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ABSTRACT
Objective: Type 2 diabetes mellitus patients have been reported to have a higher incidence of Parkinson’s disease. This study aimed to 
explore the effect of advanced glycation end products precursor methylglyoxal (MGO) on the pathophysiology of Parkinson’s disease 
in a rotenone model.
Materials and Methods: Adult female Wistar rats (n=42) were divided into four groups. Rotenone toxicity was assessed by daily weight 
measurements and mortality rates. Effect of MGO on blood glucose was evaluated. Locomotor activity, rearing, and rotarod tests 
were performed to evaluate motor functions, and for neurodegeneration, tyrosine hydroxylase immunoreactivity in the striatum and 
substantia nigra regions was assessed.
Results: The mortality rate was 9% in the rotenone-applied rats. The mean weight, locomotor activity, rearing activity, and longest time 
spent on a rotarod were lower in the MGO+Rotenone group than in the Control group. Tyrosine hydroxylase immunoreactivity in the 
striatum rostral to the anterior commissure in the MGO+Rotenone group was lower than that in the Control and MGO groups. The 
number of tyrosine hydroxylase positive cells in the substantia nigra pars compacta was comparable among the groups.
Conclusion: When nigrostriatal degeneration was triggered, MGO was found to worsen motor dysfunction and increase damage to 
dopaminergic neuron projections.
Keywords: Parkinson’s disease, Type 2 diabetes mellitus, Methylglyoxal, Rotenone, Tyrosine hydroxylase, Locomotor activity

1. INTRODUCTION

Parkinson’s disease (PD) is the second most common 
neurodegenerative disorder after Alzheimer’s disease. The 
prevalence of PD is reported to be 1-2‰ in the general 
population and >1% in the population over 65 years of age [1, 
2]. As the incidence of the disease increases with age, PD is 
becoming an even more important health problem in our aging 
world.
Parkinson’s disease is characterized by the loss of dopaminergic 
neurons, particularly in the substantia nigra pars compacta 
(SNpc). Loss of dopaminergic neurons causes a marked 
reduction in dopamine in the nigrostriatal dopaminergic 
terminals from the SNpc to the striatum and is the main cause 
of the classical motor symptoms of PD, such as bradykinesia, 
tremor, postural instability, and rigidity [3].
Although, the molecular mechanisms have not been fully 
elucidated, the pathogenesis of PD is generally thought to 

be associated with oxidative stress, mitochondrial disorders, 
endoplasmic reticulum stress (ERS), genetic factors, 
excitotoxicity, impaired vesicular transport, protein processing 
disorders, and loss of synapses in dopaminergic neurons [4, 5]. 
Misfolding, aggregation, and toxicity of the alpha-synuclein 
protein encoded by the alpha-synuclein gene (SNCA) is one 
of the most important points in the pathophysiology of PD 
[6]. Precipitated alpha-synucleins contribute to the increase in 
misfolded proteins, ERS, and thus to the development of PD by 
disrupting protein homeostasis [7].
Among the risk factors for PD are advanced age, genetic factors, 
exposure to pesticides and heavy metals, traumatic brain injury, 
excessive consumption of dairy products, and type 2 diabetes 
mellitus (T2DM) [8, 9].
The association between PD and T2DM has started to receive 
attention as a result of the high incidence of PD in T2DM patients 
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in recent studies [10]. In the meantime, studies have shown that 
PD treatment is less effective and that PD progression is more 
severe in patients with T2DM [11].
Type 2 diabetes mellitus is characterized by progressive loss 
of insulin secretion from pancreatic beta cells, relative insulin 
deficiency, and hyperglycemia in the background of insulin 
resistance [12]. Recent studies indicate that β-cell dysfunction 
and insulin resistance, which are the two most important 
parameters of T2DM, may be caused by oxidative stress [13]. 
The association of T2DM with oxidative stress is partly related to 
the overproduction of reactive oxygen species (ROS). Advanced 
glycation end products (AGEs) have drawn attention among 
the sources of ROS identified in diabetic conditions. AGEs are 
harmful compounds that occur more often, especially under 
hyperglycemic conditions, and are thought to be involved in 
the pathology of T2DM and the development of complications 
[14]. Methylglyoxal (MGO) is a highly reactive AGE precursor 
that occurs during the glycation process and is involved in the 
pathology of diabetes [15]. The amount of MGO in the serum of 
T2DM patients was higher than that of healthy individuals [16].
The molecular cause of this remarkable association between 
T2DM and PD is currently being investigated. MGO may 
play a role in this relationship. One of the target proteins 
of MGO is the alpha-synuclein protein involved in PD 
pathology [17]. Furthermore, MGO is structurally similar 
to 3,4-dihydroxyphenylacetaldehyde, which has been shown 
to increase the risk of developing PD [18, 19]. Finally, MGO 
induces ERS, and ERS is one of the common and early findings 
in PD [7].
In our study, we aimed to investigate the effect of long-term 
MGO administration on the pathophysiology of PD in a 
rotenone model in rats. For this purpose, the effect of MGO 
both alone and in the presence of a predisposing condition to 
PD was investigated.

2. MATERIALS and METHODS

Animals

Forty-two adult female Wistar albino rats (2-3 months old, 
203-274 g weight) were used in the experiments. Animals were 
housed two animals per plexiglass cage under a 12-hour light/
dark cycle at 22±2°C and had free access to standard rat chow and 
tap water. All rats were purchased from Istanbul University Aziz 
Sancar Institute of Experimental Medicine and the experiments 
were started after a one-week adaptation period.
All experimental procedures were approved by the Marmara 
University Ethical Committee for Experimental Animals 
(96.2021mar).

Experimental design

First, the rats were divided into MGO or control (water) 
administration groups. Then, the groups were further divided 
into rotenone or its vehicle (2% dimethyl sulfoxide, 98% Miglyol 
812 N) subgroups. Consequently, a total of four groups were 

formed: Control (water+vehicle of rotenone, n=10), MGO 
(MGO+vehicle of rotenone, n=10), Rotenone (water+rotenone, 
n=11), and MGO+Rotenone (n=11). MGO and water were 
administered orally, rotenone and its vehicle were administered 
subcutaneously.
Rats were treated with MGO (100 mg/kg/day) or water for 8 
weeks (55 days, per oral). Before the rotenone administration, 
two weeks of MGO were administrated to mimic the AGE effect 
of T2DM. The rotenone (1.5 mg/kg/day) or its vehicle was 
started at day-16 and applied for 40 days while MGO or water 
was administrated concurrently. Behavioral experiments were 
carried out on day 56, the day after the last treatment. Then, 
all rats were sacrificed on day 56 under diethyl ether (Merck, 
Darmstadt, Germany, 100921) anesthesia, and their brains were 
removed for immunohistochemistry (Figure 1).

Figure 1. Timeline of the experimental design. (Blue dots represent days of 
blood glucose measurement)

Drugs

Methylglyoxal (Sigma‒Aldrich, St. Louis, Missouri, United 
States of America, M0252) was supplied as a 40% solution in 
water. To be able to apply 100 mg/kg/day MGO to animals 
orally, a volume of 213 µL/kg of MGO solution was administered 
by an automatic pipette (Socorex Acura Manuel, Ecublens, 
Switzerland, 825). Water (213 µL/kg) administration was similar 
to MGO administration.
Rotenone (Sigma‒Aldrich, St. Louis, Missouri, United States 
of America, R8875) was prepared daily as a 50x (75 mg/mL) 
solution in 100% dimethyl sulfoxide (DMSO) (Supelco, St. 
Louis, Missouri, United States of America, 1.02952). Then, 
it was diluted with the medium-chain triglyceride Miglyol 
812 N (IOI oleochemical, Pulau Pinang, Malaysia) to obtain 
a rotenone concentration of 1.5 mg/mL (98% Miglyol 812 N, 
2% DMSO). The solutions were protected from light. The 
possibility of precipitation was eliminated by vortexing before 
each application, and 1.5 mg/kg/day (1 ml/kg) rotenone was 
administered subcutaneously [20].
A vehicle solution of rotenone was prepared with DMSO and 
Miglyol 812 N. DMSO was diluted in Miglyol 812 N to a 2% 
concentration (98% Miglyol 812 N, 2% DMSO). Then, the 
solution was applied as 1 ml/kg subcutaneously.
Animals were weighed every morning during the experiment, 
and solutions were applied according to their daily weight. To 
prevent rotenone-related deaths, the injections were skipped in 
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the animals that lost more than 15% of their initial weight until 
they recovered their weight back.

Behavioral tests and blood glucose measurement

Behavioral experiments were carried out between 9:00 a.m. and 
12:00 p.m. The experiments were started after the animals were 
acclimated to the room for 30 minutes.

Locomotor activity

Locomotor activity test allows a comprehensive study of 
locomotor and behavioral activity levels in experimental animal 
models of PD [21]. The test was performed after an acclimation 
period to the locomotor activity cage. Animals were kept in 
the room for thirty minutes before the behavioral tests began. 
The test was performed under moderate illumination and the 
researcher observed the experiment away from the locomotor 
activity cage. The rats were placed in a 40x40x40 cm locomotor 
activity cage (Commat, ACT 508, Ankara, Türkiye), and all 
movements were recorded for 5 minutes. Before the experiment 
with the next animal, the locomotor activity cage was cleaned 
with 70% ethanol (Sigma‒Aldrich, St. Louis, Missouri, United 
States of America, V001229), followed by distilled water, 
and allowed to dry. Data (distance traveled, % of ambulatory 
and stereotypical movement time, % of resting time, vertical 
movement time) were collected with the activity measurement 
program (Activity metering software, version 2.1, Commat, 
Ankara, Türkiye) and saved as Microsoft Office Excel (Microsoft 
Corporation, Redmond, WA, USA) output.

Rearing activity

Rats were placed in a clear plexiglass cylinder (height=30 cm, 
diameter=20 cm) and recorded for 2 minutes by a video camera. 
The number of contacts of the forelimbs to the cylinder wall was 
evaluated [22]. For the behavior to be considered rearing, the 
animal must raise its forelimb above shoulder level and touch 
one or both forelimbs against the cylinder wall. Before another 
rearing, the rat must pull its forelimbs off the cylinder wall and 
touch the table surface.

Rotarod test

The rotarod test is used to measure motor coordination in mice 
and rats and to detect motor impairment in experimental PD 
models[21]. Before the test, the rats were placed on the rod 
twice daily for three days to allow for acclimatization. The test 
was performed using a 5 cm diameter rotor (Northel, Bursa, 
Türkiye). On the experiment day, the rats were placed on the 
rotating bar, which was accelerating at a constant acceleration, 
reaching a speed of 40 rotations per minute after 300 seconds. 
The time spent on the rod was recorded. The test was repeated 
three times at intervals on the same day. The data were analyzed 
to determine the average time of the three tests and the longest 
time spent on the rod.

Blood glucose measurement

Blood glucose was measured between 12:00 – 12:30 p.m. on 
the 1st, 16th, and 56th days of the experimental protocol (Figure 
1). Before the measurement, the tails of the rats were cleaned 
with 70% ethanol solution and allowed to dry. The lateral vein 
of the tail was punctured with the help of an insulin injector. 
The first drop of blood was wiped with cotton, and the second 
drop of blood was analyzed on a glucometer (Roche, Accu-Chek 
Performa Nano, Basel, Switzerland) with an appropriate strip 
(Roche, Accu-Chek Performa, Basel, Switzerland).

Immunohistochemistry

Tissue preparation

The brains were removed after cervical dislocation under 
diethyl ether anesthesia and placed in a 4% paraformaldehyde 
(AFG Bioscience, 668011, Illinois, United States of America) 
solution prepared with 0.1 M phosphate-buffered saline (PBS) 
(Sigma‒Aldrich, St. Louis, Missouri, United States of America, 
P4417) for immunohistochemistry analyses [23]. The brains 
were kept in 4% paraformaldehyde solution for 3 days. Then, 
they were placed into 15% and 30% sucrose (Sigma‒Aldrich, 
St. Louis, Missouri, United States of America, S8501) solutions 
prepared with 0.1 M PBS, one day apart and were allowed to 
sink to the bottom in 30% PBS-sucrose solution at 4°C. Then, 
the brains were treated with methylbutane (Sigma‒Aldrich, St. 
Louis, Missouri, United States of America, 277258), brought 
to – 30°C with the help of dry ice for 3 minutes, and raised to 
– 80°C until sectioning. Serial coronal sections (40 μm thick) 
were taken by a freezing microtome (Microm, Witney, United 
Kingdom, HM450) from the level of bregma 3.70 mm to the 
level of bregma – 6.72 mm according to the stereotaxic rat 
brain atlas [24]. Free floating sections were stored in antifreeze 
solution (phosphate solution containing 30% glycerol and 30% 
ethylene glycol) at 4°C.

Immunohistochemical labeling of tyrosine hydroxylase

Sections were rinsed with Tris-buffered saline (TBS) three 
times, then kept in Tris-EDTA solution at 80°C for 30 minutes 
and then at room temperature for 20 minutes for possible 
antigen retrieval treatment. Rinsed sections were kept in a 
mixture of 3% H2O2 and 10% methanol in TBS for 30 min to 
quench endogenous peroxidase activity and rinsed twice with 
TBS and once with TBS-Triton X (TBS-T). Nonspecific binding 
sites were blocked by incubation in TBS-T containing 5% (w/v) 
normal serum (Vector Laboratories, S2000, RRID: AB_2336617, 
California, United States of America). Sections were incubated 
with a tyrosine hydroxylase (TH) antibody (Merck, MAB5280, 
RRID: AB_2201526, 1:3000, Darmstadt, Germany) containing 
1% (w/v) bovine serum albumin/TBS-T for a whole day at 
room temperature. The next day, the sections were rinsed with 
TBS-T three times and incubated with biotinylated secondary 
antibody (Vector Laboratories, BA-2001, RRID: AB_2336180, 
1:200, California, United States of America) for 1 hour, rinsed 
with TBS-T, and incubated in avidin-biotin-peroxidase solution 
(Vectastain, PK-6100, RRID: AB_2336819, California, United 
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States of America) for 1 hour. Finally, the staining was visualized 
using 2% 3,3′-diaminobenzidine in TBS solution containing 
0.01% H2O2.

Evaluation of tyrosine hydroxylase immunostaining

All sections were photographed by a microscope (Zeiss Axio 
Zoom. V16, Zeiss, Germany) connected to a camera system. 
The striatum region, which contains the dopaminergic fibers, 
was assessed for TH immunoreactivity positivity (TH+) using 
densitometric measurement. The evaluation of the SNpc region, 
where the dopaminergic cell bodies are located, was evaluated 
by counting TH+ cell bodies. Densitometric measurement and 
cell count were made using ImageJ software (V1.53, NIH, USA) 
and evaluated by using Microsoft Office Excel.

Striatum

The striatum is divided into 3 regions according to the rat brain 
atlas to analyze the immunoreactivity [24]. For ease of explanation, 
sections taken from the striatum in between AP: 2.28 mm — 
0.00 mm from the bregma were labeled as rostral to the anterior 
commissure (RAC), from AP: 0.00 mm — – 0.48 mm level of the 
anterior commissure (LAC), and from AP: – 0.48 mm — 1.08 mm 
caudal to the anterior commissure (CAC). For the striatum region, 
a total of 7 photographs were evaluated from the RAC, LAC, and 
CAC regions at x20 magnification. Because the striatum has a 
patchy appearance, 6 areas with immunoreactivity and 3 areas 
without immunoreactivity (background regions) were selected 
in each photograph for immunoreactivity density assessment. To 
standardize the values, the average immunoreactive region value 
was subtracted from the average background region value and 
corrected for each animal by calculating the immunoreactivity of 
naive animals. Data are given as averages for the RAC, LAC, and 
CAC measurements.

SNpc

Sections between AP: – 4.80 mm — – 5.40 mm reference to 
bregma were named SNpc sections. For each brain, 5 photos per 
section from 3 sections containing the SNpc region were taken 
at x40 magnification. Cell bodies were marked and counted with 
the free-marking option using the ImageJ software program. 
Data are given as the average number of cells contained in each 
photograph.

Statistical Analysis

All statistical analyses and graphical representations were 
performed using GraphPad Prism v8 (GraphPad Prism version 
8.0.0 for Mac, GraphPad Software, San Diego, California USA, 
www.graphpad.com) and Microsoft Office Excel. Continuous 
data are presented as the mean ± standard error. Frequency and 
percentage (%) were used to represent categorical variables. The 
experimental groups were compared with one-way ANOVA, 
and pairwise comparisons were performed using the post hoc 
Tukey test. Blood glucose measurements on the 1st, 16th, and 
56th days were compared using analysis of variance for repeated 
measurements (repeated-measures ANOVA). The statistical 
significance level was accepted as p<0.05.

3. RESULTS

Administration of solutions and mortality

All animals in the control (n=10) and MGO+Rotenone (n=11) 
groups survived. One animal out of 10 from the MGO group 
died on the 51st day of the experiment, while two animals out 
of 11 from the Rotenone group died on the 31st and 47th days of 
the experiment. In our study, mortality in animals treated with 
rotenone was 9% (2/22).
To prevent rotenone-related deaths, the rotenone injections were 
skipped in the animals that lost more than 15% of their initial 
weight until they recovered their weight back while MGO/water 
administration was continued as long as the animal survived. 
The rotenone group received rotenone for 35±2 days, and the 
MGO+Rotenone group received rotenone for 30±3 days.

Weight change

The average daily weights of the groups recorded throughout 
the experiment are shown in Figure 2. The mean weights 
of the groups on day 0, day 16 (the beginning of rotenone/
vehicle application), and day 55 (the last day of the experiment) 
were compared both within and between groups. There was a 
significant weight gain in the control group (p<0.001). While 
there was no significant difference between weights at baseline 
(238±14 g) and on the 16th day (241±14 g) (p=0.333), weight on 
the 55th day (262±5 g) was significantly higher than that on days 
0 and 16 (p<0.001, both). The mean weight of the MGO group 
increased on day 55, but there was no significant difference 
between the weight at baseline (236±7 g), day 16 (241±7 g), and 
day 55 (247±13 g) (p=0.322). The mean weight of the Rotenone 
group decreased on day 55 of the experiment, but there was no 
significant difference between the weight at baseline (234±17 
g), on day 16 (237±15 g) and day 55 (226±32 g) (p=0.194). The 
mean weight of the MGO+Rotenone group decreased on day 
55 of the experiment, but there was no significant difference 
between the weight at baseline (241±23 g), day 16 (244±19 g) 
and day 55 (217±42 g) (p=0.082).
When the weight was compared between the groups, there 
was no significant difference between the weight of the groups 
at baseline and the 16th day (p=0.737; p=0.822, respectively), 
while there was a significant difference between the weight on 
the 55th day (p=0.022). In pairwise comparisons, while there 
was a significant difference between the weight of the control 
group and the MGO+Rotenone group (p=0.023), there was no 
significant difference between the MGO group and the Rotenone 
group with each other and with the other groups (p>0.05).

Behavioral tests and blood glucose measurement

Behavioral experiments were performed in the Control group 
(n=10), the MGO group (n=9), the Rotenone group (n=9) and 
the MGO+Rotenone group (n=9). In addition to the 3 animals 
that died, 2 rats in the MGO+Rotenone group were not included 
in the locomotor activity tests due to their unfavorable general 
condition.
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Figure 2. The average daily weight of the groups recorded throughout the experiment. (The dotted line and arrow indicate the start day of rotenone or 
DMSO administration. * There was a significant difference between the average weights of the groups on the 55th day (p=0.022). In pairwise comparisons, 
the average weight of the MGO+Rotenone group was lower than that of the Control group on the 55th day (p=0.023). # There was a significant weight gain 
in the Control group on the 55th day (262±5 g) than that on days 0 and 16 (p<0.001, both))

Figure 3. Comparison of the locomotor activities of the groups. (a) Distance traveled (cm), (b) vertical movement time (s), (c) stereotypic movement time 
(%), (d) ambulatory movement time (%), (e) resting time (%). (Mean ± standard error of mean was given. * p<0.05, ** p<0.01, one-way ANOVA)
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Locomotor activity

The distance traveled was significantly different between groups 
(p=0.023). In pairwise comparisons, the distance traveled by the 
MGO+Rotenone group (272±33 cm) was significantly lower 
than that the distance traveled by the Control group (696±157 
cm) (p=0.035). There was no significant difference according to 
the distance traveled between the MGO group (596±115 cm) 
and the Rotenone group (348±55 cm) and the other groups 
(p>0.05) (Figure 3a).
The vertical movement time was significantly different between 
groups (p=0.017). In pairwise comparisons, the vertical 
movement time of the MGO+Rotenone group (2936±1100 
ms) was significantly lower than that of the Control group 
(17721±4808 ms) (p=0.017). There was no significant difference 
according to vertical movement time between the MGO group 
(12580±3265 ms) and the Rotenone group (6382±2583 ms) and 
the other groups (p>0.05) (Figure 3b).
The percentage of stereotypical movement time was significantly 
different between groups (p=0.006). In pairwise comparisons, 
the % of stereotypical movement time in the Control 
group (10.9%±0.5) was significantly higher than that in the 
MGO+Rotenone (5.8%±1.0) and Rotenone groups (6.6%±1.4) 
(p=0.008, p=0.024, respectively). There was no significant 
difference between the other groups (p>0.05) (Figure 3c).
The percentage of ambulatory movement time was significantly 
different between groups (p=0.028). In pairwise comparisons, the 
% ambulatory movement time in the Control group (13.7%±3) 
was significantly higher than that in the MGO+Rotenone group 
(5.6%±0.8) (p=0.043). There was no significant difference 
according to % of ambulatory movement time between the 
MGO group (12.2%±2.2) and the Rotenone group (7.3%±1.4) 
and with the other groups (p>0.05) (Figure 3d).
The percentage of resting time was significantly different 
between groups (p=0.012). In pairwise comparisons, the % of 
resting time in the MGO+Rotenone group (87.1%±1.7) and 
the Rotenone group (86.1%±2.3) was significantly higher than 
that in the Control group (75.3%±3.2) (p=0.018, p=0.035, 
respectively). There was no significant difference between the 
other groups (p>0.05) (Figure 3e).

Rearing activity

The rearing activity was significantly different between groups 
(p=0.002). In pairwise comparisons, the rearing activity of the 
Control group (10±2) was significantly higher than that of the 
MGO+Rotenone group (2±1) and the Rotenone group (3±1) 
(p=0.007, p=0.030, respectively). Additionally, the rearing 
activity of the MGO group (9 ± 1) was significantly higher than 
that of the MGO+Rotenone group (p=0.021). There was no 
significant difference in other pairwise comparisons (p>0.05) 
(Figure 4).

Rotarod Test

The average time spent on the rod in the three tests was 215±25 
s in the Control group, 150±40 s in the MGO group, 155±38 

s in the Rotenone group, and 94±31 s in the MGO+Rotenone 
group. Although, the average time spent on the rod in the three 
tests was shorter in the MGO+Rotenone group, there was no 
significant difference between the groups (p=0.098) (Figure 5a).
The longest time spent on the rod was significantly different 
between groups (p=0.015). In pairwise comparisons, the longest 
time spent on the rod in the Control group (263±19 s) was 
significantly longer than that in the MGO+Rotenone group 
(103±29 s) (p=0.008). There was no significant difference 
according to the longest time spent on the rod between the 
MGO group (181±43 s) and the Rotenone group (171±38 s) and 
with the other groups (p>0.05) (Figure 5b).

Blood glucose measurement

When the blood glucose levels measured on the 1st, 16th and 56th 
days were compared within the group and between the groups, 
no significant difference was found in any group (p>0.05).

Immunohistochemistry

The TH immunoreactivities of the striatum and SNpc regions 
in the coronal sections taken from the experimental groups 
at x2 magnification are shown in Figure 6a. Additionally, TH 
immunoreactivities at x20 magnification for the striatum and 
x40 for the SNpc are shown in Figure 6b.

TH immunoreactivity in the striatum

There was a significant difference in the percentages of RAC 
TH immunoreactivity of the groups (p=0.019). In pairwise 
comparisons, the percentage of RAC TH immunoreactivity in 
the Control group (58.8%±1.8) and MGO group (57.2%±1.5) 
was significantly higher than that in the MGO+Rotenone 
group (37.8%±7) (p=0.027, p=0.047, respectively). The 
percentage of RAC TH immunoreactivity in the Rotenone 
group (47.6%±6) was not significantly different from that in 
the other groups (p>0.05). The comparison of the percentages 
of RAC TH immunoreactivity of the groups is shown in 
Figure 7a.
When the percentage of LAC TH immunoreactivity of the 
groups was evaluated, the percentage of the Control group was 
55.7%±1.7, 55.6%±1.6 in the MGO group, 48.4%±4.3 in the 
Rotenone group, and 49.7%±3.9 in the MGO+Rotenone group. 
There was no significant difference between the percentages 
of LAC immunoreactivity positivity of the groups (p=0.255). 
The comparison of the percentages of LAC immunoreactivity 
positivity of the groups is shown in Figure 7b.
When the percentages of CAC TH immunoreactivity of the 
groups were evaluated, the percentages of the Control group were 
51.5%±2.1 and 49.9%±1.9 in the MGO group, 48.2%±2.6 in the 
Rotenone group, and 49.2%±1.6 in the MGO+Rotenone group. 
There was no significant difference between the percentages 
of groups’ CAC immunoreactivity positivity (p=0.720). The 
comparison of the percentages of CAC immunoreactivity 
positivity of the groups is shown in Figure 7c.
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TH-immunoreactivity in the SNpc

When the number of TH+ cells in the SNpc of the groups 
was evaluated, the number of cells in the Control group was 
determined to be 19±1, 18±1 in the MGO group, 17±1 in the 
Rotenone group and 15±2 in the MGO+Rotenone group. There 
was no significant difference between the numbers of TH+ cells 
in the SNpc of the groups (p=0.136). A comparison of the groups 
in terms of the number of TH+ cells in the SNpc is shown in 
Figure 7d.

Figure 4. Comparison of the rearing activity of the groups. (Mean ± 
standard error of mean was given. * p<0.05, ** p<0.01, one-way ANOVA)

Figure 5. Comparison of time spent on the rod of the groups in the rotarod 
test. (a) The average time spent on the rod, (b) the longest time spent on 
the rod. (Mean ± standard error of mean was given. ** p<0.01, one-way 
ANOVA)

Figure 6. TH immunoreactivity in the striatum and SNpc in coronal 
section samples of the groups. (a) Coronal sections at x2 magnification 
(chart scale= 1 mm), (b) coronal sections at x20 magnification for the 
striatum (chart scale= 50 μm) and x40 magnification for the SNpc (chart 
scale= 20 μm).

Figure 7. Comparison of the tyrosine hydroxylase positivity of the groups. 
(a) Rostral to the anterior commissure, (b) level of the anterior commissure, 
(c) caudal to the anterior commissure, (d) substantia nigra pars compacta. 
(Mean ± standard error of mean was given. * p<0.05, one-way ANOVA)
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4. DISCUSSION

In this study, the effect of the advanced glycation end product 
precursor MGO on the development of PD pathophysiology 
was investigated. MGO application in the rotenone-induced 
PD model aggravated motor disorders and increased striatal 
dopaminergic damage without any statistically significant 
change in the number of dopaminergic cells in the SNpc. It 
also noticeably amplified the weight loss in animal however, no 
significant effect was observed on blood sugar. The findings of 
our study indicate that advanced glycation end product precursor 
MGO may play a role in increased PD pathophysiology in 
patients with T2DM.
Previous studies reported that rotenone administration, used 
in modeling PD, causes a decrease in axonal dopamine in the 
dorsal striatum, and chronic rotenone administration reduces 
dopamine concentrations in the anterior striatum [25, 26]. In 
our study, the MGO+Rotenone group had TH+ in the RAC 
striatum region that was significantly lower than that of the 
other groups, but there was no significant difference between 
the groups in the LAC and CAC striatum regions. In other 
words, the administration of MGO in conjunction with 
rotenone exacerbated dopaminergic loss in the striatum, but 
this loss was limited to the dorsolateral region of the anterior 
striatum.
Degeneration of dopaminergic neurons in the SNpc is thought 
to be a possible cause of dysfunction in the dorsal striatum, 
which is the projection target [27, 28]. The dorsal striatum is 
responsible for action selection and movement control, so 
dysfunction of this region also contributes to the common 
symptoms of Parkinson’s disease [29, 30]. According to our 
findings, the deterioration in motor activity observed in the 
MGO+Rotenone group may be due to the dopaminergic loss 
observed in the RAC striatum.
In a study conducted on Thy1-aSyn mice, intracerebroventricular 
administration of MGO did not show any significant difference 
in TH immunoreactivity in the SNpc between the MGO-treated 
and nontreated groups [31]. On the other hand, in another 
study in which MGO injection was applied to the SNpc and 
striatum in Thy1-aSyn mice, a statistically significant decrease 
in TH+ neurons was reported in the experimental group 
compared to the control group [17]. In our study, the number 
of TH-immunoreactive cells in the SNpc decreased in the 
MGO+Rotenone group compared to the other groups, but there 
was no statistically significant difference between the groups. 
Consistent with our results, a study that established a PD 
model in mice by intranasal rotenone administration showed 
significant motor loss, but no dopaminergic loss was observed 
in the striatum and SNpc [23]. Although, striatal dopaminergic 
degeneration was observed in our study, the reason why there 
was no difference in TH immunoreactivity between groups in 
the SNpc may be that not enough time had passed for the neuron 
bodies in the SNpc to degenerate. Another possible reason may 
be that due to the weight loss in the MGO + Rotenone group, 
they received fewer Rotenone/DMSO injections compared to 
the other groups for ethical reasons.

In PD, the decrease in dopamine levels in the striatum leads to 
a decrease in voluntary motor movement control, bradykinesia 
and akinesia, which are the classic symptoms of PD [32]. 
Damage to the nigrostriatal circuit reduces locomotor activity 
in experimental animal models of PD [33]. In our study, the 
distance traveled, stereotypic movement and resting time 
obtained from the locomotor activity test were evaluated 
together in this context. The distance traveled and stereotypic 
movement time were significantly lower, and the percentage of 
resting time was higher in the MGO + Rotenone group than in 
the Control group, which is a clear indication of a significant 
decrease in locomotor movement. Although, the stereotypical 
movement time was lower and the resting time was higher in the 
Rotenone group than in the Control group, this difference was 
higher in the MGO+Rotenone group. Similar to our findings, 
animal studies have shown that locomotor activity decreases 
in PD groups compared to Control groups [33, 34]. In a study 
conducted in healthy animals to evaluate the effect of MGO 
on behavioral parameters, MGO was infused into the cerebral 
lateral ventricle in a volume of 5 μL at a concentration of 3 
μM/μL. In the open field test performed at the 12th hour after 
MGO injection, a statistically significant decrease in locomotor 
activity was reported in the experimental group compared to 
the control group [35]. A single dose of 50 mg/kg/day MGO did 
not alter locomotor activity in a study looking at the impact of 
intraperitoneal MGO injection on motor activity in mice, but 
doses of 80 and 200 mg/kg/day caused a significant reduction in 
locomotor activity [36]. The reason for the loss of motor activity 
may be that MGO-derived free radicals and toxins react with 
dopamine in the brain and reduce the effect of dopamine [37]. 
MGO has also been reported to act as a partial agonist of GABAA 
receptors, and acutely high levels of MGO induce locomotor 
depression [38].
Another parameter obtained from the locomotor activity 
test is the ambulatory movement time. It has been shown 
that a decrease in locomotor activity, including ambulatory 
movement, occurred in the PD model created by applying 2 mg/
kg rotenone subcutaneously to Sprague Dawley rats for 35 days, 
and this decrease could be partially prevented with antioxidant 
treatment [39]. In our study, the ambulatory movement time 
in the MGO+Rotenone group was significantly lower than that 
in the Control group. This finding indicates that MGO, which 
causes oxidative stress, increases motor impairment in the 
rotenone model of PD.
One of the parameters measured by the locomotor activity test 
is the number and duration of vertical movements. Another test 
method used to evaluate vertical movement is the rearing test. 
In animal models of PD, a decrease in the number of vertical 
movements, vertical movement time, and number of rearings 
is expected [21]. In a previous study, while no difference 
was observed between the experimental and control groups 
in vertical movements in rats receiving 2, 2.5 or 3.5 mg/kg 
rotenone intravenously for 21 days, a significant decrease in 
the number of rearings was reported in the experimental group 
compared to the control group [22]. It has also been shown 
that rearing behavior is reduced in rotenone models performed 
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with different doses and application routes [20, 40]. Our results 
obtained from the MGO+Rotenone group suggest that MGO 
decreases the number of rearings and the number and duration 
of vertical movements that develop due to PD.
The time spent on the rotarod device is shortened in rats and 
mice with PD [20, 40]. In a study in which the rotarod test was 
performed to evaluate motor coordination, 1.5 mg/kg rotenone 
was administered subcutaneously every other day for 11 days, and 
the time the rotenone group remained on the rod was found to 
be lower than that of the control group [41]. In the present study, 
the MGO+Rotenone group had a shorter average time spent on 
the rod, but this difference was not statistically significant. The 
high intragroup variation and the limited number of subjects 
to overcome this variation prevented statistical significance 
from being reached. When evaluated according to the longest 
time spent on the rod, the MGO+Rotenone group was able to 
stay on the rod for a shorter time than the Control group. In 
a study conducted on Thy1-aSyn mice, intracerebroventricular 
MGO was administered to the mice, and it was shown that 
the experimental group was able to stand on the rod less than 
the control group [31]. Our results demonstrate that MGO 
contributes to the decline in motor coordination, and they are 
consistent with findings from the literature.
One of the disadvantages of the PD rotenone model is the high 
mortality rate with systemic administration [42]. In our study, 
the mortality rate in animals administered rotenone was 9% 
(2/22). In the study conducted by Zhang et al., rotenone was 
administered subcutaneously to rats at a dose of 1.5, 2 or 2.5 
mg/kg/day for 5 weeks, and mortality rates were reported as 
0%, 6.7% and 46.7%, respectively [20]. In the study conducted 
by Fleming et al., the mortality rates of rotenone administered 
subcutaneously at doses of 2, 2.5, 3.5, or 5 mg/kg/day were 33% 
(4/12), 64% (7/11), 91% (10/11), and 100% (3/3), respectively 
[22]. In another study conducted in 2017, the mortality rate 
was reported as 28.5% (12/42) in rats administered 1.5 mg/kg/
day rotenone intraperitoneally for 45 days [43]. There could 
be a number of reasons for the reported variations in death 
rates, including different animal strains, sexes, and housing 
circumstances. In our study, animals that lost more than 15% of 
their basal weight were not given the injection on that particular 
day to decrease mortality related to rotenone. For the same 
reason, Miglyol 812 N, which contains medium-chain fatty 
acids, was used to dilute rotenone, and the amount of DMSO in 
the application solution was kept at 2%. Additional losses were 
prevented by applying rotenone subcutaneously at a dosage of 
1.5 mg/kg/day. The 9% mortality rate in our study shows that 
the methods we used in the rotenone model were successful in 
reducing deaths.
It has been reported that chronic systemic administration of 
rotenone causes weight loss in animals, and this is related to 
the systemic toxicity of rotenone as well as weight loss due to 
PD symptoms [44, 45]. In our study, the average weight of the 
MGO+Rotenone group was found to be significantly lower 
than that of the Control group at the end of the experiment. 
In a study published by Sharma et al., 2 mg/kg/day rotenone 
was administered subcutaneously to rats for 35 days. In weekly 

weight monitoring, no weight loss was observed in the first 2 
weeks, but gradually increasing weight loss was reported in 
the 3rd, 4th, and 5th weeks [46]. In another study, 3 mg/kg/
day rotenone infusions were given subcutaneously for 28 days. 
The rotenone groups showed a time-dependent decrease in 
body weight compared to rats administered vehicle or saline. 
In the study, regular weight loss was observed in the rotenone 
group, especially in the first 2 weeks [47]. In our study, low-
dose rotenone application was preferred, and weight loss was 
minimized by skipping the dose in animals with a weight loss of 
more than 15% compared to their basal weight.
MGO binds to insulin by targeting arginine residues located in the 
insulin B chain and N-terminus. MGO-modified insulin chain B 
is heavier than free insulin, resulting in less glucose uptake and 
utilization [48]. In a study conducted with continuous infusion 
of MGO at a dose of 60 mg/kg/day for 28 days, a significant 
increase in fasting blood glucose along with a decrease in fasting 
plasma insulin levels was reported [49]. While some research 
indicates that hyperglycemia triggers the production of MGO 
and that MGO aids in the development of hyperglycemia, other 
works do not track these effects. Despite impaired glucose 
tolerance, no significant change in fasting blood glucose was 
observed in mice administered a low dose (1% v/v) of MGO in 
drinking water for 2 months with fetal exposure [50]. In a study 
in which MGO was given to Wistar albino rats at a dose of 50-75 
mg/kg/day for 14 weeks, no significant difference was observed 
in terms of fasting blood glucose between the control group and 
the group receiving MGO [51]. The lack of apparent difference 
in blood glucose levels between the groups in our study that 
received and did not receive MGO may be because the dose 
of MGO used was insufficient to induce beta cell dysfunction 
and insulin resistance. Another important point to note is that 
fasting blood glucose was not measured in our study, and spot 
blood glucose was measured at 12:30 pm while they had access 
to feed and water in their cages.
On the other hand, there are limitations in this study. To cope 
with the problems of weight loss and mortality caused by 
choosing the rotenone model, rotenone was not administered 
to rats that lost 15% of their basal weight. One result of this is 
that the MGO+Rotenone administered group received fewer 
rotenone injections than the Rotenone group. This may have 
limited the progression of motor impairment and nigrostriatal 
degeneration in the MGO+Rotenone group. It is possible that 
this prevented the difference between the two groups from 
becoming more evident. Another limitation of the study is 
that a-synuclein accumulation is not measured in the brain, 
and blood levels of orally administered MGO could not be 
measured.

Conclusion

In this study, which examined a possible mechanism of the 
T2DM-PD relationship through MGO, an advanced glycation 
end-product precursor, it was determined that the use of MGO 
together with rotenone exacerbated the motor symptoms of PD 
and increased the neurodegeneration seen in the disease. To 
the best of our knowledge, this study is the first to investigate 
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the potential effect of long-term MGO administration on PD 
pathophysiology using the rotenone model of PD. Therefore, 
we believe that our study will contribute to filling the gap of 
T2DM-PD relationship in the literature. Although, our study 
showed the possible contribution of methylglyoxal to the 
pathophysiology of PD, the mechanism of this effect needs to be 
investigated in terms of biochemical processes.
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