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Abstract
Parkinson's disease (PD), an age-dependent neurodegenerative movement disorder, is
attributed to the lossof dopaminergic neurons in the striatal SNPc, abnormal α-Synuclein
accumulation that leads to complex movement disorders, cognitive dysfunction, and
dementia in later stage, however, its precise molecular underpinning is not well known. In
the proposed study, we aim to explore the effects of PD on the expression of the synaptic
plasticity associated with AMPA receptor subunit GluR2, its epigenetic regulation, and
investigate the possible therapeutic role of a well-characterized extract of an ancient
Indian medicinal plantBacopa monniericalled CDRI-08 on the PD and memory impairment
in rotenone-PD mouse model as presently there is no successful treatment available for
curing the PD-induced pathologies. Our immunoblotting and qPCR data showed a
significant upregulation of the GluR2 expression in the hippocampus of rotenone-treated
mice as compared to the vehicle control group. Our MeDIP-qPCR data revealed that the
increased GluR2 expression was significantly correlated with a decline in its promoter
CpG methylation in the hippocampus of rotenone-treated mice. CDRI-08 treatment to the
rotenone-treated mice significantly lowered the PD pathologies, and GluR2 expression
with a subsequent increase in the GluR2 promoter methylation towards the control values
in the hippocampus. The current study suggests one of the precise molecular events
underlying PD, its effects on memory impairment, and the neurotherapeutic potential of
Bacopa monnieri extract, CDRI-08, which might be useful for the treatment of PD-induced
movement and cognitive impairments.

Introduction
Parkinson's disease (PD), a motor associated neurodegenerative disorder, is the second
most prevalent chronic neurodegenerative disease after Alzheimer's disease (AD) and is
characterized by motor disorders. Its hallmark symptoms are tremors, ataxia, rigidity and
bradykinesia. PD is primarily characterized by the loss of dopaminergic neurons in the
substantia nigra pars compacta (SNPc) of the striatal brain region due to abnormal
aggregation of the misfolded α-Synuclein (α-Syn) forming intraneuronal Lewy body
inclusions and hence the dopamine deficiency in the striatum. However, the genesis of PD
involves various mechanisms and disruptions in pathways, including oxidative stress,
malfunctioning mitochondria, cellular calcium levels imbalance in cells,
neuroinflammation, and alterations in other neurotransmitter systems [1, 2]. These
multifaceted elements collectively contribute to the onset and advancement of PD.
Oxidative stress, which emerges when there is an imbalance between the production of
reactive oxygen species (ROS) and the capability of the body to neutralize them, has been
identified as a key player in PD pathogenesis [3]. As a result, the substantia nigra of PD
patients has higher quantities of oxidized lipids [4], proteins, and DNA [5], and lower
levels of superoxide dismutase (SOD) and glutathione peroxidase (GPx) [6].Because of this
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inherent susceptibility to reactive species, even mild oxidative stress can trigger a number
of events that lead to cellular death. In addition to motor abnormalities, PD is linked to a
broad spectrum of non-motor symptoms such as sensory dysfunction, autonomic
dysfunction, mood disorders, cognitive dysfunction, and hallucination significantly
contribute to the overall burden of the disease pathologies [7]. Cognitive decline is
reportedly more frequent in individuals with PD, up to six times greater than in the
common population making it one of the prominent non-motor symptoms of PD and is
intricately linked with the natural progression of the disease [1], however, the precise
underlying mechanism of cognitive impairment in PD is still unclear.

Abnormal glutamatergic synaptic transmission and plasticity have been linked with many
neurodegenerative diseases including PD. Ionotropic glutamate receptors (iGluRs) such as
α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs), N-methyl-D-
aspartate receptors (NMDARs), and kainic acid receptors (KARs) play a key factor in rapid
excitatory neurotransmission in the brain. AMPAR is composed of four subunits (GluR1-4),
which are most commonly formed as heterotetramers of GluR1 and GluR2 subunits
prevalent in the forebrain [8]. Among them, the GluR2 subunit is vital in synaptic plasticity
because it is inserted into the membrane during LTP (Long-term potentiation) production
or endocytosed into the cytosol during LTD (Long-term depression)and is involved in the
fine-tuning of synaptic transmission and thereby cognition [9]. However, the mechanism of
Glur2 alterations in PD and PD-induced cognitive deterioration is not known. Emerging
evidence suggests that epigenetic processes play a key role in the transcriptional
regulation of genes associated with synaptic plasticity during memory formation.
Epigenetic regulation involves processes such as post-translational modifications of
histones and DNA methylation resulting in transcriptional alterations in various genes by
altering the interactions between the genome and histone cores[10–12]. Moreover,
disruption of epigenetic pathways has been widely linked to a variety of disease states
ranging from cancer to multiple neurological, psychiatric, and neurodegenerative diseases
such as PD[13]. In the proposed study, w ehave focused on the involvement of alterations
in the expression of the role of GluR2 and its correlation with the altered methylation
status of its promoter that leads to cognitive impairment in PD and using this as a target
for therapeutic intervention as these processes are dynamic in nature.

Bacopa monnieri (BM), is an ancient Indian herb known for its nootropic effect on a
spectrum of neurological diseases and memory deficits [9]. Based on a number of animal-
based pre clinical researches, its ethanolic extract has been proven to have antioxidant
activity [14–17]and is employed in neuroprotection [18], cognition [19], depression [20],
cancer [21], and inflammation-related disease [22].The active components of a B
Methanolic extract prepared from its stems or leaves have been identified as Bacosides
A1-A3, Bacosides I-III, and Bacosaponins A-G [23]. CDRI-08, a specialized extract of
Bacopa monnieri, rich in Bacosides A and B has been related to decreased oxidative stress
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and improved memory through modifying AMPAR and NMDAR expression and hence
synaptic plasticity in DM2 (Diabetes mellitus types 2) rodent models [9 ] and many other
neurological diseases such as AD [24], HD [25] and epilepsy [24]. However, its effect on
epigenetic processes in the light of ameliorating cognitive impairment by modulating
AMPA receptorsin PD is not well established. Hence, the current study is focused on the
investigation of the effects of BM extract (CDRI-08) on the expression of synaptic
plasticity-related AMPA receptor subunit GluR2 and its epigenetic regulation in
recognition memory of PD mice, which may be associated with the improved motor and
related cognitive function.

Materials and methods

Chemicals
All Chemicals and reagents used for the experiments wereof analytical grades and
obtained from Sigma-Aldrich (USA), Antibodies were purchased from ABclonal (USA) or
CST (USA). The HRP conjugated secondary antibody (Goat Anti-Rabbit IgG)was obtained
from Elab Sciences (USA) and the HRP-labelled anti-β-Actin antibody and TRI reagent
were procured from Sigma-Aldrich (USA). The RevertAid First Strand cDNA Synthesis Kit
and Maxima SYBR Green qPCR Master Mix (2X) were purchased from Thermo Fisher
Scientific, (USA). Customized gene-specific primers for RT-PCR were synthesized and
obtained from GENE to PROTEIN Pvt.Ltd. (INDIA). Bacopamonnieri extract (CDRI-08) was
provided by Lumen Pharmaceuticals, Chennai, India as a gift.

Animals
The inbred Swiss albino male mice of age 12 ± 4 weeks maintained in the mice colony at
the Department of Zoology, Institute of Science, Banaras Hindu University, Varanasi, India
at 24 ± 2°C with a 12-hour light/dark cycle was maintained for the experiments. Standard
micefeed and water was given ad libitum. Experiments were performed by sacrificing
them following the guidelines approved by the Institutional Animal Ethical Committee of
the department for handling and use of experimental animals (IAEC Approval Reference
No. BHU/DoZ/IAEC/2019–2020/002) and CPCSEA, Govt. of India.

Induction of PD and tissue preparation
PD was induced in the mice by subcutaneous injection of rotenone at the dose determined
by the pilot experiment as described below. For further experiments, the following batches
of mice were prepared: Batch 1-Consisted of the mice (n = 6) treated with vehicle DMSO
and 5% Tween-80 subcutaneously and designated as control group (Cont); Batch 2-
Included the vehicle control mice (n = 12) were administered subcutaneously with freshly
prepared standardized dose of rotenone in DMSO medium (2mg/kg BW) once daily for a
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period of 14 days. The drug treatment was given at the same time. The mice of this batch
were designated as rotenone-treated micerepresenting PD mice (Rot); Batch 3 consisted
of 6 mice randomly removed from Batch 2 (Rot) and were orally administered with a
standardized dose of Bacopa monnieri extract (BME)(CDRI-08) dissolved in 5% Tween-80
(200mg/kg BW)once daily for 21 days using a metallic gavage. The said treatment was
given at the same time and represented BME-treated mice (R + B) (Fig. 1).

Thereafter, behavioural studies were carried out to analyze the symptoms of PD and
memory alterations using suitable methods described in the methodologies section below.
After the behavioural studies were completed, the mice were euthanized by cervical
dislocation. The brain tissue was removed by careful removalof the skull bone, maintained
in ice-cold normal saline, cleaned of the adherent blood, blotted dry within the folds of
Whatman 1M filter paper and the hippocampus was carefully dissected out on ice and
stored at -80oC Ultra freezer for the further study.

Rotarod test
The Rotarod test was performed for analyzing the locomotor functions in the mice of all
experimental batches. All animals underwent pre-training on the Rotarod equipment
separately to ensure steady performance. The training was divided into three sessions
over the course of two days, with three different test trials for a duration of 120 seconds
each, with a 5-minute break between each trial. The training was given at a speed of 5
RPM on Day 1 followed by10 and 15 RPM on Day 2, once in the morning followed by once
in the afternoon, respectively. On Day 3, the final test was conducted (three sessions, for a
duration of 120 seconds each) at 15 RPM.Data were recorded as mean latency to fall [26]
in three trials which represented the time duration the animal remained on the rotating
rod before losing balance and falling off.

Novel objects recognition (NOR) test
NOR test was conducted to assess the recognition memory consolidation in mice following
the method as described earlier [27, 28] (Fig. 2a). The tests were performed in three
phases lasting for three consecutive days. In phase 1 on Day 1, animals were subjected to
habituation in an empty wooden box (40×50×50 cm) which was deeper in colour than the
animal body colourfor 5 min followed by familiarisation for 5 minutes with 2 similar
objectsof similar shape but different shapes in phase 2on Day 2 and then the testing
phase3 on Day 3. On the test day, one familiar object was replaced with a novel object,
and mice were allowed to explore both objects for a duration of 5 min. Prior to each test,
both the objects and box were cleaned with 70% ethanol to get rid of the smell left behind
by the previous mouse. An overhead camera was used for the recording of the behaviour
of miceduring the test, and the video-recorded track was subjected to ANY-maze software
Version 4.95 (Stoelting Co., USA) to analyze the data. For calculating the percent time
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spent with both the objects, TNov/ (TNov + TFam)×100 and TFam/(TNov + TFam)×100
formula was used where TFam is the time spent with familiar and TNovis the time spent
with novel objects and the Discrimination index (DI) was used as the measure of the ability
of the mice to discriminate between novel and familiar objects and was calculated as TNov 
− TFam/TNov + TFam.

Antioxidant enzyme assay
The enzymatic activities of antioxidant enzymes SOD and GPx were studied by In-gel assay
method as described previously [29]. Briefly, a 10% homogenate of the pooled
hippocampus tissue was prepared in a buffer containing 50 mM Tris–HCl pH 7.5, 150mM
NaCl, 1mM PMSF and centrifuged at 12,000×g for 20 min at 4°C and the supernatant was
removed. The protein in the supernatant was estimated using Bradford method [30], and
an equal amount of protein (40 µg) was loaded and electrophoresed on a pre-run 10%
native polyacrylamide gel at 4°C. Thereafter, the gel was washed with dH2O and stained in
a staining solution (1.23 mM Nitro blue tetrazolium (NBT), 28 mM
Tetramethylethylenediamine (TEMED), and 0.28 mM Riboflavin) in dark for 40 minutes
followed by exposure to day light until the appearance of achromatic bands with a dark
purple-blue stained background of the gel. In order to assay the GPx activity, the in-gel
assay was performed as stated above. The protein sample prepared was resolved on a 10%
native PAG as described above. The gel thereafter was incubated in a medium containing
50mM Tris-Cl pH 7.9, 13mM GSH, and 0.004% H202for 30 minutes. Thereafter, thegel was
rinsed with dH2O and stained in the staining solution (1.2 mM NBT and 1.6 mM PMS) for
10–15 min in the dark. Subsequently, the gel was exposed to light in order to develop the
achromatic bands due to GPx activity. The images of the gels were captured separately
using the Alpha Innotech Gel Doc system (USA) and subjected to densitometric analysis.

Determination of total reactive oxygen species
(ROS)
The total ROS content in the hippocampus was determined using the method described
earlier [31]with slight modification. Briefly, a 10% homogenate of the pooled hippocampus
was prepared in Tris buffer (20 mM Tris-Cl pH 7.5). The homogenate was centrifuged at
12,000×g at 4°C, the supernatant was carefully removed. In order to measure the ROS
content, 40 µg of sample from each group was added to a reaction mix containing 2 mM
2′, 7′-dichlorofluoresceindiacetate (DCFDA) per well in a multi well plate and was
incubated for 30 min at 37°C in the dark to convert the inert DCFDA into a highly
fluorescent 2′, 7′-dichlorofluorescein (DCF) by producing the ROS. The level of the total
ROS was detected in terms of the DCF fluorescence level at 485 nm (excitation) and 530
nm (emission) using a multimode reader (SpectraMax iD3, USA).

Malondialdehyde (MDA) assay
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The MDA assay was carried to measure the level of lipid peroxidation using the method
reported earlier [32, 33]. Briefly, a 10% homogenate ofthe hippocampus tissue was
prepared in Tris-Cl buffer (20 mM Tris-Cl, pH 7.4) medium. 50ul of the extract was
incubated with 1 ml of Tris-Maleate buffer (0.2 M, pH 5.9) at 37°C for 30 min. followed by
the addition of 0.8% of Thiobarbituric acid (TBA). The resultant mix was heated on boiling
water with air-tight caps for 10 min and the mixture was allowed to cool. Thereafter, the
pyridine- n-butanol mixture (3:1 v/v) and 1 N (w/v) NaOH were added to the above and
thoroughly mixed. The mix thereafter was allowed to stand at RT for 10 to 15 min. The
level of MDA was measured at A548 and the result was expressed as nmole MDA/g wet
weight of tissue.

Western blotting
A 10% homogenate was prepared in RIPA buffer as described earlier [29]. Briefly, the
homogenate was centrifuged at 12,000Xg for 20 min at 4°C. The supernatant containing
the total protein was carefully removedandthe protein content was measured bythe
Bradford method [30]. A uniform amount of protein (50µg) was denatured on boiling
water, mixed with 1x sample loading solution (10% SDS, 500Mm DTT, 50% Glycerol,
500mM Tris-HCL, 0.05%bromophenol blue) and was resolved by 15% SDS-PAGE for ɑ-Syn
and 8% SDS-PAGE for GluR2. The gel was cleaned by sterile dH20 subjected to electro-
transfer onto PVDF membrane (Millipore, USA) at 50 volts at 4°C for the overnight period.
Thereafter, the blotted membrane was blocked with 5% (w/v) non-fat milk in Tris-buffered
saline containing 0.1% Tween 20 (1X TBST) for three hours.The membranes were
incubated with primary anti- ɑ-Syn(1:1000)or anti-GluR2(1:1000) antibodies overnight at
4°C. The membranes were then incubated with a secondary antibody (1:2000) for two
hours after washing with 1X TBST three times for 5 minutes each. Thereafter, the signal
was detected on the X-ray film using ECL reagents. Following the stripping, the above
membranes were used for the detection of β-Actin as an internal control using HRP-
conjugated anti-β-Actin antibody (1:2000).

RNA Extraction and Real-Time Polymerase Chain
Reaction (qRTPCR)
Total RNA was isolated from the pooled hippocampus obtained from the mice of different
groups separately using TRI reagent in accordance with the manufacturer's instructions
and its content was spectrophotometrically measured using Nanodrop system (Thermo
Scientific NanoDrop One, USA), and its purity/integrity was measured by A260/280 ratio,
and integrity was examined by agarose gel electrophoresis, respectively. 5µg of the total
RNA was reverse transcribed to cDNA using the cDNA Synthesis Kit (Thermo Fisher
Scientific, USA). For the qPCR, the ɑ-Syn (F- 5´-GAGGGAGTCGTTCATGGAGT-3´; R- 3´-
CATTTGTCACTTGCTCTTTGG-5´) and GluR2 (F- 5´-CAGTGCATTTCGGGTAGG-3´; R- 3´-
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TTGGTGACTGCGAAACTG-5´) primers, respectively were used for synthesis of cDNA as
templates. The SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scientific, USA)was
employed following the supplier’s manual. The cDNA for the β-Actin (F- 5´-
CTGTCCCTGTATGCCTCTG-3´; R- 3´-ATGTCACGCACGATTTCC-5´) was prepared as
described above as an internal control to ensure normalization. Change in mRNA level of
the above genes was calculated as relative fold change with respect to control which was
derived using the 2 − ΔΔCT method.

Methylated DNA immunoprecipitation (MeDIP)
assay
The level of methylated cytosine in the CpG sequences of the GluR2promoter was studied
using the methylated DNA immunoprecipitation (MeDIP) technique [34–36]. Briefly, the
intact genomic DNA was extracted from the hippocampus by the phenol-chloroform
method as mentioned above. 10–20 µg of the DNA was diluted inTE buffer (10 Tris-Cl, pH
8.0 and 1mM EDTA) and was subjected to sonication (Sonics Vibra cell, USA)for 5 minutes
with a pulse of 30s at 30% amplitude at 4°C to ensure fragmentation (300-1000bp
fragments). The size of the fragmented DNA was measured by resolving them on 1%
agarose gel. Thereafter, the DNA was denatured in boiling water for 10 min, immediately
cooled on ice for 5 min, and was divided into input and immunoprecipitation (IP) fractions.
In the case of the IP fraction,100 µl DNA was diluted in 10xIP buffer (100 mM sodium
phosphate buffer, pH 7.0, 1.4 M NaCl, 0.5% Triton X-100) and 2 µg of anti-5-mC antibody
and mixed on a rotating platform at low speed at 4°C overnight. Next day, 50 µL of pre-
washed Protein A-Sepharose affinity resin slurry was added to the mixture and incubated
at 4°C under slow rotation for 4 h. Thereafter, the suspension was centrifuged at 6000x g
for 10 minutes at 4°C, and the supernatant was carefully discarded. The pellet containing
the resin beads was then washed with 1xIP buffer and was suspended in freshly prepared
protein digestion buffer [50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0,and 0.5% SDS]
containing Proteinase K [10µg/ml; Qiagen, Netherlands). After the digestion reaction was
over, DNA was isolated using the phenol-chloroform extraction method as mentioned
above. The DNA thereafter was air-dried and dissolved in 60 µL of the TE buffer. The
GluR2 promoter-specific primers (F-5ˊ-ATCGAATGCGCAAGACTGGA − 3ˊ, R-5ˊ-
GAAAGTCACAGAGAGGGGCA − 3ˊ) were custom prepared and added to the above in order
to amplify the targeted 5-mC containing promoter DNA sequence employing the qRT-PCR
method and was normalized using input DNA.

Statistical analysis
For behavioural studies, each experimental group consisted of 6 mice The western blot, In-
gel assay, and qRT-PCR data were presented asa bar diagram representing mean ± SEM of
data (RDV, IDV, and fold change respectively) obtained from three independent
experiments. For the statistical analysis, Origin Pro Graphing and Analysis Software, USA
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was used and data were analyzed by one-way ANOVA followed by post hoc Tukey's test. p 
≤ 0.05 were considered significant.

Results

Effects of rotenone on the motor and cognitive
behaviour and alterations by CDRI-08
As rotenone has been reportedly used for developing PD-like symptoms in animal models
mimicking the same in human PD patients, it has been used in the current work to
generate PD mice models. The mice treated with the drug represent the PD mice. In order
to verify the model, the rotenone-treated mice were subjected to a locomotor testas
described in the methodology section. Our behavioural data support the symptoms of PD
i.e. locomotor disorder as described earlier [26]. Our rota rod test data reveal that the
subcutaneous injection of a standardized dose of rotenone caused significantly less
prolonged movement on the rotating rod of the equipment (reduced latency) compared to
the vehicle-treated control mice(p < 0.05). Our data clearly conforms to the results
reported earlier [26]. CDRI-08 treated rotenone administered mice exhibited significantly
prolonged and sustained movement on the rotating rod and the reduction in latency to fall
was mitigated(p < 0.05). Our data thereby suggest the development of a successful PD
mice model and BM extract CDRI-08 has beneficial effects on balanced motor coordination
in PD mice (Fig. 1).

In order to examine whether the PD mice model developed in the current work also
possesses cognitive impairment, the control, rotenone treated and CDRI-08 treated PD
(rotenone treated) mice were tested for any alterations in the recognition memory using a
well-established Novel object recognition (NOR) test as described earlier [27, 28]. The
results (Fig. 2) showed that PD mice spent a significantly lower percentage of time with
novel objects (35.44%) than the familiar objects (64.55%) as compared to the performance
by control mice (88.63% and 11.36% respectively) (Fig. 2b) with a significantly lower
discrimination index (DI) (Fig. 2c) due to their diminished ability of discrimination
between the novel and familiar objects. However, CDRI-08 treated PD mice significantly
improved their DI (p < 0.001) (Fig. 2c) with the significantly increased percentage of time
spent with the novel objects (76.11%) than the familiar objects (23.8%) (Fig. 2b).

Effects of rotenone on the activities of SOD and
GPx and alteration by CDRI-08
As rotenone is a known inhibitor of the mitochondrial electron transport chain and thereby
leads to oxidative stress, we, therefore, examined the activities of two major antioxidant
enzymes, SOD and GPx by polyacrylamide gel-based assay. Our in-gel assay data revealed
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that the rotenone significantly reduced the activities of SOD and GPx (Fig. 3a and b) (p = 
< 0.001 and 0.05, respectively) in the hippocampus compared to control mice. The CDRI-
08 treatment to the rotenone-treated mice enhanced the activities of both the anti-oxidant
enzymes substantially (SOD and GPx in PD mice (56.85% and 77.35%, respectively)
towards their levels in control mice (Fig. 3a &3b).

Effects of CDRI-08 on the rotenone-induced
alterations in the levels of oxidative stress
In order to validate the effect of rotenone-induced decline in the activities of SOD and GPx
whether they lead to oxidative stress in the brain, levels of total ROS and lipid peroxidase
activities were measured, and the effects of CDRI-08 were studied. We observed that
rotenone significantly increased the level of lipid peroxidase activity at the level of
malonaldehyde (MDA) (p < 0.001) and total ROS (p < 0.05) in the hippocampus compared
to their values in the control mice. CDRI-08 treatment to rotenone-treated mice
significantly mitigated the lipid peroxidase activity and total ROS level which was found
significantly high in Rotenone-PD mice with respect to control animals (Fig. 4a and 4b)
indicating the antioxidant properties of the CDRI-08.

Effects of rotenone and CDRI-08 on ɑ-Syn and
AMPA receptor GluR2 subunit expression
Our Western blotting data on the expression of ɑ-Syn revealed that its level is abruptly
upregulated by rotenone compared to its level in the vehicle-treated control mice (p = < 
0.001). The treatment of rotenone-treated mice with CDRI-08 significantly downregulated
the expression towards the vehicle-treated control mice (p = < 0.05) (Fig. 5a and 5b). The
qRT-PCR data on the expression of the ɑ-Syn gene at transcript level, its expression is
similarly increased by three-fold (p = < 0.05) which corresponds to the protein level data in
the hippocampus after the treatment with rotenone (Fig. 5c). The CDRI-08 treatment to
rotenone-treated mice significantly downregulated its expression (p = < 0.05) as was
evident in case of its effect on the ɑ-Syn protein level.
Figure 6a shows the immunoblot patterns of the expression level of the AMPA receptor
GluR2 subunit. The densitometric scan data obtained from the image clearly suggested
that the rotenone treatment resulted ina significant decline in the expression of GluR2
protein compared to the control mice (p < 0.05). The administration of CDRI-08 to the
rotenone-treated mice significantly upregulated the level of GluR2 (p < 0.05) (Fig. 6b).
Figure 6c shows the pattern of alterations in the GluR2 transcript as revealed by qRT-PCR.
The RT-PCR data are expressed at the level of fold changes in transcript level in respect to
endogenous β-actin transcript. The qRT-PCR data revealed that the rotenone treatment
significantly downregulated the level of GluR2 transcript as compared to the control mice
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(p < 0.05). However, after the treatment of CDRI-08 to the rotenone-treated mice, the level
of GluR2 transcript slightly increased but the effect was found to be not significant (NS).

Effects of rotenone and CDRI-08 on AMPA receptor
GluR2 promoter methylation status
In order to study whether alteration in the expression of GluR2 due to rotenone and CDRI-
08 is associated with epigenetic changes in its cognate promoter CpG methylation, the
MeDIP-qPCR was carried out. Our MeDIP-qPCR data revealed that rotenone treatment
resulted in a significant increase in the level of GluR2 promoter CpG methylation in the
hippocampus than that of the control mice (5.9 folds; p < 0.05). The methylation level of
the GluR2 promoter DNA was found to be significantly reduced by 1.17-fold (p < 0.05) i.e.,
it declined towards that in the control mice after the administration of CDRI-08 to the
rotenone-treated mice (Fig. 7).

Correlation between GluR2 promoter DNA
methylation and AMPA receptor GluR2 subunit
expression
Figure 8 shows the correlation between the level of GluR2 expression and the methylation
status of its cognate promoter. Our correlation data suggests that as the expression of the
GluR2 is higher, the level of its promoter methylation is low. In the case of rotenone-
treated condition, the expression level of the GluR2 subunit is lower which is correlated
with higher methylation of its promoter CpG. After CDRI-08 treatment to the rotenone-
treated mice, the level of GluR2 expression is upregulated with the significantly declined
level of its promoter methylation. Our results clearly suggest that there is a negative
correlation between GluR2 expression and its promoter DNA methylation (r=-0.904).

Discussion
PD is a movement disorder and is characterized by neurodegeneration and an oxidative
stress-related etiology [37]. Various genetic and neurotoxin-based animal models are
employed to study the disease progression of PD [38]. However, these models fail to
replicate the persistent progression and substantial pathological involvement observed
with Parkinson's disease in humans. Rotenone is a naturally occurring insecticide
extracted from the roots of several plant species [39].The rotenone-based animal models
have recently gained particular attention asit replicates most of the histopathological
features of PD such as Lewy bodies and motor symptoms [40]. Rotenone exerts its action
by inhibiting complex one of the electron transport chains in mitochondria. This inhibition
impairs ATP production which in turn affects the functioning of the sodium-potassium
ATPase pump causing dysregulation in calcium homeostasis and inducing excitotoxicity
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leading to enhanced oxidative stress [41]. All these factors contribute to the aggregation
of misfolded α-Syn protein [42] and its failure to degradation leads to the death of
dopaminergic neurons and the onset of motor and cognitive dysfunctions. However, the
precise mechanism of their loss is still unknown.

At present, there is no definitive cure for PD, and the current treatment options mainly
involve dopamine agonists and monoamine oxidase-B (MAO-B) inhibitors which only offer
symptomatic relief from motor symptoms and very little help in improving the non-motor
symptoms of the disease [43]. Even then they come with the cost of problematic adverse
side effects. Recognizing the promising potential demonstrated by natural products in
addressing various health issues, there is an urgent need to explore therapeutic
possibilities of herbs, extracts from medicinal plants, and other botanical substances in the
context of neurological disorders.In this pursuit, certain herbs have proven to be
neuroprotective agents. One such herb is Bacopa monnieri, belonging to the
Scrophulariaceae family, commonly referred to as Brahmi, which is an ayurvedic medicinal
plant with known antioxidant, antidepressant, anti-inflammatory, and antimicrobial
abilities [43]. CDRI-08 has proven to be effective in memory recovery following hypoxia-
induced impairment [44]. Additionally, studies have shown that the Bacopa extract
modifies GABA receptor function in the cortex of rats with epilepsy [45]. Furthermore, it
elevates the presence of NMDAR1 on the postsynaptic membrane in different brain
regions associated with memory in a rat model of schizophrenia [46]. Previous research
also suggests that CDRI-08 could potentially restore spatial memory induced by STZ by
modifying either the structure, properties, or quantity of AMPA receptors and
consequently, altering the characteristics of the postsynaptic membrane in the
hippocampus [9]. Therefore, extracts derived from this plant, CDRI-08, have demonstrated
cognitive-enhancing effects in animal studies but the precise mechanism in general and
the epigenetic mechanism in particular by which it exerts its effect is not yet known. As a
result, we conjectured that it might yield advantageous outcomes in enhancing both the
motor and non-motor manifestations of PD, with a specific focus on alleviating cognitive
decline. We delved into the epigenetic processes associated with the memory-linked gene
AMPA receptor GluR2 subunit to ascertain whether it could counteract the changes, as
these processes are dynamic and reversible, and potentially serve as a therapeutic
intervention for PD.

The data from our rotarod experiment indicate that CDRI-08 enhanced balance and motor
coordination in mice injected with rotenone. This improvement holds potential as a
therapeutic approach for alleviating the motor symptoms witnessed in PD. Also, SOD and
GPx are antioxidant enzymes that not only play a fundamental but also a vital role and
serve as a first line of defense of the antioxidant protective capability of biological systems
against free radical assault [47]. Reactive oxygen species (ROS) initiate the oxidation of
diverse biological macromolecules including proteins, lipids, and nucleic acids. This
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process leads to alterations in the structure and function of these molecules. The oxidation
of lipids results in the creation of hydroperoxides, which then break down into various
reactive compounds such as malonaldehyde (MDA) which then serves as a measurement
of lipid peroxidation and thus the total oxidative stress [48]. In our study, the results
obtained from the In-gel assay, used to assess the enzymatic activity of SOD and GPx,
indicated a reduction in their activity levels in mice with rotenone-induced PD compared
to the control mice group which was restored to normal, following CDRI-08 treatment.
Also, our results from the lipid peroxidation assay and total ROS estimation suggest that
CDRI-08 was able to alleviate MDA and total ROS levels in the PD mice group further
supporting its antioxidant characteristics.

Despite the fact that the discovery of the important function of α-Syn in the etiology of PD
is already twenty-five years old, it remains an important juncture in PD research [49]. Our
study demonstrates that CDRI-08 mitigates the increased aggregation of α-Syn observed
in the group of mice with PD compared to the control group. This effect is apparent from
the levels of protein and mRNA expression. These findings could potentially unveil a novel
neuroprotective action for CDRI-08 suggesting its possible utility as a therapeutic option
for synucleinopathies, which encompass PD. Backed by existing literature, it is now clear
that progressive PD is linked to cognitive decline. Our findings further confirm this by
indicating compromised recognition memory in mice with PD, a conclusion substantiated
by the NOR test. CDRI-08 exhibited the potential to improve this condition, as indicated by
the discrimination index (DI). This index measures the capability of mice to differentiate
between a novel and a familiar object. Mice possessing unimpaired recognition memory
tend to allocate more time to explore the novel object compared to the familiar one,
guided by their inherent ability, and the same pattern was observed following the
administration of CDRI-08 suggesting its memory-boosting ability and thereby improved
cognition.

The GluR2 subunit of AMPAR is responsible for key biophysical properties of the receptor
at the glutamatergic synapse in the hippocampus. It significantly influences receptor
assembly, trafficking, and has a critical role in various types of long-term synaptic changes
[50]. These GluR2-containing AMPA receptors have recently gained considerable interest
for their implications in modulating synaptic transmission activity. In this context, we
investigated epigenetic mechanisms, particularly promoter DNA methylation regulating
the expression of the GluR2 subunit of AMPAR, and the implication of CDRI-08 on this
mechanism. Our data indicates decreased expression of GluR2 in PD with respect to
control which was upregulated after CDRI-08 treatment as evidenced by our Western
blotting data and qRT-PCR data. However, the level of increase in GluR2 transcript was
not significantly evident from our qRT-PCR data which may indicate the high turnover rate
of GluR2 transcripts. The half-life of mRNA molecules can vary greatly. Some mRNAs are
very stable and can persist in the cell for an extended period, allowing for sustained
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protein production even when transcription rates are low. Conversely, other mRNAs may
have a short half-life and degrade quickly after transcription, resulting in low RNA
transcript levels. DNA methylation, a widely studied epigenetic process, plays a pivotal
role in regulating the transcription of genes associated with memory, often leading to
transcriptional suppression and a decline in gene activity [51]. Our MeDIP-qPCR data
revealed decreased methylation level at the CpG islands of the promoter of the GluR2 gene
after CDRI-08 administration,which was elevated in rotenone-treated PD mice. Thus, there
is an inverse correlation between DNA methylation and expression of memory-associated
gene GluR2 as indicated by our correlation analysis (Fig. 8) suggesting CDRI-08 reverses
DNA methylation which serves as a contributing mechanism in improving memory and
hence cognition.

Conclusion
From our data it can be concluded the possible role of epigenetic events especially
promoter DNA methylation in modulating the GluR2 gene associated with memory
impairment in rotenone-induced cognitive decline in PD. The Bacopa monnieri extract,
CDRI-08 administration to rotenone-PD mice effectively counteracts the PD-related
pathological hallmarks and loss of recognition memory. Consequently, our comprehensive
results propose CDRI-08 as a neuroprotective therapeutic agent that has potential to
alleviate cognitive impairment in PD micethrough targeted DNA methylation intervention.
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Figure 1

Rotarod test of the locomotor function of the control (Cont), rotenone-treated (Rot), and
CDRI-08-treated Rotenone-mice. Histogram representing the result of the rotarod test. n = 
6 mice per group. Data are shown as the mean ± SEM. *p< 0.05.
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Figure 2

Novel objects recognition (NOR) test. a). Experimental strategy of test, b). % time spent
with the novel and familiar objects by control, rotenone-treated and CDRI-08 treated
rotenone-administered mice, c) Discrimination index (DI) of the mice of the experimental
groups. (n=6/experimental group). Data are shown as the mean ± SEM. ***p<0.001
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Figure 3

PAGE based in-gel assay of SOD and GPx. activities. a). Histogram showing densitometric
scan data of SOD and GPx in-gel assay of hippocampal tissue of the control (Cont),
Rotenone treated (Rot) and CDRI-08 treated Rotenone administered mice (n=3 per
group.) Data are shown as the mean ± SEM. *p< 0.05 and ***p<0.001
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Figure 4

Analysis of the oxidative stress. Histogram showing a). Level of lipid peroxidase (nmole
MDA/g wet tissue wt) and total ROS level (DCF fluorescence. Control (Cont), Rotenone-
treated (Rot), CDRI-08 treated Rot mice (R+B). (n=3 per group) Data are shown as the
mean ± SEM. *p< 0.05 and ***p<0.001
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Figure 5

Western blot and qRT-PCR analysis of ɑ-Syn expression. a) Immunoblot image, and b)
histogram showing densitometric scan data as % relative density value of the immunoblot
signal; c) Histogram showing the data obtained from qRT-PCR (Fold change in ɑ-Syn
transcript with respect to endogenous control). Data were obtained from control (Cont),
rotenone-treated- (Rot) and CDRI-08-treated Rot-mice (R+B) mice. (n=3 per group). Data
are shown as the mean ± SEM. *p< 0.05, **p<0.01 and ***p<0.001
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Figure 6

Western blot and qRT-PCR analysis of AMPAR GluR2 protein and transcript, respectively.
a) immunoblot image of GluR2, b) Histogram showing the relative density value of the
image (a); c) histogram showing the fold change in the level of GluR2 transcript (relative
to the endogenous control) in the hippocampus of control (Cont), rotenone-treated (Rot)
and CDRI-08 treated Rot-mice (R+B) mice (n=3 per group).Data are shown as the mean ± 
SEM. *p< 0.05, **p<0.01 and NS not significant
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Figure 7

MeDIP-qPCR analysis of GluR2 promoter methylation status. Histogram represents the
quantitative data of immunoprecipitated methylated promoter DNA obtained from the
hippocampus of Control (Cont), rotenone-treated (Rot) and CDRI-08 treated Rot-mice.
alters DNA methylation level at the promoter of GluR2. (n=3 per group). Data are shown
as the mean ± SEM. **p<0.01
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Figure 8

Correlation analysis between GluR2 promoter DNA methylation (fold change) and GluR2
protein expression (relative density value, RDV) obtained from the hippocampus of the
control, rotenone-treated and CDRI-08 treated Rotenone administered mice.


