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Abstract
The objective of the present study was to evaluate the protective effect of resveratrol nanoparticles (NRSV) against rotenone-induced
neurodegeneration in rats. NRSV were prepared by temperature-controlled antisolvent precipitation method and characterized for its
particle size, shape, and dissolution properties. Moreover, NRSV effects compared with the free resveratrol (RSV). Animals were
divided into four groups: (I) control, (II) rotenone (2 mg/kg s.c.), (III) RSV (40 mg/kg, p.o.) + rotenone, and (IV) NRSV (40 mg/kg,
p.o.) + rotenone. Animals received treatments 30 min before rotenone administration for a period of 35 days. Behavioral quantifi-
cations were done using rota rod test and rearing behavior after 24 h of last dose. Animals were euthanized, and mid brains were
isolated for the estimation of tricarboxylic acid cycle enzymes, oxidativemeasures (lipid peroxidation (LPO), glutathione (GSH), and
catalase), and complex-I activity. In addition, histopathological studies were also performed. Our results showed that chronic
rotenone treatment causes motor deficits, decreased rearing behavior, mitochondrial dysfunction, and oxidative stress.
Furthermore, histological analysis demonstrated neuronal degeneration in rotenone-treated rats. An important finding of the present
study was NRSV showed comparatively better efficacy than the RSV treatment in attenuating the rotenone-induced Parkinson’s like
behavioral alterations, biochemical and histological changes, oxidative stress, and mitochondrial dysfunction in rats.

Keywords Parkinson’s disease . Resveratrol . Nanoparticles . Rotenone

Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative disor-
der, mainly causes motor impairments in the elderly popula-
tion. A pathological hallmark of PD is increased oxidative
stress and mitochondrial dysfunction, which may arise due to
the selective inhibition of complex I activity (Hu et al. 2010;
Tapias et al. 2014). Existing literature demonstrates that expo-
sure to pesticides and environmental toxins can trigger oxida-
tive damage andmitochondrial dysfunction (Supriya Swarnkar
et al. 2011). Hence, abnormalities of mitochondrial energy
metabolism may lead to alteration in oxidative homeostasis
augmenting the formation of free radicals and development
of many neurodegenerative disorders (Saravanan et al. 2005).

Rotenone (Fig. 1) is a naturally occurring, organic pesti-
cide, derived from the plant roots of leguminosae family. It
crosses blood-brain barrier easily and causes neurotoxicity by
mitochondrial complex-I inhibition (Bueler 2009; Alam and
Schmidt 2002). In rats, rotenone produces behavioral, neuro-
pathological, and biochemical symptoms that resembles PD in
humans (Betarbet et al. 2000).

Despite intensive advancement in research currently,
the available therapies for PD only alleviate the symptoms
and exhibit severe adverse effects, which preclude their
long-term use (Wang et al. 2016). Therefore, developing
new treatment modalities with improved biocompatibility
and fewer side effects is necessary to ameliorate compli-
cations associated with PD. In this context, reduction of
oxidative stress and mitochondrial dysfunction with spe-
cific antioxidants has been proven to be effective in the
treatment of PD (Olanow et al. 2004). It has been reported
that several exogenous herbal antioxidants derived from
natural sources alleviate oxidative stress and improve mi-
tochondrial function in rotenone-induced animal models
of PD (Khurana and Gajbhiye 2013).
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Resveratrol (RSV) (Fig. 1) is a polyphenol belonging to the
phytoalexin family, abundantly found in various plants such
as grapes, peanuts, and blueberries (Chen et al. 2002). RSV
has a large number of biological actions including antioxida-
tive stress (Queiroz et al. 2009), anti-inflammation (Sanchez-
Fidalgo et al. 2010), and anticarcinogenic activities (Zykova
et al. 2008) as well as neuroprotective effects (Sonmez et al.
2007). The capability of RSV to alleviate oxidative stress and
mitochondrial dysfunction in models of PD has been reported
(Jin et al. 2008; Zeng et al. 2017) and found to be a neuropro-
tective agent in both in vitro and in vivo models of neurode-
generative diseases (Kairisalo et al. 2011).

Despite its potential health benefits in humans, RSV is prac-
tically water insoluble and has slow dissolution rate resulting in
poor oral bioavailability (Hao et al. 2015). Hence, clinical ap-
plication of this drug greatly restricted. In this regard, several
strategies have been developed to circumvent this problem,
including nanoparticles. According to the Noyes and Whitney
equation, particle size reduction effectively increases the sur-
face area of poorly water-soluble compounds and therefore en-
hances the solubility and dissolution rate (Dokoumetzidis and
Macheras 2006). The reduction of particle size of the RSV is
one of the excellent drug delivery system which enhances the
saturation solubility and dissolution rate.

The present study aimed to examine resveratrol nanoparticles
(NRSV) as a new delivery system for the treatment of PD. Here,
we prepared NRSV by antisolvent precipitation method using
syringe pump; NRSV were then characterized for their particle
size and morphology, and further, the neuroprotective efficacy
of NRSVwas compared with that of free RSV in an experimen-
tal model of rotenone-induced neurodegeneration in rats.

Materials and methods

Materials

Rotenone, resveratrol, glutathione, 5,5-dithiobis[2-
nitrobenzoic acid] (DTNB), coenzyme Q, and NADH were
purchased from Sigma-Aldrich (USA), the absolute ethanol

(99.5–99.8%) was obtained from Merck, Mumbai, India. All
other reagents used were also of analytical grade.

Preparation of NRSV

The NRSV were prepared by temperature-controlled
antisolvent precipitation method using syringe pump (Kim
et al. 2012). RSV was dissolved in the solvent ethanol and
prepared a solution at a predetermined concentration of
60 mg/mL. The obtained organic solution was added to
precooled (5 °C) antisolvent (deionized water) in a drop-
wise manner under rapid magnetic stirring at 1000 rpm. The
formed NRSV were filtered and vacuum dried.

Particle morphology

The particle size and morphology of samples were observed
using a scanning electron microscope (SEM) Zeiss EVO 18-
EDX special edition machine compatible with EDX machine.
The powder samples were spread on a SEM stub and sputtered
with gold before the SEM observations. The particle size and
texture of nanoparticles can be analyzed by using image mag-
nification software compatible with SEM and helps in deter-
mining the presence and formation of NRSV. Five SEM pic-
tures were used to find the average range of particle diameter.

In vitro dissolution testing

The in vitro dissolution of the prepared NRSV samples, as
well as the original RSV, was determined using the paddle
method (USP 29 type II) (Electro Lab, TDT 06P) in 100 mL
of simulated intestinal fluid (SIF, pH 6.8). The rotation speed
of paddle was set at 100 rpm, and the bath temperature was
kept at 37 ± 0.5 °C. The original RSV and NRSV containing
5 mg of sample were tested for their dissolution in simulated
intestinal fluid (Shantha and Harding 2000). Samples of 1 mL
volume were collected at 15, 30, 45, 60, 90, 120, and 180 min
of dissolution time. The dissolution test for each sample was
performed in triplicate, and the dissolution data was averaged.
The absorbance was measured at 308 nm using UV
spectrometer.

Animals

Male albino Wistar rats (180–250 g) were purchased from
Mahaveera Enterprises, Hyderabad. The rats were kept in
polyacrylic cages and maintained under standard laboratory
conditions (room temperature 24–27 °C and humidity 60–
65%). Each experimental group consisted of six animals that
were chosen randomly from different cages. Handling and
experimentation were conducted in accordance with the ap-
proved guidelines of the Committee for the Purpose of
Control and Supervision of Experiments on AnimalsFig. 1 Chemical structures of rotenone and resveratrol
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(CPCSEA), New Delhi, and the experimental protocol was
approved by Institutional Animal Ethical Committee
(IAEC), Kakatiya University, Warangal.

Treatments

Animals were randomly assigned into four different groups
(n = 12) as follows: group I received sunflower oil (1 mL/kg
s.c.) and served as control, while group II animals were ad-
ministered with rotenone at a dose of 2 mg/kg s.c. (emulsified
in sunflower oil at 2 mg/mL) for a period of 35 days (Verma
and Nehru 2009). Group III animals received RSV (40 mg/kg,
p.o.) for 35 days; group IVanimals were administered NRSV
(40 mg/kg, p.o.) for 35 days. Groups III and IV dosed once in
a day with rotenone (2 mg/kg, s.c.) along with the respective
drugs for a period of 35 days.

Behavioral quantification was done after 24 h of the last
dose and before the sacrifice of animals. Animals were ran-
domly divided for the biochemical studies, histological anal-
ysis, and neurochemical studies.

Behavioral experiments

Rearing behavior

The test was carried out to assess rearing activity; animals
were placed in a clear plexiglas cylinder (height = 30 cm, di-
ameter = 20 cm) for 5 min, and the number of rears was quan-
tified. The rear was classified, when the animal raised his
forelimbs above shoulder level, and make contact with the
cylinder wall with either one or both forelimbs. Removal of
both forelimbs from the cylinder wall and contact with the
table surface was required before another rear was scored
(Tapias et al. 2014).

Rota rod test

Motor incoordination and grip strength were assessed by
rota rod apparatus (Instruments and Chemicals, Ambala,
New Delhi). The rota rod consists of horizontal stainless
steel rod, 6 cm in diameter and 36 cm long, with a non-
slippery surface 20 cm above the base (trip plate). In the
present study, the accelerating rotor mode was used (from
2 to 20 rpm). Animals were placed on the rotating rod with
its head opposite to the direction of the movement of the
rod. The cutoff time was 180 s. A trial was stopped when
the rat fell off the rota rod or after the complete 180 s.
Three separate trials after 5-min gap were given to each
rat. Average of the three trials was taken as the motor co-
ordination index (Banji et al. 2013).

Isolation of brain and preparation of mitochondrial
fraction

In order to determine biochemical markers, at the end of
the experiment, animals were euthanized and perfused with
normal saline solution (37 °C). The perfused brains were
immediately removed, and the midbrain tissue of each an-
imal was used for isolation of mitochondrial fractions as
described earlier (Moreadith and Fiskum 1984) with minor
modifications. Briefly, 10% w/v homogenate of the brain
was prepared in ice-cold homogenizing solution (Tris–su-
crose buffer, 0.25 M, pH 7.4) for 1 min. Homogenization
was performed with 10–12 strokes set to 600–1000 rpm at
4 °C. The homogenate was then inspected; if intact tissue
was still evident, the homogenization was repeated.
Resulting homogenates were centrifuged at 1000×g for
10 min at 4 °C to obtain the nuclear pellet. Mitochondria
were obtained by centrifuging the post-nuclear supernatant
at 10,000×g for 20 min at 4 °C to obtain the mitochondrial
pellet and cytosolic fraction. The mitochondrial pellet ob-
tained was washed with the same medium to obtain the
mitochondrial preparation which was used for the
estimations.

Tricarboxylic acid cycle enzymes

Succinate dehydrogenase

Succinate dehydrogenase activity was assessed according to
the method of King et al. (1976). This assay is based on oxi-
dation of succinate to fumarate by an artificial electron accep-
tor, potassium ferricyanide, catalyzed by enzyme succinate
dehydrogenase. In this procedure, the reaction was initiated
by addition of a requisite amount of mitochondrial sample to
the reaction mixture containing 0.2 M sodium phosphate buff-
er (pH 7.8), 1% (w/v) bovine serum albumin, 0.6 M sodium
succinate, and 0.03 M potassium ferricyanide. The change in
absorbance was read at 420 nm for 3 min. The concentration
of succinate dehydrogenase was expressed as nanomoles of
succinate oxidized per minute per milligram protein using
molar extinction coefficient (1000 M−1 cm−1).

Aconitase

Aconitase was assayed as described by Racker (1950). To
50 μL of 1/5 diluted mitochondrial suspension, 100 mM
Tris buffer (pH 8) and 50 mM citrate were added up to
1 mL and absorbance was read at 240 nm. The concentration
of aconitase was calculated using molar extinction coefficient
of 3.6 mM−1 cm−1, and the result was expressed as nanomoles
of cis-aconitase formed per minute per milligram protein.
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Citrate synthase

Citrate synthase content was measured according to the meth-
od of Srere (1969). To 50 μL of 1/5 diluted mitochondrial
f r ac t ion , 0 .1 mM ace ty l coenzyme A, 0 .2 mM
dithionitrobenzoic acid, and 100 mM Tris HCl (pH 8) were
added. Finally, 0.2 mM oxaloacetate was added to the above
mixture, and the absorbance was read at 412 nm for 3 min with
15-s interval. The concentration of citrate synthase was calcu-
lated using molar extinction coefficient of 13.6 mM−1 cm−1,
and the result was expressed as nanomoles of dinitrobenzoic
acid formed per minute per milligram protein.

Complex-I activity

Complex-I activity was measured as described by Hatefi and
Rieske (1967). To 50 μL of mitochondrial fraction, 880 μL of
double distilled water, 50 μL of 1 M phosphate buffer (pH 8),
50μL of 1M coenzymeQ (CoQ), and 12μL of 10mMNADH
were added. Absorbance was read at 340 nm for 3 min at 15-s
interval. The concentration of complex I was calculated by
using molar extinction coefficient of 6.3 mM−1 cm−1, and the
specific enzyme activity was expressed as nanomoles of
NADH oxidized per minute per millligram protein.

Oxidative parameters

Estimation of lipid peroxidation was carried out according to
the method of Ruiz-Larrea et al. (1994). This assay involves
the reaction of malondialdehyde (MDA) equivalents with
thiobarbituric acid (TBA) to yield a pink complex. The absor-
bance was measured at 532 nm, and MDA brain content was
expressed as nanomole per milligram tissue. GSH activity was
assayed spectrophotometrically by the method of Ellman
(1959) and Bulaj et al. (1998). The optical density of the
produced colored product was determined at 412 nm.
Calculation of glutathione (GSH) content was based on a
standard glutathione curve, and the level was expressed as
micromole per milligram tissue. Catalase activity was
assayed spectrophotometrically by the method of Beer and
Seizer (1951) based on the ability of catalase to oxidize hy-
drogen peroxide. The change in absorbance was read at
240 nm. The enzymatic activity was expressed as nanomoles
of H2O2 decomposed per minute per milligram protein.

Histopathology

The brain sections were fixed in freshly prepared 10%
neutral buffered formalin, processed routinely, and embed-
ded in paraffin. In addition, 4-μm-thick paraffin sections
were prepared and stained with hematoxylin and eosin
(H&E) for histopathological examination. Sections were
examined using a light microscope.

Statistical analysis

The mean ± SEM were calculated for all data. Significant
difference between means was evaluated by one-way analysis
of variance (ANOVA) followed by Bonferroni multiple com-
parison tests. p < 0.05 was considered as statistically
significant.

Results

NRSV characterization by SEM

SEMmicrographs of the RSVandNRSVare shown in Fig. 2a,
b. It is observed that the RSV powder (Fig. 2a) exhibited
particles lacking uniformity in size and were much larger than
the NRSV (Fig. 2b). On the other hand, NRSV prepared by
syringe pump exhibited particle uniformity in size, less crys-
tallinity, and absence of larger particles (Fig. 2b). As depicted
in the image, the particles possessed uniform shape. The size
of all particles was found to be within the range of 50–200 nm.

In vitro dissolution

The dissolution profiles of the commercial RSV and the for-
mulated NRSV in simulated intestinal fluid (SIF, pH 6.8) are
shown in Fig. 3. NRSVwere dissolved 85% at 90 min. On the
other hand, 48% of the commercial RSV was dissolved in the
same period. It was observed that NRSV reached 50% disso-
lution in 30 min. Whereas the commercial RSV did not reach
even 50% dissolution within 90 min.

Behavioral experiments

Rearing behavior

Administration of rotenone significantly decreased the num-
ber of rears (p < 0.05) as compared to the control animals.
Treatment with RSV and NRSV increased the rearing counts
when compared to rotenone-treated animals. NRSV treatment
significantly reversed (p < 0.05) the rotenone-induced chang-
es in rearing behavior (Fig. 4).

Rota rod test

Rotenone treatment significantly decreased the latency to fall
down from the rota rod compared to the control (p < 0.05).
Treatment with RSV and NRSV produced an increase in la-
tency to fall down compared to the rotenone-treated group.
NRSV treatment significantly enhanced the latency to fall
down from the rota rod compared to the rotenone-treated
group (p < 0.05) (Fig. 5).
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Assessment of TCA enzymes

Succinate dehydrogenase, citrate synthase, and aconitase ac-
tivities significantly decreased in the rotenone-treated group
(18.666 ± 0.8986, 9.607 ± 0.4625, 10.888 ± 0.5242) as com-
pared to control group (p < 0.05). Treatment with RSV was
effective in raising the levels of succinate dehydrogenase, cit-
rate synthase, and aconitase compared to rotenone-treated
group. NRSV treatment significantly (p < 0.05) restored the
levels of succinate dehydrogenase, citrate synthase, and
aconitase (30.761 ± 0.5409, 15.833 ± 0.2784, 17.944 ±
0.3155) compared to rotenone-treated group (Table 1).

Estimation of complex-I activity

Rotenone treatment significantly (p < 0.05) decreased the ac-
tivity of the mitochondrial complex-I (27.1692 ± 0.3901) as
compared to the control group. RSV treatment increased the
activity of complex-I compared to rotenone-treated group.
The activity of complex-I significantly (p < 0.05) restored in
NRSV-treated group (24.3 ± 0.3908) as compared to
rotenone-treated group (Table 1).

Determination of lipid peroxidation

Animals subjected to rotenone treatment showed a significant
(p < 0.05) increase in LPO which is measured as MDA levels
(3.833 ± 0.1621) as compared to control group. NRSV treat-
ment showed a significant decrease (p < 0.05) in brain MDA
levels (1.167 ± 0.3326) compared to rotenone group. RSV did
not show the significant increase in MDA levels compared to
rotenone group (Table 2).

GSH activity

Decreased levels of GSH (0.888 ± 0.1275) were observed
in animals treated with rotenone as compared to control
group. Treatment with RSV has shown declined levels of
GSH compared to rotenone-treated group. NRSV treat-
ment of animals significantly (p < 0.05) restored the
levels of GSH (3.032 ± 0.0753) compared to rotenone
group (Table 2).

Fig. 2 SEM photographs of (a) RSVand (b) NRSV

Fig. 4 Effects of NRSV (40 mg/kg, p.o.), RSV (40 mg/kg, p.o.), and
rotenone (RT) (2 mg/kg, s.c.) on rearing behavior in rats. Each bar with
vertical line represented as mean values ± SEM. Statistical analysis was
carried out using one-way ANOVA followed by Bonferroni multiple
comparison test; #p < 0.05 vs. rotenone; *p < 0.05 vs. controlFig. 3 Dissolution profile of commercial RSVand NRSV
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Catalase activity

Table 2 depicts the effect of different treatments on catalase.
The catalase levels were significantly (p < 0.05) decreased in
rotenone-treated rats (2.50 ± 0.3055) as compared to control
group. Treatment with RSV raised the levels of catalase com-
pared to rotenone group. Significant increase (p < 0.05) in
catalase levels was observed in NRSV group (7.367 ±
0.2716) as compared to rotenone-treated group (Table 2).

Histopathological studies

Histological features of hematoxylin and eosin-stained
sections from the substantia nigra of rats are depicted in
Fig. 6. (a) Sections from the control group exhibited nor-
mal neuronal structure that showed dispersed chromatin
and prominent nucleoli. (b) Sections from the rotenone-
treated rats showed marked neuronal degeneration, pyk-
notic darkly stained nuclei, cellular accumulation, and
chromatolysis. (c) RSV was weaker in preventing the neu-
ronal alterations induced by rotenone. (d) NRSV treat-
ment prevented the degenerative alterations caused by

rotenone and showed nearly normal morphological ap-
pearance with mild pyknotic darkly stained nuclei and
cellular accumulation.

Discussion

Nanoparticles have potentially been used for the treatment of
various neurodegenerative diseases (Spuch et al. 2012). In the
present study, the NRSV was successfully prepared by
temperature-controlled antisolvent precipitation method to de-
crease the particle size and to enhance the water solubility of
RSV. The SEM analysis of NRSV revealed that the formation
of nanoparticles showed the spherical shape and found to be
within the range of 50–200 nm. In addition to that, in vitro
dissolution study of NRSV has shown high dissolution rate as
compared to the commercial RSV. It was reported that particle
size reduction of a poorly water-soluble compound to nano-
particles results in the formation of a thinner hydrodynamic
layer around particles and increases the surface specific disso-
lution rate (Mosharrafand and Nystrom 1995; Kesisoglou
et al. 2007). Here, we can conclude that the higher dissolution
rate of NRSV resulted from the decreased particle size and
could translate into increased bioavailability.

Several studies have demonstrated the neuroprotective ef-
fects of RSV in both in vitro and in vivo models (Sonmez
et al. 2007). RSV enhances various antioxidant enzymes in
the brains of healthy rats and exerts potential antioxidant
effects by crossing the blood-brain barrier (Mokni et al.
2007). Lu et al. (2013) reported that nanoparticles of RSV
showed a potent neuroprotective effect in a model of oxida-
tive stress induced by hydrogen peroxide in cortical cell
culture than free drug. Neuroprotective effects of NRSV
against rotenone-induced neurotoxicity in rats have not been
studied to date, to our knowledge. Hence, the present study
was done to evaluate the protective effect of NRSV against
rotenone-induced elevated oxidative stress along with asso-
ciated behavioral, neurochemical, and histopathological
changes in a rat model of PD.

Table 1 Effects of NRSV (40 mg/kg, p.o.) and RSV (40 mg/kg, p.o.) on rotenone (RT) (2 mg/kg, s.c.) induced mitochondrial enzyme alterations in
rat brain

Treatment
groups

Succinate dehydrogenase
(μM/min/mg protein)

Citrate synthase
(μM/min/mg protein)

Aconitase
(μM/min/mg protein)

Complex-I activity
(μM/min/mg protein)

I Control 33.404 ± 0.5903 17.193 ± 0.3038 19.486 ± 0.3443 27.1692 ± 0.3901

II RT 18.666 ± 0.8986* 9.607 ± 0.4625* 10.888 ± 0.5242* 14.459 ± 0.7895*

III RSV + RT 23.325 ± 0.5549 11.924 ± 0.3932 12.587 ± 0.3605 16.984 ± 0.5822

IV NRSV + RT 30.761 ± 0.5409** 15.833 ± 0.2784** 17.944 ± 0.3155** 24.3 ± 0.3908**

The results expressed as mean ± SEM, n = 6. Statistical analysis was carried out by one-way ANOVA followed by Bonferroni multiple comparison test

*p < 0.05 vs. control group; **p < 0.05 vs. rotenone group

Fig. 5 Effects of NRSV (40 mg/kg, p.o.) and RSV (40 mg/kg, p.o.) on
rotenone (RT) (2 mg/kg, s.c.) induced motor deficits in rota rod test. Each
bar with vertical line represented as mean values ± SEM. Statistical
analysis was carried out using one-way ANOVA followed by
Bonferroni multiple comparison test; #p < 0.05 vs. rotenone; *p < 0.05
vs. control
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In animal models of PD, chronic rotenone treatment has
been widely used for the induction of neurotoxicity, since it
has certain advantages for experimental studies as com-
pared to other models (Bezard et al. 2013). Rotenone is a
membrane-permeable compound that accumulates in sub-
cellular organelles like mitochondria and causes mitochon-
drial dysfunction which leads to increased oxidative stress
(Uversky 2004).

Rota rod test has been widely used to identify deficits in
the motor coordination of rodent PD models (von Wrangel
et al. 2015). In this study, rotenone-treated rats have shown
significant decreases in the latency to fall down from the
rota rod as compared to control. On the other hand, NRSV
provided significant functional recovery of the retention
time on the rota rod as compared to RSV. In rearing test,
decreased rearing counts observed in rotenone-treated
group as compared to control group. Animals treated with
NRSV have shown more consistent increase in rearing
counts when compared to animals in the RSV group. In
both the behavioral experiments, NRSV and RSV

treatments reversed the changes in rearing counts and grip
strength due to rotenone treatment. These effects were ob-
served maximum in group treated with NRSV, which were
comparable to the control group. The improved behavioral
response in the NRSV group is due to high potential for
improving the oral bioavailability of nanoparticles.

Mitochondrial enzymes generate ATP through the two
metabolic pathways. The first one is tricarboxylic acid
(TCA) cycle, and the other one is mitochondrial electron
transport chain, thereby maintaining neuronal homeostasis
defects in mitochondrial function has led to the conception
that the mitochondrion is responsible for several neurode-
generative disorders including PD (Mizuno et al. 1998;
Schapira et al. 1990). Complex-I is a major component of
electron transport chain, the loss of which triggers the gen-
eration of free radicals (Cai et al. 1998). Chronic adminis-
tration of rotenone at low doses detrimentally affects TCA
enzymes and also decreases complex-I activity which
could contribute to increase in oxidative stress (Tapias
et al. 2014). RSV and NRSV treatments to rotenone

Fig. 6 Hematoxylin and eosin
(H&E) stained photomicrographs
of the substantia nigra from each
studied group. a Control: normal
morphology of brain tissue. b
Rotenone (RT): pyknotic darkly
stained nuclei, cellular
accumulation, and chromatolysis.
c Resveratrol (RSV) + RT: mild
pyknotic darkly stained nuclei
and cellular accumulation. d
Resveratrol nanoparticles
(NRSV) + RT: nearly normal
morphological appearance of
with fewer pyknotic darkly
stained nuclei

Table 2 Effects of NRSV
(40 mg/kg, p.o.) and RSV
(40 mg/kg, p.o.) on rotenone (RT)
(2 mg/kg, s.c.) induced oxidative
stress parameters in rat brain

Treatment groups MDA (nmol/mg tissue) GSH (μmol/mg tissue) Catalase (nmol/mg tissue)

I Control 0.862 ± 0.1935 3.651 ± 0.2418 8.967 ± 0.1520

II RT 3.833 ± 0.1621* 0.888 ± 0.1275* 2.50 ± 0.3055*

III RSV + RT 2.998 ± 0.2455 1.699 ± 0.1177 3.883 ± 0.5969

IV NRSV + RT 1.167 ± 0.3326** 3.032 ± 0.0753** 7.367 ± 0.2716**

The results expressed as mean ± SEM, n = 6. Statistical analysis was carried out by one-wayANOVA followed by
Bonferroni multiple comparison test

*p < 0.05 vs. control group; **p < 0.05 vs. rotenone group
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animals significantly restored the activities of complex-I
and TCA enzymes. These findings are in agreement with
the recent reports which showed that resveratrol attenuates
oxidative stress in mitochondrial dysfunction (Mathieu
et al. 2016; Weijun Zeng et al. 2017). NRSVadministration
significantly improved the activity of both complex-I and
TCA enzymes as compared to RSV implying that it might
be due to improved efficacy.

Early studies reported that impaired mitochondrial
complex-I activity leads to the generation of free radicals
and increased oxidative stress (Kudin et al. 2004). In this
study, LPO levels were found to be elevated and antioxi-
dant enzymes like catalase and GSH were found to be
decreased in the brains of rotenone-treated animals sug-
gesting an increase in oxidative stress. NRSV treatment
significantly restored the antioxidant enzymes and de-
creased the LPO levels as compared to the RSV.

The hypothesis behind the more pronounced pharmaco-
logical effects of NRSV than RSV is the use of nanoparti-
cles. In the animal models of many neurodegenerative dis-
orders, several studies have reported that there is a clear
inverse correlation among nanoparticle size of the thera-
peutic drug and blood-brain barrier (BBB) penetration
(Hanada et al. 2014; Saraiva et al. 2016). Here, we dem-
onstrated the use of NRSV as an alternative to the RSV
treatment and its nanodelivery is a promising tool in the
therapeutic application of PD. Additional investigations
are already in progress to determine the bioavailability of
NRSV in the central nervous system.

Conclusion

It can be concluded from our study that formulated NRSV
could maintain RSV blood levels for a longer time, in-
creasing its bioavailability and, therefore, its pharmacolog-
ical effect. Hence, the NRSV showed comparatively better
efficacy in attenuating the rotenone-induced PD-like be-
havioral alterations, biochemical and histological changes,
oxidative stress, and mitochondrial dysfunction in rats than
the RSV treatment. Therefore, this approach of nanoparti-
cles may open new perspectives for the treatment of neu-
rodegenerative diseases in the future if it is extrapolated to
the human studies.
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