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The potential of minocycline to protect against methylphenidate-induced neurodegeneration has been extensively reported
in the literature but the mechanism of action is still unknown. This study aims to determine the role of mitochondrial chain
enzymes and redox homeostasis on the neuroprotective effects of minocycline in methylphenidate-induced neurodegeneration.
Wistar adult male rats were randomly assigned to the seven experimental groups: Group 1 received saline solution; Group 2
received methylphenidate (10 mg/kg, i.p.); Groups 3, 4, 5, and 6 received methylphenidate and minocycline for 21 days; Group 7
received minocycline alone. Cognition was evaluated with the Morris water maze test. Activity of the hippocampal mitochondrial
quadruple complexes |, I, lll and IV, mitochondrial membrane potential, adenosine triphosphate (ATP) levels, total antioxidant
capacity, and reactive oxygen species were determined. Treatment with minocycline inhibited methylphenidate-induced cognitive
dysfunction. Minocycline treatment increased mitochondrial quadruple complex activities, mitochondrial membrane potential,
total antioxidant capacity, and ATP levels in the dentate gyrus and cornu ammonis-1 (CA1) areas of the hippocampus. Minocycline
is likely to confer neuroprotection against methylphenidate-induced neurodegeneration and cognition impairment by regulating

mitochondrial activity and oxidative stress.
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INTRODUCTION

Mitochondria are dynamic organelles regulating
neuronal metabolism (Lin and Sheng, 2015; Bertholet
et al.,, 2016) and, mitochondrial morphological or bio-
chemical changes causes neuronal dysfunction and de-
generation (Llorente-Folch et al., 2015; Bertholet et al.,
2016; Golpich et al., 2017; Norat et al., 2020). Mounting
evidence suggest that mitochondrial dysfunction plays
a critical role in neurodegeneration and neurotoxici-
ty associated with drug abuse (Monzio Compagnoni et
al., 2020; Norat et al., 2020). Oxidative stress with the
formation of reactive oxygen species (ROS) and reac-
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tive nitrogen species (RNS) cause mitochondrial dys-
function by inhibiting the respiratory chain (Ozcan
and Ogun, 2015; Angelova and Abramov, 2018). Indeed,
many psychostimulants affect neuronal mitochondria
inducing neuronal dysfunction and degeneration and
these effects can be more significant in the hippocam-
pus with a direct effect in cognition (Fagundes et al.,
2007; 2010; Foschiera et al., 2022).

Methylphenidate is a psychostimulant increasingly
abused by patients (Clemow, 2015; Shellenberg et al.,
2020). Methylphenidate induces neurobehavioral dis-
orders including cognition impairment, neurodegener-
ation, and neurotoxicity associated with mitochondrial
dysfunction, oxidative stress, apoptosis, and inflamma-
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tion (Banihabib et al., 2015; Motaghinejad et al., 2017,
Schmitz et al., 2017a). These studies suggest a potential
role of mitochondria dysfunction in the neurotoxicity
induced by methylphenidate. Although we and others
showed that methylphenidate induces hippocampus
oxidative stress, its effects on mitochondrial function
are unknown (Loureiro-Vieira et al., 2017; Schmitz et
al., 2017a; Freddo et al., 2021; Foschiera et al., 2022) and
thus whether it affects the mitochondrial respiratory
chain, ATP production, or mitochondrial membrane
potential in the areas of the hippocampus mostly af-
fect by neurodegeneration. These studies have major
clinical implications and can provide critical informa-
tion to design new therapeutic strategies against neu-
rodegeneration and drug abuse. We also reasoned that
neuroprotective agents preserving mitochondrial func-
tion may provide clinical advantages for treating pa-
tients with methylphenidate abuse (Carias et al., 2018;
Raoofi et al., 2020). Minocycline is a neuroprotective
compound that prevents mitochondrial dysfunction,
oxidative stress, apoptosis, and inflammation (Budni
et al., 2016; Cankaya et al., 2019; Chauhan et al., 2021;
Motaghinejad et al., 2020; Motaghinejad et al., 2021; Na-
deri et al., 2020). Despite the studies reporting the neu-
roprotective effects of minocycline against oxidative
stress and mitochondrial dysfunction, its mechanism of
action is unknown, and thus its effects on energy bal-
ances, mitochondrial membrane potential, mitochon-
drial respiratory chain, and oxidative stress (Budni et
al., 2016; Cankaya et al., 2019; Motaghinejad et al., 2020;
Naderi et al., 2020; Chauhan et al., 2021; Motaghinejad
et al., 2021; Romero-Miguel et al., 2021). Here, we ana-
lyze the potential neuroprotective effects of minocy-
cline against methylphenidate-induced neurotoxicity
by analyzing cognition, mitochondrial quadruple com-
plexes, ATP production, mitochondrial membrane po-
tential, and oxidative stress in the dentate gyrus (DG)
and cornu ammonis-1 (CA1) areas of the hippocampus.

METHODS
Animals

Seventy Wistar adult male rats weighing 250-300 g
were purchased from Iran University of Medical Scienc-
es. All animal were maintained at standard conditions
with free access to food and water, and room tempera-
ture at 22 £ 0.5°C with 12 h light/dark cycles. All exper-
imental procedures were approved by the Committee
on Ethics in Research at the Iran University of Medical
Sciences. The Research Code was 16837 and Ethical Code
was: IR.IUMS.REC.1399.908. Experimental protocols are
in compliance with the ARRIVE (Animal Research: Re-
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porting of In vivo Experiments) guidelines (Kilkenny et
al., 2010; McGrath et al., 2010).

Drugs

Methylphenidate and minocycline, with high-per-
formance liquid chromatography (HPLC) standards pu-
rity >98.5% and purity >98.8% respectively, were pur-
chased from Sigma-Aldrich Company (USA).

Experimental protocols and design

Animals were randomly assigned to the seven exper-
imental groups (n=10): group 1, control animals treated
with normal saline (0.7 ml/rat, i.p.) for 21 days; group 2
was treated with methylphenidate only (10 mg/kg, i.p.)
for 21 days; groups 3, 4, 5, and 6 were the treated with
methylphenidate (10 mg/kg, i.p.) and minocycline (10,
20, 30, and 40 mg/kg, respectively) for 21 days; group
7 treated with minocycline only (40 mg/kg, i.p.) for
21 days.

Treatment with methylphenidate was started one
hour after minocycline administration. The neurodegen-
erative doses for methylphenidate and neuroprotective
doses of minocycline were selected from previous stud-
ies (Banihabib et al., 2016; Carias et al., 2018; Comim et
al., 2014; Huang et al., 2018; Martins et al., 2006; Matsu-
kawa et al., 2009; Pinzon et al., 2008; Simon et al., 2018).
The Morris water maze test to assess cognition was per-
formed at day 22-26 post-treatment. The hippocampus
were collected as previously described (Motaghinejad et
al., 2021; Motaghinejad et al., 2017; Wang et al., 2015). To
analyze mitochondrial complex activity, reactive oxygen
species, ATP levels, total antioxidant capacity, and mito-
chondrial membrane potential in the granular cell of the
dentate gyrus and pyramidal cells of cornu ammonis-1.
Our study focuses on the hippocampus because it is the
main center managing memory and learning (Anacker
and Hen, 2017; Jeffery, 2018; Schlichting and Preston,
2017). The Morris water maze behavioral test was used
to assess the animal’s cognition and mitochondrial func-
tion in the hippocampus was analyzed at the molecular
changes using the specific biomarkers.

Evaluation of behavioral changes
Morris water maze test
The Morris water maze test is a standard behavioral

test to assess spatial learning and memory. It consists
of a circular tank with 160 cm in diameter and 90 cm in
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height. The tank is filled with water to 50 cm height.
The circular tank is divided into four space quadrants
(north-east, north-west, south-east, and south-west).
A hidden platform was placed at one cm below the wa-
ter surface in the center of the north-east quadrant.
For evaluation of behavior experimenter stays in the
north-west quadrant of the Morris water maze appa-
ratus. Animal movements are analyzed with the auto-
mated infrared tracking system (CCTV B/W camera,
SBC-300 (P), Samsung Electronics Co, Ltd, Korea) re-
cording the location of the rats in the tank. The cam-
era was located at 2.4 m above the surface of the tank
and the data is automatically analyzed as reported
(D’Hooge and De Deyn, 2001; Wenk, 2004; Motaghinejad
et al., 2015).

Animal adaptation: During adaptation, each rat was
placed at the south-west quadrant of the water tank
and guided by the investigator toward the platform
located below the surface at the north-east quadrant
similar as previously described (D’Hooge and De Deyn,
2001; Motaghinejad et al., 2015).

Training procedure for learning assessment: Spe-
cific landmarks such as discriminate picture, door,
window, etc. were inserted in the wall of the room for
spatial cues for learning about the position of the plat-
form. It should be noted that during the learning pro-
cedure if the animals could find the platform in 60 s the
trial was closed by mentioned PC automatically. But if
they could not find the platform in 60 s the test is com-
pleted manually by the experimenter.

Analyzed parameters included: 1. Latency time re-
fers to the time required to find the hidden platform;
2. Traveled distance refers to the distance each animal
traveled to reach the hidden platform (Bromley-Brits
et al., Deng and Song, 2011; D’Hooge and De Deyn, 2001;
Ghafarimoghadam et al., 2022; Motaghinejad et al.,,
2015; Vorhees and Williams, 2006).

Memory assessment: Memory assessment was per-
formed on day 5. The hidden platform was removed
from the tank and each animal was randomly placed
in one quadrant of the water tank (other than the
north- east quadrant), and the system determine
the time of the animals in each quadrant and the
specific percentage of time that the animal spent at
the north-east quadrant (Bromley-Brits et al., 2011;
D’Hooge and De Deyn, 2001; Ghafarimoghadam et al.,
2022; Motaghinejad et al., 2015a; 2015b; Vorhees and
Williams, 2006).

Molecular studies

Hippocampus were collected as reported (Yilmaz et
al., 2021). For isolation of hippocampus each animals
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was anesthetized by administration of sodium thio-
pental (50 mg /kg, i.p.), and then the whole brains of
rats was dissected and their hippocampus removed by
standard surgical procedure which its guide was pub-
lished in previous studies (Bose et al., 2021; Ferndn-
dez-Vizarra et al., 2006). Cold homogenization buffer
(25 mM 4-morpholinepropanesulfonic acid, 400 mM su-
crose, 4 mM magnesium chloride (MgCl2), 0.05 mM eth-
ylene glycol tetra-acetic acid (EGTA), pH 7.3) was pre-
pared and isolated hippocampal tissue was kept in this
buffer. Hippocampus tissue and homogenization buffer
was mixed and centrifuged for 15 min at 450 g, and then
its supernatant fluid was re-centrifuged with 12000 g
for 12 min. After his process its sediment was mixed
in mentioned homogenization buffer and re-suspend.
This mixture kept at 0°C until use. For evaluation of to-
tal protein in tissues assay Bradford Tanique (BT) was
used by using a special kit (Dc-Bio- Rad) (California,
USA). Basis of this technique is that a series of serial
dilution (0.1-1.0 mg/ml) of well-known protein (such as
bovine serum albumin) was prepared and Bradford re-
agent (1 portion Bradford: 4 portions dH20) was added
to each of tubes/wells. Mentioned serial dilutions of bo-
vine serum albumin with various concentrations were
used to drawing the standard curve. In other sides se-
rial dilution (10, 15, 20, 25, and 30 pl) of the mentioned
homogenized hippocampal tissue was mixed with
Bradford reagent and color density of each dilution/
concentration was recorded in wave length of 630 nm.
Finally by using of standard curve protein content of
each dilution/concentration was calculates. This pro-
cedure and protein quantification was used measure-
ments of mitochondrial enzymes activates (Bose et al.,
2021; Ferndndez-Vizarra et al., 2006).

Mitochondrial complex enzymes chain evaluation:
Mitochondrial, II, Il and IV complexes activity was eval-
uated by immunosorbent enzyme assay kits for (Abcam,
Cambridge, MA, USA UU: # AB109721, # AB109908,
# AB109911, respectively). Briefly, mitochondrial com-
plex I activity was determined measuring the oxidation
of NADH to NAD * and analyzing absorbance at 450 nm,
Mitochondrial complex II activity was determined mea-
suring the catalysis of the electronic transfer of suc-
cinct to the ubiquinone and analyzing absorbance at
550 nm. Mitochondrial complex III activity was deter-
mined measuring the reaction speed of the conversion
of cytochrome C oxidized into its reduced form and ana-
lyzing absorbance at 600 nm. Mitochondrial complex IV
activity determined by measuring the oxidation of the
reduced form of cytochrome C and its absorbance read
at 550 nm. All procedures were performed according to
the manufacturer’s instructions, and values were re-
ported as activity/mg of protein/min (Bénit et al., 2006;
Kirby et al., 2007).
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Measurement of reactive oxygen species (ROS) lev-
els: Intracellular reactive oxygen species (ROS) levels
were determined using fluorescein-labeled dye, 2,7-di-
chlorodihydrofluorescein diacetate (DCFH-DA), which
is converted to the fluorescent 2,7-dichlorofluorescein
(DCF) via de-esterification and oxidation reaction (Lin
et al.,, 2012; Gao et al., 2019). Briefly, 2,7-dichlorodihy-
drofluorescein diacetate was mixed with hippocampus
tissue and stored in lab room temperature for 45 min.
Then, the samples are washed 3 times, and fluores-
cence intensity of fluorescent 2,7-dichlorofluorescein
was read at 535 nm and ROS level in hippocampus was
reported as fold of control (Gao et al., 2019; Lin et al.,
2012; Wang et al., 2003).

Measurement total antioxidant: Total antioxidant
capacity levels were measured with commercial kits
(cat# MAK187, Sigma-Aldrich, MO) and all procedures
were performed following the manufacture guidelines
(Modesti et al., 2019; Salvi et al., 2020). Total antioxi-
dants levels in homogenized hippocampus tissue were
evaluated according to its capacity to convert Cu® to
its reduced form, Cu’. Cu* chelates with a colorimetric
probe and absorbance of this complex of Cu* and colori-
metric probe can be read at 570 nm wave lengths. Total
antioxidant capacity levels in hippocampus were report-
ed as nM/ug on hippocampus homogenates (Modesti et
al., 2019; Salvi et al., 2020).

Measurement of adenosine triphosphate (ATP):
ATP synthesis enzyme the level of ATP determinate by
commercial kit (cat# A22066, Molecular probes, OR).
ATP synthase activity was determined with D-lucifer-
in and measured at wavelength of 560 nm. The ATP
level in hippocampus was reported as ATP/ug on hip-
pocampus homogenates (Salvi et al., 2020; Kepchia et
al., 2022).

Measurement of mitochondrial membrane poten-
tial: Mitochondrial membrane potential was evaluated
by using commercial kit (cat # 600880, Cayman, MI) us-
ing JC1 dye according to manufacturer guidelines. This
dye enters the mitochondria to form J-aggregates (Ex/
Em=560/590 nm) or J-monomers (Ex/Em=485/535 nm).
The ratio of J-aggregate to J-monomers intensity indi-
cates the mitochondrial membrane potential. Low ra-
tios indicate low membrane potentials. Mitochondrial
membrane potentials were reported as JC1 ratio (J-ag-
gregate to J-monomers ratio) on hippocampus homog-
enates (Wang et al., 2003; Sakamuru et al., 2016; Salvi
et al., 2020).

Statistical analyses

Statistical analyses were performed with GraphPad
Prism v.7 Software (GraphPad Software, La Jolla, CA).
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The sample size (n=10/group) was determined with
power analyses of our previous studies. The figures
are representative of experiments that were repeated
twice in different days and the data are expressed as
mean * standard error of the mean (SEM).

Analyses of three or more groups were performed
with one-way ANOVA test with multiple pair-wise
comparisons for repeated measures of independent
samples with normal distribution. Normality and ho-
mogeneity of variance were confirmed with Kolmog-
orov- Smirnov analyses. The least significant differ-
ence (LSD) test was used when the ANOVA F omnibus
was significant, if not, the Dunnett’s T3 method was
used. For non-normal distributions, nonparametric
Kruskal-Wallis test was performed with SPSS 23.0.
The degrees of freedom and the confidence level of
the Type I error are reported. p<0.05 and p<0.001was
considered statistically significant.

RESULTS

Treatment with minocycline
improved methylphenidate-induced
cognitive dysfunction

The Morris water maze tests after four days of
training showed that methylphenidate treatment
(10 mg/kg, i.p.) increased both the latency time
(one-way ANOVA, F,4,)=18.63; p<0.001) and traveled
distance (one-way ANOVA, F49=15.73; p<0.001) as
compared to control animals (Fig. 1A, B). Minocy-
cline treatment (10, 20, 30, and 40 mg/kg) dramat-
ically decreased both the latency time (one-way
ANOVA, F,45=18.63; p<0.001) and traveled distance
(one-way ANOVA, F45)=15.73; p<0.001) in a concen-
tration dependent manner as compared to meth-
ylphenidate treated animals (Fig. 1A, B). Minocy-
cline alone (40 mg/kg) affected neither the latency
time nor the traveled distance in the Morris water
maze tests (Fig. 1A, B). The swimming speed was
not altered during training trials in any of the an-
imal groups (one-way ANOVA, F,,=1.082; p=0.09;
Fig. 1C). Methylphenidate treatment decreased
the percentage of time of the animals in the tar-
get quadrant as compared to sham group (one-way
ANOVA, F45=6.562; p<0.001; Fig. 1D). Minocycline
treatment progressively increased the percentage
of time that the animals spent in target quadrant
as compared to methylphenidate treated animals
(one-way ANOVA, F 4,=6.562; p<0.001; Fig. 1D). Mi-
nocycline treatment (40 mg/kg) did not affect the
percentage of time of the animals in target quad-
rant by itself (Fig. 1D).
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Fig. 1. Behavior of rats in the Morris water maze test. Escaped latency (A), traveled distance (B), swimming speed (C) and percent of presences in target
quarter (D) in all groups. All data are expressed as Mean + SEM (n=10). *** p<0.001 vs. sham group. #*#* p<0.001 vs. 10 mg/kg of methylphenidate. MPH:

Methylphenidate. MIN: Minocycline.

Minocycline treatment restored mitochondrial
enzymatic activity in the hippocampus

Methylphenidate treatment significantly reduced
the activity of mitochondrial complexes I, II, 111, and
IV in the dentate gyrus (one-way ANOVA, F4)=5.827
for complex 1, F.)=19.04 for complex II, F40=12.50
for complex III and F, 4)=3.527 for complex IV; p<0.001;
Fig. 2A-D) and cornu ammonis-1 (one-way ANOVA,
Fe0=11.84 for complex I, F,0)=9.246 for complex II,
Fle49=12.50 for complex III and F,4)=6.914 for complex
IV; p<0.001; Fig. 3A-D) areas of hippocampus of rats as
compared to those from the sham group. The main ef-
fect of methylphenidate was inhibiting complex 1I and
111 activity by 81% and 82.5%, respectively whereas the
lowest effect was inhibiting complex I activity by 70%
in the dentate gyrus and cornu ammonis-1. Minocy-

cline treatment restored the enzymatic activity of the
mitochondrial complexes I, 11, 111, and IV in both den-
tate gyrus (one-way ANOVA, F,;=5.827 for complex I,
F(6.49=19.04 for complex II, F( ,=12.50 for complex III and
F(649=3.527 for complex IV; p<0.001; Fig. 2A-D) and cornu
ammonis-1 (one-way ANOVA, F,,,=11.84 for complex I,
F(6.49=9.246 for complex II, F( ,=12.50 for complex III and
F(6.49=6.914 for complex IV; p<0.001; Fig. 3A-D) in meth-
ylphenidate treated rats in a concentration dependent
manner. Minocycline treatment was the most effective
by restoring 98% on complex III activity at 40 mg/kg in
both the dentate gyrus and cornu ammonis-1. Actually,
minocycline restored normal activity of complexes I, 11,
111, and IV at dose 10, 20, 30, and 40 mg/kg, respectively.
Minocycline treatment (40 mg/kg) did not significantly
affect the enzymatic activity of any of these mitochon-
drial complexes by itself (Fig. 2 and Fig. 3A-D).
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Fig. 2. Alterations of complex | (A), complex Il (B), complex Il (C) and complex Ill (D) in dentate gyrus dentate gyrus (DG) area of rat isolated hippocampus in
all groups. All data are expressed as Mean + SEM (n=10). *** p<0.001 vs. sham group. #**# p<0.001 vs. 10 mg/kg of methylphenidate. MPH: Methylphenidate.

MIN: Minocycline.

Minocycline treatment reduced oxidative stress
in the dentate gyrus and cornu ammonis-1

Methylphenidate administration (10 mg/kg) in-
creased ROS levels in both the dentate gyrus (one-way
ANOVA, F,40=32.18; p<0.001) and cornu ammonis-1
(one-way ANOVA, F ,4=47.49; p<0.001) in the hippocam-
pus of the experimental rats as compared to those from
sham rats (Fig. 4A, B). Minocycline treatment dramat-
ically reduced oxidative stress and ROS levels in meth-
ylphenidate-treated rats in the dentate gyrus (one-way
ANOVA, F,40=32.18; p<0.001) and cornu ammonis-1
(one-way ANOVA, F40=47.49; p<0.001) areas of hip-
pocampus (Fig. 4A, B). Minocycline treatment did not
significantly affect the ROS levels by itself (Fig. 4A, B).

Methylphenidate (10 mg/kg) significantly reduced the
total antioxidant capacity in both the dentate gyrus
(one-way ANOVA, F;40=28.90; p<0.001) and cornu am-
monis-1 (one-way ANOVA, F4)=16.56; p<0.001) in the
hippocampus in the experimental rats as compared to
those from the sham group (Fig. 5A, B). Minocycline
treatment dramatically reduced oxidative stress and
total antioxidant capacity in methylphenidate-treat-
ed rats in both the dentate gyrus (one-way ANOVA,
F(6.40=28.90; p<0.001) and cornu ammonis-1 (one-way
ANOVA, F; 45=16.56; p<0.001) in the hippocampus in the
experimental rats as compared to those from the sham
group (Fig. 5A, B).

Minocycline treatment did not significantly affect
total antioxidant capacity by itself (Fig. 5A, B).
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Fig. 3. Alterations of complex | (A), complex Il (B), complex Il (C) and complex Il (D) in cornu ammonis-1 (CA1) area of rat isolated hippocampus. All
data are expressed as Mean + SEM (n=10). *** p<0.001 vs. sham group. **# p<0.001 vs. 10 mg/kg of methylphenidate. MPH: Methylphenidate. MIN:

Minocycline.

Minocycline treatment restored ATP synthesis
in the dentate gyrus and cornu ammonis-1

Methylphenidate administration (10 mg/kg) de-
creased ATP levels in both the dentate gyrus (one-way
ANOVA, F(4,)=13.38; p<0.001) and cornu ammonis-1
(one-way ANOVA, F,,=163.7; p<0.001) in the hippo-
campus in experimental rats as compared to those
from the sham rats (Fig. 6A, B). Minocycline treatment
dramatically increased ATP levels in methylpheni-
date-treated rats in both the dentate gyrus (one-way
ANOVA, F(4,)=13.38; p<0.001) and cornu ammonis-1
(one-way ANOVA, F,,=163.7; p<0.001) in the hippo-
campus in the experimental rats as compared to those
from the sham group (Fig. 6A, B). Minocycline treat-

ment did not significantly affect the ATP levels by it-
self (Fig. 6A, B).

Minocycline treatment restored mitochondrial
membrane potential in the dentate gyrus and
cornu ammonis-1

JC1 assay indicated that methylphenidate treatment
significantly reduced the mitochondrial membrane po-
tential activity in the dentate gyrus (one-way ANOVA,
F(649=15.07; p<0.001) and cornu ammonis-1 (one-way
ANOVA, F(,,=23.14; p<0.001) in the hippocampus of
methylphenidate-treated rats as compared to those
from sham rats (Fig. 7A, B). Minocycline dramatically
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Fig. 4. Alterations of reactive oxygen species (ROS) level in dentate gyrus
(DG) (A) and cornu ammonis-1 (CA1) (B) area of rat isolated hippocampus.
All data are expressed as Mean + SEM (n=10). *** p<0.001 vs. sham group.
### p<0.001 vs. 10 mg/kg of methylphenidate. MPH: Methylphenidate. MIN:
Minocycline.

increased and restored mitochondrial membrane po-
tential activity in methylphenidates treated rats in both
dentate gyrus (one-way ANOVA, F4)=15.07; p<0.001)
and cornu ammonis-1 (one-way ANOVA, F.)=23.14;
p<0.001) in the hippocampus in the experimental rats
as compared to those from the sham group (Fig. 7A, B).
Minocycline treatment did not significantly affect the
mitochondrial membrane potential activity by itself
(Fig. 7A, B).

DISCUSSION

This study evaluates the neuroprotective effects
of minocycline in methylphenidate- induced cogni-
tion impairment and mitochondrial dysfunction in the
hippocampus of rats. Minocycline treatment inhibited
methylphenidate-induced oxidative stress and restored
mitochondrial membrane potential, ATP synthesis, and
total antioxidant capacity in the dentate gyrus and cor-
nu ammonis-1 of the hippocampus.

Our results indicate that treating animals with of
10 mg/kg of methylphenidate increased the latency

Fig. 5. Alterations of total antioxidant capacity (TAC) amounts in dentate
gyrus (DG) (A) and cornu ammonis-1 (CA1) (B) area of rat isolated
hippocampus. All data are expressed as Mean + SEM (n=10). *** p<0.001
vs. sham group. #*## p<0.001 vs. 10 mg/kg of methylphenidate. MPH:
Methylphenidate. MIN: Minocycline.

time and traveled distances in the Morris water maze
tests and reduced the percentage of time of the animals
in the target quadrant. Methylphenidate administra-
tion did not affect the traveled speed of the animals by
itself. Our results concur with previous studies about
the potential of methylphenidate to improve cognition
impairment (Banihabib et al., 2016; Carias et al., 2018;
Motaghinejad et al., 2015). Although the methylphe-
nidate-induced neurobehavioral, cognition, and mood
disturbances were previously reported, the molecular
mechanism of action was unknown (Banihabib et al.,
2016; Carias et al., 2018; Kapur, 2020; Motaghinejad et
al., 2015). Our results show that administration of 10,
20, 30, and 40 mg/kg of minocycline in methylphe-
nidate addicted rats decreased the latency time and
traveled distances and increased of presence time of
the animals in the target quadrant. Minocycline treat-
ments did not affect the speed of animals. Minocycline
treatment alone did not impact the Morris water maze
behaviors by itself. Our results also concur with previ-
ous experimental and clinical results about the protec-
tive effects of minocycline in some neurodegenerative
and cognitive disorders (Hiskens et al., 2021; Jiang et
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Fig. 6. Alterations of adenosine triphosphate (ATP) level in dentate gyrus
(DG) (A) and cornu ammonis-1 (CA1) (B) area of rat isolated hippocampus.
All data are expressed as Mean + SEM (n=10). *** p<0.001 vs. sham group.
### p<0.001 vs. 10 mg/kg of methylphenidate. MPH: Methylphenidate. MIN:
Minocycline.

al., 2015; Naderi et al., 2017; Zhao et al., 2015). Previ-
ous similar studies showed that minocycline can affect
molecular mechanisms evoked in cognition and can
affect learning and memory during neurodegenerative
disorders and drug abuse (Deakin et al., 2019; EI-Shimy
et al., 2015; Zhao et al., 2015). According to our data,
minocycline can inhibit methylphenidate-induced cog-
nition impairment, but its molecular mechanism was
previously unknown. One major cause of cognition im-
pairment is mitochondrial dysfunction and the role of
mitochondria on learning and memory has been well
established previously (Fernandez et al., 2019; Khacho,
Harris and Slack, 2019; Lanzillotta et al., 2019; Lejri et al.
2019). In particular, mitochondrial dysfunction leads to
severe deficiencies in hippocampal-dependent loss of
memory and learning (Fernandez et al., 2019; Khacho et
al., 2019; Lejri et al., 2019). Our data suggest that there
is a strong link between mitochondrial dysfunction and
cognition dysfunction, thus mitochondrial modulation
appears critical to the neuroprotective effects of mino-
cycline (Fernandez et al., 2019; Khacho et al., 2019; Lejri
etal., 2019).

Our study shows that methylphenidate (10 mg/kg;
i.p.) significantly decreased the enzymatic activity of

Fig. 7. Alterations of mitochondrial membrane potential (MMP) level in
dentate gyrus (DG) (A) and cornu ammonis-1 (CA1) (B) area of rat isolated
hippocampus. All data are expressed as Mean + SEM (n=10). *** p<0.001
vs. sham group. #* p<0.001 vs. 10 mg/kg of methylphenidate. MPH:
Methylphenidate. MIN: Minocycline.

mitochondrial respiratory chain in mitochondrial com-
plexes I, I, 111, and IV in both the dentate gyrus and
cornu ammonis-1 areas of the hippocampus. Previous
studies suggested that mitochondria dysfunction and
oxidative stress can contribute to methylphenidate-in-
duced neurotoxicity and neurodegeneration (Comim et
al., 2014; Fagundes et al., 2010; Réus et al., 2013). Our
results show that minocycline can activate mitochon-
drial complexes I, 1I, 111, and IV in both areas of the
hippocampus of methylphenidate-treated rats. Even
minocycline restored all the four mentioned mitochon-
drial complexes; it appears more effective in improv-
ing complex I1I ubiquinol-cytochrome c oxidoreductase
activity. Our data are consistent with previous studies
showing the potential of minocycline to improve mi-
tochondrial function (Dai et al., 2017; Fagundes et al.,
2010; Mozafari et al., 2020).

Our data show that methylphenidate significantly
decreased mitochondrial membrane potential in both
areas of the hippocampus; this detrimental effect of
methylphenidate can cause oxidative stress, inflam-
mation, and apoptosis (Foschiera et al., 2022; Freddo
et al., 2021; Schmitz et al., 2017b; 2018). The effects
of methylphenidate on mitochondrial membrane po-
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tential can further cause mitochondrial dysfunction
and neurodegeneration (Foschiera et al., 2022; Freddo
et al., 2021; Schmitz et al., 2017b; 2018). Our findings
also indicate that minocycline can increase mitochon-
drial membrane potential in both areas of the hippo-
campus in methylphenidate-treated rats. Our data are
consistent with previous results showing that mito-
chondrial biogenesis and regulation by minocycline
play a critical role in oxidative stress, inflammation,
and apoptosis during neurodegeneration (Budni et
al., 2016; Dai et al., 2017; Dean et al., 2012; Gieseler et
al., 2009; Parvardeh et al., 2022). Our study shows that
methylphenidate can affect ATP synthase and reduced
ATP levels in both regions of the hippocampus in line
with the methylphenidate-induced dysfunction in mi-
tochondrial quadruple complexes and membrane po-
tential. As discussed above methylphenidate-induced
mitochondrial dysfunction in the hippocampus was
not previously reported, but indirect evidence indicat-
ed that mitochondria are mainly responsible for the
pathologic events caused by methylphenidate (Gomes
et al., 2009; Réus et al., 2013; Comim et al., 2014). In
other words, methylphenidate effects on mitochon-
dria dysfunction can cause neurodegeneration and
neurotoxicity (Gomes et al., 2009; Réus et al., 2013).
Our data show that minocycline increased ATP synthe-
sis and ATP levels in both areas of the hippocampus of
methylphenidate-treated rats. Our study also confirms
previous results about the effects of minocycline in
mitochondrial function (Gieseler et al., 2009; Haj-Mir-
zaian et al., 2019; Mozafari et al., 2020). Previous stud-
ies reported the potential of minocycline to increase
ATP levels in neurodegenerative disorders (Ghavimi et
al., 2021; Haj-Mirzaian et al., 2019), but its effects on
ATP synthase and ATP levels in methylphenidate-in-
duced neurotoxicity was unknown.

Minocycline neuroprotective effects include inhib-
iting oxidative stress, inflammation, apoptosis and re-
store mitochondrial respiratory chain, ATP synthase,
and mitochondrial membrane potential (Budni et al.,
2016; Dai et al., 2017; Dean et al., 2012; Gieseler et al.,
2009; Parvardeh et al., 2022). However, the role of mi-
nocycline in other mitochondrial activities is still un-
clear and needs further study, but mitochondria func-
tions appeal pivotal for the neuroprotective effects of
minocycline (Gieseler et al., 2009; Haj-Mirzaian et al.,
2019; Mozafari et al., 2020). Our study also shows that
methylphenidate reduced total antioxidant capacity in
the hippocampus. This result is consistent with previ-
ous data showing that methylphenidate can induce ox-
idative stress and reduce antioxidant activities in neu-
rons (Schmitz et al., 2012; Coelho-Santos et al., 2019).
By contrast, minocycline can increase total antioxidant
capacity in both regions of the hippocampus of methyl-
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phenidate-treated rats. Previous studies suggested that
minocycline neuroprotective effects are mediated by
its antioxidant potential (Budni et al., 2016; Dai et al.,
2017; Dean et al., 2012; Gieseler et al., 2009; Parvardeh
et al., 2022). Our previous studies showed that methyl-
phenidate can induces oxidative stress in both regions
of the hippocampus, whereas of our new results show
the efficacy of minocycline to reverse these patholog-
ical effects.

Methylphenidate neurotoxicity appears to be me-
diated by mitochondrial dysfunction, oxidative stress
and the production of free radicals (Gomes et al., 2009;
Fagundes et al., 2010; Coelho-Santos et al., 2016). Mi-
nocycline neuroprotective properties are mediated by
inhibiting oxidative stress, reducing the production of
free radicals, including both reactive oxygen/nitrogen
species (ROS/RNS) (Garcia-Martinez et al., 2010; Lin
et al., 2003). Minocycline acts as a free radical scaven-
ger during neurodegeneration as shown in our study
(Kraus et al., 2005; Shultz and Zhong, 2017). Minocy-
cline activation of mitochondrial complexes I, I, III,
IV, ATP synthase and membrane potential can increase
anti-oxidative defenses, reduce the production of free
radicals and neurodegeneration in the hippocampus in
methylphenidate-treated rats. These effects can mod-
ulate methylphenidate-induced neurobehavioral dis-
turbances such as cognition impairment. Our results
show the strong potential of minocycline to protect
methylphenidate-induced mitochondrial dysfunction
and oxidative stress. Our results improve the current
knowledge about the minocycline neuroprotective ef-
fects against some neurotoxic agents such as methyl-
phenidate and suggest the potential clinical advantag-
es of minocycline to restore mitochondria function in
neurodegenerative disorders (Salehi et al., 2019; Ver-
ghese and Abdijadid, 2022).

CONCLUSION

Our study reveals that methylphenidate induces
cognition impairment likely by mitochondrial dys-
function and oxidative stress in the dentate gyrus and
cornu ammonis-1 areas of hippocampus contributing
to neurodegeneration. Our study reveals the prom-
ising clinical implications of minocycline to reverse
these pathogenic oxidative effects and mitochondrial
dysfunction in methylphenidate-induced neurotoxic-
ity and neurodegeneration. Our results provide new
insights into the molecular mechanism of methylphe-
nidate and minocycline in the hippocampus, but they
warrant further analyses to determine the specific
molecular and cellular mechanisms and their clinical
implications.
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