DA
into vesicles, thus prevents auto-oxidation of cytosolic DA and
prevents free radical generation as well as NM formation. Thus,
the increase in TH/VMAT2 enhances DA release and opposes
the neurodegeneration related to PD as well as dyskinesia
(Bertilsson et al. 2008; Lohr et al. 2014;Yulug et al. 2015).

Material and Methods

Animals

Adult male albino Wistar rats, obtained from the Egyptian
Organization for Biological Products and Vaccines (Vacsera,
Egypt), with body weights ranging from 180 to 200 g, were
used in the present study. Rats were placed in stainless steel
cages under hygienic controlled laboratory conditions and
normal light/dark cycle at the animal house. Water and food
were given ad libitum. The study was performed in accor-
dance with the ethical procedures and policies approved by
Research Ethical Committee of Faculty of Pharmacy, Cairo
University (PO.3.4.3, Cairo, Egypt) and complies with the
Guide for the Care and Use of Laboratory Animals (ILAR
1996).

Drugs and Chemicals

Rotenone was purchased from Sigma-Aldrich (MO, USA)
and was dissolved in 2 ml dimethyl sulfoxide (DMSO)
then diluted with polyethylene glycol (PEG-400) up to
100 ml. Liraglutide was purchased from Novo Nordisk
(Bagsvaerd, Denmark), and it was dissolved in saline.
Sitagliptin was purchased from Merck Sharp and Dohme
Ltd. (Cramlington, UK), and it was dissolved in distilled
water. Carbidopa and L-dopa were obtained from Alfacure
Company (Bader City, Egypt), respectively, and they were
dissolved in distilled water. Enzyme-linked immunosor-
bent assay (ELISA) kits for DA were obtained from
Cusabio (USA). The VMAT2 and TH antibodies were
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purchased from Santa Cruz Biotechnology (TX, USA).
Detection kit (Power-Stain) 1.0 Poly HRP DAB Kit for
immunohistochemistry was purchased from Genemed
Biotechnologies (CA, USA).

Experimental Design

Eighty-four rats were randomly divided into an equivalent
seven groups (12 rats each), that were assigned as follows:

Group I (Normal Control Group) Rats were injected subcuta-
neously with vehicle of rotenone for 10 days (2%DMSO:98%
PEG-400), followed by 16 days of subcutaneous saline
injections.

Group II (Control Rotenone Group) Rats were subcutaneously
injected with rotenone (3 mg/kg, s.c.) for 10 consecutive days
to induce the experimental PD, followed by 16 daily subcuta-
neous injections of saline (Cannon et al. 2009).

Group III Rotenone-treated rats were injected with L-dopa/
carbidopa (50/25 mg/kg/day, i.p.) (Opacka-Juffry et al. 1998;
Rivas et al. 1999) once daily for 16 days.

Group IV Rotenone-treated rats were administered sitagliptin
(30 mg/kg/day, p.o.) (Badawi et al. 2017) orally by oral ga-
vage once daily for 16 days.

Group V Rotenone-treated rats were injected with liraglutide
(50 μg/kg/day, s.c.) (Sharma et al. 2015) once daily for
16 days.

Groups VI and VII Rotenone-treated rats received L-dopa/
carbidopa according to the previous schedule, 4 h after the
administration of sitagliptin (30 mg/kg/day, p.o.) or liraglutide
(50 μg/kg/day, s.c.), respectively.

N.B: Catalepsy test was used to assess muscle rigidity
and akinesia of tested animals to determine that groups
were equally disabled by rotenone. The test was carried
out as in the previous study (Badawi et al. 2017). After
the last dose of rotenone injection (on the 10th day), cat-
alepsy test was applied on rotenone-injected animals and
was compared with the normal control group to determine
that groups were equally disabled by rotenone before be-
ginning the treatments. The mean ± SD of latency time of
rotenone-treated animals showed significant difference
p ≤ 0.001 from that of the normal control animals
(56.000 ± 4.950 vs 4.807 ± 0.838, n = 12 rats for normal
control group,while n = 72 rats for the rotenone control
group which was divided after that to equal disabled six
groups.,). Statistical analysis was carried out by using
paired-samples t test.

Induction and Assessment of Dyskinetic Movements

Different protocols were designed to induce AIMs in the ex-
perimental animals (Lee et al. 2000; Lundblad et al. 2004;
Lane and Dunnett 2010). In the present study, rotenone-
treated rats were made dyskinetic by chronic intraperitoneal
injection of high doses of L-dopa/carbidopa (50/25 mg/kg,
i.p.) (Opacka-Juffry et al. 1998; Rivas et al. 1999).
Importantly, carbidopa was injected 30 min prior to L-dopa
administration to decrease L-dopa decarboxylation in the pe-
riphery and increase its bioavailability in the central nervous
system (CNS).

The AIMs were scored on days 2, 4, 8, 12, and 16, where
rats were assessed every 20 min for 3 h after L-dopa injection
(Abuirmeileh et al. 2012). LID include stereotype and
contraversive rotation. The stereotype rotation was classified
according to the topographic distribution into three subtypes:
(i) axial dystonia Baxial AIMs,^ (ii) limb dyskinesia Bforelimb
AIMs,^ (iii) masticatory dyskinesia Borolingual AIMs.^ Each
AIM subtype of stereotype and/or contraversive rotation was
rated on frequency and amplitude scales from 0 to 4 using a
rating scale described by Lee et al. (2000) (Fig 1, Table 1).The
total AIMs were calculated as a sum of averages of scored
AIM subtypes of animals in each group on days 2, 4, 8, 12,
and 16, while cumulative AIMs were described as the sum of
total AIMs of five tested days for each group.

Functional Assessment

Twenty-four hours after the last dose of L-dopa, rats were
screened for their behavioral activity to make sure that striatal
DA level reached baseline (washing out period) (Bido et al.
2011).

Open-Field Test

Open field is commonly used for measuring the alterations in
locomotor activities and exploratory behavior. The explorato-
ry horizontal and vertical movements in the open field are
commonly recorded in terms of the number of squares
Bambulation^ and rearings (Mahmoud et al. 2014; Teema
et al. 2016).

Rats were placed individually in the middle square of an
open-field box made of brown fiberglass (80 × 80 × 40 cm).
The floor of the box was divided into 16 equal-sized white
squares (Abdelsalam and Safar 2015). A video camera was
fixed on the top of the box. Rats were allowed to freely ex-
plore the area for 5 min. Animal’s ambulation and rearings
were measured for each rat and then analyzed, and the mean
values for each movement type were calculated and compared
(Alam et al. 2004).
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Processing of the Brains and Sample Collections

After assessment of the behavioral tests, rats were anesthe-
tized using an acute injection of ketamine (80mg/kg, i.p.) then
sacrificed. Brains were quickly isolated and washed in ice-
cold saline. Six brains from each group were collected in
10% neutral buffered formalin for histopathological and im-
munohistochemical evaluations. On the other hand, the re-
maining brains were immediately frozen at − 20 °C for the
assessment of biochemical parameters.

Assessment of Striatal Dopamine Levels

The striata were dissected from frozen rats’ brains, washed,
and then homogenized separately in ice-cold PBS (pH = 7.4)
to obtain a 10% homogenate (w/v), which was then

centrifuged for 15 min at 3000×g and 4 °C. The obtained
supernatant was used for measuring striatal DA content using
quantitative sandwich ELISA technique. In brief, DA super-
natant was added to the appropriate microtiter plate wells
coated with the antibody specific to DA. A biotin-
conjugated antibody specific for DA antigen was added to
the wells following the removal of any unbound substances.
After washing, an avidin-conjugated horseradish peroxidase
(HRP) was added to the wells. The substrate tetramethyl ben-
zidine (TMB) was then added to all the wells for color devel-
opment. The enzyme–substrate reaction was terminated by the
addition of stop solution (sulfuric acid) and the color intensity
was measured at 450 nmwithin 5 min. Dopamine content was
expressed as picograms per milligram protein, where protein
content in the striatal supernatant was also determined by
using the Bradford method.

Table 1 Rating scale for abnormal involuntary movements in the rats

Axial dystonia (axial AIMs): rat standing in a bipedal position with left lateral rotation of the neck and upper body
0 = absent
1 = continuous left lateral rotation of the trunk in a bipedal sitting position
2 = intermittent left lateral flexion and rotation of the neck and trunk in a bipedal sitting position
3 = continuous left lateral flexion and rotation of the neck and trunk in a bipedal sitting position; postural balance maintained
4 = compulsive contraction of the neck and trunk; postural balance disturbed

Limb dyskinesia (forelimb AIMs): repetitive, rhythmic jerky movements of the fore limb or twisted posturing of the neck and upper body
(dystonic posturing) in a left lateral rotation
0 = absent
1 = increase appearance of jerky movement of the contralateral fore limb
2 = intermittent and frequent repetitive movements of the contralateral fore limb
3 = continuous repetitive or dystonic movements; interrupted by sensory distraction
4 = compulsive repetitive or dystonic movements; not interrupted by sensory distraction

Masticatory dyskinesia (orolingual AIMs): repetitive chewing movements of the jaw in the absence of food with or without tongue protrusion
0 = absent
1 = increase chewing movements; occasional
2 = increase chewing movements; frequent
3 = continuous chewing movements with small amplitude
4 = compulsive and repetitive biting movements with large amplitude; frequently associated with tongue protrusion

Contraversive rotation: turning movements of rat in a left lateral rotation where the rat put its limb on the ground and rotated to left
Contralateral rotation: left lateral rotation of axial muscle with flexion of left forelimb; rat was lifted up
0 = absent
1 = contraversive turning consistent directional bias; locomotor activity may be increased
2 = intermittent, contraversive circular rotation
3 = continuous contraversive rotation; interrupted by sensory distraction
4 = compulsive contraversive rotation; not interrupted by sensory distraction

Rotenone

-1- 2  -3  -4 -5 - 6  -7  -8 -9 -10 1  2   3   4    5   6  7   8  9  10  11  12  13 14 15  16   17

Sitaglip�n or liraglu�de alone or with L-dopa

Days

1.   Behavior tests

2. Sacrifying

Once daily/16 days

Fig. 1 Diagrammatic
representation of the study design.
Green line: start of drug
treatment. Blue lines: assessment
of abnormal involuntary
movements on days 2, 4, 8, 12,
and 16. Red line: assessment of
animals’ behavior then animals
were sacrificed
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Histopathological Examination

Formalin-fixed brains were removed from 10% neutral
buffered formalin after 48 h to be hard enough to be
sectioned, and SNpc was dissected and was washed with
ice-cold saline solution and then serial dilutions of alcohol
(methyl, ethyl, and absolute ethyl) were used for dehydra-
tion. Specimens were cleared in xylene and embedded in
paraffin at 56 °C in a hot air oven for 24 h. Paraffin wax
tissue blocks of SNpc were prepared to be sectioned at
4-μm-thick sections by a sledge microtome; after that, the
obtained tissue sections were collected on glass slides for
histopathological examinations using hematoxylin and eo-
sin stain (H&E) as well as Fontana–Masson silver stains.
Moreover, the SNpc–paraffin blocks were further used for
immunohistochemical evaluations of TH and VMAT2
proteins.

Histopathological Scoring of Substantia Nigra Pars Compacta
Using Hematoxylin and Eosin Stain

Four-micrometer-thick deparraffinized SNpc sections were
stained with H&E according to Banchroft et al. (1996). After
that, histopathological changes were evaluated on three regu-
larly spaced sections covering the entire surface of the SNpc
as described (Zaitone et al. 2012b). Eachmidbrain section was
viewed at low power (×10 magnification), the outlines of
SNpc were determined, and then the pathological changes
were examined at high power (×40 magnification) in each
group. The investigated histopathological changes were eval-
uated blindly by two experienced pathologist as follows: neu-
ronal degeneration (loss of cytoplasmic Nissl granules, cyto-
plasmic vacuolation, pericellular edema, chromatolysis, and
nucleus loss), decrease of neuronal cell number, and gliosis
(satellitosis, neuronophagia, and microglial cell accumulation

Fig. 2 a Effects of sitagliptin or liraglutide combinations with L-dopa on
total abnormal involuntary movements. Sitagliptin (30 mg/kg, p.o.) or
liraglutide (50 μg/kg, s.c.) was administered 4 h prior to L-dopa/
carbidopa (50/25 mg/kg, i.p.) for 16 days in rats treated with 10 daily
doses of rotenone (3 mg/kg/day, s.c.). Rats of each group were scored for
total AIMs at different time points: 2, 4, 8, 12, and 16 throughout the
treatment period. Data is represented as mean ± SEM; p ≤ 0.002, F 31, df
2. # Compared to dyskinetic rotenone-treated rats. Statistical analysis was
carried out using one-way ANOVA followed by Bonferroni post hoc test
for multiple comparisons (n = 12 rats per group). b Effects of sitagliptin or
liraglutide combinations with L-dopa on cumulative abnormal

involuntary movements. Sitagliptin (30 mg/kg, p.o.) or liraglutide
(50 μg/kg, s.c.) were administered 4 h prior to L-dopa/carbidopa (50/
25 mg/kg, i.p.) for 16 days in rats treated with 10 daily doses of
rotenone (3 mg/kg/day, s.c). Rats of each group were scored for
cumulative AIMs at different time points: 2, 4, 8, 12, and 16 throughout
the treatment period. Each bar with vertical line represents the sum of total
AIMs of 5 days for each group ± SEM; p ≤ 0.02, F 5.23, df 2. # Compared
to dyskinetic rotenone-treated rats. Statistical analysis was carried out
using one-way ANOVA followed by Bonferroni post hoc test for
multiple comparisons (n = 12 rats per group)
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either with the presence of activated microglia or protoplasmic
one). The histopathological scoring of SNpc tissues was eval-
uated as follows: 0, nil; 1–2, mild; 3, moderate; and 4, severe,
and then the median of scoring in each group was calculated
separately and compared among different groups (Kandil et al.
2018).

Quantification of Neuromelanin Granules Using
the Fontana–Masson Silver Stain

The Fontana–Masson silver stain was used for detecting NM,
a marker of degeneration within the SNpc. In brief, 4-μm
deparaffinized SNpc sections were heated with 10% silver
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Fig. 3 a Effects of L-dopa, sitagliptin, or liraglutide alone or combined
with L-dopa on ambulation in the open-field test of rotenone-induced
Parkinsonism in rats. L-dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin
(30 mg/kg, p.o.), or liraglutide (50 μg/kg, s.c.) was administered for
16 days alone or in combination to rats treated with 10 daily doses of
rotenone (3 mg/kg/day, s.c); 24 h after the last dose of treatments,
ambulation of animals in the open-field test was recorded. Each bar
with vertical line represents mean ± SEM; p ≤ 0.01, F 40.59, df 6. *
Compared to the normal control group, @ compared to the control
rotenone group, # compared to the L-dopa/carbidopa group, $
compared to the sitagliptin group, £ compared to the liraglutide group.
Statistical analysis was carried out using one-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons (n = 12 rats per group).

b Effects of L-dopa, sitagliptin, or liraglutide alone or combined with L-
dopa on rearings in the open-field test of rotenone-induced Parkinsonism
in rats. L-dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin (30 mg/kg, p.o.),
or liraglutide (50 μg/kg, s.c.) was administered for 16 days alone or in
combination to rats treated with 10 daily doses of rotenone (3 mg/kg/day,
s.c.); 24 h after the last dose of treatments, animal rearings in the open-
field test were recorded. Each bar with vertical line represents median and
range; p ≤ 0.001, df 6. * Compared to the normal control group, @
compared to the control rotenone group, # compared to the L-dopa/
carbidopa group, $ compared to the sitagliptin group, £ compared to the
liraglutide group. Statistical analysis was carried out using Kruskal–
Wallis nonparametric one-way ANOVA followed by Mann–Whitney
multiple comparisons (n = 12 rats per group)
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solution at 56 °C in a hot air oven for 30 min; 1% neutral red
dye was added for 5 min, different dilutions of alcohol (meth-
yl, ethyl, and absolute ethyl) were used for dehydrating spec-
imens and then xylene was added. The NM granules were
quantified blindly on three regularly spaced sections covering
the entire surface of the SNpc at (×40) magnification power
(Haining and Achat-Mendes 2017).

Immunohistochemical Analysis of TH and VMAT2

Four-micrometer-thick deparaffinization SNpc sections were
heatedwith an autoclave for 1 h at 121 °C for antigen retrieval.
The sections were immunostained with one of the following
primary antibodies: TH or VMAT2 at a concentration of
(1:100) for each antibody then incubated overnight at 4 °C.
After washing the slides with PBS, the sections were incubat-
ed with poly HRP conjugate Bsecondary antibodies^ for
60 min to locate where the rabbit primary antibodies are
bound to the target antigen; after that, the Liquid DAB-
Substrate Chromogen System was added and incubated at
room temperature for 10–15 min. All slides are lightly coun-
terstained with hematoxylin for 30 s prior to dehydration and
mounting to be visualized under the light microscope, the
SNpc were viewed at low power (×10 magnification) then
outlined, and four serial fields were captured at ×40 magnifi-
cation of each antibody. Two experienced pathologists were
blinded to different sections of SNpc among different groups
to count the total number of TH or VMAT2-immunoreactive
neuronal cells in each immunohistochemically stained slide
and then the mean number of TH or VMAT2 cells in each
group was detected and compared among different groups
according to Zaitone et al. (2013).

Statistical Analysis

Data were expressed as means ± SEM. Statistical comparisons
were carried out using one-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons test, except
for the number of rearings as well as histopathological scoring
which were analyzed using Kruskal–Wallis nonparametric
one-way ANOVA followed byMann–Whitney multiple com-
parisons test (Abdelsalam and Safar 2015; Kandil et al. 2018).
Statistical analysis was performed using SPSS program, ver-
sion 16 (SPSS Inc., Chicago, IL, USA). The minimal level of
significance was identified at p < 0.05.

Results

Effects of Sitagliptin or Liraglutide Combinations
with L-dopa on Abnormal Involuntary Movements

The AIMs were induced in rotenone-treated rats with L-dopa
providing an excellent bilaterally model of dyskinesia.

Intraperitoneal injection of L-dopa at a dose of 50 mg/kg
after 30 min of carbidopa injection at a dose of 25 mg/kg for
16 days induced AIMs in rats, where a progressive rapid ap-
pearance of AIMs in rats was observed either total or cumu-
lative one, where AIMs developed rapidly after 2 days of L-
dopa/carbidopa injections to rotenone-treated rats. The total
AIMs reached 16 ± 0.03 at day 16 and cumulative AIMs
reached 77.26 ± 2.49.

Rats treated with sitagliptin and liraglutide 4 h prior to L-
dopa/carbidopa displayed significant reduction in total AIM
scores by 65.88 and 76.92%, respectively, compared to dys-
kinetic rotenone-treated rats. Similarly, sitagliptin and

Fig. 4 Effects of L-dopa, sitagliptin, or liraglutide alone or combined
with L-dopa on striatal dopamine content of rotenone-induced
Parkinsonism in rats. L-dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin
(30 mg/kg, p.o.), or liraglutide (50 μg/kg, s.c.) was administered for
16 days alone or in combination to rats treated with 10 daily doses of
rotenone (3 mg/kg/day, s.c.). Each bar with vertical line represents mean ±

SEM; p ≤ 0.01, F 49.19, df 6. * Compared to the normal control group,@
compared to the control rotenone group, # compared to the L-dopa/
carbidopa group, $ compared to the sitagliptin group, £ compared to the
liraglutide group. Statistical analysis was carried out using one-way
ANOVA followed by Bonferroni post hoc test for multiple comparisons
(n = 6 rats per group)
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liraglutide decreased cumulative AIM scores significantly by
55.12 and 60.57%, respectively, compared to dyskinetic
rotenone-treated rats (Fig. 2a, b).

Effects of L-dopa, Sitagliptin, or Liraglutide Alone
or Combined with L-dopa on Motor Performance
of Rotenone-Induced Parkinsonism in Rats

Daily injection of rotenone with a dose of 3 mg/kg resulted in
a significant deterioration of animal motor functions, where
rotenone significantly decreased animal’s ambulation and
rearings in the open-field test by 85.97 and 81.82%, respec-
tively, compared to the normal control group.

Administration of L-dopa/carbidopa, sitagliptin, or
liraglutide to rotenone-treated rats showed significant increase
of animal’s ambulation by 394.88, 210.1, and 357.67%, re-
spectively, compared to the control rotenone group.
Interestingly, sitagliptin or liraglutide combination with L-do-
pa/carbidopa resulted in a significant increase of animal’s am-
bulation by 537.21 and 564.19%, respectively, compared to
the control rotenone group and by 28.76 and 34.21%, respec-
tively, compared to the L-dopa/carbidopa alone (Fig. 3a).

Similarly, administration of L-dopa/carbidopa, sitagliptin,
or liraglutide to rotenone-treated rats showed a significant in-
crease of animal’s rearings by 275, 150, and 275%, respec-
tively, compared to the control rotenone group. Interestingly,
sitagliptin or liraglutide combination with L-dopa/carbidopa
resulted in a significant increase of rearing number by 375 and
400%, respectively, compared to the control rotenone group
and by 26.67 and 33.3%, respectively, compared to the L-
dopa/carbidopa alone (Fig. 3b).

Effects of L-dopa, Sitagliptin, or Liraglutide Alone
or Combined with L-dopa on Striatal Dopamine
Content of Rotenone-Induced Parkinsonism in Rats

Daily subcutaneous injections of rotenone at a dose of
3 mg/kg revealed a dramatic loss of striatal DA content by
85.93% as compared to the normal control group.

Rotenone-treated rats receiving individual treatments of L-
dopa/carbidopa, sitagliptin, or liraglutide exhibited a signifi-
cant increase of striatal DA content by 354, 196, and 319.5%,
respectively, compared to the control rotenone group.

Sitagliptin and liraglutide administration to rotenone-
treated rats prior to L-dopa/carbidopa injection increased the
striatal DA content by 494.6 and 523.07%, respectively, com-
pared to the control rotenone group and by 30.94 and 37.21%,
respectively, compared to L-dopa/carbidopa alone (Fig. 4).

Effects of L-dopa, Sitagliptin, or Liraglutide Alone
or Combined with L-dopa on Histopathological
Changes in the Substantia Nigra Pars Compacta
of Rotenone-Induced Parkinsonism in Rats

The H&E-stained SNpc sections of rotenone-treated rats
(3 mg/kg) showed severe histopathological scoring in all mea-
sured histopathological parameters as compared to the normal
control group. The SNpc of rotenone-treated rats showed pro-
nounced pathological changes which evidenced SNpc degen-
eration such as shrinkage of DAergic neurons with condensed
nuclei, condensed chromatin, and cytoplasmic vacuolation
with marked decrease of neuronal cell number and size as well

Table 2 Effects of L-dopa, sitagliptin, or liraglutide alone or combined with L-dopa on histopathological changes in the substantia nigra pars compacta of
rotenone-induced Parkinsonism in rats

Groups Neuronal degeneration Dopaminergic cell number Gliosis Total histopathological scoring
Median (minimum–maximum)

Normal control – – – –
Control rotenone (3 mg/kg) 4 (3–4)* 4 (3–4)* 4 (3–4)* 12 (10–12)*
L-dopa/carbidopa (50/25 mg/kg) 2 (1–2)*@ 2 (1–2)*@ 2 (1–3)*@ 5 (4–7)*@

Sitagliptin (30 mg/kg) 2 (1–3)*@ 2 (1–3)*@ 2 (2–3)*@ 7 (4–8)*@#

Liraglutide (50 μg/kg) 2 (1–2)*@ 1 (1–2)*@ 1 (1–2)*@ 5 (3–6)*@$

L-dopa/carbidopa + sitagliptin 1 (0–1)*@#$£ 1 (0–1)*@#$£ 1 (0–1)*@#$£ 2 (1–3)*@#$£

L-dopa/carbidopa + liraglutide 1 (0–1)*@#$£ 1 (0–1)*@#$£ 1 (0–1)*@#$£ 2 (0–3)*@#$£

L-dopa/carbidopa (50/25mg/kg, i.p.), sitagliptin (30mg/kg, p.o.), or liraglutide (50 μg/kg, s.c.) was administered for 16 days alone or in combination to rats treated
with 10 daily doses of rotenone (3 mg/kg/day, s.c). The H&E-stained sections of SNpc were used to evaluate histopathological changes of different groups. The
histopathological scoring of SNpc tissues was scored as follows: 0, nil; 1–2, mild; 3, moderate; and 4, severe; then, the median number of scoring in each groupwas
calculated separately. The total histopathological scoring was calculated as the sum of median of SNpc histopathological scoring then represented graphically as
each bar with vertical line representing median and range; p ≤ 0.001, df 6. Statistical analysis was carried out using Kruskal–Wallis nonparametric one-way
ANOVA followed by Mann–Whitney multiple comparisons test (n = 6 rats per group)

*Compared to the normal control group
@Compared to the control rotenone group
#Compared to the L-dopa/carbidopa group
$Compared to the sitagliptin group
£Compared to the liraglutide group
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Fig. 5 a Photographs of the SNpc sections stained with H&E (×40).
Rotenone-treated rats (3 mg/kg/day, s.c.) showed shrinkage DAergic
neurons with condensed nuclei, condensed chromatin, and cytoplasmic
vacuolation with marked decrease of neuronal cells number and size
(black arrows) as well as abundant distribution of inflammatory cell
infiltrate of activated microglia and gliosis (red arrows). L-dopa/
carbidopa (50/25 mg/kg, i.p.), sitagliptin (30 mg/kg, p.o.), or liraglutide
(50 μg/kg, s.c.) individual treatments showed prominent increase of
DAergic cell number and size with uniform nucleus and absence of
cytoplasmic vacuolation. Moreover, inflammatory cell infiltrate of
activated microglia and gliosis were decreased markedly. Combination
treatment of sitagliptin or liraglutide with L-dopa showed normal
architecture with normal DAergic neuronal cell number along with the
absence of activated microglia and gliosis in the SNpc. A: normal control
group, B: rotenone, C: L-dopa/carbidopa, D: sitagliptin, E: liraglutide, F:
sitagliptin plus L-dopa/carbidopa, G: liraglutide plus L-dopa/carbidopa. b
Effects of L-dopa, sitagliptin, or liraglutide alone or combined with L-

dopa on total histopathological scoring of the SNpc of rotenone-induced
Parkinsonism in rats. L-dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin
(30 mg/kg, p.o.), or liraglutide (50 μg/kg, s.c.) was administered for
16 days alone or in combination to rats treated with 10 daily doses of
rotenone (3 mg/kg/day, s.c.). The H&E-stained sections of SNpc were
used to evaluate histopathological changes of different groups. The
histopathological scoring of SNpc tissues was scored as follows: 0, nil;
1–2, mild; 3, moderate; and 4, severe; then, the median number of scoring
in each group was calculated separately. The total histopathological
scoring was calculated as the sum of median of SNpc histopathological
scoring then represented graphically as each bar with vertical line
representing the median and range; p ≤ 0.001, df 6. * Compared to the
normal control group, @ compared to the control rotenone group, #
compared to the L-dopa/carbidopa group, $ compared to the sitagliptin
group, £ compared to the liraglutide group. Statistical analysis was carried
out using Kruskal–Wallis nonparametric one-way ANOVA followed by
Mann–Whitney multiple comparisons test (n = 6 rats per group)
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as abundant distribution of inflammatory cell infiltrate of ac-
tivated microglia and gliosis.

Administration of L-dopa/carbidopa, sitagliptin, or
liraglutide to rotenone-lesioned rats resulted in a significant
decrease of total histopathological scoring by 58.3, 41.67, and
58.3%, respectively, compared to the control rotenone group,
where their treatments resulted in a prominent increase to
DAergic cell number and size with uniform nucleus with the
absence of cytoplasmic vacuolation. Moreover, inflammatory
cell infiltrate of activated microglia and gliosis were decreased
significantly compared to the control rotenone group.

Combination treatment of sitagliptin or liraglutide with L-
dopa/carbidopa showed a significant decrease of total histo-
pathological scoring by about 83.3% compared to the control
rotenone group and by about 60% compared to the L-dopa/
carbidopa alone, where the combination of GLP-1-based
drugs with L-dopa/carbidopa showed a normal architecture
with normal DAergic neuronal cell number along with the
absence of activated microglia and gliosis in the SNpc
(Table 2, Fig. 5a, b).

Effects of L-dopa, Sitagliptin, or Liraglutide Alone
or Combined with L-dopa on Neuromelanin-Positive
Cells of the Substantia Nigra Pars Compacta
of Rotenone-Induced Parkinsonism in Rats

Neuromelanin is a potential marker of neurodegeneration in
PD, and rotenone-lesioned rats exhibited progressive degen-
eration of the SNpc area, where rotenone treatment showed a
significant increase of the number of NM-positive cells (≈ 10-
folds) as compared to the normal control group.

The expression and number of NM-positive cells increased
significantly after individual treatment with L-dopa/
carbidopa, sitagliptin, or liraglutide by 68.4, 40.4, and
70.4%, respectively, compared to the control rotenone group.

Rotenone-treated rats receiving sitagliptin and liraglutide
prior to L-dopa/carbidopa injection decreased the number of
NM-positive cells significantly by 83.16 and 87.72%,

respectively, compared to the control rotenone group and by
46.67 and 61.11%, respectively, compared to L-dopa/
carbidopa alone (Fig. 6a, b).

Effects of L-dopa, Sitagliptin, or Liraglutide Alone
or Combined with L-dopa on Tyrosine
Hydroxylase–Positive Cells in the Substantia Nigra
Pars Compacta of Rotenone-Induced Parkinsonism
in Rats

Subcutaneous injections of rotenone (3 mg/kg) resulted in a
significant loss of integrity of the SNpc, where rotenone treat-
ment resulted in a significant decrease of the number of TH-
positive cells by 86.43% compared to the normal control
group.

Rotenone-lesioned rats treated individually with L-dopa/
carbidopa, sitagliptin, or liraglutide exhibited a significant in-
crease of the number of TH-positive cells by 405, 205, and
400%, respectively, compared to the control rotenone group.

Interestingly, combination treatment of sitagliptin or
liraglutide with L-dopa/carbidopa increased the number of
TH positive cells by 552.6 and 594.7%, respectively, com-
pared to the rotenone group and by 29.2 and 37.5%, respec-
tively, compared to L-dopa/carbidopa alone (Fig. 7a, b).

Effects of L-dopa, Sitagliptin, or Liraglutide Alone
or Combined with L-dopa on Vesicular Monoamine
Transporter 2–Positive Cells in the Substantia Nigra
Pars Compacta in Rotenone-Treated Rats

Rotenone injection (3mg/kg) resulted in a significant decrease
of the number of VMAT2-positive cells by 88.24% compared
to the normal control group.

Administration of L-dopa/carbidopa, sitagliptin, and
liraglutide to rotenone-treated rats exhibited a significant in-
crease of the number of VMAT2 by 390.4, 236.5, and 400%,
respectively, compared to the control rotenone group.
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Combination treatment of sitagliptin or liraglutide with
L-dopa/carbidopa increased the number of VMAT2-
positive cells by 582.7 and 630.77%, respectively,

compared to the control rotenone group and by 39.22
and 49%, respectively, compared to L-dopa/carbidopa
alone (Fig. 8a, b).

Fig. 6 a Photographs of the SNpc sections stained with Fontana–Masson
silver stain (×40) showing expression of NM granules within SNpc
dopaminergic neurons (black arrows). A: normal control group, B:
rotenone, C: L-dopa/carbidopa, D: sitagliptin, E: liraglutide, F: sitagliptin
plus L-dopa/carbidopa, G: liraglutide plus L-dopa/carbidopa. bEffects of L-
dopa, sitagliptin, or liraglutide alone or combined with L-dopa on the
number of NM-positive cells in the SNpc of rotenone-induced
Parkinsonism in rats. L-dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin
(30 mg/kg, p.o.), or liraglutide (50 μg/kg, s.c.) was administered for

16 days alone or in combination to rats treated with 10 daily doses of
rotenone (3 mg/kg/day, s.c.). The number of NM-positive cells of
Fontana–Masson silver–stained SNpc sections among different groups.
Each bar with vertical line represents mean ± SEM; p ≤ 0.01, F 139.34, df
6. * Compared to the normal control group, @ compared to the control
rotenone group, # compared to the L-dopa/carbidopa group, $ compared
to the sitagliptin group, £ compared to the liraglutide group. Statistical
analysis was carried out by using one-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons (n = 6 rats per group)
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Discussion

Repeated L-dopa treatment with high doses to rotenone-
treated rats provides an excellent bilateral model of dyskine-
sia, which can be considered as a valuable investigating tool
for all aspects of dyskinesia; it is used for both screening the
therapeutic potential of new approaches developed for dyski-
nesia and for understanding the involved mechanisms (Teema
et al. 2016).

Long-term exposure to rotenone resulted in extensive loss
of DAergic innervation with an accumulation of α-synuclein
aggregates in the nigrostriatal pathway (Betarbet et al. 2000;
Cannon et al. 2009). Loss of DAergic cells is the critical ini-
tiating event for dyskinesia development (Boyce et al. 1990;
Di Monte et al. 2000).

In the current study, rotenone administration resulted in
progressive deteriorations of animals’motor performance that
fulfilled the pathological findings in parkinsonian patients
(Alam and Schmidt 2002). Rotenone resulted in hypokinesia
and rigidity which resemble the key features of human PD
(Betarbet et al. 2002), manifested as progressive decrease of
ambulation and rearings as reported in previous studies
(Abdelsalam and Safar 2015; Teema et al. 2016).

Moreover, rotenone treatment exhibited a marked loss of
DAergic innervation in the nigrostriatal system, as there was
marked loss of TH/VMAT2-immunopositive cells in the
SNpc area, accompanied with marked decrease of striatal
DA contents, where DAergic denervation may explain the
deterioration in behavioral parameters after rotenone treat-
ment (Bertilsson et al. 2008; von Wrangel et al. 2015).

Moreover, the loss of DAergic motor neurons and the de-
velopment of PD-like behavioral symptoms of rotenone-
treated rats were further supported by histological evaluation
using H&E and Fontana–Masson silver stains.

Interestingly, in the current study, the H&E staining of the
SNpc area revealed severe histopathological alterations shown
by neuronal degeneration and neuronal cell loss. It also con-
firmed that DAergic neurons have undergone complexed

process of neuronal death as reported in previous studies
(Abdin and Sarhan 2011; Zaitone et al. 2012a; b).

Importantly, neuronal gliosis was evidenced in H&E-
stained SNpc tissues of rotenone-treated rats, wheremicroglial
cells were progressively distributed in that brain area. In ad-
dition, activated microglia as well as neuronal satellitosis and
neuronophagia were detected too as reported in a previous
study (Wang et al. 2015).

Gliosis is a prominent neuropathological feature of many
CNS diseases, where the role of the microglia in the CNSmay
not be restricted to its Bhousekeeping^ function but may also
include actions that significantly and actively contribute to the
death of neurons, especially in neurodegenerative disorders
(Hirsch et al. 1998).

Teismann et al. (2003) documented that the neuronal
loss of SNpc neurons is associated with activated
microglial cells, where this glial response can mediate a
variety of deleterious events related to the production of
pro-oxidant reactive species and pro-inflammatory prosta-
glandins and cytokines.

On the other hand, the Fontana–Masson silver staining of
SNpc showed high expression of NM-positive cells, indicat-
ing the extent of DAergic neuronal death (Zhang et al. 2013).

Importantly, NM has a dual nature, and it acts as a protec-
tive factor for neuronal cells from toxic effects of reactive
oxygen species, active metals, toxins, and excess of cytosolic
catecholamines. In contrast, NM released by damaging or dy-
ing neurons can contribute to the activation of microglia
which in turn trigger the neuroinflammation that characterizes
PD (Zucca et al. 2014; Badawi et al. 2017). Neuromelanin is a
product of DA auto-oxidation, when the amount of cytosolic
DA exceeds the physiological level, and DA can be metabo-
lized via monoamine oxidase and aldehyde dehydrogenase to
the 3,4-dihydroxyphenylacetic acid (DOPAC) metabolite and
hydrogen peroxide (Elsworth and Roth 1997; Sulzer and
Zecca 2000), or it can be sequestered into the lysosomes as
well as it can auto-oxidize to form NM (Bisaglia et al. 2007,
2010).

Fig. 6 (continued)
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In the same context, Zhang et al. (2011) reported the
interplay between microglia and human NM mediating
the loss of DAergic neuronal cells. Zecca et al. (2008)
confirmed that the extracellular NM could be one of the

key molecules leading to microglial activation and
DAergic neuronal cell loss in SNpc. Therefore, microglia
activated by rotenone may be responsible for neuronal
degeneration mediating PD (Gao et al. 2002).

Fig. 7 a Photographs of SNpc sections immunostained for TH (×10)
showing an overall loss of TH-positive cells in the SNpc (black
arrows). A: normal control group, B: rotenone, C: L-dopa/carbidopa, D:
sitagliptin, E: liraglutide, F: sitagliptin plus L-dopa/carbidopa, G:
liraglutide plus L-dopa/carbidopa. b Effects of L-dopa, sitagliptin, or
liraglutide alone or combined with L-dopa on the number of TH-
positive cells in the SNpc of rotenone-induced Parkinsonism in rats. L-
dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin (30 mg/kg, p.o.), or
liraglutide (50 μg/kg, s.c.) were administered for 16 days alone or in

combination to rats treated with 10 daily doses of rotenone (3 mg/kg/
day, s.c.). The number of TH-immunostained neuronal cells in the
SNpc sections was counted, averaged, and compared among different
groups. Each bar with vertical line represents mean ± SEM; p ≤ 0.01, F
108.3, df 6. * Compared to the normal control group, @ compared to the
control rotenone group, # compared to the L-dopa/carbidopa group, $
compared to the sitagliptin group, £ compared to the liraglutide group.
Statistical analysis was carried out using one-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons (n = 6 rats per group)
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Thus, the complexed degenerative process of nigral neuro-
nal cells is responsible for the alterations of basal ganglia
function participating in dyskinesia development and contrib-
uting to the toxic effect of chronic and/or high dose of L-dopa
therapy to rotenone-treated rats, which may be potentiated by
using rotenone and could hypothetically contribute to dyski-
nesia development (Teema et al. 2016).

Several studies showed that nigrostriatal damage triggers
the development of dyskinesia, where it develops rapidly after
starting L-dopa treatment either in parkinsonian patients or in
the experimental animal model of PD (Quinn et al. 1987; Gibb
and Lees 1988; Schneider 1989; Di Monte et al. 2000; Jenner
2003). However, the therapeutic doses of L-dopa for long
periods in normal subjects do not precipitate dyskinesia
(Boyce et al. 1990; Rajput et al. 1997).

Di Monte et al. (2000) showed that there are thresholds of
nigrostriatal damage necessary for dyskinesia development as
they correlated the relationship among nigrostriatal denerva-
tion, PD, and dyskinesia in the squirrel monkeys treated with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
where the severely injured parkinsonian animals underwent
two cycles of levodopa treatment, immediately and consistent-
ly developed AIMs. In contrast, the recurrence of dyskinesia
in primed monkeys with a partial nigrostriatal lesion required
several levodopa administrations and remained relatively
sporadic.

Similarly, in the current study, L-dopa treatment to
rotenone-treated rats resulted in the development of AIMs.
However, untreated rats that received the same L-dopa dose
did not exhibit any AIMs which come similar with the same
findings of Abuirmeileh et al. (2012) who documented the
same theory in 6-hydroxydopamine (6-OHDA)-lesioned rats
treated with L-dopa and benserazide.

The GLP-1R modulation either by agonist, i.e., liraglutide,
or by DPP-IV inhibi tor, i .e . , si taglipt in, showed
neuroprotective/neurotrophic actions on different brain re-
gions (Perry and Greig 2005; Harkavyi and Whitton 2010;
Parthsarathy and Holscher 2013; Mahmoud et al. 2014; Liu

et al. 2015; Nassar et al. 2015; Badawi et al. 2017), where
GLP-1 analogue and active GLP-1 can cross the blood–
brain barrier freely (Hamilton et al. 2011; Hunter and
Holscher 2012). Interestingly, GLP-1 is known to be produced
in the brain (Kappe et al. 2012) and has many binding sites in
different brain regions including the hypothalamus, striatum,
brain stem, SN, subventricular zone (SVZ), astrocytes, and
GABAergic interneurons (Baggio and Drucker 2007; Lee
et al. 2011; Cork et al. 2015) which may explain the possible
neuroprotective/neurotrophic effects of sitagliptin and/or
liraglutide in the CNS.

In the current study, sitagliptin and liraglutide treatments
modulate the therapeutic action of the given L-dopa dose on
motor DAergic neurons when given in combination with it,
where they improved animals’ motor performance with
marked attenuation of dyskinetic movements developed due
to repeated L-dopa treatment.

Interestingly, in the current study, liraglutide and sitagliptin
treatments increased the striatal DA contents, accompanied
with marked increase of the expression of cells positive for
TH and VMAT2 in the SNpc as reported in previous studies
(Bertilsson et al. 2008; Harkavyi et al. 2008).

Thus, the neuroprotective/neurotrophic properties of GLP-
1R modulators reside in their ability to prevent further loss of
TH-positive cells in the SNpc area; in addition, they increased
the VMAT2-positive cells that are responsible for DA han-
dling and storage. Subsequently, this provides a means for
more substantial conversion of L-dopa to DA in the
nigrostriatal cells, leading to normalization of DAergic func-
tion and consequently recovery of animals’ motor perfor-
mance with a marked decrease of AIMs (Miller et al. 1999).

Bertilsson et al. (2008) demonstrated that treatment with
GLP-1 agonist Bexendin-4^ in 6-OHDA-treated rats resulted
in marked increase of TH and VMAT2-positive cells in the
SNpc area, and these results mirror to those observed in the
current study.

Therefore, loss of TH/VMAT2-positive cells in the
SNpc area may be one of the basic factors involved in

Fig. 7 (continued)
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the degenerative process of nigrostriatal system contrib-
uting to the development of dyskinesia, so that regener-
ation of such type of cells may restore DAergic function

in the nigros t r ia ta l sys tem with a subsequent
diminishing of LID (Taylor et al. 2014; Kabel et al.
2018).

Fig. 8 a Photographs of SNpc sections immunostained for VMAT 2
(×40) showing expression of VMAT2-positive cells in SNpc (black
arrows). A: normal control group, B: rotenone, C: L-dopa/carbidopa, D:
sitagliptin, E: liraglutide, F: sitagliptin plus L-dopa/carbidopa, G:
liraglutide plus L-dopa/carbidopa. b Effects of L-dopa, sitagliptin, or
liraglutide alone or combined with L-dopa on the number of VMAT2-
positive cells in the SNpc of rotenone-induced Parkinsonism in rats. L-
dopa/carbidopa (50/25 mg/kg, i.p.), sitagliptin (30 mg/kg, p.o.), or

liraglutide (50 μg/kg, s.c.) was administered for 16 days alone or in
combination to rats treated with 10 daily doses of rotenone (3 mg/kg/
day, s.c.). Each bar with vertical line represents mean ± SEM; p ≤ 0.01,
F 92.15, df 6. * Compared to the normal control group, @ compared to
the control rotenone group, # compared to the L-dopa/carbidopa group, $
compared to the sitagliptin group, £ compared to the liraglutide group.
Statistical analysis was carried out using one-way ANOVA followed by
Bonferroni post hoc test for multiple comparisons (n = 6 rats per group)
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Importantly, the current study correlates the neurogenic/
neurotrophic properties of GLP-1-based drugs against activat-
ed microglia and NM formation that mediated the pathogene-
sis of PD and/or dyskinesia, where astrocytes and GABAergic
neurons are predominately distributed in the basal ganglia,
i.e., SNpc (Knott et al. 1999) and striatum (Larsson et al.
2016) in which GLP-1 receptor is expressed. Therefore,
GLP-1R stimulation with active GLP-1 or GLP-1 analogue
may attenuate the neuronal death by interfering with
microglial activation with subsequent stimulation of inhibito-
ry GABAergic neurons, thus accounting for AIMs
diminishing.

Kim et al. (2009) showed that GLP-1 agonist protects
DAergic neurons by inhibition of microglial activation in an
MPTP-induced PD in rodents, where they indicated that GLP-
1 agonist may act as a survival factor for DAergic neurons via
its functioning microglia-deactivating factor.

Lee et al. (2011) documented this hypothesis, up reg-
ulation of GLP-1R by GLP-1 agonist protected against
neuronal death in the gerbil hippocampal region of the
transient cerebral ischemic damaged brain via attenua-
tion of activated microglia.

Conclusion

Sitagliptin and liraglutide could be promising in PD treatment,
modifying L-dopa effect and/or allowing the use of L-dopa
with fewer dyskinesia through their neurotrophic and neuro-
genic potentials.

Moreover, the promising results pave the way for the clin-
ical trial application of GLP-1R-activating drugs in the treat-
ment of neurodegenerative diseases particularly PD.
Therefore, the GLP-1-based drugs may have intensive in-
sights in other CNS diseases especially in individuals having
type II diabetes mellitus (T2DM) risk factor.
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