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Abstract

It is obvious that Levodopa can effectively ameliorate most of the motor symptoms associated with Parkinson’s disease.
However, Levodopa-induced dyskinesia (LID) experienced due to its long-term usage poses a great concern over it is
dependency. Alternative therapies that can equally improve and/or cure the motor symptoms without alarming side effects
are unarguably needed. Recently, Metformin, besides being a key player in the management of Diabetes Mellitus type 2
(T2DM), was also found to have some potentials in the treatment of Parkinson’s disease (PD). In this study, MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine) were used to create the PD models (an established fact supported by multiple studies).
Initially, C57BL/6N mice were randomly divided into 3 groups (Saline, MPTP, MPTP + Metformin) (n=8, each). Later, MPTP
+ Metformin group was further sub-divided into 3 and 100, 200; 400 mg/kg metformin was administered to each sub-group
accordingly. After a series of behavioral assays, the mice were sacrificed and the brain was taken out to measure the DA release
in the striatum using carbon-fiber electrode (amperometric recording). In each case, Metformin proves to be decisive and

display convincing/satisfactory results depicting its neuroprotective prowess.
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Introduction

Parkinson’s disease (PD), being the second most common
neurodegenerative disease after Alzheimer’s disease (AD)
affects 1-2% (predominantly, 55-60 and above years old)
of the population [1]. Clinically, PD is characterized by four
cardinal motor symptoms (Tremor, Rigidity, Akinesia/
Bradykinesia, Postural instability, TRAP) Most of which are
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caused by progressive dopaminergic degeneration in the
substantianigra pars compacta (SNc) [2]. Manifestation of key
motor symptoms appears in a subject when roughly 50-60%
of the dopaminergic neurons are degenerated, producing
70-80% depletion in the Dopamine (DA) levels in the dorsal
striatum as assessed mostly using High-Performance Liquid
Chromatography (HPLC) and Carbon-Fiber Electrode [3].
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Virtually, 95% of the PD cases were found to be sporadic.
PD was believed to be caused by a combination of genetic
factors, environmental factors and nervous system aging
through oxidative stress, proteasome, calcium homeostasis,
dysfunction, immune response, mitochondrial dysfunction,
excitatory toxins and apoptosis. Collective insults produced
by the aforementioned processes are the degeneration and
loss of dopaminergic neurons of the substantia nigra [4]. The
precise etiology and mechanisms behind the pathogenesis of
the disease is still not vividly understood. MPTP (among the
toxins) was forlong found tobe agoodagent (drug) thatcauses
PD (as such used universally in the creation of the disease
model). Tanner and colleagues [5] found that the exposure
to the two widely used insecticides and pesticides (Rotenone
& Paraquat respectively) heavily increases the incidence of
PD possibly via the competitive inhibition of Complex I of the
electron transport chain (ETC), which subsequently leads
to the build-up of Reactive Oxygen Species (ROS) [6]. The
overall consequences results in the diminished function of
the mitochondria. Aggregation of filamentous protein called
a-synuclein (Lewy-bodies) within the inter-cytoplasmic
region ofneuronswasbelieved tobe another potential process
that develops PD (even though a-synuclein aggregation is
not peculiar to PD). Metformin too, was found to have some
neuroprotective role against a pathogenesis developed due
to this aggregation by preventing a-synuclein to adopt more
compact confirmation [7] again, Tayara and colleagues [8]
reported that metformin has an anti-inflammatory role. It
inhibits the activation of microglia as measured by different
anti-inflammatory markers (0X-6, IKK( and aginase). More
so, results of quantitative Polymerase Chain Reaction (qPCR)
unveil that metformin treatment diminishes the expression
levels of several pro- and anti-inflammatory cytokines.

MPTP Toxicity

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
is the most common toxin use extensively in the creation of
PD models. MPTP administration is relatively simpler and
require little expertise compared to 6-hydroxydopamne
(6-OHDA) which requires stereotaxic frame and surgery
on live animals [9], even though, in 6-OHDA has some edge
over MPTP in terms of effectiveness. However, MPTP is more
effective in the production of suitable and reproducible
lesions of the nigrostriatal dopaminergic pathway following
its systemic administration [10]. MPTP, being a highly
lipophilic compound, crosses the blood-brain barrier (BBB)
and is metabolized into 1-methyl-4-phenylpyridinium
(MPP+) where it has been shown to block complex I of
the electron transport chain (ETC) and increase ROS, lipid
peroxidation, and protein oxidation [10]. MPP+ is a polar
molecule unlike its precursor MPTP and as such it cannot
freely enter cells, but depends heavily on plasma membrane
carriers to gain access to dopaminergic neurons [11].
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Rotenone Toxicity

Like MPTP, rotenone can easily cross the BBB due to
its lipophilic nature and competitively inhibits the activity
of complex-I in the mitochondrial respiratory chain,
thereby increasing oxidative stress Gao and colleagues
[12,13] reported that rotenone induced dopaminergic
neurodegeneration in animal model by means of microglial
activation, causing NADPH oxidase-derived superoxide
aggregation. However, recent studies conducted using
human cell line microglia reveals that activated microglia
produced extracellular ROS predominantly and as such
do not contribute directly to neurodegeneration when
subjected to chronic, low doses of rotenone [14]. In terms of
killing nigrostriatal dopaminergic neurons and formation of
lewy bodies, rotenone is more eligible than MPTP & 6-OHDA
and Yet, it is the most rarely used PD models due to its non-
specificity.

Metformin (C4H11N5)

A conventionally accepted oral antidiabetic drug that
lowers hepatic blood glucose production and improves
insulin sensitivity (Insulin sensitizers) in the target cells
via activation of AMP-activated protein Kinase (AMPK).
More recently, metformin establishes itself as one of the
potential candidate in the treatment of neurodegenerative
disease (most profoundly, PD) in animal models. Bayliss [15]
reported that metformin prevents nigrostriatal dopaminergic
degeneration independent of AMPK activation. This finding,
therefore suggests that the mechanism of action of metformin
in neurodegenerative cases is distinct to that involved in its
antidiabetic role. Hence, the exact mechanism through which
metformin exerts its neuroprotective role remain unknown.
Targeting AMPK signaling is indeed a neuroprotective
strategy in Parkinson’s disease as insisted by Curry [16].
Yet, no evidence that metformin depends on/mediates
AMPK activation before exerting it is neuroprotective
function. Additionally, two similar but independent studies
uses neuroblastoma dopaminergic cells lines to investigate
the role of metformin in PD. Lu, et al. [17] reported that
metformin prevents dopaminergic cell death via autophagy
and mitochondrial ROS clearance, whereas, Kang, et al. [18]
affirms that metformin confers it is neuroprotection via
activation of the ATF2 /CREB-PGC-1a.

Materials & Methods
Study Design

Mice wererandomly grouped into 3. Group 1 were treated
with Saline and served as control. Group 2 and 3 were treated
with neurotoxin (MPTP & Rotenone respectively). Being an
experiment that involved highly toxic agent, one mice extra
was added to each group as back-up. The mice were serially
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trained for 14 consecutive days to acclimatize and adopt the
different motor tests (Figure 1). Metformin, 100 mg/kg (low),
200 mg/kg (mid), 400 mg/kg (high) (dissolved in Saline)
was administered orally using a plastic enteral feeding tube.
25mg/kg (dissolved in Saline) of MPTP was administered
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according to the body weight also for 5-consecutive days
systematically (Intraperitoneally). Behavioral assessment
was carried-out following the administration of MPTP and
Metformin.

Behavioral
Assay

WEEK-A  WEEK-B

CFE: Carbon Fiber Electrode

TRAINING PHASE |  [MPTP @2sme/ie,in) |

Figure 1: Experimental Design: 100mg/kg (low), 200mg/kg (mid), 400mg/kg (high) body weight metformin was administered
orally, twice a day throughout the 7th week. Saline was administered to the respective group since day 1.25mg/kg body weight
MPTP was administered for 5-consecutive days (acute system) intraperitoneally. Behavioral assays were carried out in the 2nd
and 3rd week. CFE recording was performed after the mice were sacrificed

SACRIFICE

CFE Recording

il

Animals/Subjects

C57 male mice (25-30 grams) were housed for in the
animal centre until the 22nd day (the day they were killed)
with a maximum of 5-mice per cage under a 12-hour light/
dark cycle with free access to food and water at a temperature
and relative humidity of 22 + 2°C and 60% respectively. At
the end of week-3, mice were sacrificed for carbon-fiber
electrode (DA release measurement). The anesthetic agent
used was isoflurane. The use and care of the animals was
approved and put forward by the Animal Care and Use
Committee of Xi’an Jiaotong University (XJTU) and the
Association for Assessment and Accreditation of Laboratory
Animal Care.

MPTP Administration

The discovery of MPTP as a drug that produces PD-like
pathology comes accidentally in 1980 following it is abuse
among American youth. Such incidence pave way to deeper
understanding of the pathogenesis associated with PD. In
this study, we adopted the protocol outlined and develop by
Tatton & Kish [20] (with little modification), which involves
injecting 25 mg/kg free-base MPTP intraperitoneally for
5-consecutive days starting from day 1. This regimen has a
great potential of causing apoptosis and depletion of striatal
dopamine by 40-50% in young adult C57/BL mice. We
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avoided using 10-week old mice (in contrast to conventional
trends) as we believed 12-week old mice produce the best
PD models. Mice lighter than 22 grams were equally avoided.
Dopaminergic lesions stabilize fully 3-weeks after MPTP
administration. Behavioral changes manifest early and mice
were able to produce canonical symptoms similar to that of
classical /typical PD, whereas PD-like pathology (DA release
& morphology) appears fully in 3rd week. MPTP mice were
carefully isolated from the saline group. The excretion of un-
metabolized MPTP occurs mainly during the first day after
injection and as such under no circumstances MPTP-treated
mice should be mixed-up with mice from other groups.

Behavioral Assay

Open Field Test: In our animal center settings, open field
apparatus consist of rectangular plastic arena measured 40 X
40X 50 cm3. The area is well tight to prevent fluid absorption.
The whole arrangement is connected with video system in
which the area is divided into small squares of 5 cm by 5
cm. The trajectory path (Figure 2a) of the mice was traced/
recorded within the center and corner zones respectively
using an automatic tracking system. The open field maze
was cleaned thoroughly after each experiment with 70%
ethyl alcohol to get rid of odor signal. The mice were taken
from their respective cages to the behavior room directly and
tested once at a time for 30 minutes. Sometimes a cylindrical
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flask is placed at the center to measure to measure the
number of times the mice visited the region (center) and
that inarguably dictate their social novelty, which, in essence,
gives evaluation on the level of depression and anxiety.

Footprints: Mice were trained to move linearly for a distance
of approximately 1.5 meters. The forelimb and the hind-limb
were painted red and blue respectively. The stride length as

Advances in Clinical Toxicology

well as the overlap were recorded and analyzed accordingly.

Rotarod: This test is used to evaluate mice forelimb and
hindlimb motor balance and Coordination. In the 3rd week
mice were placed in a separate compartment on the rod and
tested at 5 rpm initially until it reaches 40 rpm. The latency
to fall (time on rod) was recorded (Figure 2b-d).

Saline MPTP
a b
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= 2-1601 Met400 Enhances rigidity by 40%
Q150 - £
o) o E3
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= 100 (@]
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Figure 2: Behavioral Assays |
Figure 2a: Trajectory of Open Field Test (OFT): The mice were allowed to move freely in an open field rectangular space and
the corresponding movement (locomotion) was recorded by ANYMAZE software and video system. centre zones and corner
zones were selected accordingly. MPTP-treated mice move more predominantly within the corner zones in contrast to the
saline (control) that move more evenly.
Figure 2b: Rotarod: Rotarod set-up showing the lane/rod on which mice is expected to maintain a balance at 5 t0 40 rpm. The
latency to fall time was recorded and analyzed accordingly.
Figure 2c: Footprints overlap (MPTP VS Saline): The number of overlap indicates the regularity and order of movement.
Expectedly, MPTP models showed significant limited number of overlap (P < 0.001).
Figure 2d: Footprints overlap (MPTP VS Metformin): Metformin reverses some of the motor deficits caused by MPTP (P <

0.01).

Amperometric DA Recording in Striatal Slices

Amperometric recording in dorsal striatum slices were
made using Carbon-Fiber Electrodes (CFEs). Mice were
anesthetized with isoflurane (1.5 g/kg, intraperitoneally)
and transcardially perfused with approximately 50 ml ice-
cold artificial cerebrospinal fluid-A (Sectioning CSF) (110
C5H14NCIO, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.3 NaH2P04, 25
NaCO03, 25 glucose mM, saturated with 95% Oxygen and 5%
Carbon dioxide). Next, the brain was rapidly removed and
cut into 300 micrometer horizontal slices on a vibratome
(Leica VT 1000; Nussloch, Germany). Slices containing the
striatum were collected at +0.0 to 1.2mm from bregma.
Slices were allowed to recover for 30 min in another artificial
cerebrospinal fluid-B (recording CSF) (125 NaCl, 2.5 KCl,
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2 CaCl2, 1.3 MgCl2, 1.3 NaH2P04, 25 NaCO3, 10 glucose
mM, saturated with 95% oxygen and 5% Carbon dioxide
at 37°C, and then kept at room temperature for recording.
CFEs 7 micrometer in diameter with an approximate
200-micrometer sensor tip was used to measure DA release
in the striatum. The exposed CFE tip was completely inserted
into the sub-surface of the striatal slice at an angle close to 30°.
Aholding potential of 780 mV was applied to the electrode by
an EPC9/2 amplifier and controlled by pulse software (HEKA
Electronic, Lambrecht/pfalz Germany). Single electrical field
stimulation (Estim) pulses (0.2 ms, 0.6 mA) or trains (10
pulses at 20 Hz) were delivered through a bipolar platinum
electrode (150-micrometer in diameter) and generated by
a Grass S88K stimulator (Astro-Med). The amperometric
current (Iamp) was low-pass filtered at 100 Hz and digitized
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at 3.13 kHz. The amplitude of amperometric current I is field were obtained directly from the software (ANYMAZE)
amp
proportional to the local DA overflow concentration [DA] attached to the video system.
with a calibration factor of 1 pA for nearly 6 nM. Off-line
analysis was performed using Igor software (WaveMetrix). Results
Statistical Analysis Metformin Enhances motor Performance
Results are presented as the mean + standard error of To investigate the neuroprotective effects of metforminin
the mean (SEM). Statistical significance was assessed either PD, we study the different be.haviors displayed by the saline,
via an unpaired 2-tailed Student’s t-test for two-group MPTP and (MPTP + Metformin) groups 2-weeks after the last
comparisons or an ANOVA test with Turkey’s HSD post hoc MPTP_ injection and compare them accordingly. ROTAROD
analysis for comparison of more than three groups. Statistical experiment: MPTP-treated group vehemently reduced the
difference was considered significant at the level of P < latency to falling to 40% when compared to saline whereas,
0.05, 0.01, 0.001 (5%, 1% & 0.1% alpha). The results were metformin-treated group improved MPTP-induced motor
analyzed using IgorPro, OriginPro18, SPSS 13.0 (Statistical deficits by 24%. In essence, metformin recovered virtually
Packages for Social Sciences). Trajectory path of the open more than half of the motor dysfunction imposes by MPTP
(Figure 3a-e).
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Figure 3: Behavioral Assay II:
Figure 3a: Stride Length: Footprints of the MPTP and Saline. Concentrated stride length in the MPTP models indicates the
lower numbers of overlap as well as irregularity in their movement.
Figure 3b: Open Field Test (OFT): displayed the time spent within the center of the rectangular area and unarguably the PD-
like symptoms manifested well in the MPTP model as they intend to avoid the center (even though, statistically insignificant at
P < 0.05). In essence, this is due to the lack of proper balance or depression.
Figure 3c: Rotarod (Saline Vs MPTP): Expectedly, Latency to falling time in the Saline is significantly longer than that of
MPTP (P < 0.001).
Figure 3d: Rotarod (Saline Vs MPTP Vs Metformin): Metformin greatly increases the time sustained on the rod in the same
group of mice treated with MPTP. Surprisingly, during the 2-week training phase, no much difference with the MPTP group.
Figure 3e: Open Field Test (MPTP Vs Metformin): Here, the distance travelled by MPTP- and Metformin-treated mice was
almost the same. This indicate that PD model have no restricted movement. Only the lack of balance and perhaps social novelty.
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Toxicokinetics and Time Course of MPTP

It is imperative to barely assess the toxicokinetics of
MPTP and time course of dopaminergic damage. To achieve
this, we investigated the DA release at different period
(days) to be able to know the MPTP concentration that can
produce best and negligible (if any) damage. The different
DA-release we observed were compared to ensure that none
of the differential toxicity is related to a simple interference
with MPTP toxicokinetics. Having known most studies
normally assess striatal MPP+ level few hours after MPTP
injections. Here, we analyze the trajectory of MPP+ toxicity
by evaluating the release of DA in the striatum. We observed
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a massive and gradual reduction in amplitude from dayl
to day5 (Figure 4a). The time course of neurodegeneration
enables us to determine when the lesion starts and when
it no longer progresses (steady state). Striatum, being the
region of dopaminergic projections, the effect of MPTP was
found to be more prominent and a wide gap was observed
when compared with the control group (Figure 4b), contrary
to the SNc (Figure 4a). Importantly, the overall effect of acute
MPTP administration seem to be the same after the first 5
days; a hallmark proving that administrating 25 mg/kg
consecutively for 5 days is good enough in reproducing the
PD model. Meanwhile, days fewer than above are ineffective.

-Saline
A 50 SUBSTANTIANIGRA | EivPTP
~~ * * *
<C 400
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S
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Figure 4: Time Course of MPTP: Having adopted the sub-acute (acute) system of administering MPTP, we deemed it is
important to evaluate the level of damage in both the SNc and Striatum.
Figure 4a: SNc: In the SNc, The level of DA release is slightly different.
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Figure 4b: Striatum: The profound damage was much more intense in the Striatum and also there is a gradual increment in
the level of damage. We intentionally isolated some mice to test the see what will happen upon exceeding the day 5. Amazingly,
the effects produce from day 6 through day 9 is the same. This confirmed that 25-30mg/kg of MPTP requires only 5 consecutive
days to reproduce the desirable dopaminergic lesions.

Metformin Improves DA Release recorded at medium concentration of 200 mg/kg (Figure
5d). However, the neuroprotective effect of the magic drug,
metformin was clearly evident even though not as esoteric
as the one we observed behaviorally. In essence, Metformin
can trigger the release of DA in the striatum haphazardly and

arbitrarily dose-dependent manner (Figure 5c¢,d).

A profound reduction in DA-release was found in
striatal slices treated with MPTP as assessed by carbon-
fiber electrode (Figure 5c). Metformin (100, 200 & 400
kg/mg) rescue/recovered about 42.5% of the DA neurons
exposed to MPTP insults. Amazing, maximum amplitude was

Ishaq DU, et al. Metformin Improves Dopamine Release and Motor Performance in
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Figure 5: DA Release
Figure 5a: Midbrain: Shows the arrangement for measuring the DA release in the striatum and substantia nigra.
Figure 5b: Carbon-Fiber Electrode: Carbon fiber is used to detect the release of DA. Estim serve as electrophysiological
stimulator that triggers the release of DA at different frequency.
Figure 5c: DA release of MPTP-mice: striatal slices of the brain treated with MPTP shows a massive reduction in the DA
release when compared to the saline (P < 0.05).Data were collected from three different experiments. This further confirms
the successful administration of MPTP to the target area and paves way to further tests.
Figure 5d: protective effects of metformin at different concentrations: Surprisingly, highest amplitude was detected
at 200mg/kg. Metformin displayed a certain level of DA replenishment against the effect induced by MPTP even though,

.

insignificant statistically (P = 0.08). Data shown are expressed as mean + SEM and unpaired students ¢t-test.

Discussion

Metformin has been a major and globally accepted
antidiabetic drug since 1958. It is potency, efficacy and
mechanism of action (MOA) were proved unquestionably
for more than half a century. Chronic administration of
metformin (100, 200, 400 mg/kg) orally for 3-weeks to C57
mice reduces oxidative stress, improves DA release and motor
deficits associated with MPTP-treated mice [21]. Hence,
metformin has a protective effect in PD. More so, metformin
significantly (P < 0.05) improved the locomotor & postural
balance in the MPTP-treated mice. DA release in response
to Metformin seems to be surprising as the amplitude fails
to show further increase at 400 mg/kg. In the behavioral
assays, PD models displayed some level of depression and
this is in line with findings of EI-Nabarawy [22].
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Conclusion

Effective therapeutic drugs candidates against the
episodic insults leading to the motor and non-motor
symptoms of PD remain elusive. Although, Levodopa was
considered a gold-standard in this regard, it is long-term
side effects is really a big limitation in its magnanimity.
Metformin is one of the options explored recently and in this
study, we were able to establish its decisive role in improving
the motor deficits induced by MPTP. Metformin significantly
(p < 0.05) improves the DA release in the striatum (when
compared to the MPTP group).

Further Direction

Our study concentrated mainly on assessing and
addressing the motor symptoms. More research needs to be
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carried out to evaluate the potential of Metformin in averting
the non-motor symptoms. If possible, clinical trials should be
performed to figure out whether or not there is an established
link between the state of depression & anxiety in PD patients
and metformin-receiving patients (perhaps T2DM patients).
The above exercise should be a bit tedious since metformin
was yet to be considered a conventional drug for PD patients
and as such, there must be involvement of T2DM patients.
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