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Abstract
Background: Parkinson's disease (PD) is a progressive neurodegenerative disorder af-
fecting a large number of elderly people worldwide. The current therapies for PD are 
symptom-based; they do not provide a cure but improve the quality of life. Muscular 
dysfunction is the hallmark clinical feature of PD and oxidative stress and inflamma-
tion play a critical role in its pathogenesis. Epalrestat is used for the treatment of dia-
betic neuropathy and is known to improve antioxidative defense mechanisms in the 
CNS. Therefore, in this study, we investigated the role of Epalrestat in the reserpine 
induced mouse model of PD.
Method: We used Swiss Albino mice for the PD model and tested for akinesia/brad-
ykinesia, muscular rigidity, palpebral ptosis, and tremor, as well as conducting swim 
and open field tests. Brain samples were used to determine oxidative stress param-
eters and infiltration of immune cells.
Results: Epalrestat treatment significantly improved akinesia and bradykinesia, 
muscular dysfunctions, tremor level, and gait functions compared to the reserpine 
group. It also improved the latency in the swim test. Eplarestat significantly reduced 
lipid peroxidation and NO concentration in different brain tissues and increased the 
activity of antioxidative enzymes, glutathione, catalase, and superoxide dismutase. 
Furthermore, Epalrestat reduced neuroinflammation by reducing the number of in-
filtrating immune cells.
Conclusion: Eplarestat improves muscular dysfunction in PD by reducing oxidative 
stress and inflammation.
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1  | INTRODUC TION

There are more than 385.4 million people in Asia aged 60 years 
or older, and there are more than 41.9 million people who are 
80 years of age or older.1 Life expectancy is also increasing steadily 
in developing countries. Because of the large number of elderly 
people and the steady increase in the elderly population, chronic 
debilitating diseases that affect people over 60  years old are of 
major concern.1 Parkinson's disease (PD) is one such debilitating 
disease that afflicts the elderly. It is the second most common 
neurodegenerative disorder after Alzheimer's disease, affecting a 
significant number of people around the world. PD is a progressive 
neurodegenerative disorder and belongs to a group of conditions 
called movement disorders. The four cardinal motor symptoms 
of PD are tremor at rest, rigidity, bradykinesia or akinesia, and 
postural instability.2 This age-related nervous system disorder 
affects 2%-3% of people older than 65  years,3 and the number 
of people in this age group is estimated to double by 2030.4 The 
consequences of PD are a huge burden on society as a whole. In 
particular, in relation to our study, PD is prevalent and a significant 
societal burden in Bangladesh.4

The pathological features of PD are degeneration of the dopami-
nergic neurons in the substantia nigra pars compacta, and the pres-
ence of Lewy bodies.5-7 Dopamine concentration drops significantly 
in PD as a result of damage to dopaminergic neurons.8 Together, 
these effects result in abnormal neuronal firing leading to muscular 
dysfunction.

Therapy for PD is not specific but rather is highly symp-
tom-based and individualized. Furthermore, PD is currently incur-
able, so all available therapies are only able to improve the quality 
of life.9 This fact motivates the scientists around the world to look 
for optimum therapies for successful use in PD. The current treat-
ment options are also not devoid of adverse effects, and there-
fore the search for better drugs with optimum effects is of prime 
importance.9-11

Inflammation is associated with a number of neurodegener-
ative disorders including Parkinson's disease.12-14 Therefore, the 
titration of inflammation is a strategy to manage PD. Oxidative 
stress mediated by free radicals has been reported to be in-
volved in PD. Since the brain consumes a substantial amount of 
oxygen relative to other organs, it is highly vulnerable to oxida-
tive stress.15-17 Because of its high lipid content, the brain is also 
highly susceptible to lipid peroxidation, which is considered to be 
the central feature of oxidative stress18 and responsible for the 
induction of damage to biomolecules such as DNA and proteins.19 
These effects may eventually lead to inflammation, which further 
aggravates the functional outcome in PD.14,20 A growing body of 
evidence has reported an increased level of oxidative stress and a 
decrease in the level of glutathione (GSH) in the brain of PD pa-
tients, resulting in damage to dopamine secreting neurons.21-23 
Therefore, restoring the GSH level in the brain would be expected 
to protect the dopamine secreting neurons. Circulating neutro-
phils are known to express nNOS and release NO free radicals.24 

NO free radicals contribute to poor outcomes in PD by inducing 
nitrosative stress.

Currently, Epalrestat is indicated for the management of diabetic 
neuropathy.25 It improves the antioxidative defense mechanism in 
the CNS.26 Through transcriptional regulation, Epalrestat increases 
intracellular GSH levels.27 Decreased GSH levels are common long-
term complications in patients who have diabetes. It has been found 
that Epalrestat improves morphological abnormalities of nerves 
in the rodent model of diabetes. One study explored the effect of 
Epalrestat in a cell culture model of oxidative stress, but little is 
known about its effects on the in vivo system, in particular the phe-
notypic outcome of its use in neurodegenerative disorders like PD.28 
Therefore, in our current study, we evaluated the role of Epalrestat 
in a mouse model of PD.

2  | MATERIAL S AND METHODS

2.1 | Animals

Swiss Albino Mice (8-12 weeks) were housed in standard housing 
conditions with access to unlimited food and water. Experiments 
were performed according to institutional guidelines and were ap-
proved by the North South University Animal Ethics Committee. 
All efforts were made to minimize the number of mice used and 
any pain or discomfort suffered by the animals. Three groups 
(control, reserpine, and Epalrestat) were established, consisting of 
eight mice in each group (four males and four females). The re-
serpine group was injected with reserpine (4 mg/kg) subcutane-
ously for five consecutive days according to existing protocols, 
with minor modifications.29,30 Five milligrams (5 mg) reserpine was 
dissolved in 1 mL 1% acetic acid. This was then diluted ten times 
with distilled water to get a final concentration of 500 µg/mL. The 
treatment group received Epalrestat (2  mg/kg) by gavage twice 
daily for 14 days. During the last 5 days (days 10-14), this group 
also received reserpine. The control group received saline for 
14 days with 1% acetic acid from day 10 to day 14 (Figure 1: dose 
regimen illustration). The experimenters were blinded to the treat-
ment group in all experiments. Analysis of the images for count-
ing cells was performed blindly and counter checked by another 
blinded experimenter.

2.2 | Behavioral tests

2.2.1 | Open field test

This experiment was performed according to existing protocols, with 
minor modifications.30 Mice were placed at the center of the open 
field and allowed to explore the apparatus for 10 minutes. Behavior 
was scored, and each trial was recorded with LogitechTM 4mp web-
cam. The immobility duration was analyzed automatically using 
SmartTM v3.0 video tracking software.31
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2.2.2 | Akinesia/Bradykinesia

An akinesia test was performed to evaluate the movement impair-
ment. In this test, the mouse was held by the tail so that it stood 
on its forelimbs and moved on its own. The number of steps taken 
with both forelimbs was recorded for 30 seconds.32 A bradykinesia 
experiment was done by placing the mouse forepaws on a horizontal 
wooden bar (7 mm in diameter), 40 mm above the tabletop. The time 
until the mouse removed both forepaws from the bar was recorded, 
with a maximum cut off time of 3 minutes.30,33

2.2.3 | Tremor

The level of tremor (occurring at a frequency between 4 and 6 Hz) 
induced by reserpine was evaluated visually and scored as follows: 0, 
no tremor; 1, occasional isolated twitches; 2, moderate or intermit-
tent tremor associated with short periods of calmness; and 3, pro-
nounced continuous tremor.30,34

2.2.4 | Palpebral ptosis

The ptosis of the eye was evaluated visually and scored according 
to the rating scale: 4, eyes completely closed; 2, half-open eyes; and 
0, wide-open eyes; with 1 and 3 indicating intermediate values.30,35

2.2.5 | Muscle rigidity

Mice were suspended by their forelimbs on a metal rod (25 mm in di-
ameter) that was held approximately 200 mm above the surface. The 
number of steps taken with each forelimb when the mouse is pushed 
sideways over a distance of 500 mm was recorded.32,36

2.2.6 | Forced swim test

The forced swim was performed in a stainless steel vessel 
(450  mm  ×  220  mm  ×  200  mm) filled with water to a depth of 
100 mm.37 Mice were trained for two consecutive days, with training 

sessions consisting of 12 trials each 1 minute long, during which the 
mice had to find a platform located in one of the quadrants.38 After 
the training, the probe trial was performed during which the plat-
form was removed. The mice were placed at a unique starting lo-
cation opposite to that of the platform. During the probe trial, all 
movements were recorded and measured for 60 seconds.

2.2.7 | Gait alteration

In this test, both the paws and the limbs of the mice were stained 
with food-grade color and the mice were placed on a clean white 
sheet of paper. The footprints were then used for the manual analy-
sis of gait patterns,39 focusing on the following parameters: stride 
distance, sway distance, and stance distance.40

2.2.8 | Euthanasia

On day 5, mice were deeply anesthetized using ketamine. They were 
then transcardially infused using saline. Brains were removed quickly 
and dissected for the striatum, cerebral cortex, and cerebellum.

2.3 | Biochemical assay

2.3.1 | Protein estimation

Protein concentration was estimated from brain and plasma samples 
according to the method described previously.41 Briefly, 20 µL sam-
ples were mixed with 20 µL of sodium hydroxide solution and heated 
at 100°C in a water bath for 10 minutes. After cooling to room temper-
ature, 200 µL complex reagents were added and incubated for 10 min-
utes. Twenty microliters (20 µL) of Folin's reagent were then added 
and incubated for 60 minutes. The samples were then read at 750 nm.

2.3.2 | Malondialdehyde

The calculated amount of sample was mixed with 250 µL of trichloro-
acetic acid and centrifuged for 20 minutes. Five hundred microliters 

F I G U R E  1   Dose regimen of the control, reserpine, and Epalrestat group. The control mice received saline (days 1-14) and 1% acetic acid 
(days 10-14) as a vehicle. The reserpine group received reserpine at a dose of 4 mg/kg subcutaneously (days 10-14). The Epalrestat group 
received Epalrestat at a dose of 2 mg/kg orally (days 1-9) along with reserpine at a dose of 4 mg/kg (days 10-14)
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(500  µL) of supernatant was collected and mixed with 500  µL of 
thiobarbituric acid and incubated in the dark for 15 hours. The mix-
ture was read at 630 nm. The concentration was determined using 
a standard curve.

2.3.3 | Superoxide dismutase

Autoxidation of epinephrine at pH 10.4 was spectrophotometri-
cally measured. With this method, tissue supernatant was mixed 
with 0.02  mL epinephrine. After 5  minutes, the absorbance 
was measured at 480  nm. The activity of superoxide dismutase 
(SOD) was expressed as percentage activity of inhibition of 
autoxidation.42

2.3.4 | Catalase

An estimated number of samples were mixed with 50 µL of hydrogen 
peroxide. Changes in absorbance of the reaction solution at 405 nm 
were determined after 0, 30, 60, 120, 360, and 480 seconds. One 
unit of catalase activity was defined as an absorbance change of 0.01 
as units/min.43

2.3.5 | Glutathione

The GSH concentration was measured according to the protocol de-
scribed previously, with minor modifications.44 Twenty microliters 
(20 µL) of the sample were mixed with 80 µL of phosphate buffer 
and 20 µL of 5,5-dithio-bis (2-nitrobenzoic acid) and incubated for 
5 minutes. The absorbance was then read at 412 nm.

2.3.6 | Nitric oxide

The nitrite content was determined using Greiss reagent (0.1% N-(1-
naphthyl) ethylenediamine dihydrochloride, 1% sulfanilamide, and 
2.5% phosphoric acid) as described previously.45 Briefly, equal vol-
umes of sample and Greiss reagent were mixed and incubated for 
10 minutes at room temperature in the dark. The absorbance was 
determined at 450 nm. The concentration of nitric oxide (NO) was 
measured using a standard curve.

2.3.7 | Hematoxylin and eosin (H&E) staining

The brain samples were fixed in formalin and embedded in paraffin 
wax. The paraffin sections (5 μm thick) were deparaffinized in 100% 
xylene and kept in 100% ethyl alcohol for 10 minutes. Then the sec-
tions were rehydrated with graded concentrations (90%, 80%, 70%, 
and 50%; vol/vol in water) of ethyl alcohol for 5 minutes each. After 

washing with distilled water, the sections were stained with hema-
toxylin and eosin solution. The sections were washed using graded 
concentrations of ethyl alcohol (50%, 70%, 80%, 90%, and 100%; vol/
vol in water) and finally immersed twice in 100% xylene. Then the 
slides were mounted and visualized under a light microscope (Axio 
Scope A1).

2.4 | Statistical analysis

Values are presented as mean (±SEM). Groups were compared using 
either one-way analysis of variance (ANOVA) and the Bonferroni 
multiple comparison test or two-way repeated-measures ANOVA 
followed by the Bonferroni multiple comparison test.

3  | RESULTS

3.1 | Epalrestat improves muscular dysfunctions in a 
mouse model of Parkinson's disease

When mice were treated with reserpine for 5 days, they took sub-
stantially fewer numbers of steps with both forepaws when held 
by the tail compared to the control. However, treatment with 
Eplarestat resulted in an increased number of steps compared to the 
reserpine group (Figure 2A). Bradykinesia or slowness in movement 
is another common phenotype in Parkinson's disease and a hall-
mark feature of basal ganglia disorder.2 In our test for bradykinesia, 
reserpine treated mice took more time to remove their forepaws 
from the wooden bar compared to the control. Epalrestat treat-
ment resulted in the normalization of this phenotype (Figure 2B). 
In line with this, muscular rigidity was also found to be reduced 
significantly with Epalrestat treatment (Figure 2C) compared to the 
reserpine group. In this test, mice treated with Epalrestat took a 
significantly greater number of steps in 1 minute (Figure 2C) com-
pared to the reserpine group. The swim test is known to be as-
sociated with striatal dopamine function.46 The latency to reach 
the platform was longer in reserpine treated mice compared to the 
control. Epalrestat treatment improved this parameter significantly 
(Figure 2D). These results indicated that Epalrestat is a potential 
therapeutic agent for alleviation of Parkinson's disease-like symp-
toms in mice.

3.2 | Epalrestat prevents palpebral ptosis and 
tremor in a mouse model of Parkinson's disease

Palpebral ptosis refers to reduced eyelid elevation due to abnormal 
function of the levator palpebrae superioris, the primary muscle re-
sponsible for upper eyelid elevation.47 In Parkinson's disease, spon-
taneous eye blink rate was found to be reduced substantially.48,49 
In our study, we noticed a high level of ptosis in mice treated with 
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F I G U R E  2   Epalrestat improves muscular dysfunctions in a mouse model of Parkinson's disease. Epalrestat treatment reduced the level of 
the following symptoms of muscular dysfunction compared to the reserpine group: A, akinesia (F (2,12) = 324.7, P < .0001); B, bradykinesia 
(P < .0001, F (2,14) = 127.9); C, muscular rigidity (P < .0001, F (2,14) = 126.8); D, latency to reach the platform in the swim test (P < .0001, 
F (2.75) = 118.6). Two-way ANOVA followed by Bonferroni multiple comparison test. Asterisks (*) indicate a significant difference between 
Epalrestat and reserpine groups: *P < .05, **P < .01, ***P < .001. Values are mean (±SEM), n = 8

F I G U R E  3   Epalrestat prevents palpebral ptosis and tremor in a mouse model of Parkinson's disease. A, treatment with Epalrestat 
resulted in a reduced level of ptosis compared to the reserpine group. Two-way ANOVA, P < .0001, F (2,12) = 225.2, ***P < .001, **P < .01 
(Bonferroni multiple comparison test; asterisks (*) indicate a significant difference between Epalrestat and reserpine groups). Values are 
mean (±SEM), n = 8. B, reserpine induced tremor level was also reduced significantly when treated with Epalrestat. Two way ANOVA, 
P = .0002, F (1,7) = 50.48, ***P < .001, **P < .01, *P < .05 (Bonferroni multiple comparison test; asterisks (*) indicate a significant difference 
between Epalrestat and reserpine groups).Values are mean (±SEM), n = 8
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F I G U R E  4   Epalrestat prevents gait alteration in a mouse model of Parkinson's disease. Figure shows the gait alternation in the control 
(A), reserpine (B) and Epalrestat (C) groups. Epalrestat treatment increased the stride length (D) and stance length (F). Two-way ANOVA, 
P < .0001, F (2,14) = 75.83 (D), and F (2,14) = 82.49 (F), ***P < .001, **P < .01, *P < .05 (Bonferroni multiple comparison test; asterisks (*) 
indicate a significant difference between Epalrestat and reserpine groups). Values are mean (±SEM), n = 8. E, Epalrestat treatment also 
prevented altered sway length. Two-way ANOVA, P < .0001, F (2,14) = 29.07, **P < .01 (Bonferroni multiple comparison tests; asterisks (*) 
indicate a significant difference between Epalrestat and reserpine groups). Values are mean (±SEM), n = 8
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reserpine. Epalrestat treatment resulted in a reduced level of pto-
sis compared to the reserpine group (Figure 3A). Reserpine induced 
tremor level was also significantly reduced in mice treated with 
Epalrestat (Figure 3B). These results suggest that levator muscle 
function can be improved with Epalrestat treatment.

3.3 | Epalrestat prevents gait alteration in a mouse 
model of Parkinson's disease

Postural instability and gait disturbances are common and late fea-
tures of Parkinson's disease.50 We performed a gait abnormality test 
by analyzing the footprint of reserpine treated mice (Figure 4A-C). 
Gait function in mice treated with reserpine was significantly af-
fected, as evidenced by altered stride length (Figure 4D) and stance 
length (Figure 4F) in the footprint test. Epalrestat treatment in-
creased the stride length and stance length, to lengths comparable 
to the control mice. Reserpine also decreased the sway length signifi-
cantly compared to the control mice. Epalrestat treatment reversed 
this gait parameter to a normal level (Figure 4E). Thus Epalrestat may 
be a potential therapeutic agent for improving postural instability in 
Parkinson's disease.

3.4 | Epalrestat enhances locomotor activity in a 
mouse model of Parkinson's disease

Locomotor activity was measured in mice using an open field test. 
We found that reserpine treated mice were significantly immobile 
compared to the control mice and Epalrestat treatment improved 
the mobility of the mice (Figure 5). Thus, Epalrestat improves loco-
motion in reserpine treated mice.

3.5 | Epalrestat ameliorates reserpine 
induced oxidative stress in a mouse model of 
Parkinson's disease

The brain contains a high level of lipid and excitotoxic amino acids. It 
also has low levels of antioxidative enzymes. Hence it is more prone 
to oxidative stress than other organs.51 Oxidative stress is critically 
associated with neurodegenerative disorders including Parkinson's 
disease.52 NO and its breakdown products are key molecules that 
contribute substantially to eliciting and augmenting oxidative damage 
in neurodegenerative disorders.53-55 In our current study, reserpine 
significantly increased NO levels in different brain tissues (Figure 6A-
C), which were normalized upon Epalrestat treatment. Anti-oxidative 
enzyme systems are present in the brain to scavenge the free radi-
cals produced during oxidative stress. GSH plays a critical role in 
defense against reactive oxygen species (ROS). We noticed that the 
concentration of GSH decreased substantially in the cortex, striatum, 
and cerebellum in the reserpine treated mice. However, Epalrestat 
treatment restored GSH to normal levels, comparable to the control 

group (Figure 6D-F). Likewise, SOD and catalase activities were in-
creased in the brains of Epalrestat treated mice compared with re-
serpine treated mice (Figure 6G,H). In line with others,56 we noticed 
that reserpine induced lipid peroxidation in the cortex (Figure 6I) was 
significantly reduced upon Eplarestat treatment. These findings sug-
gest that the neuroprotective effect of Epalrestat is linked with its 
antioxidant activity.

3.6 | Epalrestat reduces the infiltration of immune 
cells in the brain of Parkinson's disease mouse model

Inflammation is a key player involved in the pathogenesis of 
Parkinson's disease and is thought to be associated with the pro-
gressive loss of dopaminergic neurons in the substantia nigra.13 We 
evaluated the cells in the substantia nigra (SN) and noticed that the 
number of cells was reduced in the Epalrestat group compared to 
the reserpine treated mice (Figure 7A-D). When we evaluated the 
morphology of these cells, we noticed that a substantial proportion 
of these cell populations were polymorphonuclear (PMN) cells, hav-
ing a characteristic feature of multi-lobed nuclei (Figure 7B,C,J,K). 
Epalrestat also reduced the count of infiltrating PMN cells in the 
substantial nigral region (Figure 7A-C,E). As in the SN region, re-
serpine treatment significantly increased the number of cells in the 
cortical region compared with the control (Figure 7F-H) and this was 
normalized upon Epalrestat treatment (Figure 7F-H,L). Treatment 
with Epalrestat also reduced the number of infiltrated PMN cells 
(Figure 7K,N). When we quantified these effects, the mean gray 
value was also found to be significantly reduced with Epalrestat 
treatment (Figure 7M). These results indicate that Epalrestat ex-
erts an anti-inflammatory effect in the mouse brain of Parkinson's 
disease.

F I G U R E  5   Epalrestat enhances locomotor activity in a mouse 
model of Parkinson's disease. Epalrestat treated mice were less 
immobile in the open field test compared to the reserpine group. 
Two-way ANOVA, P < .0001, F (2,105) = 58.61, ***P < .001, 
**P < .01 (Bonferroni multiple comparison test; asterisks (*) indicate 
a significant difference between Epalrestat and reserpine groups). 
Values are mean (±SEM), n = 8
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F I G U R E  7   Epalrestat reduces the infiltration of immune cells in the brain of Parkinson's disease mouse model. Hematoxylin and Eosin 
staining of the immune cells of the substantial nigra region of the control (A), reserpine (B) and Epalrestat (C) group at 400× magnification 
and 1000× magnification in the insets at top right (a, b, c). The arrowheads indicate PMN cells. The staining revealed that Epalrestat 
treatment reduced the total number and number of PMNs in the substantia nigra (D and E, respectively). D, One-way ANOVA, P < .0001, F 
(2,14) = 1.099, ***P < .001, *P < .05 (Bonferroni multiple comparison test). Values are mean (±SEM), n = 5-6. E, One-way ANOVA, P < .0001, 
F (2,13) = 2.04, ***P < .001, **P < .01 (Bonferroni multiple comparison test). Values are mean (±SEM), n = 4-6. F-H show the immune cells 
at 400× magnification in the cortical region of the control, reserpine and Epalrestat group, respectively. I-K show the same cells at 1000× 
magnification. Treatment with Epalrestat also resulted in a reduced number of infiltrated cells in the cortical region of the brain (L and N). L, 
One-way ANOVA, P < .0001, F (2,13) = 37.83, ***P < .001, **P < .01 (Bonferroni multiple comparison test). Values are mean (±SEM), n = 4. 
M, Mean gray value was also found to be reduced significantly with Epalrestat treatment. One-way ANOVA, P = .0015, F (2,7) = 19.04, 
**P < .0021. Values are mean (±SEM), n = 3-4. N, Epalrestat decreased the number of PMN cells in the brain of reserpine treated mice. One-
way ANOVA, P < .0001, F (2,9) = 55.73, ***P < .001 (Bonferroni multiple comparison test). Values are mean (±SEM), n = 4

F I G U R E  6   Effect of Epalrestat on oxidative stress-induced brain damage. Epalrestat reduced the NO concentration in the following brian 
regions: A, cortex (P = .0003, F (2,9) = 23.58); B, striatum (P = .0210, F (2,14) = 5.158); C, cerebellum (P = .0043, F (2,9) = 10.57). ***P < .001, 
**P < .01, *P < .05. One-way ANOVA followed by Bonferroni multiple comparison test. Values are mean (±SEM), n = 4-7. Epalrestat also 
increased the brain glutathione concentration in: D, in cortex (P = .0004, F(2,10) = 19. 38); E, striatum (P = .0022, F (2,9) = 12.97); F, 
cerebellum (P = .4456, F (2,9) = 0.8856). ***P < .001, **P < .01, One-way ANOVA followed by Bonferroni multiple comparison test. Values 
are mean (±SEM), n = 4-7. G, Epalrestat treatment increased the superoxide dismutase medicated autoxidation inhibition significantly in 
cortex. One-way ANOVA, P < .0001, F (2,10) = 32.58, ***P < .001(Bonferroni multiple comparison test). Values are mean (±SEM), n = 4-7. H, 
Epalrestat treatment successful altered the activity of catalase in brain. One-way ANOVA, P = .0146, F (2,19) = 5.323, *P < .05 (Bonferroni 
multiple comparison test). Values are mean (±SEM), n = 4-7. I, Epalrestat reduced the malondialdehyde concentration significantly in cortex. 
P = .0004, F (2,15) = 13.88, ***P < .001, *P < .05. One-way ANOVA (Bonferroni multiple comparison test). Values are mean (±SEM), n = 4-7



     |  17RAHMAN et al.

(A)

A B C

(B) (C)

(D) (E)

(F) (G) (H)

(I) (J) (K)

(L) (M) (N)



18  |     RAHMAN et al.

4  | DISCUSSION

Epalrestat ameliorates the behavioral deficit and muscular dysfunc-
tion in a mouse model of Parkinson's disease. Reserpine has long 
been used to induce Parkinson's-like symptoms in rodents.57-60 
Reserpine depletes cellular monoamine content by inhibiting the 
vesicular transporter of monoamines (VMAT2) in the central nerv-
ous system.61,62 In this study, we successfully induced the altered 
motor symptoms of Parkinson's disease upon injection of reserpine 
in Swiss Albino mice. These alterations in behavior associated with 
muscular dysfunction were reversed in most cases upon treatment 
with Epalrestat. Epalrestat also reduced the oxidative stress markers 
such as lipid peroxidation and NO, and inflammation associated with 
Parkinson's disease.

Oxidative stress plays a critical role in the pathogenesis of 
Parkinson's disease.63 A growing body of evidence suggests that 
degeneration of dopaminergic neurons in the substantia nigra pars 
compacta (SNpc) is associated with oxidative damage and mitochon-
drial dysfunction.64-67 This association is further supported by the 
animal model of Parkinson's disease induced by chemicals such as 
reserpine.68-71

Although comprising only 2% of body mass, the brain con-
sumes about 20% of the oxygen supply in order to function prop-
erly. A substantial portion of this oxygen is converted to ROS. ROS 
can be produced in neurons and glial cells from many different 
sources such as iron, monoamine oxidase (MAO), NADPH oxidase 
(NOX), and other flavoenzymes.72 ROS generation in SNpc is also 
known to be a result of increased dopamine metabolism, low GSH, 
and high levels of iron and calcium.66 Apart from these effects, 
because of its high concentration of polyunsaturated fatty acids, 
the brain is highly susceptible to lipid peroxidation under oxidative 
stress conditions,18 affecting cell viability. Free iron in this context 
can react with lipid hydroperoxides generating alkoxyl radicals, 
which in turn perpetuate the lipid peroxidation.73 In our study, we 
also noticed a high level of lipid peroxidation in the brains of PD 
modeled mice (Figure 6I), which was normalized upon Epalrestat 
treatment.

Activation of enzymes such as nitric oxide synthase (NOS) or 
NADPH oxidases can also lead to the production of ROS.74 NOS, 
present in neurons (nNOS), endothelial cells (eNOS), and glia (iNOS), 
produces NO, which is found to in significant quantity in the extra-
cellular fluid surrounding dopaminergic neurons and eventually im-
pairs dopamine synthesis.75-77 Excess amounts of NO may lead to 
the production of the reactive nitrogen species (RNS) peroxynitrite 
(ONOO.−) by rapidly reacting with superoxide.78,79 Peroxynitrite is 
known to induce DNA fragmentation and lipid peroxidation.78,79 In 
line with this, we noticed an increased amount of NO in the brain of 
PD model mice, which was reduced significantly by Epalrestat treat-
ment (Figure 6A-C).

Defensive enzymes and antioxidant molecules that neutralize 
the ROS function are known to be produced in organisms as a mech-
anism for minimizing oxidative stress.63 GSH, catalase, and super-
oxide dismutase are antioxidant enzymes known to be present in 

the brain. Compromised GSH metabolism associated with the patho-
genesis of Parkinson's disease has been described.80 In our study, 
we showed that reserpine treatment decreased the content of GSH 
in different brain tissues, and this was reversed by Epalrestat treat-
ment (Figure 6D-F). This finding is in line with a previous report by 
K Sato and colleagues showing that intracellular GSH levels could 
be increased in Schwann cells using Epalrestat via the transcription 
regulation of Nrf2.27 As well as increasing GSH concentration, we 
also noticed that Epalrestat increased the overall activity of superox-
ide dismutase and catalase in the brain of Parkinson's afflicted mice 
(Figure 6G,H).

Neuroinflammation is a common and prominent feature of 
PD and other neurodegenerative disorders.13 Activated microglia 
have been reported to mediate the neuroinflammation in PD.81 
Activated microglial cells are an important source of superoxide 
and NO, which in turn contribute to oxidative and nitrosative 
stress in the brain.63 ROS are also known to activate the nuclear 
factor-kappa-B (NF-κB), which in turn activates various pro-in-
flammatory genes.56

The neutrophil is one of the critical immune cells involved in 
many inflammatory cascades linked to neurodegenerative dis-
eases, including PD.24,82,83 It is capable of producing reactive ox-
ygen species such as hypochlorous acid (HOCl), which converts 
dopamine into chlorodopamine, a toxicant to dopaminergic neu-
ron.84 In our study, we noticed a significant increase in the infil-
tration of neutrophil cells in the brain of PD model mice, which 
was reversed by Epalrestat treatment. Morphological analysis of 
H&E stained brain sections revealed that a substantial portion 
of these infiltrated cells are PMN cells and Epalrestat treatment 
reduced the number of PMN cells in the cortical region of the 
PD brain (Figure 7). This finding is also in line with other reports 
showing that Epalrestat inhibits neutrophil-endothelial cell ad-
hesion and related surface expression of endothelial adhesion 
molecules.85-87 However, this finding should be confirmed by im-
munohistochemistry to further delineate the role of PMN cells 
in PD.

Endothelial adhesion is crucial for the infiltration of PMN cells. 
Intracellular adhesion molecule-1(ICAM-1), which is associated 
with regulation of adhesion and transcellular migration, is a key 
player in this context.88 Protein kinase C (PKC), on the other hand, 
appears to be necessary for the expression of ICAM-1 on the en-
dothelial cells.89 Multiple studies have reported the role of the 
aldose reductase pathway in activating PKC.90,91 Since Epalrestat 
is an aldose reductase inhibitor, it might inhibit the expression of 
ICAM-1 through inhibition of PKC activation and thereby reduce 
the number of infiltrating immune cells into the brain parenchyma, 
leading to reduced inflammation. Inhibition of PKC is also re-
ported to be neuroprotective in an animal model of PD.92 NADPH 
oxidase present in phagocytes, monocytes, and other inflamma-
tory cells serves as a potential source of ROS. ROS eventually ac-
tivate PKC, resulting in activation of redox-sensitive transcription 
factor NF- κB. This leads to the transcription of proinflammatory 
cytokines.
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5  | CONCLUSION

We conclude that Epalrestat is protective in the mouse model of 
PD, and this protection is associated with reduced oxidative stress 
and inflammation. Since Epalrestat is already in clinical practice for 
the treatment of diabetic neuropathy, the translation from bench 
to bedside in the treatment of PD would be easy upon further 
experimentation.

ACKNOWLEDG MENT
We thank Ms Fahmida Zaman for her initial intellectual support for 
this project. We are grateful to Ms Noshin Noorjahan for her editorial 
support for our manuscript. Department of Pharmaceutical Sciences 
at North South University provided the Laboratory space, including 
the equipment and basic reagents necessary to conduct this project.

CONFLIC T OF INTERE S T
None.

AUTHOR CONTRIBUTIONS
MR, ZH, and RW planned and designed the study. MR, ZH, MA, AA, 
and RC wrote the manuscript. AP, AA, and MA performed oxidative 
stress assay. AA, OS, and RC performed H&E staining and analysis. 
FK, RA, HJ, RC, and AA performed the behavioral study. MR, RW, 
and ZH critically reviewed the manuscript and formulated the dis-
cussion part of the manuscript. MR and RC contributed equally to 
this manuscript.

ORCID
Md. Mahbubur Rahman   https://orcid.
org/0000-0003-3027-0354 
Ariful Haque Abir   https://orcid.org/0000-0001-6767-4358 

R E FE R E N C E S
	 1.	 Muangpaisan W, Hori H, Brayne C. Systematic review of the prev-

alence and incidence of Parkinson’s disease in Asia. J Epidemiol. 
2009;19(6):281-293.

	 2.	 Jankovic J. Parkinson's disease: clinical features and diagnosis. J 
Neurol Neurosurg Psychiatry. 2008;79(4):368-376.

	 3.	 Poewe W, Seppi K, Tanner CM, et al. Parkinson disease. Nat Rev Dis 
Primers. 2017;3:17013.

	 4.	 Tan L. Epidemiology of Parkinson's disease. Neurolo Asia. 2013;18:3.
	 5.	 Olanow CW, Tatton WG. Etiology and pathogenesis of Parkinson's 

disease. Annu Rev Neurosci. 1999;22:123-144.
	 6.	 Gan-Or Z, Alcalay RN, Rouleau GA, Postuma RB. Sleep disor-

ders and Parkinson disease; lessons from genetics. Sleep Med Rev. 
2018;41:101-112.

	 7.	 Dirnberger G, Jahanshahi M. Executive dysfunction in Parkinson's 
disease: a review. J Neuropsychol. 2013;7(2):193-224.

	 8.	 Hirsch E, Graybiel AM, Agid YA. Melanized dopaminergic neurons 
are differentially susceptible to degeneration in Parkinson's dis-
ease. Nature. 1988;334(6180):345-348.

	 9.	 Connolly BS, Lang AE. Pharmacological treatment of Parkinson dis-
ease: a review. JAMA. 2014;311(16):1670-1683.

	10.	 Dunn NR, Pearce GL, Shakir SA. Adverse effects associated with the 
use of donepezil in general practice in England. J Psychopharmacol. 
2000;14(4):406-408.

	11.	 Kavirajan H, Schneider LS. Efficacy and adverse effects of cholines-
terase inhibitors and memantine in vascular dementia: a meta-analy-
sis of randomised controlled trials. Lancet Neurol. 2007;6(9):782-792.

	12.	 Wang Q, Liu Y, Zhou J. Neuroinflammation in Parkinson's dis-
ease and its potential as therapeutic target. Transl Neurodegener. 
2015;4:19.

	13.	 Tufekci KU, Meuwissen R, Genc S, Genc K. Inflammation in 
Parkinson's disease. Adv Protein Chem Struct Biol. 2012;88:69-132.

	14.	 Herrero MT, Estrada C, Maatouk L, Vyas S. Inflammation in 
Parkinson's disease: role of glucocorticoids. Front Neuroanat. 
2015;9:32.

	15.	 Zhou C, Huang Y, Przedborski S. Oxidative stress in Parkinson's dis-
ease: a mechanism of pathogenic and therapeutic significance. Ann 
N Y Acad Sci. 2008;1147:93-104.

	16.	 Hwang O. Role of oxidative stress in Parkinson's disease. Exp 
Neurobiol. 2013;22(1):11-17.

	17.	 Jenner P. Oxidative stress in Parkinson's disease. Ann Neurol. 
2003;53(Suppl 3):S26-S38.

	18.	 Liu X, Yamada N, Maruyama W, Osawa T. Formation of dopamine 
adducts derived from brain polyunsaturated fatty acids: mechanism 
for Parkinson disease. J Biol Chem. 2008;283(50):34887-34895.

	19.	 Long EK, Murphy TC, Leiphon LJ, et al. Trans-4-hydroxy-2-hexenal 
is a neurotoxic product of docosahexaenoic (22:6; n-3) acid oxida-
tion. J Neurochem. 2008;105(3):714-724.

	20.	 Blesa J, Trigo-Damas I, Quiroga-Varela A, Jackson-Lewis VR. 
Oxidative stress and Parkinson's disease. Front Neuroanat. 
2015;9:91.

	21.	 Muyderman H, Nilsson M, Sims NR. Highly selective and prolonged de-
pletion of mitochondrial glutathione in astrocytes markedly increases 
sensitivity to peroxynitrite. J Neurosci. 2004;24(37):8019-8028.

	22.	 Chinta SJ, Kumar MJ, Hsu M, et al. Inducible alterations of gluta-
thione levels in adult dopaminergic midbrain neurons result in ni-
grostriatal degeneration. J Neurosci. 2007;27(51):13997-14006.

	23.	 Jha N, Jurma O, Lalli G, et al. Glutathione depletion in PC12 results in 
selective inhibition of mitochondrial complex I activity. Implications 
for Parkinson's disease. J Biol Chem. 2000;275(34):26096-26101.

	24.	 Gatto EM, Riobó NA, Carreras MCecilia, et al. Overexpression of 
neutrophil neuronal nitric oxide synthase in Parkinson's disease. 
Nitric Oxide. 2000;4(5):534-539.

	25.	 Li QR, Wang Z, Zhou W, et al. Epalrestat protects against diabetic 
peripheral neuropathy by alleviating oxidative stress and inhibiting 
polyol pathway. Neural Regen Res. 2016;11(2):345-351.

	26.	 Yama K, Sato K, Murao Y, Tatsunami R, Tampo Y. Epalrestat upreg-
ulates Heme Oxygenase-1, superoxide dismutase, and catalase in 
cells of the nervous system. Biol Pharm Bull. 2016;39(9):1523-1530.

	27.	 Sato K, Yama K, Murao Y, Tatsunami R, Tampo Y. Epalrestat in-
creases intracellular glutathione levels in Schwann cells through 
transcription regulation. Redox Biol. 2014;2:15-21.

	28.	 Yeung PKK, Lai AKW, Son HJ, et al. Aldose reductase deficiency 
leads to oxidative stress-induced dopaminergic neuronal loss and 
autophagic abnormality in an animal model of Parkinson's disease. 
Neurobiol Aging. 2017;50:119-133.

	29.	 Shen W, Flajolet M, Greengard P, Surmeier DJ. Dichotomous 
dopaminergic control of striatal synaptic plasticity. Science. 
2008;321(5890):848-851.

	30.	 Calderón JL, Bolaños R, Carrillo J, et al. Behavioral analysis of the 
Reserpine induced motor changes in a Parkinsonian mouse model. 
Revist Neuropsicologia, Neuropsiquiatria y Neurociencias. 2011;11: 
49-61.

	31.	 Tadaiesky MT, Andreatini R, Vital MA. Different effects of 7-ni-
troindazole in reserpine-induced hypolocomotion in two strains of 
mice. Eur J Pharmacol. 2006;535(1–3):199-207.

	32.	 Lindner MD, Plone MA, Francis JM, Emerich DF. Validation of a ro-
dent model of Parkinson's Disease: evidence of a therapeutic win-
dow for oral Sinemet. Brain Res Bull. 1996;39(6):367-372.

https://orcid.org/0000-0003-3027-0354
https://orcid.org/0000-0003-3027-0354
https://orcid.org/0000-0003-3027-0354
https://orcid.org/0000-0001-6767-4358
https://orcid.org/0000-0001-6767-4358


20  |     RAHMAN et al.

	33.	 Betancur C, Lépée-Lorgeoux I, Cazillis M, Accili D, Fuchs S, Rostène 
W. Neurotensin gene expression and behavioral responses follow-
ing administration of psychostimulants and antipsychotic drugs in 
dopamine D(3) receptor deficient mice. Neuropsychopharmacology. 
2001;24(2):170-182.

	34.	 Coward DM, Doggett NS, Sayers AC. The pharmacology of N-carbamoyl-
2-(2,6-dichlorophenyl)acetamidine hydrochloride (LON-954) a new 
tremorogenic agent. Arzneimittelforschung. 1977;27(12):2326-2332.

	35.	 Janssen PA, Niemegeers CJ, Schellekens KH. Is it possible to pre-
dict the clinical effects of neuroleptic drugs (major tranquillizers) 
from animal data? Part I "Neuroleptic activity spectra" for rats. 
Arzneimittelforschung. 1965;15:104-117.

	36.	 Jolicoeur FB, Rivest R, Drumheller A. Hypokinesia, rigidity, and 
tremor induced by hypothalamic 6-OHDA lesions in the rat. Brain 
Res Bull. 1991;26(2):317-320.

	37.	 El Yacoubi M, Bouali S, Popa D, et al. Behavioral, neurochemical, 
and electrophysiological characterization of a genetic mouse model 
of depression. Proc Natl Acad Sci USA. 2003;100(10):6227-6232.

	38.	 Wilcoxon JS, Nadolski GJ, Samarut J, Chassande O, Redei EE. 
Behavioral inhibition and impaired spatial learning and memory in 
hypothyroid mice lacking thyroid hormone receptor alpha. Behav 
Brain Res. 2007;177(1):109-116.

	39.	 Barlow C, Hirotsune S, Paylor R, et al. Atm-deficient mice: a para-
digm of ataxia telangiectasia. Cell. 1996;86(1):159-171.

	40.	 Girirajan S, Patel N, Slager RE, et al. How much is too much? 
Phenotypic consequences of Rai1 overexpression in mice. Eur J 
Hum Genet. 2008;16(8):941-954.

	41.	 Lowry OH, Rosebrough NJ, Lewis Farr A, Randall RJ. Protein measure-
ment with the Folin phenol reagent. J Biol Chem. 1951;193(1):265-275.

	42.	 Misra HP, Fridovich I. The role of superoxide anion in the autoxida-
tion of epinephrine and a simple assay for superoxide dismutase. J 
Biol Chem. 1972;247(10):3170-3175.

	43.	 Chance B, Maehly AC. Assay of catalases and peroxidases. Methods 
Enzymol. 1955;2:773-775.

	44.	 Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys. 
1959;82(1):70-77.

	45.	 Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, 
Tannenbaum SR. Analysis of nitrate, nitrite, and [15N] nitrate in bi-
ological fluids. Anal Biochem. 1982;126(1):131-138.

	46.	 Haobam R, Sindhu KM, Chandra G, Mohanakumar KP. Swim-test 
as a function of motor impairment in MPTP model of Parkinson's 
disease: a comparative study in two mouse strains. Behav Brain Res. 
2005;163(2):159-167.

	47.	 Hamedani AG, Gold DR. Eyelid dysfunction in neurodegener-
ative, neurogenetic, and neurometabolic disease. Front Neurol. 
2017;8:329.

	48.	 Biousse V, Skibell BC, Watts RL, Loupe DN, Drews-Botsch C, 
Newman NJ. Ophthalmologic features of Parkinson’s disease. 
Neurology. 2004;62(2):177-180.

	49.	 Golbe LI, Davis PH, Lepore FE. Eyelid movement abnormalities in 
progressive supranuclear palsy. Mov Disord. 1989;4(4):297-302.

	50.	 Iansek R, Danoudis M, Bradfield N. Gait and cognition in 
Parkinson's disease: implications for rehabilitation. Rev Neurosci. 
2013;24(3):293-300.

	51.	 Teixeira A, Trevizol F, Colpo G, et al. Influence of chronic exer-
cise on reserpine-induced oxidative stress in rats: behavioral and 
antioxidant evaluations. Pharmacol Biochem Behav. 2008;88(4): 
465-472.

	52.	 Pimentel C, Batista-Nascimento L, Rodrigues-Pousada C, Menezes 
RA. Oxidative stress in Alzheimer's and Parkinson's diseases: in-
sights from the yeast Saccharomyces cerevisiae. Oxid Med Cell 
Longev. 2012;2012:132146.

	53.	 Drechsel DA, Estévez AG, Barbeito L, Beckman JS. Nitric oxide-me-
diated oxidative damage and the progressive demise of motor neu-
rons in ALS. Neurotox Res. 2012;22(4):251-264.

	54.	 Khasnavis S, Ghosh A, Roy A, Pahan K. Castration induces Parkinson 
disease pathologies in young male mice via inducible nitric-oxide 
synthase. J Biol Chem. 2013;288(29):20843-20855.

	55.	 Virarkar M, Alappat L, Bradford PG, Awad AB. L-arginine and ni-
tric oxide in CNS function and neurodegenerative diseases. Crit Rev 
Food Sci Nutr. 2013;53(11):1157-1167.

	56.	 Magalingam KB, Radhakrishnan AK, Haleagrahara N. Protective 
mechanisms of flavonoids in Parkinson's disease. Oxid Med Cell 
Longev. 2015;2015:314560.

	57.	 Dawson L, Chadha A, Megalou M, Duty S. The group II metabo-
tropic glutamate receptor agonist, DCG-IV, alleviates akinesia 
following intranigral or intraventricular administration in the reser-
pine-treated rat. Br J Pharmacol. 2000;129(3):541-546.

	58.	 Bergamo M, Abilio VC, Queiroz CM, Barbosa-Júnior HN, Abdanur 
LR, Frussa-Filho R. Effects of age on a new animal model of tardive 
dyskinesia. Neurobiol Aging. 1997;18(6):623-629.

	59.	 Silverdale MA, McGuire S, McInnes A, Crossman AR, Brotchie JM. 
Striatal cannabinoid CB1 receptor mRNA expression is decreased in 
the reserpine-treated rat model of Parkinson's disease. Exp Neurol. 
2001;169(2):400-406.

	60.	 Carlsson A, Lindqvist M, Magnusson T. 3,4-Dihydroxyphenylalanine 
and 5-hydroxytryptophan as reserpine antagonists. Nature. 
1957;180(4596):1200.

	61.	 Mc QE, Doyle AE, Smirk FH. Mechanism of hypotensive ac-
tion of reserpine, an alkaloid of Rauwolfia serpentina. Nature. 
1954;174(4439):1015.

	62.	 Leão AH, Sarmento-Silva AJ, Santos JR, Ribeiro AM, Silva RH. 
Molecular, neurochemical, and behavioral hallmarks of reserpine as 
a model for Parkinson's disease: new perspectives to a long-stand-
ing model. Brain Pathol. 2015;25(4):377-390.

	63.	 Dias V, Junn E, Mouradian MM. The role of oxidative stress in 
Parkinson’s disease. J Parkinsons Dis. 2013;3(4):461-491.

	64.	 Schapira AH, Jenner P. Etiology and pathogenesis of Parkinson's 
disease. Mov Disord. 2011;26(6):1049-1055.

	65.	 Parker WD, Parks JK, Swerdlow RH. Complex I deficiency in 
Parkinson’s disease frontal cortex. Brain Res. 2008;1189:215-218.

	66.	 Jenner P, Olanow CW. The pathogenesis of cell death in Parkinson's 
disease. Neurology. 2006;66(10 Suppl 4):S24-36.

	67.	 Beal MF. Mitochondria take center stage in aging and neurodegen-
eration. Ann Neurol. 2005;58(4):495-505.

	68.	 Abilio VC, Vera JA Jr, Ferreira LS, et al. Effects of melatonin on 
orofacial movements in rats. Psychopharmacology. 2002;161(4): 
340-347.

	69.	 Burger M, Fachinetto R, Calegari L, Paixão MW, Braga AL, Rocha JB. 
Effects of age on reserpine-induced orofacial dyskinesia and possible 
protection of diphenyl diselenide. Brain Res Bull. 2004;64(4):339-345.

	70.	 Vila M, Przedborski S. Targeting programmed cell death in neurode-
generative diseases. Nat Rev Neurosci. 2003;4(5):365-375.

	71.	 Perier C, Bové J, Vila M, Przedborski S. The rotenone model of 
Parkinson's disease. Trends Neurosci. 2003;26(7):345-346.

	72.	 Johnson WM, Wilson-Delfosse AL, Mieyal JJ. Dysregulation of 
glutathione homeostasis in neurodegenerative diseases. Nutrients. 
2012;4(10):1399-1440.

	73.	 Montine KS, Quinn JF, Zhang J, et al. Isoprostanes and related prod-
ucts of lipid peroxidation in neurodegenerative diseases. Chem Phys 
Lipids. 2004;128(1–2):117-124.

	74.	 Malkus KA, Tsika E, Ischiropoulos H. Oxidative modifications, 
mitochondrial dysfunction, and impaired protein degradation in 
Parkinson's disease: how neurons are lost in the Bermuda triangle. 
Mol Neurodegener. 2009;4:24.

	75.	 Murphy S, Simmons ML, Agullo L, et al. Synthesis of nitric oxide in 
CNS glial cells. Trends Neurosci. 1993;16(8):323-328.

	76.	 Hirsch EC, Breidert T, Rousselet E, Hunot S, Hartmann A, Michel, 
PP. The role of glial reaction and inflammation in Parkinson's dis-
ease. Ann N Y Acad Sci. 2003;991:214-228.



     |  21RAHMAN et al.

	77.	 Tieu K, Ischiropoulos H, Przedborski S. Nitric oxide and reactive oxy-
gen species in Parkinson's disease. IUBMB Life. 2003;55(6):329-335.

	78.	 Carr AC, McCall MR, Frei B. Oxidation of LDL by myeloperoxidase 
and reactive nitrogen species: reaction pathways and antioxidant 
protection. Arterioscler Thromb Vasc Biol. 2000;20(7):1716-1723.

	79.	 Szabó C, Ischiropoulos H, Radi R. Peroxynitrite: biochemistry, 
pathophysiology and development of therapeutics. Nat Rev Drug 
Discov. 2007;6(8):662-680.

	80.	 Schulz JB, Lindenau J, Seyfried J, Dichgans J. Glutathione, oxidative stress 
and neurodegeneration. Eur J Biochem. 2000;267(16):​4904-4911.

	81.	 Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncover-
ing the molecular mechanisms. Nat Rev Neurosci. 2007;8(1):​57-69.

	82.	 Vitte J, Michel BF, Bongrand P, Gastaut JL. Oxidative stress level 
in circulating neutrophils is linked to neurodegenerative diseases. J 
Clin Immunol. 2004;24(6):683-692.

	83.	 Gatto EM, Carreras MC, Pargament GA, et al. Neutrophil function, 
nitric oxide, and blood oxidative stress in Parkinson's disease. Mov 
Disord. 1996;11(3):261-267.

	84.	 Jeitner TM, Kalogiannis M, Krasnikov BF, Gomlin I, Peltier MR, Moran 
GR. Linking inflammation and Parkinson disease: Hypochlorous acid 
generates Parkinsonian poisons. Toxicol Sci. 2016;151(2):388-402.

	85.	 Kashima K, Sato N, Sato K, Shimizu H, Mori M. Effect of epalrestat, 
an aldose reductase inhibitor, on the generation of oxygen-derived 
free radicals in neutrophils from streptozotocin-induced diabetic 
rats. Endocrinology. 1998;139(8):3404-3408.

	86.	 Sato N, Kashima K, Uehara Y, Ohtani K, Shimizu H, Mori M. 
Epalrestat, an aldose reductase inhibitor, improves an impaired gen-
eration of oxygen-derived free radicals by neutrophils from poorly 
controlled NIDDM patients. Diabetes Care. 1997;20(6):995-998.

	87.	 Okayama N, Omi H, Okouchi M, et al. Mechanisms of inhibitory 
activity of the aldose reductase inhibitor, epalrestat, on high glu-
cose-mediated endothelial injury: neutrophil-endothelial cell 

adhesion and surface expression of endothelial adhesion mole-
cules. J Diabetes Complications. 2002;16(5):321-326.

	88.	 Yang L, Froio RM, Sciuto TE, Dvorak AM, Alon R, Luscinskas FW. 
ICAM-1 regulates neutrophil adhesion and transcellular migra-
tion of TNF-α-activated vascular endothelium under flow. Blood. 
2005;106(2):584-592.

	89.	 Renkonen R, Mennander A, Ustinov J, Mattila P. Activation of 
protein kinase C is crucial in the regulation of ICAM-1 expres-
sion on endothelial cells by interferon-γ. Int Immunol. 1990;2(8):​
719-724.

	90.	 Ramana KV, Friedrich B, Tammali R, West MB, Bhatnagar A, 
Srivastava SK. Requirement of aldose reductase for the hyper-
glycemic activation of protein kinase C and formation of diacyl-
glycerol in vascular smooth muscle cells. Diabetes. 2005;54(3):​
818-829.

	91.	 Srivastava SK, Yadav UCS, Reddy ABM, et al. Aldose reductase inhi-
bition suppresses oxidative stress-induced inflammatory disorders. 
Chem Biol Interact. 2011;191(1–3):330-338.

	92.	 Zhang D, Anantharam V, Kanthasamy A, Kanthasamy AG. 
Neuroprotective effect of protein kinase C delta inhibitor rottlerin 
in cell culture and animal models of Parkinson's disease. J Pharmacol 
Exp Ther. 2007;322(3):913-922.

How to cite this article: Rahman MM, Chakraborti RR, Potol 
MA, et al. Epalrestat improves motor symptoms by reducing 
oxidative stress and inflammation in the reserpine induced 
mouse model of Parkinson’s disease. Animal Model Exp Med. 
2020;3:9–21. https​://doi.org/10.1002/ame2.12097​

https://doi.org/10.1002/ame2.12097

