
antioxidants

Article

Pharmacological Potentiality of Bioactive Flavonoid
against Ketamine Induced Cell Death of PC 12 Cell Lines:
An In Vitro Study

Chintha Venkataramaiah 1,2,*, Bandila Lakshmi Priya 3, Sholapuri Payani 1 and Jangampalli
Adi Pradeepkiran 1,4,*

����������
�������

Citation: Venkataramaiah, C.; Priya,

B.L.; Payani, S.; Pradeepkiran, J.A.

Pharmacological Potentiality of

Bioactive Flavonoid against Ketamine

Induced Cell Death of PC 12 Cell Lines:

An In Vitro Study. Antioxidants 2021,

10, 934. https://doi.org/10.3390/

antiox10060934

Academic Editors: Luciano Saso,

Ryszard Amarowicz and

Jasmina Dimitrić Marković
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Abstract: During the past few years, there has been exponential growth in the field of ethnophar-
macology in the treatment of different human ailments, including neurological disorders. In our
previous study, we isolated, characterized, and reported a novel bioactive compound with therapeu-
tic efficacy in vivo, which was used in the current study. This study was designed to investigate the
pharmacological effect and therapeutic mechanism of the natural plant compound 3-(3,4-dimethoxy
phenyl)-1-(4-methoxy phenyl)prop-2-en-1-one against ketamine-induced toxicity in PC 12 cell lines.
Cell death was induced in PC 12 cell lines by incubating with ketamine, and the protection offered
by the compound at different concentrations was studied during pretreatment. The therapeutic
efficacy was screened through MTT assay, LDH assay, DCF-DA assay, clonogenic assay, RT-PCR,
and densitometric analysis. The bioactive compound caused a significant elevation in cell viabil-
ity up to approximately 80%, down-regulation of cell damage, reduction in free radical damage
caused by intracellular reactive oxygen species, and up-regulation of cell survival ability, which
was dysregulated during ketamine induction. In addition, RT-PCR analysis of DOPA-related genes
suggests that the compound exerted significant inhibition in the expression of these genes, which
were overexpressed during ketamine induction. The current findings provide new insight into the
neuroprotective mediation of bioactive factors as a prospective therapy for neurological disorders.
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1. Introduction

Numerous neuroprotective screening studies have been conducted using traditional
medicinal plants in an attempt to discover new therapeutic agents that are devoid of the
toxic side effects generally known to be associated with current therapeutic agents. Cur-
rently, research is focused more on developing neuroprotective drugs and their derivatives
isolated from natural sources, especially phytochemicals with improved neuromodulator
activity and minimal systemic toxicity. Among the active phytoconstituents of plant origin,
flavonoids are one the best-studied groups of compounds for their neuroprotective effects,
and a selected few are presented here as classical examples of their representative structural
class. In their study, Li et al. (2012) demonstrated the neuroprotective property of the com-
pound baicalein, isolated from Scutellaria baicalensis (Labiatae), against 6-OHD-A-induced
Parkinsonism and inhibition of ROS accumulation in rotenone-induced apoptosis in vivo
and in vitro [1].
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Pinocembrin, a flavonoid isolated from Pinus heartwood, Eucalyptus populus, Euphorbia,
and Sparattosperma leucanthum, is reported for its neuroprotective effect against cerebral
ischemic injury and antiexcitotoxic effects [2], enhanced cognition by protecting cerebral
mitochondrial structure and function against chronic cerebral hypoperfusion in rats [3].
The flavonol glycoside rutin, its aglycone quercetin, and a related glycoside isoquercetin
(quercetin 3-O-glucoside) were shown to possess neuroprotective effects in HT22 hip-
pocampal cells [4]. Quercetin also dose-dependently reduced paralysis in Caenorhabditis
elegans by decreasing the amount of aggregated proteins [5] and antagonized the high
glucose-induced damage of Schwann cells by inducing autophagy [6]. Puerarin is a sub-
class of flavonoid compounds obtained from Pueraria lobata and was noted for upregulation
of phosphorylation of Akt in MPP+-induced cytotoxicity in SH-SY5Y cells [7]; inhibition of
MPP+-induced nuclear translocation of p53; expression of Bax; and caspase-3-dependent
programmed cell death [8], neuronal protection [9], and inhibition of autophagy via the
Akt signaling pathway and oxidative stress in STZ-induced SAD mice [10].

Pandy et al. (2012) demonstrated the antidopaminergic effect of Morinda citrifolia
in mice [11]. Several research groups, such as Zhanget et al. (2004), Bigoniya and Rana
(2005), and Kothari et al. (2010), identified and reported several medicinal plants exhibiting
antipsychotic and antidepressant activities using in vivo models [12–14]. In view of the
relative promising activity of the flavonoid group of molecules from medicinal plants
as potent neuroprotective agents, in our previous study, we isolated and characterized
a bioactive compound, 3-(3,4-dimethoxy phenyl)-1-(4-methoxy phenyl)prop-2-en-1-one
(structural analog of flavonoid), from the medicinal plant Celastrus paniculatus (CP) and
reported its neuroprotective activity in vivo, with particular reference to the cholinergic,
dopaminergic, glutamatergic, and ATPase systems [15–18]. In continuation of the earlier
studies, the current study aimed to determine the in vitro neuroprotective activity of this
bioactive compound against ketamine-induced neurotoxicity in PC 12 cell lines. Clozapine,
an atypical antipsychotic drug that has proved to be a strong neuroprotective agent, was
used throughout the study as a reference drug [19,20].

2. Materials and Methods
2.1. Procurement of Chemicals

All chemicals used in the present study were analytical grade and obtained from
the following scientific companies: Sigma (St. Louis, MO, USA), Fisher (Pittsburg, PA,
USA), Merck (Mumbai, India), Ranbaxy (New Delhi, India), and Qualigens (Mumbai,
India). In addition, various in vitro assay kits such as MTT, LDH, DCF-DA, and PCR were
purchased from Medox Biotech (India Pvt. Ltd., Chennai, India), Sigma (St. Louis, MO,
USA), Fisher (Pittsburg, PA, USA), and Invitrogen (Thermo Fisher Scientific, Waltham,
MA, USA).

2.2. Source of Plant Constituent and Cell Lines

The bioactive principle used in the current study for the determination of neuropro-
tective activity was previously isolated, characterized from the seeds of the medicinal plant
Celastrus paniculatus and was reported for in vivo neuroprotective activity with particular
reference to the cholinergic, dopaminergic, glutamatergic, and ATPase systems [15–18]. PC
12, a cell line derived from pheochromocytomas of the rat adrenal medulla, has an embry-
onic origin from the neural crest, has a mixture of neuroblastic properties, and has been
reported in the study of expressions of catecholamines, dopamine, and norepinephrine.
Furthermore, PC 12 cells have been used extensively as a model to study pharmacologic
profiles of natural or synthetic compounds against drug-induced catecholamine dysregu-
lation in vitro. The PC 12 cell line was purchased from National Center for Cell Sciences,
Pune. The cells were maintained in Dulbecco’s Modified Eagle medium (DMEM) supple-
mented with 8% horse serum, 2% FBS, 100 µg/mL penicillin, and 100 µg/mL streptomycin
in a water-saturated atmosphere of 5% CO2 at 37 ◦C. The medium was changed every three
days, and the confluent cells were passaged by trypsinization weekly.
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2.3. Toxicity Studies

The study was conducted in accordance with OECD guidelines (Testing of Chemical
Number 423). Healthy PC 12 cell lines were used in this investigation. Cell lines were
treated with different concentrations, i.e., from 20 µg/mL to 600 µg/mL of the title com-
pound and clozapine and observed for 48 h from the time of administration. The median
non-toxic concentration (MNTC) and cytotoxic concentration (CC50) were determined.
The minimum concentrations of the test and reference compounds that did not show any
toxic effects on healthy PC 12 cell lines were selected for further in vitro analyses.

2.4. Experimental Design (In Vitro)

Group I: Healthy cell lines
Group II: Exposed to different concentrations of ketamine (10–50 µg/mL)
Group III: Ketamine-treated cell lines treated with different concentrations of clozapine

(reference drug) (10–50 µg/mL) for 2 h after treatment with ketamine
Group IV: Ketamine-treated cell lines treated with different concentrations of plant

compound (10–50 µg/mL) for 2 h before ketamine treatment

2.5. Determination of Tissue Culture Inhibitory Concentration (IC50)

The PC 12 cell lines were seeded in a microtiter plate, treated with different concentra-
tions of 10-fold dilutions of ketamine ranging from 101 to 108, and incubated at 37 ◦C for
24 h. The inhibitory concentration of cell viability was determined using a cytotoxic assay,
and the morphological images of the cell line were observed using an inverted microscope.

2.6. Determination of Tissue Culture Effective Concentration (EC50)

The effective concentration of the plant compound and clozapine was determined
using PC 12 cell lines. The PC 12 cell lines were seeded in a microtiter plate and treated with
different concentrations of 10-fold dilutions of clozapine (ranging from 101 to 108) for 2 h
after treatment with ketamine at different concentrations, or with plant compound for 2 h
before ketamine treatment at different concentrations, and incubated at 37 ◦C for 24 h. It is
postulated that in order to determine the therapeutic efficacy of bioactive compounds, pre-
treatment with the new compound against the drug-induced dysregulations is compulsory.
If the compound exhibits significant activity, the percentage of activity is compared with
that of reference drugs already proven for the activity through in vitro or in vivo models.
After getting far better or equal results with the compound when compared with reference
drug, the post-treatment method can be determined. Earlier reports demonstrated that
pretreatment with different concentrations of the bioactive compounds for 6 h followed by
6-hydroxydopamine (6-OHDA), a neurotoxicant, exhibited a significant antiapoptotic prop-
erty in PC 12 cells [21]. It was also mentioned that clozapine in posttreatment counteracts
the ketamine-induced decrease in NSC viability in correlation with decreased apoptosis
and autophagy [22]. In light of this connection, pretreatment with bioactive compounds
before ketamine treatment and post-treatment with clozapine after ketamine treatment
has followed during the conduction of in vitro studies. The effective concentration on cell
viability was determined using a cytotoxic assay, and the morphological images of the cell
line were observed using an inverted microscope.

2.7. MTT Assay

The cell viability of PC 12 cell lines during pretreatment with the compound was
assessed using a Medox Bio MTT assay kit according to the method of Kumar et al. (2018).
A fixed number (5 × 106) of exponentially growing cells were seeded into 96-well microtiter
plates and allowed to grow. Twenty-four hours later, several of the individual cell cultures
were used for the experiments as explained in the experimental design, followed by incu-
bation at 37 ◦C for 24 h. The cell viability was measured using the MTT assay. The treated
cells were incubated with 10 µL of MTT for 3 h followed by 10 µL solubilization solution
and mixed thoroughly using a pipette. The MTT medium was carefully aspirated from



Antioxidants 2021, 10, 934 4 of 17

the wells, and formazan dye was eluted using DMSO. Absorbance was measured using a
spectrophotometer (microplate reader) at a wavelength of 570 nm [23]. The percentage of
cell viability was calculated by subtracting the percentage of cell viability over control cells.

2.8. LDH Assay

LDH released in the medium was measured according to the procedure of the Pierce
LDH Cytotoxicity assay kit (88953) method, as described by Soyingbe et al. (2018). A fixed
number (5 × 105) of exponentially growing cells were seeded into several individual 25-cm2

culture T-flasks and allowed to grow. Twenty-four hours later, several of the individual cell
cultures were used for the experiments as described in the experimental design, followed
by incubation at 37 ◦C for 24 h. At the end of the treatment, the whole medium from the cell
culture flask of the control and treated groups was removed and collected separately. The
tubes containing media were centrifuged at 1500 rpm for 10 min, and 50 µL of the medium
was transferred to individual tubes containing PBS buffer, followed by 10 min incubation
at 37 ◦C, the addition of 50 µL of reaction mixture, incubation at room temperature for
30 min, and the addition of 50 µL of stop solution to each well, mixed by gentle tapping.
The absorbance was measured at 490 nm [24].

2.9. DCFH-DA Assay

The intracellular ROS levels were estimated using an ab113851 DCFDA ROS detection
assay kit according to the method of Heo et al. (2018). The exponentially growing cells were
seeded into 96-well microtiter plates at 2.5 × 104 cells/well and were allowed to attach for
24 h at 37 ◦C, and 100 µL of 1× PBS buffer was added. The cells were then washed with
1× PBS buffer. The 1× buffer was removed, and the cells were stained by adding 50 µL
of the diluted DCFDA solution. Then the cells were incubated for 45 min at 37 ◦C in the
dark. The fluorescence intensity was measured using a fluorescence microtiter ELISA plate
reader at excitation and emission wavelengths of 485 nm and 535 nm, respectively [25].

2.10. Clonogenic Assay

The clonogenic cell survival was measured using colony forming assay on the PC 12
cell lines according to the method of McDonald et al. (2018) [26]. A fixed number (5 × 105)
of exponentially growing cells were seeded into several individual 25-cm2 culture T-flasks
and were allowed to grow. Several individual cell cultures were randomly divided 48–72 h
after culture initiation, used for experiments as described above, and allowed to incubate
at 37 ◦C for 24 h. At the end of various experiments, cells from the above groups were
trypsinized, cells in the single cell suspension were counted using an Olympus INT-2
inverted microscope, and an appropriate number of viable cells were seeded into culture
Petri dishes in triplicate and were left undisturbed for 3–4 days for colony formation. The
colonies formed were then washed with 1× PBS buffer. The 1× PBS buffer was removed,
and the cells were fixed with formaldehyde (4%) prepared in methanol and were stained
with crystal violet (0.5%) for 30 min. The viable colonies were counted by using an Olympus
INT-2 inverted microscope. The plating efficacy and survival fraction were then calculated
as follows.

Plating efficacy (PE) = (Number of colonies counted/Number of cells seeded) × 100.
Survival fraction (SF) = (PE of the treated sample/PE of control) × 100.

2.11. Isolation of RNA

RNA extraction was carried out using a single-step method described by Villa Ro-
driguez (2018) with TRIzol Reagent (Invitrogen) [27]. The cell line pellet was added with
750 µL of TRIzol reagent and incubated for 15 min at 37 ◦C. Then 250 µL of chloroform
was added to it for phase separation. The contents were mixed by inversion for 15 s and al-
lowed to stand at room temperature for 15–30 min. By this time, the solution was separated
into two phases, and this was centrifuged at 12,000 rpm for 15 min at 4 ◦C. The aqueous
phase containing RNA was transferred to an RNase-free microcentrifuge tube, mixed with
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500 µL of isopropanol, incubated for 15–30 min at room temperature, and centrifuged at
12,000 rpm for 10 min at 4 ◦C. The supernatant was discarded, and the RNA pellet was
washed with 80% chilled ethanol twice at 10,000 rpm for 10 min at 4 ◦C. After discarding
the supernatant, the RNA pellet was air-dried and dissolved in 20 µL of RNase-free water.

2.12. Complementary DNA Synthesis (cDNA)

Complementary cDNA synthesis was carried out using reverse transcriptase enzyme
for the RNA-isolated groups as per the method described by Suzuki et al. (2018) [28]. An
amount of 2 µL of FQW and 1 µL of RHP was added to 5 µL of RNA, and the RNA was
denatured by heating at 95 ◦C for 5 min before snap cooling on ice, along with the 4 µL of
5× RT buffer, 4 µL of ribolax, and 2 µL of 10 mM dNTPs mix. The reaction was allowed to
anneal by keeping it at room temperature for 5 min, and cDNA synthesis was carried out
by adding 2 µL of RT at 42 ◦C for 90 min. The RT was stopped by heating the mixture at
75 ◦C for 10 min, and the cDNA thus prepared was stored at −20 ◦C.

2.13. Polymerase Chain Reaction of cDNA Synthesized Groups

The synthesized cDNA was subjected to polymerase chain reaction in order to am-
plify the dopaminergic (DOPA) genes using a specific set of primers such as TH (FP:
GAGTTTGACCCTGACCTGGAC; RP: CTCACCCTGCTTGTATTGGAA), DDC (FP: CG-
CAAGTGAATTCCGAAGGA; RP: ACCTGGCGTCCCTGAAT), DBH (FP: ACCGGCTACT-
GCACAGACAAG; RP: TCCTGCCCGTCAGGTGTGT), and VMAT2 (FP: CGAGCATCTCT-
TATCTCATTGGA; RP: ATAGCCACCTTCCCATTTTGTG). β-actin (ACTB) (FP: GGGCATC-
CTGACCCTCAAG; RP: TCCATGTCGTCCCAGTTGGT) was used as an internal control.
The reaction was carried out in a final volume of 50 µL in 200 µL PCR tubes by adding
the following reagents: 10× Taq DNA polymerase buffer (5 µL), 10 nM dNTPs mix (2 µL),
MgCl2 (3µL), FP (1 µL), RP (1 µL), cDNA (2 µL), and Taq DNA polymerase (1 µL). The
total volume of the reaction mixture was increased to 50 µL with nuclease-free water. The
tubes were then spun for 20 s, and PCR was carried out in an Eppendorf Master Cycler.
A heated lid was used to prevent condensation on the walls of the tube. The reaction
conditions were standardized for the amplification of genes. The amplified products were
analyzed using 1% agarose prepared in 1× TBE containing ethidium bromide at a final
concentration of 0.5 µg/mL. The PCR products were mixed with 1 µg of 6× gel loading dye
and electrophoresed at 60 volts for 90 min. After the electrophoresis, the product profile
was visualized in a UV transilluminator, and images were taken using a UVP Gel Doc IT
system [29].

2.14. Densitometric Analysis

The intensity of DOPA-related genes expressed in the obtained gel image was sub-
jected to densitometric analysis using image quant software (GE Healthcare) for normaliza-
tion of DOPA gene expression in the PCR reaction of PC 12 cells, according to the protocol
given by Rasband (2018) [30].

2.15. Statistical Analysis

Values of the measured parameters were expressed as means ± SEM. One-way-
ANOVA (F value) was used to test the significance of the difference among more than
two arithmetic means, followed by Dunnett’s test to test the difference between each set
of two means. Statistical significance was considered at p values < 0.05. All statistical
analyses were processed using Statistical Program of Social Sciences (SPSS) for Windows,
version 20.0.
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3. Results
3.1. Determination of Tissue Culture Inhibitory Concentration of Ketamine, Effective
Concentration of Clozapine and Compound

Prior to the evaluation of the neuroprotective property of the bioactive compound,
the median nontoxic concentration (MNTC) and cytotoxic concentration (CC50) of the
plant compound and clozapine were determined by incubating PC 12 cell lines with
different concentrations of plant compound and clozapine ranging from 20 to 600 µg/mL
for 48 h. The MNTC was determined as 100 µg/mL and 80 µg/mL for the compound and
clozapine; the CC50 was determined as 600 µg/mL and 400 µg/mL for the compound and
clozapine respectively. The inhibitory concentration (IC50) of ketamine was determined by
incubating PC 12 cell lines with different concentrations of ketamine ranging from 10 to
50 µg/mL. The IC50 of ketamine was determined as 10.40 µg/mL (Table 1). By contrast,
the effective concentration of the plant compound and the reference compound clozapine
was determined by incubating the cell lines with plant compound before treatment with
ketamine and with clozapine and after treatment with ketamine. The EC50 values of
the plant compound and clozapine were determined as 14.67 µg/mL and 24.67 µg/mL,
respectively. The MNTC, CC50, and EC50 of the plant compound and clozapine are shown
in Figure 1.

Table 1. Cytotoxic effect of ketamine against PC 12 cell line and determination of IC50.

Concentration (µg/mL) % of Cell Viability with SD

10 50.40 ± 2.23 *#
20 48.63 ± 1.20 *
30 39.25 ± 1.61 *
40 31.05 ± 1.88 *
50 14.10 ± 1.20 *

Control Cells 100 ± 2.24
All values are expressed as the means ± SD of six individuals. * Significant at p < 0.01 compared with control.
# Median Inhibitory Concentration (IC50) of ketamine.
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3.2. Cytotoxicity of the Compound by MTT Assay

The neuroprotective effect of the plant compound against ketamine-induced cellular
damage was determined by calculating the percentage of MTT reduction in PC 12 cells.
When PC 12 cells were exposed to different concentrations of ketamine of 10–50 µg/mL
for 24 h, cell viability was reduced significantly from 50.4 ± 3.2 to 14.1 ± 2.2 compared
with the control group viability. Approximately 90% of cell death was observed in PC 12
cell lines treated with 50 µg/mL concentration of ketamine. In order to study the neuropro-
tective effects of plant compound, PC 12 cells were treated with different concentrations
(10–50 µg/mL) of the compound for 2 h before exposure to ketamine for 24 h. Pretreatment
with plant compound protected PC 12 cells against ketamine-induced damage in a dose-
dependent manner. Similarly, post-treatment with clozapine significantly protected the PC
12 cells against ketamine-induced cytotoxicity. Approximately 80% of cell viability was
observed with pretreatment with the plant compound when compared with the normal
control group, and 72% of cell viability was observed with clozapine. The protective
effect of the plant compound was even stronger than that of clozapine (reference drug).
Treatment with the plant compound significantly ameliorated the morphological damage
and cell viability of PC 12 cell lines compared with the ketamine-treated PC 12 cell line. No
significant cell morphological changes were observed in the compound-treated cell line
group, and the compound did not exhibit cytotoxicity (Figures 2 and 3).
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with plant compound for 2 h before ketamine treatment. Scale: 100 µm.
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3.3. Lactate Dehydrogenase (LDH) Assay

The LDH activity in the medium increased proportionately when the cells were treated
with different concentrations of ketamine when compared with the control group. The LDH
released into the medium was determined as approximately 50% at a 10 µg/mL ketamine
concentration. The activity levels of LDH were significantly reduced with pretreatment
with the plant compound, determined as 12% at a 50 µg/mL concentration of plant
compound. By contrast, the LDH activity levels were decreased by 23.58% in the medium
with treatment with 50 µg/mL clozapine when compared with ketamine treatment. The
increased activity levels of LDH in the medium were reversed with the pretreatment of
plant compound and clozapine compared with the ketamine-treated group (Figure 4).
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3.4. Measurement of Intracellular ROS

The results of the DCF-DA assay indicated a significant increase in the levels of ROS
in the ketamine-treated cells when compared with the control, and decreased levels were
observed in the cells with pretreatment with the plant compound and clozapine compared
with the ketamine treated group (Figures 5 and 6). A dose-dependent decrease in ROS
levels was observed during pretreatment with the plant compound, and the percentage of
ROS decrease was significantly greater than that of the reference compound clozapine.
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3.5. Clonogenic Assay

Colony formation assay provides an appropriate measure of the long-term effects of
potential therapeutic agents, assessing the ability of cells to retain proliferative potential
after treatment. The clonogenic assay in the present study indicated a reduction of colony
formation capacity in PC 12 cell lines treated with various concentrations of ketamine com-
pared with the control group. By contrast, a significant enhancement of cell proliferation
was observed in PC 12 cells treated with plant compound and clozapine compared with
the ketamine treated group (Figures 7 and 8).
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during ketamine induction in vitro. All the values are expressed as means ± SD of six individuals. * Significant at p < 0.05
compared with control; # and ** significant at p < 0.05 compared with the ketamine treated group; 10–50: concentration
in µg/mL of ketamine, clozapine, and compound.
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3.6. Semi-Quantitative RT-PCR Analysis

RNA extraction was carried out using a single step with TRIzol reagent (Invitro-
gen). The total RNA extracted from cell culture was subjected to cDNA synthesis by
reverse transcriptase enzyme (M-MuLV) using a specific set of primers for amplification
of dopaminergic genes. Denaturation at 95 ◦C for 5 min and cDNA synthesis at 42 ◦C for
90 min showed good amplification on PCR. In addition, 35 cycles of PCR with an annealing
temperature of 49 ◦C at a 1.5 mM concentration of MgCl2 was found to be optimum for
the amplification of DOPA genes. The size of the amplified products of DOPA genes such
as TH (222 bp), DDC (81bp), DBH (606bp), and VMAT2 (326bp) was analyzed by agarose
gel electrophoresis by employing a standard DNA molecular size marker (Fermentas 1 Kb
plus ladder). Normalized amplification was observed in the cell control; overexpression
was observed in the DOPA-related genes and the elevated level of expression was observed
in these four genes in the ketamine-treated group. The observed overexpression of DOPA
genes was reduced during treatment with the plant compound and clozapine, indicating
that the compound inhibits the overexpression of DOPA genes on par with the clozapine
reference compound. No significant differences in β-actin expression were found between
untreated and treated groups (Figure 9).
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3.7. Densitometric Analysis

To further investigate the protective effect of the compound on the dopamine system,
the intensity of DOPA-related genes expressed in the obtained gel image was subjected to
densitometric analysis using image quant software (GE Healthcare) for normalization of
DOPA genes expression in the PCR reaction of PC 12 cells. The results indicated that genes
such as TH (60 kDa), DDC (53 kDa), DBH (78 kDa), and VMAT2 (45 kDa) were formed into
dimers and expressed significantly in the ketamine group, as evidenced by densitometric
values for TH (60 kDa; 1.19), DDC (53 kDa; 1.86), DBH (78 kDa; 1.99), and VMAT2 (45 kDa;
1.96) when compared with the normal control group. However, the overexpression of the
above enzymes reverted to the control values with pretreatment with the compound when
compared with the ketamine-treated group, as evidenced by the densitometric values,
viz., 0.99, 1.19, 0.88, and 0.99 for TH (60 kDa), DCC (53 kDa), DBH (78 kDa), and VMAT2
(45 kDa), respectively (Figure 10).
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4. Discussion

Recently, there has been intense interest in the potential use of flavonoids to modulate
neuronal function and protection against disorders related to neurodegeneration. The use of
flavonoid-rich plant or food extracts in humans and animal dietary supplementation studies
showed improvements in cognitive function, possibly by protecting vulnerable neurons,
enhancing existing neuronal function, or stimulating neuronal regeneration [31]. Their
neuroprotective potential has been shown to ameliorate both oxidative [32] and Ab-induced
neuronal death models [33]. Evidence also exists for the beneficial and neuromodulatory
effects of flavonoid-rich Ginkgo biloba extracts, particularly in connection with age-related
dementia and Alzheimer’s disease [34]. Furthermore, individual flavonoids, such as the
citrus flavanone tangeretin, have been observed to maintain nigro-striatal integrity and
functionality following lesioning with 6-hydroxydopamine, suggesting that they may
serve as a potential neuroprotective agent against the underlying pathology associated
with Parkinson’s disease [35]. In addition, flavonoids may exert beneficial effects on
memory, prevent cognitive losses associated with aging, and even reverse certain age-
related declines [36].

The present study is the first report to evaluate in vitro neuroprotective effects of
a bioactive compound against cell death induced by ketamine toxicity in the PC 12 cell
line. Treatment of PC 12 cell lines with ketamine caused a significant decrease in cell
viability in a dose-dependent manner. Previous studies have shown that ketamine has
pro-apoptotic properties that induce neuroapoptosis in the developing brain and cultured
neurons in vitro [37] as well as inhibition of the proliferation of neurons in vitro [38].
Furthermore, ketamine led to significant ultrastructural abnormalities (including mitochon-
drial fragmentation, a decrease in Golgi and rough endoplasmic reticulum, and an increase
in autophagosomes). Ketamine might also alter other cell physiological activities, such
as neuronal receptor expression and the structure and branching of neurons, dendrites,
and synaptogenesis, eventually resulting in impaired neuronal function. Pretreatment
with the plant compound decreased ketamine-induced cytotoxicity and offered significant
protection, as evidenced by enhanced cell viability and decreased neuronal damage and cell
necrosis. The present findings also suggest that the percentage of recovery of cell viability is
greater with pretreatment with the plant compound than with clozapine (Figures 2 and 3).
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The estimation of lactate dehydrogenase in cell culture medium is known to provide
a quantitative basis for the loss of cell viability and is frequently used to estimate the
cytotoxic effects of various drugs [39]. Since LDH is released only when the cell membrane
is damaged, it has been used in the past as an indirect indicator of the loss of cell membrane
integrity [40]. An LDH leakage assay was used in the present investigation to confirm
the results of the MTT assay as well as to study whether cell membrane damage could
possibly be the mode of cell death induced by ketamine in PC 12 cells. Treatment of PC
12 cells with ketamine resulted in a significant, concentration-dependent increase in the
LDH activity levels in the culture medium, which supported the findings of the MTT assay.
Earlier studies provided conclusive evidence that ketamine causes a loss of membrane
integrity, leading to LDH leakage into the culture medium [41]. It was reported that
ketamine activated the mitochondrial apoptotic pathway and induced cell apoptosis in
cultured cortical neurons through the NMDA receptor NR1 subunit [42]. Increased NMDA
receptors were reported to alter the ion and water homeostasis in the cell and thus cause cell
membrane damage [43], which is the hallmark of necrosis. Cell necrosis following ketamine
treatment was confirmed by a marked increase of lactate dehydrogenase (LDH) leakage in
neuronal cells as well as human hepatoma HepG2 cells [44,45]. Thus, cell necrosis might
also contribute to ketamine’s toxic effects. PC 12 cells are dopaminergic cells, and a loss
of integrity in the plasma membrane would lead to dopamine leakage without activation
of Ca2+ dependent dopamine release. Furthermore, ketamine has also been reported to
promote spontaneous dopamine release, a process independent of extracellular Ca2+ [46].
The LDH leakage was significantly reduced in a dose-dependent manner in PC 12 cell lines
with pretreatment with the compound compared with the ketamine treated group, which
suggests that the compound protects the architectural damage of cell membrane caused by
ketamine cytotoxicity. It was also observed that LDH leakage was reduced more during
treatment with the compound than with the reference drug clozapine (Figure 4).

Reactive oxygen species have also been proposed to play a vital role in the pathology
of many neurodegenerative diseases [36]. Accumulating evidence indicates that flavonoids
are effective in blocking oxidant-induced neuronal injury [47] and are believed to act by
modulating a number of protein kinase and lipid kinase signaling cascades, such as the PI3
kinase (PI3 K)/Akt, tyrosine kinase, protein kinase C (PKC), and mitogen-activated protein
kinase (MAP kinase) signaling pathways [47]. Inhibitory or stimulatory actions of these
pathways are likely to profoundly affect neuronal function by altering the phosphorylation
state of target molecules, leading to changes in caspase activity and/or gene expression [48].
Flavonoids have been observed to block oxidative induced neuronal damage by preventing
the activation of caspase-3, providing evidence in support of their potent antiapoptotic
action [49]. A concentration-dependent elevation in intracellular ROS levels after treatment
with ketamine in the present study indicates that oxidative stress could be an important
mechanism by which ketamine exerts its toxic activity in PC 12 cells. On the other hand,
a significant reduction was observed in the formation of ROS levels in PC 12 cell lines
during pretreatment with the compound, and the ROS levels were completely drawn
back to the control levels. The depletion in ROS levels was also observed during the
treatment with clozapine, and the depletion was greater with treatment with the plant
compound than with clozapine (Figures 5 and 6). Importantly, the bioactive compound
not only attenuated ketamine-induced ROS production but also prevented cell death,
suggesting that ketamine-induced neuroapoptosis is directly associated with enhanced
ROS production.

The clonogenic survival assay is an in vitro cell survival assay that is used to test
the cytotoxic potential of a test agent. Treatment of PC 12 cells with ketamine caused a
dose-dependent reduction in cell survival in comparison with the vehicle-treated controls.
By contrast, the clonogenic survival was significantly elevated in the PC 12 cell line with
pretreatment with the compound when compared with ketamine treatment. These results
indicate that the compound protects the PC 12 cell line against ketamine-induced alterations
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in the clonogenic survival property in vitro, and the survival percentage was greater than
the reference drug clozapine (Figures 7 and 8).

From the semi-quantitative RT-PCR analysis, it was observed that overexpression/
dimerization occurred in the DOPA-related genes, such as TH, DDC, DBH, and VMAT2,
during ketamine treatment, and the expression was significantly elevated when compared
with the control group. It is noteworthy that increased DA contents depended on the
upregulation of mRNA levels in DA-related genes. TH is the rate-limiting enzyme in DA
biosynthesis, and its activity plays an important role in determining dopamine concentra-
tions [50]. We observed that there was significant upregulation of TH, DDC, DBH, and
VMAT2 expression following ketamine treatment. Upregulation of TH expression was
also found in animals acutely or chronically treated with other abusive drugs, such as
morphine and phencyclidine [51]. Our data suggest the possibility that the upregulation
of TH, DDC, DBH, and VMAT2 expression represents a common molecular adaptation in
the dopamine system. The formation of dimers during the expression of DOPA genes was
significantly reduced in the clozapine-treated group. The reduction in the overexpression in
these genes was drawn back to the normal condition and no dimer formation was observed
with treatment with the compound and clozapine (Figure 9).

Image J densitometry software (version 1.6, NIH, Bethesda, MD, USA) was used for
gel band quantitative densitometric analysis. Selected bands were quantified based on
their relative intensities such as area and percentage. Fold increase or decrease between
control and treated groups were calculated by dividing values of the control (area and
percentage) and treated groups. The fold change was calculated by determining the
cumulative densities of DOPA genes between the control and treated groups. The observed
overexpression in the DOPA-related genes such as TH, DDC, DBH, and VMAT2 during
ketamine treatment may be due to the blockade of NMDA receptors and their hypofunction,
which has indirectly shown its impact on genes involved in the synthesis of dopamine and
its step gradient consecutive enzymes [52]. With pretreatment with the plant compound,
the overexpression of DOPA genes observed in the ketamine group was reduced; the
reduction occurred in one-fold manner, and the obtained fold change values were near
the control values. This indicates that the ketamine-induced NMDA receptor abnormality
was downregulated by the compound, and the synthesis of dopamine was normalized by
inhibiting the cytotoxic effects of ketamine on the central dopaminergic system (Figure 10).

5. Conclusions

In conclusion, the results from the in vitro assays in this study demonstrate the neu-
roprotective effects of the bioactive compound 3-(3,4-dimethoxy phenyl)-1-(4-methoxy
phenyl)prop-2-en-1-one and add insight into its mechanism of action in ketamine-induced
cytotoxicity and neurotoxicity. In addition to the antioxidant actions of the plant compound,
the present findings suggest that the plant compound impedes dopaminergic hyperactiv-
ity by downregulating the overexpression of dopamine-related genes that occurs during
ketamine-induced cytotoxicity. Hence, the information gained from the present study
can be used for proposing a better pharmacological tool to treat neurotoxicity and related
disorders.

6. Significance Statements

From the findings, it was observed that ketamine led to significant ultrastructural
abnormalities, altered the cell physiological activities, activated the mitochondria apoptotic
pathway and induced cell apoptosis, regulated oxidative stress-related gene expression and
upregulation of antioxidant enzymes, and elevated DA release and DA gene expression
in PC 12 cell lines. Treatment with the bioactive compound 3-(3,4-dimethoxy phenyl)-
1-(4-methoxy phenyl)prop-2-en-1-one exhibited antagonistic activity against ketamine-
induced cellular abnormalities in PC 12 cells. The compound reversed the ultrastructural,
physiological, defense, apoptosis, and dopaminergic dysregulations that occurred in PC
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12 cell lines during ketamine induction and appears to be a promising therapeutic drug
candidate for the treatment of neurotoxicity, having multifactorial etiology.
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