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Abstract

Background and purpose: Nanotechnology can improve drug delivery by enhancing cell selectivity,
releasing at specific target sites, and improving bioavailability while reducing adverse events and potential
treatment costs. The current study aimed to synthesize curcumin/magnesium oxide (Cur/MgO) nanoparticles
(NPs) and evaluate their neuroprotective effects in a mouse model of ketamine-induced neurotoxicity.
Experimental approach: XRD, FE-SEM, and a particle size analyzer determined the average crystalline and
particle sizes. UV-Vis examined absorption patterns, and FT-IR spectroscopy analyzed the functional groups
involved in the reaction. To evaluate the effectiveness of Cur/MgO NPs on ketamine-induced neurotoxicity,
male BALB/c mice were divided into 7 groups and received the following treatments (intraperitoneally, daily
for 2 weeks). Groups 1 and 2 received normal saline (0.2 mL) and ketamine (25 mg/kg). Group 3 received
curcumin (40 mg/kg) and ketamine (25 mg/kg). Groups 4-6 received ketamine (25 mg/kg) and Cur/MgO NPs
(10, 20, and 40 mg/kg). Group 7 received MgO (5 mg/kg) and ketamine (25 mg/kg). Finally, the hippocampal
tissues were examined morphologically and analyzed for oxidative stress, inflammation, apoptotic markers,
and mitochondrial quadruple complex enzymes.

Resultg/Findings: Both Cur/MgO NPs and curcumin reduced IL-1p, TNF-a, Bax, and MDA levels and GSSG
content and increased GSH, Bcl-2, GPx, GR, and SOD. Cur/MgO NPs and curcumin also increased
mitochondrial quadruple complex enzymes and inhibited histological changes in the dentate gyrus and CA1
hippocampus areas in ketamine-induced neurotoxicity.

Conclusion and implications: Cur/MgO NPs were more neuroprotective against the ketamine-induced
histomorphological changes, inflammation, apoptosis, and oxidative stress than curcumin alone.

Keywords: Curcumin/magnesium oxide nanoparticles; Ketamine; Mouse hippocampus; Neurodegeneration.

INTRODUCTION N-methyl-D-aspartate  receptor (NMDA). The
NMDA receptor is blocked and downregulated by
Nanotechnology can improve drug delivery excess magnesium (3).

while reducing adverse events and potential
treatment  costs.  Additional  nanotechnology

improvements include cell selectivity, release at Access this article online

specific target sites, and enhanced bioavailability

from increased drug solubility (1,2). Magnesium is Website: http://rps.mui.ac.ir

the second most abundant intracellular cation after
potassium and is a noncompetitive antagonist for the
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Magnesium oxide nanoparticles (MgO NPs)
influenced the regulation of neuronal cell activity in
several mammalian cell types (4). Because of their
size, formation, and structure, MgO NPs have the
potential to be functional drugs (5). MgO NPs
reduced pain and inflammation in mice
through central and peripheral pathways (6).
Additionally, Moeini-Nodeh &t a. showed that MgO
NPs have both antiapoptotic and antioxidative
effects (7).

Curcumin (Cur) is a traditionally used Eastern
medicinal ingredient with centuries of safe use and
efficacy (8-12). Curcumin is the principal
curcuminoid in turmeric, a popular Indian spice
derived from the rthizome of Curcuma longa (13).
Curcumin's antioxidant, anti-inflammatory, anti-
proliferative, antiseptic, analgesic, anti-malarial,
antitumoral,  apoptosis-inducing, and  anti-
angiogenesis properties have been reported (14). All
appear to involve the inhibition of nuclear factor
kappa B (NFk B) signaling, which lowers pro-
inflammatory cytokines interleukin
(IL)-1, IL-6, and tumor necrosis factor-alpha
(TNF-a) (15). In an alcoholic animal neuropathy
model, Cur antagonized the cellular consequences of
oxidative stress by preventing DNA damage (16).
Curcumin may be a promising remedy for certain
neurodegenerative diseases (15, 17,18).

In obstetric and pediatric patients, ketamine, an
NMDA receptor antagonist, is used for its analgesic
and anesthetic effects (19). Ketamine has been
reported to promote neuronal cell death and
neurodegeneration, but the mechanism underlying its
harmful effects remains elusive (20,21). Ketamine
increased lipid and protein peroxidation, enhanced
free radical formation and activities, and reduced
glutathione and antioxidant activity in humans and
animals (9,22). Ketamine increased several neuro-
inflammatory pathways, cytokine, chemokine, and
inflammatory-related signaling pathways in mice
and induced cell death in a PC12 cell line (22-24).

Ketamine, however, has the potential for abuse
due to its hallucinogenic and other reinforcing
characteristics  (25,26). Ketamine abuse or
continuous administration activates apoptosis and
cell death signaling pathways, such as necrosis and
autophagy, in adult neural stem cells and PC 12 cells
(27,28). The frequencies with which practitioners
prescribe KET and the frequency of its illicit trade for
recreational use have contributed to increased abuse
(25,26).
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In the current study, Cur-MgO NP was
synthesized to evaluate its neuroprotective effects
against ketamine-induced neurotoxicity in mouse
hippocampal cells, emphasizing its impact on
mitochondrial function, anti-inflammatory,
antioxidant, and anti-apoptotic pathways.

MATERIALSAND METHODS

Materials

Ketamine, lithium, potassium hydroxide, and
magnesium nitrate hexahydrate (Mg (NOs)2 6H20)
were purchased from Sigma Aldrich (US). Merck
supplied the curcumin. Normal saline was the control
and the solvent for the test chemicals. The test kits
were purchased from DNA Biotech Co. (Tehran,
Iran). All reagents were of analytical grade.

Nanoparticle synthesis

Cur/MgO nanoparticles were synthesized as
follows. Fifty mg of Cur was dissolved in 50 mL of
ddH20 at 80 °C. The solubilized Cur was added to a
magnesium nitrate solution (Mg (NOs)2, 50 mL,
0.1 M), resulting in a yellowish-colored solution. The
solution was refluxed at 85-90 °C for 2 h. When the
refluxed solution was cooled to 40 °C, 5 mL of KOH
(0.2 M) was gradually added, leading to an orange-
yellow gel-like suspension. This suspension was
centrifuged at 10,000 rpm, and the residue was
washed with acetone and water until no yellow color
(Cur) was observed. The nanoparticles were
thoroughly washed with acetone after synthesis
to remove unreacted materials. The resulting
Cur/MgO nanoparticles were vacuum-dried at
ambient temperature. The nanoparticles were
dissolved in normal saline, placed in an ultrasonic
bath for 15 min, and then stored at pH 8.3 to maintain
the stability of the nanoparticles (29-31).

Nanoparticle characterization

Field emission scanning electron microscope
(FE-SEM), X-ray diffractometer (XRD), Fourier
transform infrared (FT-IR) spectral analysis, and
UV-Vis spectra assessed the nanostructure's particle
size, morphology, and chemical composition. FT-IR
spectra were obtained using a PerkinElmer
instrument, and a Philips powder diffractometer was
used to determine the X-ray diffraction pattern. The
scanning rate for the diffractometer was in the range
of 10-80°. To confirm chemical formation, a double-
beam spectrophotometer measured the UV-visible
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spectrum. FE-SEM analyzed the morphology and
particle dispersion of the nanoparticles, and the
chemical composition of the Cur/MgO nanoparticle
was evaluated using energy-dispersive X-ray
spectroscopy. Uncorrected melting points were
determined using a capillary tube and a B510K
melting point instrument. These techniques provide
a comprehensive understanding of the characteristics
of the synthesized nanostructure (29-31).

I n-vivo study
Animals

Fifty-six male BALB/c mice weighing 25-30 g
were obtained from the Animal Experimental
Research Center, Iran University of Medical
Sciences. The mice had access to pellet feed
(Parsfeed Co., Tehran, Iran) and water in a controlled
environment (room temperature: 22 + 0.5 °C;
relative humidity: 6-40%; 12/12-h light/dark cycles).
Animals (8) were grouped and housed in wire-
bottom cages and monitored for signs of toxicity pre-
treatment and continuously during the study.

Ethics statement

The  research  protocol  (Ethic  No
LR.SBMU.NRITLD.REC.1402.093) adhered to the
Animal Ethics and Welfare Guidelines of the Shahid
Beheshti University of Medical Sciences Animal
Care and Use guidelines and the ARRIVE procedure
for the ethical treatment of the animals (32).

Experimental procedure

After two week of acclimatization, the mice were
randomly divided into six experimental and one
control groups and dosed ip. daily for 2 weeks

(Fig. 1). Group 1 (control) received 0.2 mL of normal
saline; Group 2, animals received ketamine
(25 mg/kg); Group 3, animals received 40 mg/kg Cur
and 25 mg/kg ketamine; Groups 4-6 received
ketamine (25 mg/kg) and Cur/MgO NPs (10, 20, or
40 mg/kg); Group 7 received 5 mgkg MgO and
ketamine (25 mg/kg). A schematic diagram of the
overall experimental protocol and timeline is
depicted in Fig, 2. The interval between injections for
mice in groups 3-7 was 1 h. Dose selection for
ketamine and Cur was based on the literature
(9,12,22,27,28). Cur/MgO NPs doses were selected
based on behavioral results in an unpublished/pilot
study. The treatment period of 14 days was to ensure
sufficient time for the chosen biomarkers to manifest
(9,12,22,27,28,33).

Assessment for oxidative stress, inflammation,
apoptosis, and mitochondrial respiratory
chain enzyme
Measurements of total protein

On day 15, mice were anesthetized with Trapanal
(50 mg/kg, ip.), and the brains were removed.
The hippocampus was carefully separated into
its two hemispheres, and the right hemisphere
was homogenized in a cold buffer,
followed by centrifugation at 450 g for 10 min.
The buffer contained 4-morpholinepropanesulfonic
acid (25 mM), sucrose (400 mM), magnesium
chloride (4 mM), ethylene glycol tetraacetic acid
(0.05 mM), and the pH of the solution was
7.3. Subsequently, the samples underwent a second
10-min centrifugation at 12,000 g. The resulting
sediment was resuspended in the buffer and stored
at 0 °C until analyzed.

4 N\
56 male adult mice were randomly
distributed into seven groups (8 mice
per group)
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( \[ \ [ Groups 4-6 \f \
Group 1 Group 2 Group 3 Received Group 7
received Received Received curcumin Ketamine (25 Received MgO (5
normal saline Ketamine (25 (40 mg/kg, ip.) mg/ke, ip.) and mg/kg, ip.) and
(02ml/ mg/kg, ip. once and ketamine (25 curcumin/MgQ ketamine (25
mice, LP. daily) for 14 mg/kg, i.p.) for 14 NPs (10, 20, and mg/kg, ip.) for
once ;iaily) days. days: 40 mg/ke, ip., 14 days:
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14 days:
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Fig. 1. Schematic illustration of experimental grouping.
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Fig. 2. Timeline for experimental procedure and evaluation.

Bio-Rad CA DC protein assay kits (Providence,
RI, USA) were employed to measure the
concentration of  brain-derived  neurotrophic
factor (BDNF), cAMP-response element binding
protein  (CREB), TNF-o, IL-1, B-cell
Iymphoma 2 (Bcl-2), Bel-2 associated X-protein
(Bax), super oxide dismutase  (SOD),
glutathione peroxidase (GPx), and glutathione
reductase (GR).

Total protein was determined using the Bradford
method (Bio-Rad, Providence, RI, USA). A serial
dilution of bovine serum albumin, ranging from 0.1
to 1.0 mg/mL, was prepared in the homogenization
buffer. A standard curve was created. Protein extracts
of 10, 15, 20, 25, and 30 pL were added to individual
wells along with the Bradford reagent. Absorbance
was measured at 630 nm utilizing a plate reader
(Hiperion Microplate Reader, MPR4+, Rayto
Company, China) (34-36).

Measurements of oxidative stress parameters
Lipid peroxidation level

The primary byproduct of cellular lipid
peroxidation is malondialdehyde (MDA). MDA
standard (100 pL; DNA Biotech Co., Tehran,
Iran) or 100 pL of the tissue homogenate was
added to wells of the 96-microwell plate.
Sodium dodecyl sulfate lysis solution (100 pL)
was added to each well. Thiobarbituric acid reagent
(250 uL; DNA Biotech Co., Tehran, Iran) was
added, and the mixture was gently shaken
and incubated at 95 °C for 45-60 min. Samples were
then centrifuged at 1000 g for 15 min. n-Butanol
(300 pL; DNA Biotech Co., Tehran, Iran) was added
to stop the reaction. Samples were centrifuged
at 10,000 g for 7 min, and the absorbance was
read at 532 nm. Results are reported as nmol/mg of
protein (37-41).
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Day 30

GSH and GSSG content

GR solution (25 pL, 1X, DNA Biotech Co.,
Tehran, Iran) and 25 pL of the NADPH solution (1X;
DNA Biotech Co., Tehran, Iran) were added
separately to 96-well plates to measure reduced and
oxidized glutathione (GSH and GSSG). A standard
glutathione solution (DNA Biotech Co, Tehran, Iran)
or 25 ulL of homogenized tissue sample was added to
different wells. Chromogen (50 ulL, 1X; DNA
Biotech Co., Tehran, Iran) was added and the
mixture was vigorously blended. Absorbance was
measured at 405 nm. The results are reported as
nmol/mg of protein (41,42).

SOD activity

A kit from DNA Biotech Co. (Persequor Park,
Pretoria, South Africa) was used to assess SOD
activity. The first and third blank wells were filled
with ddH:0, and the second blank well was filled
with the homogenized tissue solution with a reagent
volume of 20 pL. The process included adding a
working solution to each well, gently mixing it, and
then adding a dilution buffer and an enzyme working
solution to specific wells. For 20 min, the solutions
were incubated at 37 °C after being thoroughly
mixed. Subsequently, the absorbance was measured
at 450 nm, and SOD was quantified as units/mL/mg
protein (41-43).

GPx activity

The GPx activity in the hippocampal tissue was
assessed using a commercial kit from the DNA
Biotech Company (Persequor Park, Pretoria, South
Africa). The process included the addition of precise
volumes of the homogenized tissue solution, assay
buffer, reaction solution, and peroxidase substrate
solution to the appropriate wells, followed by the
measurement of absorbance at 340 nm over 8 min at
25 °C. The results are in mU/mg protein (41-43).
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GR activity

The GR activity was assessed using a kit from the
DNA Biotech Company (Persequor Park, Pretoria,
South Afiica). In the presence of NADPH, the
reaction involved the transformation of GSSG to
GSH. The reaction mixture was thoroughly mixed
before measuring the absorbance at 340 nm for
120 s. The outputs are reported as mU/mg protein
(41-43).

Mitochondrial complex enzyme chain

The activities of mitochondrial complexes I, I,
M1, and IV were assessed using commercial kits from
the Abcam Co. (Boston, MA, USA). Measurement
of NADH oxidation to NAD" at 450 nm estimated
the function of mitochondrial complex I. For
mitochondrial complex II, the assay involved the
electron-transfer catalysis of succinate to ubiquinone
by measuring absorbance at 550 nm. The activity of
mitochondrial complex III was evaluated by
determining the conversion rate of CYCS to its
reduced form at 600 nm. The function of
mitochondrial complex IV was monitored by
quantifying the oxidation of the reduced form of
CYCS at 550 nm. The results are activity per
milligram of protein per minute (44).
Apoptosis  and
expression

TNF-a, IL-1B, Bax, Bcl-2, caspase-3, and
caspase-7 were estimated using commercial ELISA
kits (Genzyme Diagnostics, Cambridge, USA).
Sheep anti-mouse IL-1B8, TNF-0, Bax, Bcl-2,
caspase-3, and caspase-7 polyclonal antibodies
(Sigma Chemical Co., Poole, Dorset, UK) were
washed three times (0.5 M sodium chloride (NaCl),
2.5 mM sodium dihydrogen phosphate (NaH2POs4),
7.5 mM NaHPOs4, 0.1% Tween 20, pH 7.2).
Ovalbumin solution (100 mL of 1% w/v; Sigma
Chemical Co., Poole, Dorset, UK) was added to each
well and incubated at 37 C for 1 h. After washing
three times, 100 mL of sample or standard was added
to each well and incubated at 48 °C for 20 h. After
three washes, 100 mL of biotinylated sheep anti-
mouse [L-1p or TNF-o antibody (1:1000 dilutions in
wash buffer containing 1% sheep serum, Sigma
Chemical Co., Poole and Dorset, UK) was added to
each well. Following 1 h of incubation and three
washes, 100 mL of Avidin-horseradish peroxidase
(HRP; Dako Ltd, UK; 1:5000 dilutions in wash
buffer) was added to each well, and the plates were

inflammatory  protein
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incubated for 15 min. After washing three times,
100 mL of 3,3'5,5' tetramethylbenzidine (TMB)
substrate solution (Dako Ltd., UK) was added to
each well and incubated for 10 min at room
temperature. Finally, 100 mL of 1 M HxSO4 was
added to stop the reaction, and absorbance was read
at 450 nm. The results are expressed as ng/mL for
TNF-o and IL-1B and as pg/mL for Bax, Bcl-2,
caspase-3, and caspase-7 (45,46).

Histopathology

The left hippocampus was processed according to
a standard protocol (47,48). Sections with a thickness
of 5 um were stained with hematoxylin and eosin
(H&E) and examined (magnification of 400X) using
Optikavision morphometry software (Optikavision
Pro, Italy). Cell density and shape were compared in
an area of 1.30 mm (47-49).

Statistical analysis

The results are reported as means + SEM
calculated by GraphPad PRISM v.6 software
(California, USA). An F-test with degrees of
freedom was reported for all parameters (6,42). The
Kolmogorov-Smimov test was applied to evaluate
the normality of the data, and the normality of all data
and variables was confirmed. The homogeneity of
variances between two or more groups was assessed
by Levene's or Bartlett's tests; the variance between
groups was homogeneous. Statistical significance
was determined by one-way ANOVA followed by
Tukey's post-hoc test to compare treatment groups.
P < 0.05 was considered statistically significant.

RESULTS

Evaluation of the nanoparticle scharacterigtics

The Cur/MgO NPs displayed absorbance at
266 nm attributable to the MgO nanoparticles, which
are specific to MgO NPs and have a wavelength
range between 260 and 280 nm (Fig. 3). Utilizing
XRD pattern recognition, a confirmation analysis of
the crystal structure was performed. XRD patterns
were obtained by calcining the precursor at 500 °C.
The particle size of the Cur/MgO NPs
(0.9 M(P*cosd) was 160 to 165 nm using Debye
Scherrer's formula (Fig. 4).

Employing the KBr pellet approach, FT-IR
spectra in the solid phase were recorded between
400 and 4000 cm!. The sample underwent
calcination at 500 °C for 4 h, and Fig. 5 depicts the



IR spectrum of Cur/MgO NPs. The
broadband stretching vibration mode of the MgO
moiety occurs between 438 and 769 cml.
The two distinct bands observed at the wave ranges
of 1014 - 1074 cm™ and 1590 -1641 cm™! were
attributed to the bending vibrations of the
absorbed water molecules and the surface hydroxyl
group (-OH), respectively. The OH stretching
vibrations of the absorbed water molecule and the
surface hydroxyl group caused a broad vibration
band within the wave range of 3325-3553 cm'.

Curcumin/MgO NPs and ketamine-induced neur otoxicity

The presence of an aromatic ring was confirmed by
the band near 1387 c¢m!, caused by the C=C
stretching frequency. The asymmetric stretching
of the carbonate ion, COs3* species, is
attributed to the FT-IR absorption peak visible at
1501 cmc!,

The morphology of the Cur/MgO NPs was
studied using FE-SEM, which determined the
average size of the NPs to be 164 nm with a modest
amount of agglomeration (Fig. 6). The nanoparticles
had a somewhat round shape.
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Fig. 3. UV spectra of curcumin/magnesium oxide nanoparticles.
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Fig. 4. X-ray diffractometer pattern of curcumin/magnesium oxide nanoparticles.
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Fig. 6. Scanning electron microscopy image of curcumin/magnesium oxide nanoparticles.

I n-vivo study
Effect of Cur/MgO NPs on ketamine-induced
mitochondrial glutathione/glutathione disulfide
Ketamine (25 mg/kg) caused a significant
reduction in GSH (F = 16.66) and a boost in GSSG
(F = 5.44) levels compared to controls. In contrast,
compared to mice treated with ketamine alone, the
group treated with the ketamine-Cur combination
(40 mg/kg) had elevated GSH (F = 16.66) levels and
lower GSSG (F 544) levels. Cur/MgO
nanoparticles reversed the ketamine-induced decline
in GSH (F = 16.66) and increased GSSG (F = 5.44).
MgO (5 mg/kg) did not change the GSH and GGSG
levels (Table 1).
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Effect of Cur-MgO NPs on ketamine-induced
oxidative stress

Ketamine decreased SOD (F = 18.47), GPx (F =
13.34), and GR (F = 21.13) activity compared to
control mice while the levels of MDA (F = 8.561)
were increased compared to control. The ketamine-
Cur combination (40 mg/kg) induced the levels of
SOD (F = 1847), GPx (F = 13.34), and GR
(F = 21.13) but lowered MDA levels (F = 8.56).
When compared to mice that received ketamine,
Cur/MgO NPs reversed the effect of ketamine-
induced oxidative stress. MgO (5 mgkg)
did not change these oxidative stress parameters
(Fig. 7 A-D).
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Table1. Effect of Cur/MgO NPs on mitochondrial GSH and GSSG content in ketamine-treated rats. Data are expressed
as mean + SEM, n = 7. *P < 0.001 indicates significant differences compared to the control group and **P < 0.001

versus the ketamine group.

Groups GSH (nmol/mg protein) GSSG (nmol/mg protein) GSH/GSSG
Control 1129 +8.6 0.82+0.6 140

K etamine (25 mg/kg) 214+£6.9™ 19.1+£0.3™ 0

K etamine + Cur (40 mg/kg) 90.2 & 9.3## 4.1 +0.5% 21###

K etamine + Cur/MgO NPs (10 mg/kg) 79.6 £ 5.9%# 8.1+ 0.4 9.87##

K etamine+ Cur/MgO NPs (20 mg/kg) 95.2 + 8.24## 4.2 + 0.3 23

K etamine+ Cur/MgO NPs 40 mg/kg) 110.6 + 11.9%# 1.2 £0.1%# 91

MgO (5 mg/kg) 37.4+89 103 +£7.2"" 3.7

Cur/MgO, Curcumin/magnesium oxide; NPs, nanoparticles; GSH, reduced form of glutathione; GSSG, oxidized form of glutathione.
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Fig. 7. Effects of Cur/MgO NPs on ketamine induced alteration in (A) lipid peroxidation, (B) SOD activity, (C) GPx
activity, and (D) GR activity in rat isolated hippocampus. Data are expressed as mean £ SEM, n = 8. ***P < (0.001
indicates significant differences in comparison with the control; *P < 0.05, #P < 0.01, P < 0.001 versus ketamine
(25 mg/kg). KET, Ketamine; Cur, curcumin; Cur/MgO NPs, curcumin/magnesium oxide nanoparticles; MDA,
malondialdehyde; SOD, super oxide dismutase; GPx, glutathione peroxidase; GR, glutathione reductase.
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Effect of Cur-MgO NPs on ketamine-induced
inflammation

Compared to control mice, ketamine (25 mg/kg)
significantly elevated both TNF-a (F = 6.94) and
IL-1B (F = 856) levels. Ketamine plus Cur
(40 mg/kg) lowered the levels of TNF-a (F = 6.94)
and IL-1P (F = 8.56) compared to ketamine-treated
mice. IL-1B (F = 8.56) and TNF-a (F = 6.94) were
lower in those animals given the Cur/MgO NPs
compared to KET alone, indicating the KET-induced
inflammation was suppressed. MgO (5 mgkg)
did not change these inflammatory parameters
(Fig. 8A and B).

Effect of Cur/MgO NPs on ketamine-induced
apoptosis

Compared to controls, ketamine (25 mgkg)
significantly lowered Bcl-2 (F = 6.97) but
significantly elevated Bax (F = 61.74), caspase-3
(F=12.46), and caspase-7 (F = 12.36). Compared to
ketamine treatment, mice receiving ketamine
combined with Cur enhanced Bcl-2 (F = 6.97) levels
and decreased Bax (F = 61.74), caspase-3
(F = 12.46), and caspase-7 (F = 12.36). Cu/MgO
NPs significantly reduced the apoptotic effects of
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ketamine, as seen by a decrease in Bax (F = 61.74),
caspase-3 (F = 12.46), and caspase-7 (F = 12.36)
levels and a rise in Bcl-2 (F = 6.97) compared to
ketamine-treated mice. MgO (5 mgkg) did not
change these apoptotic parameters (Fig. 9A-D).

Effect of Cur/MgO NPs on ketamine-induced
mitochondrial chain enzyme

Compared to control mice, ketamine (25 mg/kg)
significantly decreased the function of the
mitochondrial complex I (F = 8.28), II (F = 11.40),
I (F =8.98), and IV (F = 5.13) enzymes. However,
compared to the group that received merely
ketamine, the mitochondrial complex I (F = 8.28), I
(F=11.40), 111 (F=8.98), and IV (F =5.13) enzymes
increased in the groups treated with ketamine
combined with Cur (40 mg/kg). Additionally, when
compared to mice treated with ketamine, Cur/MgO
NPs partially reversed the activity of the
mitochondrial complex I (F = 8.28), II (F = 11.40),
m (F = 898), and IV (F = 5.13) enzymes,
suppressing  ketamine-induced  mitochondrial

abnormalities. MgO (5 mg/kg) did not change the
enzyme

quadruple  mitochondrial activities

(Fig. 10A-D).

1504

100

504

Fig. 8. Effects of Cur/MgO NPs on ketamine induced alteration in (A) TNF-a and (B) IL-1p level in rat isolated
hippocampus. Data are expressed as mean + SEM, n = 8. ***P < (0.001 indicates significant differences in comparison
with the control; *P < 0.05, #P < 0.01, *#P < 0.001 versus ketamine (25 mg/kg). KET, Ketamine; Cur, curcumin;
Cur/MgO NPs, curcumin/magnesium oxide nanoparticles; TNF-a, tumor necrosis factor alpha; IL-1p, interleukin-1 beta.
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Fig. 9. Effects of Cur/MgO NPs on ketamine induced in protein expression of (A) Bax, (B) Bcl-2, (C) caspase-3, and (D)
Caspase-7 in rat isolated hippocampus. Data are expressed as mean + SEM, n = 8. ***P < 0.001 indicates significant
differences in comparison with the control; #P < 0.01 and *#P < 0.001 versus ketamine (25 mg/kg). KET, Ketamine;
Cur, curcumin; Cur/MgO NPs, curcumin/magnesium oxide nanoparticles; Bcl2, B-cell lymphoma 2; Bax, Bcl-2

Associated X-protein.

Effect of Cur/MgO NPs on ketamine-induced
histopathol ogy

Ketamine (25 mg/kg) significantly reduced
both granular cells in the dentate gyrus (DG) areas
(F=9.58) and pyramidal cells in the cornu ammonis
area 1 (CAl; F = 9.83) areas of the hippocampus
(Table 2). Cell shrinkage and degeneration (Figs. 11
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and 12) were observed in both regions.
Both ketamine + Cur and ketamine + Cur/MgO NPs
increased the number of granular cells in the
DG (F = 9.58) and pyramidal cells in the CAl
(F = 9.83) area of the hippocampus. MgO alone
did not affect these histological observations
(Table 2, Figs. 11 and 12).
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Fig. 10. Effects of Cur/MgO NPs on ketamine induced mitochondrial complex enzymes activity, (A) complex I, (B)
complex I, (C) complex IIL, (D) and complex III in rat isolated hippocampus. Data are expressed as mean = SEM, n = 8.

*##P < (0,001 indicates significant differences in comparison with the control; *P < 0.05, #P < 0.01, and *#P < 0.001
versus ketamine (25 mg/kg). KET, Ketamine; Cur, curcumin; Cur/MgO NPs, curcumin/magnesium oxide nanoparticles.

Table 2. Effects of Cur/MgO NPs on hippocampus neuronal granular cells of DG area and pyramidal cells of CA1
area, counting (number/mm) in ketamine-treated rats. Data are expressed as mean = SEM, n= 7. ***P < 0.001 indicates
significant differences compared to the control group and *P < 0.05 versus the ketamine group and ##P < 0.001 versus
the ketamine group.

Groups Number of cellsin DG (number/mm) Number of cellsin CA1(number/mm)
Control group 325.1+28 217+12

K etamine (25 mg/kg) 112 +14™ 81+8™"

K etamine + Cur (40 mg/kg) 310 + 33### 202 + 11##

Ketaminet Cur/MgO NPs (10 mg/kg) 156 + 18 105+9

K etamine+ Cur/MgO NPs (20 mg/kg) 289 + 31### 173 £ 14##

Ketaminet Cur/MgO NPs40 mg/kg) 318 + 29%# 212 + 5%

MgO (5 mg/kg) 298 + 36 198 £ 15

Cur/MgO, Curcumin/magnesium oxide; NPs, nanoparticles; GSH, reduced form of glutathione; GSSG, oxidized form of glutathione; DG, dentate
gyrus; CA1, cornu ammonis area 1.
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Fig. 11. Representative images of hematoxylin and eosin-stained granular cells of the DG area of the left hippocampus.
(A) Control group, (B) ketamine (25 mg/kg), (C) ketamine (25 mg/kg) and Cur (40 mg/kg), (D-F) ketamine (25 mg/kg)
and Cur-MgO NPs (10, 20, or 40 mg/kg, and (G) ketamine (25 mg/kg) and MgO (5 mg/kg). Black arrows indicate the
vacuolation and neuronal degeneration in the DG area of the mouse hippocampus. Magnification x 400. Cur, curcumin;
Cur/MgO NPs, curcumin/magnesium oxide nanoparticles; DG, dentate gyrus.

Fig. 12. Representative images of hematoxylin and eosin-stained pyramidal cells of the CA1 area. (A) Control group, (B)
ketamine (25 mg/kg), (C) ketamine (25 mg/kg) and Cur (40 mg/kg), (D-F) ketamine (25 mg/kg) and Cur-MgO NPs
(10, 20, or 40 mg/kg, and (G) ketamine (25 mg/kg) and MgO (5 mg/kg). Black arrows indicate the vacuolation
and neuronal degeneration in the DG area of the mouse hippocampus. Magnification x 400. Cur, curcumin; Cur/MgO
NPs, curcumin/magnesium oxide nanoparticles; CA1l, cornu ammonis area 1.

DISCUSSION degeneration accompanied by apoptosis, oxidative

stress, inflammation, histological changes, and

Ketamine, an NMDA receptor antagonist (3) decreased mitochondrial respiratory chain enzyme
and schedule 3 drug (https://www.dea.gov/drug- activity. According to several recent studies
information/drug-scheduling), ~ causes  neuro- (21,50,51), ketamine caused neuronal cell death and
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neurodegeneration in the developing rat brain, but the
mechanism behind these pathological alterations was
not characterized. In obstetric and pediatric patients,
ketamine is frequently used for anesthesia and
analgesia (19,21,52), even though it has a high-risk
profile for producing hallucinations and delusions
(53) and is often abused (26).

Several studies have noted Cur's potential
oxidant-antioxidant modification in drug users
(37,54). The antioxidative characteristics of Cur have
been verified by invivo and invitro experiments. Cur
confers its neuroprotection against oxidative stress by
affecting the genes and proteins involved in oxidative
stress (55,56). Cur lowered the increase in TNF-a,
IL-1B, and TGF-B1 levels in mouse-rat hybrid retina
ganglion cells and in rats postnatally exposed to
ethanol (57-59). However, these experiments did not
assess the antioxidative effects of metal complexed
nanoparticles such as Cur/MgO NPs (54).

Cur-loaded metal oxide nanoparticles,
specifically Cur/MgO NPs (60) enhanced the
biocompatibility of Cur in mice and rats (61,62).
These studies, which considered the possibilities of
Cur bonding with metal oxides, also suggested that
these nanoparticles do not rapidly degrade under in
Vivo conditions.

Hippocampal cells are susceptible to ketamine
(63-66). Ketamine caused a persistent stress reaction,
which caused changes in hippocampal AMPA
receptors and cognitive impairments in chronic
ketamine addiction models (66,67). Ketamine
lowered neuronal cell survival rates in a time- and
dose-dependent way in human neurons differentiated
from embryonic stem cells via the mitochondrial
apoptosis pathway (68,69). Oxidative stress and
decreased antioxidant levels in the rodent brain have
been linked to ketamine-induced toxicity (63,70).
Hydroxyl radicals, such as reactive oxygen species
(ROS), are formed during oxidative stress and can
induce DNA oxidation, resulting in errors and DNA
replication mutations (68,71). Ketamine enhanced
the production of ROS, which, in turn, caused
inflammation in human neural stem cells. DNA
damage and cellular death may follow (71).

There are limited studies on managing ketamine
toxicity. Cur, the principal curcuminoid in turmeric,
is neuroprotective and has antioxidant, anti-
inflammatory, and anti-apoptosis properties (37,72-
75). Cur has been reported to confer neuroprotection,
partly through scavenging free radicals. Since Cur is
also known for its immunomodulatory properties
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and activity against oxidation, inflammation, and
apoptosis (76). It may have therapeutic promise for
neurodegenerative diseases, such as Alzheimer's
disease and Parkinson's disease (37,77-79). Further,
by lowering lipid peroxidation and boosting the
function of antioxidant enzymes such as SOD,
catalase, and GSH-related antioxidants, Cur may
combat oxidative stress (80,81). Cur, however, has
limited bioavailability. Nanotechnology has been
reported to increase the bioavailability of Cur and
reduce its toxicity. Targeted delivery, as the
Cur-MgO NP, should improve the effectiveness of
Cur (82,83).

In the current study, we evaluated Cur-MgO NPs
against ketamine-induced neurotoxicity in mouse
hippocampal cells by evaluating morphological,
mitochondrial function, anti-inflammatory,
antioxidant, and anti-apoptotic changes. Ketamine
boosted IL-1B, TNF-o0, and Bax levels while
decreasing Bcl-2 levels and increased lipid
peroxidation and GSSG while decreasing GSH and
several antioxidant enzymes such as GPx, GR, and
SOD. Cur and the Cur/MgO NPs counteracted these
ketamine-induced neurodegenerative alterations.
The ketamine-induced reduction of the
mitochondrial complexes I, I1, I11, and IV respiratory
chain enzymes was also reversed by Cur/MgO NPs.
Cur/MgO NPs and Cur also reduced ketamine-
induced changes in the hippocampus's CA1 and DG
cell morphology and cell count. Both prevented
increased MDA levels in the ketamine-treated group,
thereby reducing lipid peroxidation. Cur/MgO NPs
were more effective than Cur.

Our conclusions align with earlier research that
showed increased pro-inflammatory cytokines and
apoptosis after persistent ketamine use or abuse
(63-65) and that Cur can prevent apoptosis and
neuro-inflammation caused by ketamine (37,54).
The role of Cur as an anti-inflammatory and anti-
apoptotic agent has been reported in numerous
studies (37,72-75,84,85). Curcumin exerts its anti-
inflammatory property by inhibiting several
inflammatory pathways, such as the cytokines and
chemokines pathways, the cyclooxygenase-
prostaglandin, nitric oxide synthase-nitric oxide,
nuclear factor kappa B, JAK/STAT, Toll-like
receptors, and mitogen-activated protein kinase
signaling pathways (37,72-75,84,85).

We have speculated that the neuroprotective
effect of Cur and Cur/MgO NPs is probably caused
by the activation of the genes and proteins involved



in the biogenesis of the mitochondria and their
respiratory chain (86,87). Since the Cur/MgO NP
was more effective than Cur, the Cur/MgO NPs may
be a better candidate for evaluation as a potential drug
in cases of KET abuse (88,89).

CONCLUSION

We successfully synthesized a Cur-conjugated
MgO nanoparticle (Fig. 4). Both Cur and Cur/MgO
NPs inhibited the ketamine-induced neurotoxicity in
the mouse hippocampus by reversing mitochondrial
dysfunction, oxidative stress, inflammation,
apoptosis, and histomorphological changes induced
by ketamine. Cur/MgO NPs were more effective
than Cur in reversing ketamine-induced
neurotoxicity.

Limitations

This study investigated limited doses of
Cur/MgO NPs for a relatively short exposure in male
mice treated with a single dose of ketamine. Further,
only limited parameters related to cell degeneration
and death were examined. In addition to efficacy
studies in humans, the potential side effects of the
Cur/MgO NPs need further investigation, both at the
bench and in clinical trials.
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