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Abstract

Hypercholesterolemia is a known contributor to the pathogenesis of Alzheimer’s disease
while its role in the occurrence of Parkinson’s disease (PD) is only conjecture and far from
conclusive. Altered antioxidant homeostasis and mitochondrial functions are the key mecha-
nisms in loss of dopaminergic neurons in the substantia nigra (SN) region of the midbrain in
PD. Hypercholesterolemia is reported to cause oxidative stress and mitochondrial dysfunc-
tions in the cortex and hippocampus regions of the brain in rodents. However, the impact of
hypercholesterolemia on the midbrain dopaminergic neurons in animal models of PD
remains elusive. We tested the hypothesis that hypercholesterolemia in MPTP model of PD
would potentiate dopaminergic neuron loss in SN by disrupting mitochondrial functions and
antioxidant homeostasis. It is evident from the present study that hypercholesterolemia in
naive animals caused dopamine neuronal loss in SN with subsequent reduction in striatal
dopamine levels producing motor impairment. Moreover, in the MPTP model of PD, hyper-
cholesterolemia exacerbated MPTP-induced reduction of striatal dopamine as well as dopa-
minergic neurons in SN with motor behavioral depreciation. Activity of mitochondrial
complexes, mainly complex-1 and Ill, was impaired severely in the nigrostriatal pathway of
hypercholesterolemic animals treated with MPTP. Hypercholesterolemia caused oxidative
stress in the nigrostriatal pathway with increased generation of hydroxyl radicals and
enhanced activity of antioxidant enzymes, which were further aggravated in the hypercholes-
terolemic mice with Parkinsonism. In conclusion, our findings provide evidence of increased
vulnerability of the midbrain dopaminergic neurons in PD with hypercholesterolemia.
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Introduction

Parkinson’s disease (PD), the most common neurodegenerative movement disorder, occurs
due to dopaminergic neurodegeneration in substantia nigra (SN) pars compacta region of the
midbrain, thereby leading to depletion in the levels of dopamine in striatum [1,2]. Clinical
diagnostic features of PD include the presence of Lewy bodies in brain formed mainly by the
o-synuclein protein aggregates [3] and the cardinal motor behavioral abnormalities: bradyki-
nesia, tremor at rest, postural instability and rigidity [2,4]. Among the different mechanisms
that are reported to cause death of midbrain dopamine neurons in PD, mitochondrial dysfunc-
tion with compromised antioxidant support system is undebatable [5-7]. Many endogenous
molecules, such as homocysteine, phenethylamine and dopamine itself have been implicated
in the pathogenesis of PD [8-10]. Interestingly, cholesterol and/or its oxidized metabolites
(oxysterols) have been suggested to be putative endogenous contributors towards the appear-
ance of Parkinsonian pathologies [11,12]. Clinical studies suggest a strong link between ele-
vated levels of plasma cholesterol and incidence of PD [13, 14]. Moreover, high-fat diet
exacerbates Parkinsonian pathologies, including loss of dopamine-neurons in animal models
of PD [15,16]. Several findings have shown the occurrence of pathologies in cellular neuronal
models caused by excess exposure to cholesterol or oxysterols which are equivalent to PD
[17-19]. Reduced activity of mitochondrial complex-I and antioxidant enzymes, as well as
depleted levels of the antioxidant molecule (reduced glutathione, GSH) have been reported in
non-dopaminergic regions of brain of hypercholesterolemic animals [20-23]. However, the
role of hypercholesterolemia on the functional status of midbrain dopamine neurons in PD
brain remains inconclusive. Thus, we have investigated whether hypercholesterolemia would
deteriorate dopaminergic neurodegeneration in the light of functional impairment mitochon-
drial complexes and oxidative stress in animal model of PD.

Materials and methods
Animals

Eight weeks old male Swiss albino mice (21-22 g) were used in the present study. The animals
were maintained under standard laboratory conditions of temperature (24 + 2°C) and humid-
ity (60 + 5%). They were provided with food and water ad libitum.

Chemicals

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP; M0896), dopamine
(H8502), 2,3-dihydroxybenzoic acid (2,3-DHBA; 126209), 2,5-dihydroxybenzoic acid
(2,5-DHBA; 78069), reduced glutathione (GSH; G4251), coenzyme Qq, ethylenediaminetetra-
acetic acid disodium salt (EDTA), heptane sulfonic acid, triethylamine, orthophosphoric acid,
chloral hydrate, poly-L-lysine, perchloric acid (HClO,4; 380083) hydrogen peroxide (H,O,,
V800211), Triton X-100, 3,3-diaminobenzidine (DAB) liquid substrate system (D3939) and
water for high-performance liquid chromatography (HPLC; V800443) were purchased from
Sigma-Aldrich Co (St. Louis, MO, USA). Cholesterol (97900), acetonitrile, nitro blue tetrazo-
lium (NBT; 48898), cytochrome c (oxidized; 81551), pyrogallol, salicylic acid, glycerol jelly and
paraformaldehyde (PFA) were obtained from SISCO Research Laboratories (Mumbai, India).
Rabbit anti-tyrosine hydroxylase (TH) antibody (ab112) and donkey serum (ab7475) was pur-
chased from Abcam (Cambridge, UK). Anti-rabbit goat secondary antibody tagged with
horseradish peroxidase (HRP; ap307p) was purchased Millipore Co. (USA).
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Experimental design

Mice were initially divided into two groups: control group (given normal rodent chow) and
high cholesterol diet group (HCD; given cholesterol at the dose of 5% w/w mixed with normal
rodent chow). Both groups of mice received equal calories of food throughout the experimen-
tal period. At the end of 13-weeks, a group of control and HCD mice were injected with
MPTP (30 mg/kg b.w.; i.p.) for two consecutive days to induce PD. Thus, there were four
groups: control, HCD, MPTP, and HCD+MPTP. On the 7" day following the first dose of
MPTP, all groups of mice were subjected to motor behavioral tests (akinesia, catalepsy, and
swim test), following which the mice was sacrificed for the neurochemical and histochemical
studies. Measuring the serum total cholesterol levels at the end of treatment window con-
firmed hypercholesterolemia. Mice were decapitated for analysis of dopamine, complex-I, and
oxidative stress parameters (hydroxyl radical, GSH, SOD and catalase) in the brain. Mice were
either perfused with 10% glycerol for histoenzymological studies (mitochondrial complex-II
and IIT) or 4% PFA for cholesterol histology (liver and brain) and TH-immunoreactivity

(Fig 1).

Serum total cholesterol

At the end of the feeding period (98" day), mice were anesthetized with chloral hydrate

(350 mg/kg; i.p.) and blood was collected by cardiac puncture. The serum was separated by
centrifugation at 3000 x g for 4 minutes. The serum total cholesterol was estimated by in vitro
enzymatic method using a colorimetric kit (CHOL, Autopak, Siemens) following the manufac-
turer’s instructions. The concentration of cholesterol in serum is directly proportional to the
intensity of the red complex generated, the absorbance of which was recorded at 500 nm using
Spectrophotometer [24].

Liver and brain cholesterol histochemistry

Liver and brain (striatum) cholesterol was measured by Schultz’s method. The PFA (4%) fixed
liver and brain tissues were subjected to cryocut using cryostat (0620E Cryostat, Thermo

High Cholesterol Diet (5% cholesterol mixed with normal diet)

1st-13th Week 14t Week
9 21h 9 3rd 98th
Day/ Day Day

MPTP MPTP Behavioural

Test
Sacrificed; 98" Day
Serum DA; Complex-l; Complex-ll and Il Brain
Cholesterol *OH; GSH; SOD histology Cholesterol;
and CAT assay TH-IR

Fig 1. Schematic representation of the experimental paradigm. [Abbreviations: DA, dopamine; *OH,
hydroxyl radical; GSH, reduced glutathione; SOD, superoxide dismutase; CAT, catalase; TH-IR, tyrosine
hydroxylase-immunoreactivity].

doi:10.1371/journal.pone.0171285.9001
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Shandon, UK) and coronal sections of the liver and brain (mainly striatum) were taken. 20 um
sections were incubated at room temperature in alum of iron (ferrous aluminium sulfate) for 5
days and then one drop of freshly prepared acid mixture (1:1, glacial acetic acid and sulphuric
acid) was poured over the sections. The principle of this method deals with the Liebermann-
Burchard reaction which gives greenish blue color to cholesterol and enables proper quantifi-
cation for the presence of cholesterol in tissue [25]. The optical density of the characteristic
greenish blue color was measured using Fiji Version of Image] software [26].

Analysis of behavioral parameters

Akinesia. Akinesia was measured by noting the latency in second (s) of the animals to
move all four limbs and the test was terminated if the latency exceeded 180 s. Each animal was
initially acclimatized for 5 minutes on an elevated wooden platform (40 cmx40 cmx 30 cm).
Using a stopwatch, the time taken by the animal to move all the four limbs was recorded. This
exercise was repeated 5 times for each animal [27].

Catalepsy. The inability of an animal to correct an externally imposed posture, was mea-
sured by placing the animals on a flat horizontal surface with both the hind limbs on a square
wooden block (3 cm high) and the latency in seconds was measured to move the hind limbs
from the block to the ground [27].

Swim test. Swimming ability test was carried out in tubs with 12 cm high water main-
tained at 27 + 2°C. The animals were placed in water and the swimming ability for a period of
10 minutes was scored every minute as: 3-continuous swimming, 2-swimming with occasional
floating, 1- more floating with occasional swimming with hind limbs, and 0-hind part sinks
with only the head floating, following the procedure described earlier [27,28].

Striatal dopamine levels

To investigate the effect of hypercholesterolemia on striatal dopamine level in Parkinsonian
animals, mice were sacrificed by decapitation on the last day of treatment. Whole brain was
removed from the calvarium and the nucleus caudatus putamen (NCP, striatum) dissected
out. After sonication in ice-cold 0.1 M HCIO,, containing 0.01% EDTA, the tissues were cen-
trifuged for 5 min at 10,000 x g 10 uL supernatant was injected into the HPLC system equipped
with the Electro-Chemical detector (HPLC-ECD; Waters, Austria) at a flow rate 0.8 ml/min.
The electrochemical detection was performed at + 740 mV. The composition of the mobile
phase was 8.65 mM heptane sulfonic acid, 0.27 mM EDTA, 13% acetonitrile, 0.43% triethyla-
mine and 0.22% orthophosphoric acid, as reported earlier [29].

Tyrosine hydroxylase immunohistology

Mice were anesthetized with chloral hydrate (350 mg/kg; i.p.) and perfused intracardially with
phosphate buffered saline (PBS, 0.1 M; pH 7.4) followed by 4% w/v PFA in PBS. Brains were
removed and kept overnight in the same fixative, transferred to 30% w/v sucrose solution.

20 um thick coronal sections passing through the NCP and SN were taken using Cryotome in
poly-L-lysine coated slides. The sections were rinsed three times with 0.1 M Tris-buffered
saline (TBS, 0.1 M; pH 7.4), incubated in 3% H,0O, in TBS, permeabilized with 0.3% Triton
X-100, and blocked with 10% donkey serum containing 0.3% Triton X-100. The sections were
incubated overnight with primary antibody for TH (1:700) in TBS, containing 2% donkey
serum at 4°C and then incubated with HRP-conjugated secondary antibody (1:1000) in TBS
for 1 h at room temperature. Colour development was performed by incubating the sections in
DAB-liquid substrate system and then sections were washed, dehydrated, cleared in xylene,
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mounted in DPX and photographed under bright field illumination using a digital SLR camera
attached to the Trinocular microscope (Eclipse Ci-L, Nikon, Japan) [30].

Mitochondrial complex-I activity

Mitochondrial complex-I activity was assayed as described earlier [31]. Animals were sacri-
ficed by decapitation, brains were removed immediately and the NCP and SN regions of brain
were either micropunched or dissected out from fresh frozen sections of 1 mm thick. The tis-
sues were sonicated in 0.1 M potassium phosphate buffer (pH 7.8), centrifuge at 600 x g for

50 s and complex-I activity was assayed in the supernatant. The reaction mixture containing
mitochondrial fractions (100 pg), sodium azide (5 mM), coenzyme Q, (50 mM) and potassium
phosphate buffer (10 mM; pH 7.2) was incubated at 32°C for 3 min. The reaction was initiated
by addition of NADH (100 uM) in the reaction mixture and the rate of decrease in the absor-
bance was monitored at 340 nm for 3 min.

Mitochondrial complex-11 and complex-IIl activity

Mice were anesthetized with chloral hydrate (350 mg/kg; i.p.) and perfused intracardially with
PBS followed by 10% (50 ml) ice cold glycerol. Brains were removed and kept overnight in
30% sucrose. 20 um thick coronal sections passing through the NCP and SN were cut using
Cryotome and transferred to poly-L-lysine coated slides. The optical density of the characteris-
tic stain intensity was measured using Fiji Version of Image] software [26].

The sections from the intended regions of brain were incubated in PBS (0.1 M; pH 7.4) at
37°C for 10 min to activate the enzyme and then incubated in dark at 37°C for 35 min [32].
The reaction mixture contains 30 mM NBT, 50 mM sodium succinate in 50 mM potassium
phosphate buffer (pH 7.4). After incubation, sections were gently washed with the reaction
buffer, mounted in glycerol and photographed immediately.

Mitochondrial complex-III histochemistry was performed in NCP and SN regions of brain,
following Govindaiah et al. [33]. The sections were rinsed three times in PBS (0.1 M; pH 7.4)
and incubated in the reaction mixture of 30 ml containing DAB (17 mg), cytochrome c (7 mg)
and sucrose (1.5 g) in PBS (0.1 M; pH 7.4) at 37°C for 50 min. After the incubation, the sec-
tions were rinsed gently with PBS, dried, mounted with DPX and photographed.

Estimation of hydroxyl radical

The adducts of salicylic acid, 2,3- and 2,5-DHBA, were estimated using HPLC-ECD system to
quantify the amount of hydroxyl radical (¢OH) generated in brain of animals [34]. On the last
day of treatment period (98" day), different groups of animals were injected with salicylic acid
(100 mg/kg; i.p) and sacrificed by decapitation 2 h after the injection. The brains were quickly
removed from calvarium; the NCP separated out and SN micropunched from 1 mm frozen
sections, processed with ice-cold HCIO, (0.1 M) containing 0.01% EDTA and centrifuged at
10,000 x g for 5 min. The supernatant (10 pL) was injected into the HPLC-ECD system to
measure the levels of 2,3- and 2,5-DHBA against the standards [34]. The mobile phase compo-
sition was same as that was used for the detection of dopamine.

Reduced glutathione levels

Animals from different groups were sacrificed on the last day of treatment (98" day) and the
level of reduced glutathione (GSH) was assayed from NCP and SN by employing an
HPLC-ECD procedure [35] with minor modification. The tissues were sonicated in 10 vol-
umes of deionized water and 20 pl of tissue homogenate mixed with a solution containing
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1.4 mM sodium borohydride, 1.5 mM EDTA, 66 mM sodium hydroxide and 10 pL of n-amyl
alcohol, and incubated at 40°C in a water bath for 30 min. Proteins were precipitated by addi-
tion of 25 pl of ice-cold 0.4 M HCIO, and separated after centrifugation at 14,000 x g for

25 min at 4°C. The supernatant (10 pl) was injected into the HPLC-ECD system. The mobile
phase consisted of 50 mM sodium phosphate monobasic, 1.0 mM 1-octanesulfonic acid, and
2% acetonitrile (v/v), and the pH adjusted to 2.7 with 85% ortho-phosphoric acid. The flow
rate was 0.8 ml/min and the electrochemical detection was performed at +850 mV.

SOD activity

Mice were sacrificed on the 7™ day after the first dose of MPTP to the respective groups. SOD
activity was analyzed in the cytosolic fractions of NCP and SN, which represent Cu/Zn-SOD,
following the method as described earlier [36] with slight modification [37]. The assay mixture
(3 ml) contained 0.2 mM of pyrogallol, 1.5 mM of EDTA and 50 mM of Tris-HCI buffer

(pH 8.2). Auto-oxidation of pyrogallol was measured using spectrophotometer at 420 nm for 3
min with or without the enzyme. The inhibition of pyrogallol oxidation was linear with the
activity of the enzyme present. Fifty percent inhibition in pyrogallol auto-oxidation/mg pro-
tein/min is taken as one unit of the enzyme activity.

Catalase activity

Catalase activity was assayed based on the method described earlier [38]. Mice were sacrificed
on the 7 day after the first dose of MPTP and the catalase activity was analyzed in the cyto-
solic fractions of NCP and SN. The assay mixture of 1 ml contained suitably diluted protein
(150 pg), in 50 mM of phosphate buffer (pH 7.0). The reaction was started by the addition of
H,0, (30 mM) and decay of H,O, was measured at 240 nm for 30 s in presence of the enzyme
in the spectrophotometer. The specific activity is represented as change in absorbance/min/mg
protein.

Tyrosine hydroxylase-positive neuronal count

Tyrosine hydroxylase-positive nigral dopaminergic neurons were counted using ImageJ (Fiji
version) software [39]. The first section was chosen randomly and thereafter every sixth sec-
tion was selected through the entire substantia nigra from control and treated groups [40].
Cell counting parameters were optimized based on a pilot study in both control and treated
animals. Sections from five different brain samples were considered for each group.

Ethical statement

The experimental protocols used in the present study have specifically been approved by the
Animal Ethics Committee, Assam University, Silchar, India.

Statistical analysis

The data were analyzed employing Student’s t-test and one-way ANOV A with necessary post-
hoc test. Results are given as mean + S.E.M. Values of p< 0.05 were considered significant.
GraphPad Prism version 7.0 software was used for statistical analysis.

Results
High cholesterol diet causes hypercholesterolemia

Analyzing the serum and tissue total cholesterol levels confirmed hypercholesterolemic in
mouse. The serum levels of total cholesterol in mice subjected to HCD were elevated
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Fig 2. Effect of high cholesterol diet on (A) body weight, (B) serum total cholesterol, and cholesterol
level in (C-D) liver and (F-G) brain (striatum). Mice were fed with high cholesterol diet (HCD) or standard
diet (control, CS) for 14 weeks. Body weight (in gram) was measured two weeks apart from the start of
treatment till 14™ weeks. On the last day of diet, blood was collected by cardio-punctured method and serum
total cholesterol was estimated by enzymatic method. Accumulation of cholesterol in liver and striatum region
of brain was estimated from fixed tissues by Schultz’s method. Optical density of characteristic greenish-blue
colour for cholesterol in liver (E) and striatum (H) was measured using Imaged software. The results given are
mean + S.E.M. *p <0.05 as compared to CS (n = 8).

doi:10.1371/journal.pone.0171285.9002

significantly (2.1-fold) compared to the mice provided with normal rodent chow (179.23
+16.45 vs. 85.4+7.2 mg/dL; Fig 2B). Schultz’s method was used to analyze the tissue levels of
cholesterol in liver and NCP region of brain of the animals provided with HCD. Histochemical
estimation revealed a marked increase of cholesterol levels in liver (Fig 2D) and NCP region of
brain (Fig 2G) of HCD animals as compared to the control. The optical density of the blue or
blue-green colour, that indicates cholesterol content in tissues, was estimated from serial sec-
tions of control and HCD animals (n = 5) which showed a significant increase in cholesterol
content by 2-fold in liver (Fig 2E) and 2.5-fold in NCP (Fig 2H) of HCD animals. There was a
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trend of increase in body weight of HCD animals which significantly increased from 4™ to 8
weeks of feeding following which a non-significant decrease was observed as compared to con-
trol animals (Fig 2A). The body weight increased by 15.5%, 21.5% and 22% respectively on 4",
6™ and 8" weeks in HCD animals. The body weight of mice maintained on the normal diet
has increased gradually during the treatment period.

Hypercholesterolemia on Parkinsonian motor behavior

Administration of MPTP caused significant motor behavioral abnormalities in mice when
tested on the 7™ day following the first dose of MPTP (Fig 3). As compared to control, the aki-
nesia and catalepsy scores were increased by 5- and 7.4-fold respectively, while the total swim
score was decreased by 32.7% in MPTP-treated mice. Similarly, HCD animals were found to
be akinetic as well as cataleptic and exhibited poorer swimming ability as compared to control.
Interestingly, administration of MPTP (30 mg/kg b.w.; two consecutive days) in HCD mice
caused significant decrease in the tested motor behavioral scores as compared to MPTP alone
treated mice. In HCD+MPTP treated animals, there occurred 1.66- and 1.96-fold increase in
akinesia and catalepsy scores respectively, while swimming score was decreased by 24.32%
compared to MPTP alone treated animals (Fig 3).

Hypercholesterolemia on striatal dopamine levels in MPTP-treated mice

MPTP treatment caused a significant decrease in striatal dopamine level by 42% as compared
to control (Fig 4). In striatum, dopamine levels were reduced by 28% in HCD mice, which dif-
fered significantly from the control group. Interestingly, cholesterol aggravated the loss of
striatal dopamine levels in HCD+MPTP animals compared to MPTP alone treated animals. In
HCD+MPTP animals, dopamine levels were significantly reduced by 58% as compared to con-
trol and 30% as compared to MPTP alone treated animals.

Hypercholesterolemia on dopaminergic neurodegeneration in MPTP-
treated mice

MPTP administration caused a significant loss of nigral dopaminergic neurons by 38%

(Fig 5G) and the TH-immunoreactivity in striatum was reduced by 42% (Fig 5C) compared to
the corresponding regions of control animals. Interestingly, there occurred a significant loss of
TH-positive neurons in SN by 12% (Fig 5F) while the TH-immunoreactivity by 20% (Fig 5B)
in animals that were subjected to HCD as compared to control. Moreover, MPTP administra-
tion in HCD mice caused a significant loss of TH-positive neurons in SN by 53% (Fig 5H) and
striatal TH-immunoreactivity by 59% (Fig 5D) as compared to MPTP alone treated animals
(Fig 5C and 5G). Thereby, hypercholesterolemia aggravated the nigral dopaminergic neurode-
generation in MPTP mouse model of PD.

Hypercholesterolemia on nigrostriatal mitochondrial complexes in MPTP
model of PD

In HCD mice and Parkinsonian mice, mitochondrial complex-I activity significantly inhibited
by 23% and 36% in NCP (Fig 6A) and 20% and 31% in SN (Fig 6B) respectively, compared to
the control animals. Moreover, in MPTP-treated HCD animals, complex-I activity was further
reduced significantly by 39% in NCP and 24% in SN compared to the animals treated with
MPTP only (Fig 6). Thus, cholesterol significantly potentiated MPTP-induced reduction of
complex-I activity.
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Fig 3. Effect of hypercholesterolemia on Parkinsonian motor behavior. In the last week of the 14 week
treatment period, all the groups of animals were tested for (A) akinesia (B) catalepsy and (C) Swim test. The
results are given as mean = S.E.M. *p < 0.05 as compared to control (CS) and #p < 0.05 as compared to
MPTP alone treated group (n = 6).

doi:10.1371/journal.pone.0171285.9003
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Fig 4. Effect of hypercholesterolemia on striatal dopamine level in Parkinsonian mice. Mice were
sacrificed by decapitation on the seventh day following the first dose of MPTP. Striatal dopamine content was
analyzed by HPLC-ECD system. Hypercholesterolemia exaggerates striatal dopamine depletion in
Parkinsonian mice. The results are given as mean + S.E.M. *p < 0.05 as compared to control (CS) and

#p < 0.05 as compared to MPTP alone treated group (n = 6).

doi:10.1371/journal.pone.0171285.g004

MPTP administration did not affect the nigrostriatal mitochondrial complex-II activity in
naive animals. While in HCD animals, the activity of complex-II was reduced significantly by
41% in NCP and 27% in SN as compared to the control (Fig 7). Cholesterol did not cause any
significant change in the activity of complex-II in HCD+MPTP animals compared to MPTP-
treated animals. Histochemical investigation of mitochondrial complex-III activity revealed a
marked visible decrease in the enzyme activity in nigrostriatal pathway of both HCD and
MPTP-treated animals compared to the control (Fig 8). The staining intensity of complex-III
activity was reduced significantly by 27%, 36% and 65% in NCP (Fig 8B, 8C and 8D), while
15%, 29% and 54% in SN of HCD, MPTP and HCD+MPTP mice respectively (Fig 8F, 8G and
8H) compared to the control. Most importantly, administration of MPTP in HCD animals sig-
nificantly potentiated MPTP-induced reduction of complex-III activity by 44% in NCP and
36% in SN, compared to MPTP-treated animals (Fig 81 and 8J).

Hypercholesterolemia on nigrostriatal hydroxyl radical levels in MPTP
model of PD

HCD caused a significant increase in the levels of «OH in the nigrostriatal pathway as revealed
from increased levels of 2,3- and 2,5-DHBA (Fig 9). In HCD animals, the levels of 2,3-DHBA
and 2,5-DHBA were increased by 1.46- and 1.45-fold in NCP (Fig 9A and 9C), and 1.51- and
1.56-fold in SN (Fig 9B and 9D) respectively as compared to controls. In NCP and SN, the lev-
els of 2,3-DHBA were significantly increased by 1.32- and 1.29-fold respectively, and the levels
of 2,5-DHBA were significantly increased by 1.25- and 1.33-fold respectively in HCD+MPTP
animals compared to MPTP alone treated animals (Fig 9). Thus, in HCD+MPTP animals, cho-
lesterol exaggerated the MPTP-induced generation of DHBA in the nigrostriatal pathway.
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Fig 5. Effects of hypercholesterolemia on tyrosine hydroxylase (TH)-immunoreactivity in striatum
(NCP) and TH-positive nigral (SN) neurons in MPTP-treated mice. Representative NCP (A-D) and SN
(E-H) photographs from CS, HCD, MPTP and HCD+MPTP (left to right) groups showing TH-immunoreactivity.
Quantification of relative density of TH-immunostaining in NCP (I) and neuronal count in SN (J) analyzed using
ImageJ software. Hypercholesterolemia aggravates nigral TH-positive neuronal loss in MPTP-treated mice.
Results are expressed as mean + SEM. *p < 0.05 as compared to control (CS) and #p < 0.05 as compared to
MPTP alone treated group (n =5).

doi:10.1371/journal.pone.0171285.9005

Hypercholesterolemia on nigrostriatal glutathione levels in MPTP model
of PD

HCD for 14-weeks did not cause any significant alteration in the levels of GSH in the nigros-
triatal pathway as compared to the controls (Fig 10). In animals treated with MPTP alone,
GSH levels were decreased significantly by 42% in NCP and 37% in SN as compared to the
controls. While a significant decrease in GSH level was found in both NCP (by 58%) and SN
(by 49%) in HCD+MPTP animals as compared to control. Interestingly, in HCD+MPTP ani-
mals, hypercholesterolemia significantly increased MPTP-induced GSH depletion in NCP by
28% (Fig 10A), but not in the SN region of the brain (Fig 10B).

Hypercholesterolemia on antioxidant enzyme activity in MPTP model of
PD

The activity of antioxidant enzymes (SOD and catalase) was analyzed from the cytosolic frac-
tion of NCP and SN regions of the brain (Fig 11). In HCD as well as Parkinsonian mice,
nigrostriatal SOD and catalase activity was elevated significantly as compared to the control
animals. In NCP and SN, 1.13- and 1.12-fold increase in SOD activity was observed (Fig 11A
and 11B), whereas catalase activity increased by 1.5- and 1.56-fold respectively in HCD mice

PLOS ONE | DOI:10.1371/journal.pone.0171285 February 7, 2017 11/22
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Fig 6. Effect of hypercholesterolemia on nigrostriatal mitochondrial complex-l activity in
Parkinsonian mice. Mitochondrial complex-1 activity was analyzed in the (A) striatum and (B) substantia
nigra regions of brain by employing a spectrophotometric procedure using NADH as substrate. Results given
are mean * SEM of nmol of NADH oxidized/min/mg protein. *p < 0.05 as compared to control (CS) and

#p < 0.05 as compared to MPTP alone treated group (n = 4).

doi:10.1371/journal.pone.0171285.9006
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Fig 7. Effect of hypercholesterolemia on nigrostriatal mitochondrial complex-Il activity in
Parkinsonian mice. (A-D) representative striatal (NCP) sections and (E-H) substantia nigral (SN) sections
were processed for mitochondrial complex-Il activity by employing histoenzymology. The marked region in the
photographs (E-H) represents substantia nigra pars compacta (SNpc) region [59]. Optical density of serial
sections of (I) NCP and (J) SN was analyzed using ImageJ software. The results are given as mean + S.E.M.
*p < 0.05 as compared to control (CS) and #p < 0.05 as compared to MPTP alone treated group (n = 4).

doi:10.1371/journal.pone.0171285.9007

(Fig 11C and 11D) compared to the controls. MPTP treatment caused 1.21- and 1.24-fold
increase in SOD activity, whereas catalase activity was increased by 2.1- and 1.89-fold respec-
tively in the NCP and SN regions as compared to the controls. Compared to the Parkinsonian
mice, SOD activity was significantly elevated both in NCP (by 1.1-fold) and SN (by 1.12-fold)
in HCD+MPTP mice. Catalase activity was further elevated by 1.24-fold in NCP and 1.22-fold
in SN of HCD+MPTP mice compared to MPTP alone treated animals (Fig 11). Thus, MPTP-
induced oxidative stress in dopaminergic neurons was further potentiated in hypercholesterol-
emic condition.

Discussion

Findings from the present study suggests for the involvement of hypercholesterolemia in nigral
dopaminergic neurodegeneration, which is aggravated in MPTP model of PD via mitochon-
drial dysfunction and oxidative stress. The key findings of the present study are that hypercho-
lesterolemia in MPTP model of PD (i) worsens Parkinsonian motor behavior, (ii) exaggerates
striatal dopamine loss and nigral dopaminergic neurodegeneration, (iii) reduces mitochon-
drial complexes (I and III) activity in the nigrostriatal pathway, and (iv) intensifies oxidative
stress in the nigrostriatal pathway.

The significant increase in body weight in animals subjected to HCD from the 4™ to 8™
weeks followed by no significant change is a symptom of hypercholesterolemic model [Fig 2A;
41,42]. The levels of serum cholesterol level in HCD animals were found to increase by 2-fold

PLOS ONE | DOI:10.1371/journal.pone.0171285 February 7, 2017 13/22
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Fig 8. Effect of hypercholesterolemia on nigrostriatal mitochondrial complex-lll activity in
Parkinsonian mice. (A-D) representative striatal (NCP) sections and (E-H) substantia nigral (SN) sections
were processed for mitochondrial complex-I1l activity by employing histoenzymology. The marked region in
the photographs (E-H) represents substantia nigra pars compacta (SNpc) region [59]. Optical density of serial
sections of (I) NCP and (J) SN was analyzed using ImageJ software. The results are given as mean + S.E.M.
*p < 0.05 as compared to control (CS) and #p < 0.05 as compared to MPTP alone treated group (n = 4).

doi:10.1371/journal.pone.0171285.9008

(Fig 2B), which confirms hypercholesterolemia in animals at biochemical level [41,43]. More-
over, HCD resulted in a significant accumulation of cholesterol in liver (Fig 2D) and in dopa-
mine-rich region of brain (NCP; Fig 2F), which further consolidated the hypercholesterolemic
model of the present study. Mice that were administered with MPTP (30 mg/kg; 2 doses) dis-
played motor abnormalities (Fig 3) with significant loss of dopamine in NCP (by 42%; Fig 4)
and TH-positive neurons in SN (by 38%; Fig 5), which are consistent with the previous studies
of PD induced by MPTP [30,44].

Although case-control studies have provided a strong association of cholesterol levels and
occurrence of PD [13,14], no such study has been performed in animal models and thus the
underlying mechanism remains largely elusive. Studies reported that high-fat diet for 8-weeks
exacerbates Parkinsonian neurotoxin (MPTP and 6-hydroxydopamine) induced striatal dopa-
mine depletion with degeneration of dopaminergic axonal terminals in striatum in mice
[15,16]. However, the direct effect of cholesterol on nigral dopaminergic neurons was largely
limited from the previous studies [15,16]. High-fat diet is widely used to generate obese as well
as hypercholesterolemic animals. However, the greater amount of saturated fatty acid in high-
fat diet has been reported to cause cognitive impairments, dementia and neurodegenerative
like pathology in animal models [45-47]. Moreover, high fat diet causes insulin resistance
which has been reported to have adverse effects on brain functions [48,49]. Therefore, high
cholesterol diet (5% cholesterol mixed with normal rodent chow) was used in the present
study for inducing hypercholesterolemia which is a novel approach (Fig 1). Our result that
hypercholesterolemia causes nigral dopaminergic neurodegeneration with concomitant
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Fig 9. Effect of hypercholesterolemia on hydroxyl radical (*OH) generation in (A,C,E) striatum and (B,
D,F) substantia nigra regions of brain of Parkinsonian mice. Animals were injected with salicylic acid
(100 mg/kg) and sacrificed two hours post injection on the last day of treatment. 2,3- and 2,5-dihydroxy
benzoic acid (DHBA; *OH adducts of salicylate) formed were measured from homogenates of NCP and SN by
employing a sensitive HPLC-ECD method. Data are expressed as pmol/mg tissue and represented as

mean + S.E.M. *p < 0.05 as compared with control and #p < 0.05 as compared with MPTP alone treated
group (n =5).

doi:10.1371/journal.pone.0171285.g009

depletion of striatal dopamine, and exacerbates dopaminergic neurodegeneration in Parkinso-
nian mice, is the first report of such kind. Thus, the results provide experimental direct evi-
dence of neurotoxic potential of cholesterol on dopaminergic neurons.

The loss of significant motor activity in hypercholesterolemic animals is similar to that
found in experimental models of PD [28,30,50]. The display of increased latency in akinesia
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Fig 10. Effect of hypercholesterolemia on nigrostriatal reduced glutathione (GSH) level in
Parkinsonian mice. (A) Striatum and (B) substantia nigra regions of brain were used for estimating GSH
levels by employing a sensitive HPLC-ECD system. Data are expressed as nmol/mg tissue and represented
as mean = S.E.M. *p < 0.05 as compared with control and #p < 0.05 as compared with MPTP alone treated
group (n =5).

doi:10.1371/journal.pone.0171285.g010
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Fig 11. Effect of hypercholesterolemia on nigrostriatal antioxidant enzymes activity in Parkinsonian
mice. (A-B) superoxide dismutase (SOD) and (C-D) catalase (CAT) activity measured from the cytosolic
fraction of (A) striatum and (B) substantia nigra regions of brain. SOD activity was analyzed by employing
pyrogallol oxidation method. One unit of the SOD activity is defined as 50% inhibition/min/mg protein. CAT
activity was analyzed by monitoring the disappearance of hydrogen peroxide in presence of the enzyme.
Specific activity of CAT is described as change in absorbance at 240 nm/min/mg protein. The results are
given as mean + S.E.M. *p < 0.05 as compared to control (CS) and #p < 0.05 as compared to MPTP alone
treated group (n =5).

doi:10.1371/journal.pone.0171285.9011

and catalepsy and decrease in swimming ability are indications of reduced motor activity

(Fig 3). An important factor in the appearance of Parkinsonian motor symptom is the loss

of striatal dopamine [28,30,44,51]. The relatively small depletion of striatal dopamine is associ-
ated with the loss of striatal TH-immunoreactivity and nigral dopaminergic neurons in hyper-
cholesterolemic mice. Thus, the observed equivalent Parkinsonian motor symptoms in the
hypercholesterolemic mice might be linked with the loss of striatal dopamine. Interestingly,
the proximity of Parkinsonian motor symptoms was found to be severely affected in hyper-
cholesterolemic mice treated with MPTP (Fig 3), where the striatal dopamine levels were
depleted to a greater extent compared to control as well as Parkinsonian mice (Fig 4). Thus,
the result implies the aggravation of Parkinsonian symptoms by hypercholesterolemia.
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Altered mitochondrial complexes function and subsequent generation of free radical-
induced oxidative stress is regarded as underlying events in PD pathology [5-7]. In PD
patients, mitochondrial complex-I activity has been found to decrease in the SN, striatum and
frontal cortex [52,53]. Postmortem studies indicated down-regulation of antioxidant defense
mechanisms in PD brain, including GSH, SOD, and catalase [54,55]. Therefore, the status of
mitochondrial complexes and antioxidant defense has been investigated to unveil the underly-
ing mechanism of hypercholesterolemia-induced dopaminergic neurotoxicity in the mice
model of PD. There was a severe impairment of mitochondrial complexes (I, IT and III) activity
in nigrostriatal pathway of hypercholesterolemic animals. Moreover, hypercholesterolemia
significantly increased the impairment of mitochondrial complexes activity, mainly complex-I
(Fig 6) and complex-III (Fig 8) in Parkinsonian mice. The level of «OH radicals (Fig 9) and the
activity of antioxidant enzymes, SOD and catalase (Fig 11), were found to be elevated signifi-
cantly in the nigrostriatal pathway of hypercholesterolemic animals treated with or without
MPTP. However, no significant alteration in the levels of endogenous antioxidant molecule
(GSH) was observed in hypercholesterolemic animals (Fig 10). However, compared to the Par-
kinsonian mice, hypercholesterolemia significantly contributed to decrease in GSH levels in
NCP caused by MPTP. Alteration in the activity of antioxidant enzymes and decrease in GSH
levels has been reported previously in non-dopaminergic brain regions of hypercholesterol-
emic animals [20-23]. Several reports provided evidence of oxidative stress as a result of ele-
vated levels «OH radicals and antioxidant enzymes with concomitant loss of GSH, and
complex-I inhibition resulting causing midbrain dopaminergic neuronal loss in the MPTP
model of PD [34,44,56,57]. Moreover, increased oxidative stress known to damage the func-
tioning of mitochondrial complexes with a rise in generation of free radicals, which further
hampers the cellular antioxidant defense homeostasis [6,58]. Thus, it may be argued that
hypercholesterolemia-induced increased level «OH and enhanced activity of antioxidant
enzymes in the nigrostriatal pathway leads to oxidative stress and mitochondrial dysfunction,
which together exaggerates the Parkinsonian pathology.

The present study is the first direct in vivo evidence of hypercholesterolemia-induced mid-
brain dopaminergic neurodegeneration and exacerbation of Parkinsonian symptoms as well as
signature pathologies in the MPTP model of PD. Our results further demonstrate the involve-
ment of mitochondrial dysfunctions and oxidative stress or vice versa in hypercholesterolemia-
induced dopaminergic neurotoxicity.
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