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ABSTRACT

AIM: Despite the evidence on the beneficial effects of n-3
polyunsaturated fatty acids (n-3 PUFA) on neurodegenerative
conditions, several concerns have been raised since PUFA may
increase oxidative stress resulting in the formation of lipid peroxides.
Hence addition of antioxidants/phytochemicals is recommended. In
the present study, we have used fish oil (FO) in combination with
Bacopa monnieri (BM) and examined the neuroprotective propensity
of the combination (FO+BM) employing chronic 3-nitropropionic
acid (NPA) model of neurotoxicity in rats.

MATERIALS AND METHODS: Growing male rats administered
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NPA (10 mg/kg bw, 14d) were supplemented with FO (2 mL/kg bw),
BM (100 mg/kg bw) or combination (FO+BM) for 14 days.
RESULTS: Higher degree of protection was discernible among
FO+BM rats against NPA induced behavioral alterations. Further,
NPA administration resulted in significantly elevated oxidative
markers in brain regions (striatum- St, cerebellum- Cb) while robust
protection was evident among rats supplemented with FO+BM.
Depleted GSH levels in St were restored among all the supplemented
groups. The combination also predominantly normalized the activity
of antioxidant enzymes in brain regions. Further, significantly
depleted dopamine levels in St were partially restored only among
FO+BM rats. However, the combination did not offer protection
against NPA induced mitochondrial dysfunction.

CONCLUSION: The present data clearly suggests that it is possible
to enhance the degree of neuroprotection by a combination of FO
with phytochemicals (such as BM) and thus provides an improved
strategy for the treatment/ management of oxidative stress mediated
neurodegenerative conditions.
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INTRODUCTION

Fish oil (FO) provides a rich source of n-3 polyunsaturated fatty
acids (n-3 PUFA) eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), which have been recommended to be protective agents
against neurological disorders. When consumed in the diet or via
supplementation, these n-3 fatty acids are incorporated into the
phospholipids that form cell membranes where they can influence
the physicochemical and membrane-signaling properties of the celll'l.
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Most of the secondary mediators formed from EPA and DHA are
anti-inflammatory and are shown to be neuroprotective!”. Studies
have shown that DHA and DHA derived metabolites promote cell
survival through the induction of anti-apoptotic and neuroprotective
gene expression®!. Recent experimental evidence has also shown
that n-3 fatty acids provide significant protection in animal models
of Alzheimer’s and Parkinson’s disease!**!. Recent reports from our
laboratory have shown the efficacy of FO supplements in modulating
endogenous oxidative markers and activities of antioxidant enzymes
in rat brain®l.

Bacopa monnieri (BM), a traditional Ayurvedic medicinal plant
is extensively used for centuries for treatment of epilepsy, insomnia,
anxiety and also as a mild sedative and memory enhancer!”*. The
major components of BM extract include two saponins, bacoside
A and bacoside B.. The neuroprotective effects of BM extract
have been assessed against various toxicants including glutamate,
aluminium, beta amyloid, nitric oxide etc!”’. Alcoholic extract of BM
has shown cognition facilitating effect and enhanced learning ability
in rats!'”. BM extract significantly enhanced the GSH levels and
activities of antioxidant enzymes in mice brain regions!'!\.

3-Nitropropionic acid (NPA) is a well-known mitochondrial
toxin that produces Huntington’s disease (HD) like symptoms
in both animals as well as humans. NPA irreversibly inhibits the
mitochondrial enzyme succinate dehydrogenase (SDH) which
further interferes with the electron transport cascade and oxidative
phosphorylation that results cellular energy deficit and oxidative
stress!'?l. Among rats administered NPA, the neurons were
shrunken and pyknotic, number of cells was decreased, and some
cells displayed an irregular shape and a tangled appearance!'*.
In rats, systemic administration of NPA results in striatal lesions,
dystonia, and other abnormal motor behaviors secondary to a slowly
progressive, excitotoxic striatal neuronal death!'*). Interestingly,
recent findings from our laboratory employing in vitro and in vivo
models have clearly shown that BM offered significant protection
against NPA induced oxidative stress and cytotoxicity!'”.

The presence of unsaturated carbon chain in DHA/EPA makes
them vulnerable to lipid peroxidation. Moreover, consumption
of FO at higher doses for long duration increases the unsaturated
fatty acids in membrane and renders them more susceptible to
lipid peroxidation!'®). Hence massive doses of FO as a treatment
for diseases may cause biological complications!'”. Recently co-
supplementation with known antioxidant/s have been attempted
to prevent the negative effects associated with FOU'*!, However
commercial antioxidants may promote DNA damage and may exert
carcinogenic and cytotoxic effects!!”. Due to this, several plant based
compounds have gained attention in recent years?",

Newer strategies such as incorporation of phytochemicals with
FO or n-3 PUFA have yielded better protective effects in preventing
diseases associated with oxidative stress?!l. In this regard, we
have found enhanced neuroprotection among rats when FO was
supplemented with Ferulic acid or quercetin against NPA induced

22231 Tn continuation with this concept, in our laboratory

neurotoxicityt
we have been exploring the possibilities of enhancing the protective
effects of FO with natural well established phytomedicines.
Accordingly, in the present study, we have tested the hypothesis that
a combination of moderate dose of FO (2 mL/kg bw for 14d) with
a standard extract of BM is likely to provide better neuroprotection
employing NPA model of neurotoxicity. The efficacy of the
combination to protect against NPA induced behavioral alterations,
oxidative markers and mitochondrial dysfunction was determined in
brain regions.
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MATERIALS AND METHODS

Chemicals

Thiobarbituric acid (TBA), 2°,7’-dichlorofluorescein
(DCF), 2’,7’-dichlorofluorescein diacetate (DCFH-DA),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 3-nitropropionic acid (NPA) were procured from M/s Sigma
Chemical Co. St. Louis, USA. All other chemicals used were of
analytical grade.

Animals and care

Growing male Wistar rats (4 wk-old) drawn from the stock colony of
our animal house facility were housed in rectangular polypropylene
cages kept on racks built of slotted angles, in a controlled atmosphere
with a 12h light/dark cycle. They were acclimatized for 3 days prior
to the start of the experiment. The animals were maintained on a
commercial powdered diet and tap water ad /ibitum. The experiments
were conducted strictly in accordance with approved guidelines by
the “Institute Animal Ethical Committee” regulated by the Committee
for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Ministry of Social Justice and Empowerment,
Government of India, India (Registration number 49/1999/CPCSEA).

Fish oil: composition and dosages

Cod liver oil from Seven seas (Seacod) was used for the experiment.
Gas chromatography analysis showed the composition as 6.5%
DHA and 7.5% EPA. FO at the dosage of 2 mL/kg bw/d, 14 d was
employed for this study. Selection of this dosage was based on an
earlier report!®),

BM: dosage selection

BM ethanolic extract was prepared as described previously!'. The
HPLC chromatogram of the extract has been reported earlier!''l.
The selection of BM dosage was based on published literature and
preliminary standardizations!®. The alcoholic extract of BM is
reported to contain various types of saponins which include Bacopa
saponin A, B, C, D, pseudojujubogenin, bacopasides (I, 11, II, IV,
and V), and other ingredients such as brahmine, herpestine, and
monnierin!”.

Experimental design

For this study, selection of NPA dosage was based on literature and
preliminary standardizations!”!. NPA was dissolved in physiological
saline and intraperitoneally administered to rats for 14 days. FO, BM
and FO+BM were supplemented by oral gavage. BM powder was
suspended in distilled water. Separate FO and BM control groups
were not included since their effects have been previously reported.

Growing rats were assigned to five groups of six animals each
(n=6) and treated as follows: Group I: Vehicle control: Rats given
physiological saline (i.p.) for 14d; Group II: NPA control: NPA (10
mg/kg bw/d) for 14d; Group III: NPA + FO: NPA administered
rats + FO (oral, 2 mL/kg bw) for 14d; Group IV: BM+NPA: NPA
administered rats + BM (oral, 100 mg/kg bw) for 14d; Group V:
FO+BM+NPA: NPA administered rats given FO+BM supplements
for 14d.

Behavioral assessments were carried out on day 7 and day 14
of the experiment. On day 15 all rats were autopsied, brain was
excised and brain regions viz., cerebellum (Cb) and striatum (St)
were dissected over ice. From each region, cytosol and mitochondrial
fractions were prepared and subjected to quantification of various
biochemical parameters.
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Behavioral assessment

Narrow beam test

Narrow beam test was done as described with minor modifications*!.
Animals were trained to traverse a wooden beam (2.5 cm wide, 150
cm long), divided into three 50 cm segments (1, 2, 3) from a platform
at one end to the animal’s home cage at the other end. The beam
was placed 60 cm above the floor horizontally. Each rat was tested
3 times; a score of 1 for a rat that traverse the beam without falling,
a score of 2 if it fell off in the third segment, a score of 3 if it fell in
second segment, 4 if it fell in first segment and 5 if the rat failed to
even balance/sit down on the beam, was given. The average scores of
three trials per rat were taken and mean value was calculated.

Grip strength

Grip strength was determined as described previously!?’. The
experimental animals were suspended by its forelimbs on a wire
stretched between 2 posts, 45 cm above a cushion support. The length
of time for which the rat was able to hold the wire was recorded.

Landing foot spread distance (LFSD)

LFSD was measured among both control and treated rats as described
previously®®. In this behavior test, fourth digit of hind limbs of
the rat was colored with ink and the animal was released from a
horizontal position from a height of 30 cm, and the distance between
the hind feet as the animal lands was recorded. This procedure was
repeated three times for each rat and the average score was taken.

Tail immersion (warm water) test- Hot hyperalgesia

Thermal sensitivity was assessed for all the rats of various groups
by tail immersion test. Tail of each rat was immersed in water
maintained at a temperature of 52 + 0.5°C. The tail withdrawal
latency (flicking response) or signs of struggle were observed and
recorded. A cut-off time of 12 seconds was maintained in all the
cases'?).

Tail immersion (cold water) test- Cold allodynia

Tail of rat was immersed in cold water (10 + 0.5°C) until tail
withdrawal (flicking response) or signs of struggle were observed. A
cut-off time of 30 seconds was maintained in all cases™!.

Biochemical measurements

Preparation of cytosol and mitochondria

Mitochondria were prepared by differential centrifugation as
previously described with minor modifications®”. Briefly a 10%
homogenate of the brain regions was prepared in ice-cold Tris-
Sucrose buffer (0.25 M, pH 7.4) using a glass-teflon grinder at 4°C.
The homogenate was centrifuged at 1000 X g for 10 min at 4°C
to obtain the nuclear pellet. The supernatant was further subjected
to centrifugation at 10,000 X g for 20 min at 4°C to obtain the
mitochondrial pellet and cytosol. The pellet was washed three times
in Mannitol-Sucrose-HEPES buffer (pH 7.4) and resuspended in the
same buffer.

Markers of oxidative stress

The extent of lipid peroxidation was measured using thiobarbituric
acid (0.8% w/v) and quantified as malondialdehyde equivalents using
1,1,3,3-tetramethoxy propane as the standard®"). For determination
of reactive oxygen species, brain cytosol/mitochondrial protein
(0.2 mg) suspended in Locke’s solution was incubated with
dihydrodichlorofluorescein diacetate (5 mM) for 30 min at room
temperature. The fluorescence intensity measured at excitation (480
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nm) and emission wavelengths (530 nm) were quantified from a
dichlorofluorescein standard curvel'.,

Protein oxidative damage: protein carbonyls

Protein carbonyl content in the brain regions were determined as
described earlier®. Brain cytosol (equivalent to 0.5 mg protein)
was incubated with 2,4-dinitrophenyl hydrazine (DNPH) for 60
min at room temperature. Following precipitation by adding 20%
trichloroacetic acid, the pellet was washed with acetone and dissolved
in 1 mL of tris buffer containing sodium dodecyl sulphate (8% w/v,
pH 7.4). The absorbance was measured at 360 nm and expressed as
nmol carbonyls/ mg protein (e- 22000/ M/ cm).

Determination of reduced glutathione (GSH)

GSH levels were quantified by a fluorimetric method”*!. Brain
cytosol (equivalent to 0.1 mg protein) was added to 1 mL formic
acid (0.1 M) and centrifuged at 10,000 X g for 10 min. An aliquot of
the supernatant was used for the assay. Concentration of GSH was
calculated from the standard curve and the expressed as pg GSH/mg
protein.

Activities of antioxidant enzymes

Superoxide dismutase (SOD) activity was measured by monitoring
the inhibition of quercetin auto-oxidation®. The activity of
glutathione peroxidase (GPx) was determined using t-butyl
hydroperoxide as the substrate and expressed as nmol of NADPH
oxidized per min per mg protein (e-6.22/mM/cm)?**. Glutathione
reductase (GR) activity was measured as described previously*®l.
Thioredoxin reductase (TRR) activity was measured as described

previously®7.,

Acetylcholinesterase (AChE) activity

The activity of AChE was determined according to the method of
Ellman et al. 19615, by taking 1 mL reaction mixture containing
phosphate buffer (0.1 M, pH 8.0), DTNB (10 mM), 50 puL cytosol
and acetylthiocholine iodide (150 mM). Change in absorbance was
monitored at 412 nm for 3 min.

Quantification of Dopamine (DA) levels by HPLC

Dopamine (DA) levels in the cytosol of striatum were analyzed?*”!
using HPLC system (Model Shimadzu LC-10 Avp, UV visible
detector (SPD-10 Avp), Pump (LC-10 ATvp), Shimadzu, Japan)
linked to an injection valve with 20ul sample loop (Model 7125,
Rheodyne, CA, USA). Sample was injected to a reversed-phase
column (Make: ‘Discovery’ Supelco Sigma-Aldrich; C-18, 25 cm -
4.6 mm, 5 um) accessorized with an ultraviolet detector (280 nm).
Analyses were all performed at room temperature. The sample was
eluted using the mobile phase 0.2% aqueous trifluoroacetic acid and
methanol (70:30, v/v) at the flow rate of 1 mL/min. DA levels were
calculated from an external standard curve.

Succinate dehydrogenase and MTT reduction

Succinate dehydrogenase activity (SDH) was determined as described
earlier®! with minor modifications. Briefly mitochondrial protein
(0.05 mg) was incubated with 50 mM potassium phosphate (pH 7.4)
containing sodium succinate (0.01 mol/L) and p-iodonitrotetrazolium
violet (2.5 pg/mL) for 10 min. The reaction was stopped by addition
of 10% TCA. The color obtained was extracted with ethyl acetate:
ethanol: trichloroacetic acid (5:5:1, v:v:w) and measured at 490 nm.
The activity was expressed as OD/mg protein. MTT reduction was
determined as described previously*!l. Brain mitochondria were
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incubated in a Mannitol-Sucrose-HEPES buffer (pH 7.4) containing
sodium succinate (20 mM) and 15 pL MTT (5 mg/mL) at 37°C for
60 min. The formazan crystals formed were dissolved in aqueous
10% SDS- 45% DMF buffer (v/v, pH 7.4). The absorbance of the
clear solution was measured at 570 nm and expressed as OD/mg
protein.

Determination of protein
Protein concentrations of the tissue homogenates and mitochondria
were determined by the method of Lowry et al. 19512, using bovine
serum albumin as standard.

Statistical analysis

Results are represented as means + standard error (SE) for each
experimental group. The data was analyzed by one-way ANOVA
followed by a post hoc Tukey test to compare the control and
treatment groups; p-values less than 0.05 were considered as
statistically significant. All statistical analysis was performed using
SPSS statistical software package version 17.0.

RESULTS

Effect on narrow beam test and grip strength
In the narrow beam test, the initial scores among various groups
ranged between 1-1.2. However, measured on day 7 the scores were
significantly increased among NPA administered rats and none of
the supplements had any protective effect. The scores among NPA
rats were further increased on day 14. While FO or BM supplements
offered only marginal protection, FO+BM supplement significantly
normalized the scores (Figure 1A).

Grip strength was also significantly reduced among NPA
administered rats measured on day 7 and all the three supplements
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Figure 1 Modulatory effect of fish oil (FO), Bacopa monnieri (BM) or combination
(FO+BM) supplements on narrow beam test (a) and grip strength (b) among rats
administered with 3-nirtopropionic acid (NPA). Data analyzed by one-way ANOVA
followed by post hoc Tukey test. *»p<0.05, Compared to Control group, “»<0.05,
Compared to NPA alone group.

had no effect. Grip strength was further reduced on day 14 and FO
supplements had no effect, while BM supplements caused marginal
improvement. However FO+BM supplement significantly improved
the grip strength among NPA administered rats (Figure 1B).

Effect on LFSD, heat hyperalgesia and cold allodynia

LFSD values were marginally increased among NPA rats on
day 7, while none of the supplements had any effect. Further,
the LFSD values were significantly increased on day 14. FO or
BM supplements offered marginal improvement while FO+BM
supplement completely normalized the LFSD scores (Figure 2a).

In hot hyperalgesia test, NPA administered rats showed reduction
(time dependent) in tail withdrawal latency period on both day 7
and day 14. Rats receiving FO, BM or FO+BM did not show any
improvement (Figure 2b). In cold allodynia, NPA administered rats
exhibited significant reduction in tail withdrawal latency period on
day 7. FO, BM or FO+BM supplements had no effect on improving
the withdrawal latency. However, the tail withdrawal latency was
further reduced on day 14 among NPA administered rats. While FO
supplements did not offer significant protection, BM supplements
marginally improved the withdrawal latency period. However,
FO+BM supplements significantly improved the tail withdrawal
latency period (Figure 2c).
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Figure 2 Modulatory effect of fish oil (FO), Bacopa monnieri (BM) or combination
(FO+BM) supplements on landing foot spread distance (a), hot hyperalgesia (b) and
cold allodynia (c) among rats administered with 3-nirtopropionic acid (NPA). Data
analyzed by one-way ANOVA followed by post hoc Tukey test. »<0.05, Compared
to Control group, “p<0.05, Compared to NPA alone group.
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Attenuation of oxidative markers in cytosol and mitochondria
MDA levels were significantly elevated only in St among NPA
administered rats. FO supplements did not offer protection, while
BM partially normalized the MDA levels. However, the levels
were completely normalized among FO+BM rats (Table 1). ROS
levels were found to be elevated in both St and Cb among NPA
administered rats. In St, ROS levels were marginally reduced among
FO or BM supplemented rats. However, the levels were completely
normalized among FO+BM rats. In Cb, FO or BM supplements
did not offer protection while FO+BM supplements completely
normalized the ROS levels (Table 1).

In mitochondrial fractions MDA levels were significantly elevated
in both St and Cb among NPA rats. FO or BM supplements did not
offer protection while FO+BM supplements significantly normalized
the levels (Table 1). ROS levels were significantly enhanced only in
Cb among NPA rats. FO supplements did not offer protection while
BM supplements significantly lowered the ROS levels. However,
the levels were significantly diminished below basal levels among
FO+BM combination group (Table 1).

Effect on protein oxidation and GSH levels

NPA administration resulted in significantly elevated protein
carbonyl levels only in St. FO supplements had no effect while
BM supplements significantly normalized the levels. Interestingly,
carbonyl levels were significantly diminished below basal levels
among FO+BM supplemented rats (Figure 3a). Further, the GSH
levels were significantly depleted both in St and in Cb among NPA
administered rats. In St the levels were normalized among FO, BM or
FO+BM supplemented rats, while in Cb restoration was evident only
among FO+BM rats (Figure 3b).
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Figure 3 Effect of fish oil (FO), Bacopa monnieri (BM) or combination (FO+BM)
supplements on protein carbonyl (a) and GSH levels (b) in cytosol of striatum
and cerebellum among rats administered with 3-nirtopropionic acid (NPA). Data
analyzed by one-way ANOVA followed by post hoc Tukey test. ‘p<0.05, Compared
to Control group, *p<0.05, Compared to NPA alone group.

353

Effect on antioxidant enzyme activities

In general, NPA administration significantly reduced the activities of
SOD and TRR in St, while GR and GPx was not affected. FO and
BM supplements differentially affected the enzyme activity. The
combination supplements restored the activity of SOD and TRR
while the GPx and GR activity was significantly enhanced in St
(Table 2). NPA administration did not have any significant effect on
SOD activity in Cb. In Cb, NPA administration significantly reduced
GR while the activity of GPx and TRR was not affected. However,
the combination supplements enhanced the GPx and TRR activity
and normalized GR activity (Table 2).

Effect on AChE activity and dopamine levels
In Cb, AChE activity was not affected among NPA administered
rats. However, AChE activity was significantly elevated among NPA
administered rats in St and the activity was completely normalized
among FO, BM or FO+BM supplemented rats (Table 3).

Dopamine levels were significantly depleted among NPA
administered rats. The levels were marginally improved only among
FO+BM rats (Figure 4).

Effect on SDH activity and MTT reduction

SDH activity and MTT reduction was significantly reduced among
NPA administered rats in both St and Cb and none of the supplements
offered protection (Table 4).

DISCUSSION

Though the neuroprotective effects of FO are well established,
several experimental evidence suggests that higher doses of FO
for longer duration induce lipid peroxidation!'®). However, the
presence of antioxidants jointly with n-3 PUFA would prevent
possible oxidative deterioration**. Hence, FO interventions coupled
with natural antioxidants could enhance the potency of FO and
provide dual benefits to the consumert*#!, In the present study, we
selected Bacopa monnieri (BM), a traditional plant widely used in
Ayurvedic system of medicine for its various neuropharmacological
propertiest*®. Clinical trials have shown that BM is beneficial
especially in children and young adults owing to its antioxidant and
neuroprotective properties!'”). Hence the present study examined
the possibility of enhancing the neuroprotective efficacy of FO by
enrichment with a standardized extract of BM in a shorter regimen of
NPA model of neurotoxicity in rats.
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Figure 4 Dopamine levels in striatum among rats administered with 3-nitropropionic
acid (NPA) and provided with oral supplements of fish oil (FO), Bacopa monnieri
(BM) or combination (FO+BM). Data analyzed by one-way ANOVA followed by
post hoc Tukey test. *p<0.05, Compared to Control group, “p<0.05, Compared to
NPA alone group.
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In the present model, NPA administration significantly induced
oxidative markers in both cytosolic and mitochondrial fractions of
cerebellum and striatum. These results are in agreement with previous

124748] Increased

findings among NPA models of neurotoxicity
oxidative stress is one of the major deleterious events in both clinical
and experimentally induced HD. Elevation of oxidative markers
further leads to DNA damage, protein oxidation, lipid peroxidation
and finally culminating into cell death and damage to brain*,
Previously, we have shown the efficacy of FO supplements to protect
against neurotoxicant induced oxidative stress and mitochondrial
dysfunction in rat brain'. Interestingly, our earlier findings have
shown that oral supplement of BM extract offered significant
protection against NPA induced oxidative stress and mitochondrial
dysfunction in mice brain!"*.. The completely normalized levels of

Table 1 Ameliorative effect of fish oil (FO), Bacopa monnieri (BM) extract or
combination (FO+BM) supplements on lipid peroxidation, ROS generation
in cytosol and mitochondria of striatum and cerebellum among rats
administered with 3-nitropropionic acid (NPA).

| CTR | NPA | FO+NPA | BM+NPA | FO+BM+NPA
Striatum
Cytosol
MDA! | 51+0.28 |7.82+046%| 7.3+0.52 | 6.7+0.23 5.5 + 0.46*
ROS* | 475+0.3 | 75.0+£25% | 63.0+33 | 642+1.6 451 +2.5%
Mitochondria
MDA! | 1.6+0.13 | 2.3 £0.16* | 25+0.16 | 22+0.14 1.9+0.11*
ROS* | 33.6+4.2 |37.2+0.56 | 38.8+53 | 38.7+25 39.4+0.6
Cerebellum
Cytosol
MDA! | 40+0.05 | 45+0.28 | 43+0.33 | 4.6+0.35 44+0.10
ROS* |153.3 £3.5|180.6 £8.0 [200.9 £15.5| 204.4 +7.4 1659 +£11.4
Mitochondria
MDA! | 1.7+£0.08 | 23+0.17* | 1.9+0.16 | 1.9+0.12 1.7+0.16
ROS* | 55.3+3.5 | 741+25*% | 675+25 | 60.1+05% | 49.0+0.73*

FO- 2 mL/kg bw/d, 14 d; BM- 100 mg/kg bw/d, 14 d; NPA- 10 mg/kg
bw/d, 14 days. Values are mean + SE (1 = 6); Data analyzed by one-way
ANOVA followed by post hoc Tukey test. *p < 0.05, Compared to control
group, *p < 0.05, Compared to NPA alone group, "Malondialdehyde: nmol
MDA /mg protein, Reactive oxygen species: pmolDCF/min/mg protein.

Table 2 Effect of fish oil (FO), Bacopa monnieri (BM) extract and
combination (FO+BM) supplements on the activities of antioxidant
enzymes in cytosol of striatum and cerebellum among rats administered
with 3-nitropropionic acid (NPA).

| CTR | NPA | FO+NPA | BM+NPA [FO+BM+NPA
Striatum
SOD' | 173.7+9.2 [149.3+6.9%| 136.6+3.7 | 1382+1.4| 181 +15.7*
GR® | 442+04 | 492+1.0 |728+10.0%%751+12%¢| 771+51%
GPx’ | 288+21 | 303+15 | 324+11 | 33.0+18 | 427+29%
TRR* | 160+17 | 121+03% | 165+15" | 172+12* | 215+0.7*
Cerebellum
SOD! |236.1+12.5(2445+11.6| 2442183 | 2512492 | 240.1 +6.09
GR® | 1274449 | 902+51% |119.1 +10.8*| 1264 +2.1*| 147.6+0.52"
GPx* | 392+14 | 375+35 | 39.9+3.68 | 425+25 | 49.7+26%"
TRR* | 201+11 | 292416 | 31.9+19 | 313426 | 382+2.01%

FO- 2 mL/kg bw/d, 14 d; BM- 100 mg/kg bw/d, 14 d; NPA- 10 mg/kg
bw/d, 14 days. Values are mean + SE (1 = 6); Data analyzed by one-way
ANOVA followed by post hoc Tukey test. *p < 0.05, Compared to control
group. *p < 0.05, Compared to NPA alone group. 'Superoxide dismutase:
units/mg protein; *Glutathione reductase: nmol NADPH oxidized/min/
mg protein; *Glutathione peroxidase: nmol NADPH oxidized/min/mg
protein; ‘Thioredoxin reductase: nmol substrate/ min/mg protein.
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oxidative markers among the combination (FO+BM) supplement can
be attributed to the additive effect of both FO and bioactives present
in BM extract.

In the present model, elevated protein carbonyl levels were
observed in brain regions among NPA administered rats and the
effects were found to be more pronounced in St. This correlates well
with previous reports where elevated protein carbonyl levels were
observed in brain regions among rodent models of neurotoxicity®*!l,
It is suggested that protein carbonyl formation might be due to
ROS-mediated oxidation of amino acid side chains or by covalent
binding to products of lipid peroxidation or glycoxidation. Recently,
the efficacy of FO supplements to reduce in vivo oxidative damage
of proteins has been well demonstrated®?. In the present study, we
evidenced completely normalized protein carbonyl levels in St only
among the FO+BM group, which further emphasizes their potential
benefits against oxidative stress mediated neurotoxicity.

In the present study, GSH levels were significantly depleted among
NPA administered rats in both striatum and cerebellum. Experimental
evidence shows that oxidative stress is associated with neuronal
loss and the most significant change in the antioxidant system is
GSH depletion®. Recently, it was also shown that GSH depletion
in a model of dopaminergic a-synuclein overexpression leads to
increased age-related loss in behavioral olfactory function as well as
significant neurodegeneration of glomerular dopaminergic neurons®*..
GSH plays a critical role in protecting cells from oxidative stress
and xenobiotics, as well as maintaining the thiol redox state in the
central nervous system. Since depleted GSH levels are associated
with the pathophysiology of neurodegenerative diseases, a number
of researchers have attempted to find new potential approaches for
maintaining or restoring the GSH levels®™. In the present study, GSH

Table 3 Activity levels of Acetylcholinesterase (AChE) enzyme in cytosol
of striatum and cerebellum among rats administered with 3-nitropropionic
acid (NPA) and provided with oral supplements of fish oil (FO), Bacopa
monnieri (BM) extract or combination (FO+BM).

Striatum Cerebellum
CTR 576.1+13.5 70.29 £ 0.63
NPA 810.0 £ 10.0* 67.71 £ 0.05
FO+NPA 656.2 +11.3* 64.29 £ 2.65
BM+NPA 674.4 +42.2% 66.86 £ 3.89
FO+BM+NPA 616.8 + 1.36" 68.86 £ 0.20

FO- 2 mL/kg bw/d, 14 d; BM- 100 mg/kg bw/d, 14 d; NPA- 10 mg/kg
bw/d, 14 days. Values are mean + SE (1 = 6); Data analyzed by one-way
ANOVA followed by post hoc Tukey test. *p < 0.05, Compared to control
group, “p < 0.05, Compared to NPA alone group, AChE: nmol substrate
hydrolyzed/min/mg protein.

Table 4 Activity of succinate dehydrogenase enzyme and MTT reduction
in striatum and cerebellum among rats administered with 3-nitropropionic
acid (NPA) and provided with oral supplements of fish oil (FO), Bacopa
monnieri (BM) extract or combination (FO+BM).

| CTR | NPA [FO+NPA [BM+NPA| FO+BM+NPA
Striatum
SDH! | 10.6+1.9 | 3.23+0.1* [3.67+0.11[3.23£0.08] 412+036
MTT? | 142+19 | 9.04£03* | 108+07 |813+1.17| 1184017
Cerebellum
SDH! |10.3 +1.18]4.80  0.05*| 5.05 £ 0.30|3.90£ 0.38|  6.50+0.93
MTT? |14.5 +0.69|8.51 £ 1.22* | 6.21 £ 0.46|8.28 £ 0.36]  9.09+0.69

FO- 2 mL/kg bw/d, 14 d; BM- 100 mg/kg bw/d, 14 d; NPA- 10 mg/kg
bw/d, 14 days. Values are mean * SE (n = 6); Data analyzed by one-way
ANOVA followed by post hoc Tukey test. *p < 0.05, Compared to control
group. 'Succinate dehydrogenase- OD at 490 nm/mg protein; "MTT
reduction- OD at 570 nm/mg protein.
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levels were normalized to various levels among all the supplemented
groups with the effect being more pronounced in the combination
group. Hence, our approach presents an alternate way to enhance the
GSH levels.

Further, administration of NPA caused significant alterations
in the activity levels of antioxidant enzymes in brain regions
clearly suggesting induction of oxidative stress in vivol®l. NPA
administration resulted in compromised activity levels of antioxidant
enzymes such as SOD, GR and TRR in striatum. This data is
consistent with our previous findings on the effect of NPA in a
mice model of neurotoxicity!'*l. Interestingly, activities of these
enzymes were completely restored only among the combination
group. Further, the activity levels of GPx and TRR were significantly
enhanced among FO+BM rats in cerebellum under NPA exposure.
Both of these selenium dependent enzymes are known to protect cells
against oxidative injury®®. These data allow us to speculate that the
mechanism of increased neuroprotection offered by the combination
supplement may be partly mediated through the normalization/
enhancement of activities of antioxidant enzymes.

ACHhE, an acetylcholine-hydrolyzing enzyme, is implicated in
cognitive functions and probably plays important roles in conditions
such as neuropathy or neurodegenerative disorders®". Among NPA
administered rats, AChE activity was significantly enhanced in
striatum. This data corroborates well with the previous findings of
enhanced AChE activity among neurotoxin administered rats®!.
Activation of AChE may be mediated by free radical production and
consequent oxidative stress in brain. Evidence suggests that enhanced
activation of AChE leads to faster acetylcholine degradation
which impairs cholinergic neurotransmission and also affects other
functions such as cell proliferation and promotes apoptosis®”. Tt
has been shown that acetylcholine has a potential neuroprotective
role as a scavenger of superoxide anion and is able to reduce lipid
peroxidation®. In the present study, complete restoration of AChE
activity among FO+BM rats is suggestive of the increased efficacy of
the combination to ameliorate cholinergic dysfunction.

In the present study, dopamine levels were significantly depleted
in striatum among NPA administered rats, which is consistent
with previous reports®”.. Dopaminergic neurons in the substantia
nigra have been reported to be highly sensitive to NPAPY, Studies
on the transgenic models of HD clearly confirmed that decline
in dopaminergic activity is accompanied by progression of the
diseasel®”. Oxidative stress plays a major role in NPA associated loss
of dopaminergic neurons and depletion of dopamine levels??”. In the
present study, though oxidative markers were completely normalized
with the supplements, the DA levels exhibited only marginal
improvement among FO+BM rats. The underlying reason for this
effect is not clear and further studies are required to delineate the
mechanisms.

In the present model, chronic administration of NPA resulted in a
significant decrease in SDH activity and MTT reduction. However
the activity was not restored among any of the supplemented groups.
Previously it was shown that FO supplements have the propensity to
protect against toxin associated reduction in mitochondrial enzymes
activities®. Further, BM supplements were found to offer protection
against NPA induced mitochondrial dysfunction in mice model!',
It is speculated that the failure to protect against mitochondrial
dysfunction with FO+BM supplements may be attributed to the
chronic NPA treatment paradigm.

Significant behavioral alterations were evident among NPA
administered rats and these findings are in agreement with earlier
reports’®®l. The symptoms developed by chronic administration of
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NPA are akin to juvenile onset and late hypokinetic stages of HD!"),
Furthermore, the behavioral defects are closely linked to the degree
of neuronal dysfunction!®", Balance and motor coordination skill was
decreased in NPA administered rats as evident by the significantly
elevated scores in narrow beam test. However the scores were
reduced among FO, BM or FO+BM rats with the effect being more
pronounced among the combination group. Similarly, the reduction
in grip strength observed with NPA was significantly improved
only among FO+BM rats suggesting the enhanced benefits of the
combination.

In the present study, increased LFSD scores among NPA
administered rats indicate the onset of peripheral neuropathy!®®.
The effect of NPA administration on peripheral nervous system has
been previously described!®?. The LFSD scores were significantly
normalized among the combination group suggesting the protective
effects on peripheral nervous system. Further, NPA administered
rats exhibited significant reduction in tail withdrawal latency
(hot hyperalgesia and cold allodynia) which indicates decrease
in pain threshold®”.. The supplements did not offer protection in
hot hyperalgesia while in cold allodynia FO+BM combination
completely normalized the tail retention latency. The specific
reasons responsible for these differential effects are not clear and
merits further investigation to delineate the underlying mechanisms.
However, the present data clearly suggests the beneficial effects of
FO+BM combination supplements on peripheral nervous system.

In conclusion, these findings clearly support our working
hypothesis that neuroprotective propensity of FO can be enhanced
by enrichment with phytochemicals. The protective effects of the
combination were discernible in terms of improvement in behavioral
impairments and alleviation of oxidative stress. However, the
specific mechanism/s by which the combination provides enhanced
neuroprotection merits further investigation. Hence a combination of
FO with extracts such as BM offers a useful experimental paradigm
to achieve higher neuroprotective effect.

ACKNOWLEDGEMENTS

We wish to thank the Director, CFTRI for his keen interest in this
study. The first author thanks the Council of Scientific and Industrial
research (CSIR), New Delhi, Govt. of India for the award of Junior/
Senior Research Fellowships.

REFERENCES

1. Russell KL, Berman NEJ, Gregg PRA, Levant B. Fish oil improves
motor function, limits blood-brain barrier disruption, and reduces
Mmp9 gene expression in a rat model of juvenile traumatic brain
injury. Prostaglandins Leukot Essent Fatty Acids 2014; 90: 5-11.
[PMID: 24342130]; [DOI: 10.1016/j.plefa.2013.11.003]

2. Cunnane SC, Plourde M, Pifferi F, Bégin M, Féart C, Barberger-Ga-
teau P. Fish, docosahexaenoic acid and Alzheimer’s disease. Prog
Lipid Res 2009; 48: 239-56. [PMID: 19362576]; [DOI: 10.1016/
j-plipres.2009.04.001]

3. Dyall SC. Amyloid-beta peptide, oxidative stress and inflammation

in alzheimer’s disease: potential neuroprotective effects of omega-3

polyunsaturated fatty acids. Int J Alzheimers Dis 2010: 274128 (Ar-
ticle ID). [DOI: 10.4061/2010/274128]

Bousquet M, Saint-Pierre M, Julien C, Salem N, Cicchetti F, Calon

F. Beneficial effects of dietary omega-3 polyunsaturated fatty acid

on toxin-induced neuronal degeneration in an animal model of Par-

kinson’s disease. FASEB J 2008; 22: 1213-25. [PMID: 18032633];

[DOI: 10.1096/£j.07-9677com]

5. Hashimoto M, Tozawa R, Katakura M, Shahdat H, Haque AM,



Kollareth DIM et al. Neuroprotection with a combination of fish oil and Bacopa monnieri

10.

11.

12.

13.

16.

17.

18.

19.

20.

Tanabe Y, Gamoh S, Shido O. Protective effects of prescription n-3
fatty acids against impairment of spatial cognitive learning ability
in amyloid B-infused rats. Food Funct 2011; 2: 386-94. [PMID:
21894325]; [DOI: 10.1039/c1f000002k]

Denny Joseph KM, Muralidhara. Fish oil prophylaxis attenuates ro-
tenone-induced oxidative impairments and mitochondrial dysfunc-
tions in rat brain. Food Chem Toxicol 2012; 50: 1529-37. [PMID:
22289576]; [DOI: 10.1016/j.fct.2012.01.020]

Shinomol GK, Muralidhara, Bharath MMS. Exploring the role of
“Brahmi” (Bocopa monnieri and Centella asiatica) in brain func-
tion and therapy. Recent Pat Endocr Metab Immune Drug Discov
2011; 5: 33-49. [PMID: 22074576]

Khan MB, Ahmad M, Ahmad S, Ishrat T, Vaibhav K, Khuwaja G,
Islam F. Bacopa monniera ameliorates cognitive impairment and
neurodegeneration induced by intracerebroventricular-streptozoto-
cin in rat: behavioral, biochemical, immunohistochemical and histo-
pathological evidences. Metab Brain Dis. 2015; 30: 115-27. [PMID:
25037167]; [DOI: 10.1007/s11011-014-9593-5]

Kapoor R, Srivastava S, Kakkar P. Bacopa monnieri modulates
antioxidant responses in brain and kidney of diabetic rats. Environ
Toxicol Pharmacol 2009; 27: 62-9. [PMID: 21783922]; [DOI:
10.1016/j.etap.2008.08.007]

Krishnakumar A, Abraham PM, Paul J, Paulose CS. Down-
regulation of cerebellar 5-HT(2C) receptors in pilocarpine-induced
epilepsy in rats: therapeutic role of Bacopa monnieri extract. J
Neurol Sci 2009; 284: 124-8. [PMID: 19439326]; [DOI: 10.1016/
j.jns.2009.04.032]

Shinomol GK, Muralidhara. Bacopa monnieri modulates en-
dogenous cytoplasmic and mitochondrial oxidative markers in
prepubertal mice brain. Phytomedicine 2011; 18: 317-26. [PMID:
20850955]; [DOI: 10.1016/j.phymed.2010.08.005]

Gupta S, Sharma B. Pharmacological benefit of I(1)-imidazoline re-
ceptors activation and nuclear factor kappa-B (NF-kB) modulation
in experimental Huntington’s disease. Brain Res Bull 2014; 102: 57—
68. [PMID: 24582883]; [DOLI: 10.1016/j.brainresbull.2014.02.007]
Gao Y, Chu S, Li J, Zhang Z, Yan J, Wen Z, Xia CY, Mou Z, Wang
ZZ, He WB, Guo XF, Wei GN, Chen NH. Protopanaxtriol protects
against 3-nitropropionic acid-induced oxidative stress in a rat model
of Huntington’s disease. Acta Pharmacol Sin 2015; 36: 311-22.
[PMID: 25640478]; [DOI: 10.1038/aps.2014.107]

Wu C-L, Hwang C-S, Chen S-D, Yin J-H, Yang D-I. Neuroprotec-
tive mechanisms of brain-derived neurotrophic factor against 3-ni-
tropropionic acid toxicity: therapeutic implications for Huntington’s
disease. Ann N Y Acad Sci 2010; 1201: 8—12. [PMID: 20649532];
[DOI: 10.1111/j.1749-6632.2010.05628.x]

Shinomol GK, Bharath MMS, Muralidhara. Neuromodulatory
propensity of Bacopa monnieri leaf extract against 3-nitropropionic
acid-induced oxidative stress: in vitro and in vivo evidences. Neu-
rotox Res 2012; 22: 102—14. [PMID: 22203611]; [DOI: 10.1007/
$12640-011-9303-6]

Tsuduki T, Honma T, Nakagawa K, Ikeda I, Miyazawa T. Long-
term intake of fish oil increases oxidative stress and decreases
lifespan in senescence-accelerated mice. Nutrition 2011; 27: 334-7.
[PMID: 20621447]; [DOL: 10.1016/j.nut.2010.05.017]

Oarada M, Tsuzuki T, Gonoi T, Igarashi M, Kamei K, Nikawa T,
Hirasaka K, Ogawa T, Miyazawa T, Nakagawa K, Kurita N. Effects
of dietary fish oil on lipid peroxidation and serum triacylglycerol
levels in psychologically stressed mice. Nutrition 2008; 24: 67-75.
[PMID: 18070659]; [DOI: 10.1016/j.nut.2007.10.006]

Dubey P, Jayasooriya AP, Cheema SK. Fish oil induced hyperlipid-
emia and oxidative stress in BioF1B hamsters is attenuated by el-
derberry extract. Appl Physiol Nutr Metab 2012; 37: 472-9. [PMID:
22497315]; [DOLI: 10.1139/h2012-030]

Dolatabadi JEN, Kashanian S. A review on DNA interaction with
synthetic phenolic food additives. Food Research International
2010; 43: 1223-30]; [DOI:10.1016/j.foodres.2010.03.026]
Sekhon-Loodu S, Warnakulasuriya SN, Rupasinghe HPV, Sha-

356

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

hidi F. Antioxidant ability of fractionated apple peel phenolics to
inhibit fish oil oxidation. Food Chem 2013; 140: 189-96. [PMID:
23578632]; [DOLI: 10.1016/j.foodchem.2013.02.040]

Leite MF, Lima AM, Otton R. Combination of astaxanthin and fish
oil supplementation alters antioxidant enzyme profile of dental pulp
tissue. Int Endod J 2012; 45: 1109-15. [PMID: 22809098]; [DOI:
10.1111/5.1365-2591.2012.02080.x]

Denny Joseph KM, Muralidhara. Enhanced neuroprotective effect
of fish oil in combination with quercetin against 3-nitropropionic
acid induced oxidative stress in rat brain. Prog Neuropsychophar-
macol Biol Psychiatry 2013; 40: 83-92. [PMID: 22960609]; [DOI:
10.1016/j.pnpbp.2012.08.018]

Denny Joseph KM, Muralidhara. Neuroprotective efficacy of a
combination of fish oil and ferulic acid against 3-nitropropionic
acid-induced oxidative stress and neurotoxicity in rats: behavioural
and biochemical evidence. App! Physiol Nutr Metab 2014; 39:
487-96. [PMID: 246699917; [DOTI: 10.1139/apnm-2013-0262]
Ahirwar S, Tembhre M, Gour S, Namdeo A. Anticholinesterase
Efficacy of Bacopa monnieri against the Brain Regions of Rat-A
novel approach to therapy for Alzheimer’s disease. Asian J Exp Sci
2012; 26: 65-70.

Kumar P, Kumar A. Effect of lycopene and epigallocatechin-3-gal-
late against 3-nitropropionic acid induced cognitive dysfunction
and glutathione depletion in rat: a novel nitric oxide mechanism.
Food Chem Toxicol 2009; 47: 2522-30. [PMID: 19616597]; [DOLI:
10.1016/j.£ct.2009.07.011]

Sandhir R, Mehrotra A, Kamboj SS. Lycopene prevents 3-nitropro-
pionic acid-induced mitochondrial oxidative stress and dysfunc-
tions in nervous system. Neurochem Int 2010; 57: 579-87. [PMID:
20643176]; [DOLI: 10.1016/j.neuint.2010.07.005]

Al Mutairy A, Al Kadasah S, Elfaki I, Arshaduddin M, Malik D, Al
Moutaery K, Tariq M. Trolox ameliorates 3-nitropropionic acid-in-
duced neurotoxicity in rats. Neurotoxicol Teratol 2010; 32: 226-33.
[PMID: 19755148]; [DOL: 10.1016/1.ntt.2009.09.003]

Pradat PF, Kennel P, Naimi-Sadaoui S, Finiels F, Orsini C, Revah F,
Delaere P, Mallet J. Continuous delivery of neurotrophin 3 by gene
therapy has a neuroprotective effect in experimental models of dia-
betic and acrylamide neuropathies. Hum Gene Ther 2001; 12:2237—
49. [PMID: 11779407]; [DOI: 10.1089/10430340152710577]
Kuhad A, Chopra K. Lycopene ameliorates thermal hyperalgesia
and cold allodynia in STZ-induced diabetic rat. Indian J Exp Biol
2008; 46: 108-11. [PMID: 18335808]

Moreadith RW, Fiskum G. Isolation of mitochondria from ascites
tumor cells permeabilized with digitonin. Anal Biochem 1984; 137:
360-7. [PMID: 6731817]

Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal Biochem 1979; 95:
351-8. [PMID: 36810]

Levine RL, Garland D, Oliver CN, Amici A, Climent I, Lenz AG,
Ahn BW, Shaltiel S, Stadtman ER. Determination of carbonyl
content in oxidatively modified proteins. Meth Enzymol 1990; 186:
464-78. [PMID: 1978225]

Mokrasch LC, Teschke EJ. Glutathione content of cultured cells and
rodent brain regions: a specific fluorometric assay. Anal Biochem
1984; 140: 506-9. [PMID: 6486436]

Kostyuk VA, Potapovich Al. Superoxide--driven oxidation of quer-
cetin and a simple sensitive assay for determination of superoxide
dismutase. Biochem Int 1989;19:1117-24. [PMID: 2561443]

Flohe L, Gunzler WA. Assays of glutathione peroxidase. Meth En-
zymol 1984;105:114-21. [PMID: 6727659]

Carlberg I, Mannervik B. Glutathione reductase. Meth Enzymol
1985; 113: 484-90. [PMID: 3003504]

Luthman M, Holmgren A. Rat liver thioredoxin and thioredoxin
reductase: purification and characterization. Biochemistry 1982; 21:
6628-33. [PMID: 7159551]

Ellman GL, Courtney KD, Andres V, Feather-Stone RM. A new and
rapid colorimetric determination of acetylcholinesterase activity.



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kollareth DIM et al. Neuroprotection with a combination of fish oil and Bacopa monnieri

Biochem Pharmacol 1961; 7: 88-95. [PMID: 13726518]

Dalpiaz A, Filosa R, de Caprariis P, Conte G, Bortolotti F, Biondi C,
Scatturin A, Prasad PD, Pavan B. Molecular mechanism involved
in the transport of a prodrug dopamine glycosyl conjugate. Int J
Pharm 2007; 336: 133-9. [PMID: 17184941]; [DOI: 10.1016/
j-ijpharm.2006.11.051]

Pennington RJ. Biochemistry of dystrophic muscle. Mitochondrial
succinate-tetrazolium reductase and adenosine triphosphatase. Bio-
chem J 1961; 80: 649-54. [PMID: 13734134]

Berridge MV, Tan AS. Characterization of the cellular reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT): subcellular localization, substrate dependence, and involve-
ment of mitochondrial electron transport in MTT reduction. Arch
Biochem Biophys 1993; 303: 474-82. [PMID: 8390225]; [DOI:
10.1006/abbi.1993.1311]

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein mea-
surement with the Folin phenol reagent. J Biol Chem 1951; 193:
265-75. [PMID: 14907713]

Casanova E, Baselga-Escudero L, Ribas-Latre A, Arola-Arnal A,
Bladé C, Arola L, Salvado MJ. Epigallocatechin gallate counteracts
oxidative stress in docosahexaenoxic acid-treated myocytes. Bio-
chim Biophys Acta 2014; 1837: 783-91. [PMID: 24486445; [DOL:
10.1016/j.bbabio.2014.01.014]

O’Sullivan A, Mayr A, Shaw NB, Murphy SC, Kerry JP. Use of
natural antioxidants to stabilize fish oil systems. Journal of Aquatic
Food Product Technology 2005; 14: 75-94. [DOI: 10.1300/
J030v14n03_06]

Pérez-Mateos M, Bravo L, Goya L, Gémez-Guillén C, Montero P.
Quercetin properties as a functional ingredient in omega-3 enriched
fish gels fed to rats. J Sci Food Agri 2005; 85: 1651-1659]; [DOL:
10.1002/jsfa.2164]

Shinomol GK, Mythri RB, Srinivas Bharath MM, Muralidhara. Ba-
copa monnieri extract offsets rotenone-induced cytotoxicity in do-
paminergic cells and oxidative impairments in mice brain. Cell Mol
Neurobiol 2012; 32: 455-65. [PMID: 22160863]; [DOI: 10.1007/
s10571-011-9776-0]

Mahdy HM, Mohamed MR, Emam MA, Karim AM, Abdel-
Naim AB, Khalifa AE. Puerarin ameliorates 3-nitropropionic acid-
induced neurotoxicity in rats: possible neuromodulation and anti-
oxidant mechanisms. Neurochem Res 2014; 39: 321-32. [PMID:
24346712]; [DOI: 10.1007/s11064-013-1225-7]

Chandran G, Muralidhara. Biochemical and behavioral evidences
for neuromodulatory properties of Selaginella delicatula against
3-nitropropionic acid model in mice. IJ. of Neurology Res. 2016; 2:
226-237]; [DOI:10.17554/j.issn.2313-5611.2016.02.49]

Gandhi S, Abramov AY. Mechanism of oxidative stress in neurode-
generation. Oxid Med Cell Longev 2012;2012:428010. URL: http://
dx.doi.org/10.1155/2012/428010]

Chandran G, Muralidhara. Neuroprotective effect of aqueous extract
of Selaginella delicatula as evidenced by abrogation of rotenone-
induced motor deficits, oxidative dysfunctions, and neurotoxicity in
mice. Cell Mol Neurobiol 2013; 33: 929-42. [PMID: 23868340];
[DOI: 10.1007/s10571-013-9959-y]

Prasad SN, Muralidhara. Mitigation of acrylamide-induced be-
havioral deficits, oxidative impairments and neurotoxicity by oral
supplements of geraniol (a monoterpene) in a rat model. Chem Biol
Interact 2014; 223: 27-37. [PMID: 25199698]; [DOI: 10.1016/

357

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

j.cbi.2014.08.016]

Mendez L, Pazos M, Gallardo JM, Torres JL, Pérez-Jiménez J,
Nogués R, Romeu M, Medina I. Reduced protein oxidation in
Wistar rats supplemented with marine ©3 PUFAs. Free Radic
Biol Med 2013; 55: 8-20. [PMID: 23159545]; [DOI: 10.1016/
j-freeradbiomed.2012.11.004]

Conrad M, Schick J, Angeli JPF. Glutathione and thioredoxin de-
pendent systems in neurodegenerative disease: what can be learned
from reverse genetics in mice. Neurochem Int 2013; 62: 738-49.
[PMID: 23333338]; [DOI: 10.1016/j.neuint.2013.01.010]
Cacciatore I, Baldassarre L, Fornasari E, Mollica A, Pinnen
F. Recent advances in the treatment of neurodegenerative dis-
eases based on GSH delivery systems. Oxid Med Cell Longev
2012;2012:240146. [DOL: 10.1155/2012/240146]

Ochoa JJ, Pamplona R, Ramirez-Tortosa MC, Granados-Principal
S, Perez-Lopez P, Naudi A, Portero-Otin M, Lopez-Frias M, Battino
M, Quiles JL. Age-related changes in brain mitochondrial DNA de-
letion and oxidative stress are differentially modulated by dietary fat
type and coenzyme Q. Free Radic Biol Med 2011; 50: 1053—64.
[PMID: 21335087]; [DOI: 10.1016/j.freeradbiomed.2011.02.004]
Brown KM, Arthur JR. Selenium, selenoproteins and human health:
areview. Public Health Nutr 2001; 4: 593-9. [PMID: 11683552]
Schmatz R, Mazzanti CM, Spanevello R, Stefanello N, Gutierres
J, Corréa M, da Rosa MM, Rubin MA, Chitolina Schetinger MR,
Morsch VM. Resveratrol prevents memory deficits and the increase
in acetylcholinesterase activity in streptozotocin-induced diabetic
rats. Eur J Pharmacol 2009; 610: 42—8. [PMID: 19303406]; [DOI:
10.1016/j.ejphar.2009.03.032]

Zugno Al, Pereira LO, Mattos C, Scherer EB, Netto CA, Wyse AT.
Guanidinoacetate administration increases acetylcholinesterase ac-
tivity in striatum of rats and impairs retention of an inhibitory avoid-
ance task. Metab Brain Dis 2008; 23: 189—198. [PMID: 18437545];
[DOL: 10.1007/s11011-008-9085-6]

Nishino H, Kumazaki M, Fukuda A, Fujimoto I, Shimano Y, Hida
H, Sakurai T, Deshpande SB, Shimizu H, Morikawa S, Inubushi T.
Acute 3-nitropropionic acid intoxication induces striatal astrocytic
cell death and dysfunction of the blood-brain barrier: involvement
of dopamine toxicity. Neurosci Res 1997; 27: 343-55. [PMID:
9152047]

Tariqg M, Khan HA, Elfaki I, Al Deeb S, Al Moutaery K. Neu-
roprotective effect of nicotine against 3-nitropropionic acid
(3-NP)-induced experimental Huntington’s disease in rats. Brain
Res Bull 2005; 67: 161-8. [PMID: 16140176]; [DOI: 10.1016/
j-brainresbull.2005.06.024]

Khuwaja G, Khan MM, Ishrat T, Ahmad A, Raza SS, Ashafaq
M, Javed H, Khan MB, Khan A, Vaibhav K, Sathi MM, Islam
F. Neuroprotective effects of curcumin on 6-hydroxydopamine-
induced Parkinsonism in rats: behavioral, neurochemical and im-
munohistochemical studies. Brain Res 2011; 1368: 254—63. [PMID:
20951685]; [DOLI: 10.1016/j.brainres.2010.10.023]

Binienda ZK, Beaudoin MA, Gough B, Ali SF, Virmani A. Assess-
ment of 3-nitropropionic acid-evoked peripheral neuropathy in rats:
neuroprotective effects of acetyl-I-carnitine and resveratrol. Neu-
rosci Lett 2010; 480: 117-21. [PMID: 20542088]; [DOI: 10.1016/
j-neulet.2010.06.020]

Peer reviewer: Haseeb Khan



