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Abstract
Objective: Methadone is one of the widely used drug substances prescribed in treatment of opioid dependence and 
pain management; however, several studies have shown its neurotoxic effects on individuals and animal models. The 
purpose of this study was to assess neuroprotective effects of Coenzyme Q10 (CoQ10) on neurotoxicity induced by 
methadone in hippocampus of adult NMRI male mice.

Materials and Methods: In this experimental study, 48 adult NMRI male mice were randomly divided into 4 groups 
(n=12 in each) including Methadone, Methadone with sesame oil, Methadone with CoQ10 and saline. The injections 
of methadone, saline and sesame oil were performed intraperitoneally for 20 days. 24 hours after last injection, half of 
the animals in each group (n=6) were randomly assessed for evaluating of spatial memory by radial maze. Following 
behavioral study, animals were sacrificed, and their brains were removed to evaluate pyknotic cells through histological 
assessment. The remaining were used to study the expression of Arc, Bax, Bcl-2 and Bdnf genes. 

Results: Results of the present study showed that daily administration of methadone increased the number of pyknotic 
neurons in the CA1 hippocampus and altered the expression of Bax, Bdnf, Arc and Bcl-2. However, it did not alter 
spatial memory comparing to saline group. CoQ10 treatment significantly reduced the number of pyknotic cells and 
expression of Bax, Bdnf, Arc when compared to the vehicle group treated by sesame oil. However, the expression of 
Bcl-2 significantly increased as a result of CoQ10 treatment.    

Conclusion: CoQ10 reduced the neuronal damage caused by methadone in the hippocampus CA1.
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Introduction
Methadone is a synthetic opioid derivative prescribed 

for treatment of pain syndrome and opioid-related 
dependencies to avoid withdrawal symptoms (1). Despite 
the extensive therapeutic use of methadone, some studies 
have shown it has destructive and harmful effects on 
perception and cognition in individuals (2).

 It’s been shown that, the expression of some genes is 
changed within the body as a result of drug abuse (3). 
Bdnf is a member of the neurotrophic factor family, which 
plays a role in regulating survival and differentiation of 
neurons in the central and peripheral nervous system 
(4). Arc, a member of the immediate-early gene (IEG) 
family, is another neuroplastic protein that plays a vital 
role in learning and memory-related process (5). Arc 
causes a series of changes in the pattern of neuronal 
activity relative to synaptic plasticity and thus, optimizes 
the storage of information in the nervous system (6). 

Long-term consumption of methadone increases the 
expression of pro-apoptotic proteins in the cerebral 
cortex and hippocampus (7, 8), leading to cell death 
activation through mitochondrial-mediated pathway, and 
ultimately dendritic atrophy, abnormal neurogenesis, and 
neurodegeneration (9). Members of Bcl-2 family proteins 
have a crucial role in survival and cell death regulation, 
from which Bax is an important proapoptotic player that 
induces mitochondrial-mediated pathway of apoptosis 
via oligomerization and induction of mitochondrial 
membrane disruption (10). 

In neurodegenerative disease oxidative stress disrupts 
glutathione homeostasis and produces reactive oxygen 
species (ROS) (11). An excessive increase in ROS 
generation and a reduction in defensive antioxidants 
lead to oxidative damage to DNA, lipids and proteins 
and therefore leading to cell damage (12). Neuronal 
cells in CNS have a lower antioxidant capacity than glia, 
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that makes them more susceptible to such injuries (13, 
14) and hence increasing the antioxidant defense could 
provide neuroprotective effects. CoQ10 is a natural fat-
soluble antioxidant that found in cellular organelles 
such as peroxisome, lysosomes, Golgi vesicles, and 
inner mitochondrial membrane (15, 16). It has been 
considered as a neuroprotective agent for treatment of 
neurodegenerative diseases. Q10 reduces the damage to 
hippocampal neurons (17), prevents nerve damage, and 
inhibits lipid peroxidation by reducing radical species 
production (18).

Because of the extensive use of methadone in the 
treatment of addiction and its negative effects on learning 
disruption and neuronal damage in the brain, the aim of 
this study was to evaluate the neuroprotective potential of 
Q10 as a complementary therapy in reducing methadone-
induced neuronal damage.

Materials and Methods
Animals and treatment groups

All experimental procedures were approved by the 
Review Board and Ethics Committee of Arak University 
of Medical Sciences (IR.ARAKMU.REC.1395.318).  
Forty eight adult NMRI male mice (30-35 g) were 
obtained from Razi Institute (Karaj, Iran). Animals 
were housed in 12-hour light/dark cycles and water and 
food were freely available. Mice were assigned into 4 
following groups (n=12 in each) and treatments were 
administrated for 20 consecutive days: i. Saline group, 
ii. Methadone group: received methadone 10 mg/kg 
(i.p) daily, iii. Methadone+sesame oil group; received 
methadone 10 mg/kg (i.p) following the injection of 
sesame oil 0.2 ml/day (i.p), and iv. Methadone+Q10 
group: received methadone 10 mg/kg (i.p) following 
the injection of Q10 dissolved in sesame oil 10 mg/kg 
daily for 20 consecutive days.

Twenty four hours after the last injection, mice from 
each group were randomly divided into 2 subgroups:  
half of them were assigned for behavioral study, then 
they were sacrificed and their brains were processed for 
morphological studies of pyknotic cells.  Other half were 
used for gene expression analyses of Arc, Bax, Bcl-2 and 
Bdnf.

Histological study
The animals were killed by cervical dislocation, the 

brains were removed and fixed overnight in formalin10%. 
After paraffin embedding, coronal sections with 5μm 
thickness were prepared from -1.5 to -2.5 mm post bregma 
(in accordance with the mouse brain atlas, 2004). Sections 
were then dehydrated in the ascending alcohols series, 
stained with cresyl violet and mounted on glass slides. 
The slides were examined under a light microscope using 
an x40 objective lens (BX51, Japan) and images were 
captured by a digital camera (Olympus, DP 11, Japan). 
The number of pyknotic cells in each CA1 hippocampus 

were counted in three random areas of each section and 
five sections were analyzed for each sample. Pyknotic 
cells were characterized by their darkly stained condensed 
chromatin, a smaller volume and light or absent cytoplasm.

Spatial learning test with radial arm maze

For assessment of memory and learning task, a 
radiating eight black Plexiglas arms maze with a central 
round platform was used as previously described with 
few modifications (19). Briefly the diameter of arms 
was 50×15×15 cm and each of arms numbered from 
1 to 8. There was a removable door in the entrance of 
every arm of maze and at the end of it a well for hiding 
of food bite. Various intra and extra maze visual cues 
were sited through the testing room to help the animal 
for spatial memory task. Trials were performed daily 
9:00 to 12:00 am. Habituation phase was done one 
day before the training session in which each mouse 
was placed in the RAM for adjustment of apparatus 
environment.

During the training phase, the animal was placed to the 
central platform and allowed for 30 seconds to become 
familiar with the place. After that the entry of all doors 
were opened and animal was allowed to freely explore 
the maze for 5 minutes. Four fixed arms were baited, and 
the others arranged in the same configuration throughout 
the entire experiment. The final time of spatial memory 
experiment were calculated when the mouse visited all 
four baited arms once or after 5 minutes, since the start 
of the trial.

Training session was done daily, for 5 continuous days. 
Access to food was restricted two hours before each trial. 
Following each trial, the apparatus was cleaned with 40% 
ethanol to avoid of olfactory cues.

To evaluate spatial learning and memory, two types of 
errors were calculated: i. Working memory errors (WME): 
the number of entries into a baited arm during each trial 
session. ii. Reference memory errors (RME): the number 
of entries into a non- baited arm during each trial.

Gene expression study

After decapitation, the hippocampus was dissected 
and stored at nitrogen -80˚C until use. Total RNA was 
extracted using RNA plus extraction kit (Sinaclon, 
Iran). Three microgram RNA was reverse transcribed 
using oligo-dT primer (Yekta Tajhiz Azma, Iran) and 
reverse transcriptase (Yekta Tajhiz Azma, Iran) based 
on manufacturer’s protocol. The reaction mixtures 
were incubated at 42˚C for 60 minutes and then 
inactivated at 70˚C for 10 minutes. Resulting cDNA 
was subjected to quantitative real-time polymerase 
chain reaction (q-PCR) by using SYBR1 Green Mix 
(Yekta Tajhiz Azma, Iran) on a Light Cycler 96 System 
(Roche Diagnostics GmbH, Germany). The following 
conditions were used for q-PCR: initial heating for 
10 minutes at 95˚C, 45 cycles of amplification, each 
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composed of 15 seconds at 95˚C, 60 seconds at the 
annealing temperature, and 60 seconds at 72˚C. 
The annealing temperatures were 55˚C, 53˚C, 53˚C, 
53˚C and 54˚C for β-actin, Arc, Bdnf, Bcl-2 and Bax, 
respectively. Reactions were performed in triplicates. 
β-actin was used as an endogenous control to minimize 
the effect of sample variations. The fold changes in 
gene expression were calculated using ΔΔCt method. 
Primer were designed using Allele ID 7 software 
(Table 1).

Table 1: Designed primers for the gene expression study

Gene name Primer sequence (5ˊ-3ˊ) Amplicon size

Arc F: ACGACACCAGGTCTCAAG 159

R: GCACCTCCTCTTTGTAATCC

Bax F: CTGAGCTGACCTTGGAGC 413

R: GACTCCAGCCACAAAGATG

Bcl-2 F: CACCCCTGGCATCTTCTCCT 349

R: GACTCCAGCCACAAAGATG

Bdnf F: CACCCCTGGCATCTTCTCCT 118

R: GTTGACGCTCCCCACACACA

β-actin F: GCGCCCATGAAAGAAGTAAA 536

R: GGGCCGCTCTAGGCACCAA

Statistical analysis

Data are presented as mean ± SEM. Statistical 
analyses were performed using GraphPad Prism 
V8.4.0 (GraphPad Software, San Diego, CA, USA). 
One-way analysis of variance (ANOVA) was used for 
histological, WME, RME and gene expression data, 
followed by Bonferroni post-hoc test for further pair-
wise comparisons. Latency of spatial learning was 
analyzed by repeated measures ANOVA followed 
by Bonferroni post-hoc test. P<0.05 was regarded as 
statistically significant.

CoQ10 reduced the number of Methadone-induced 
pyknotic cells in CA1

As demonstrated in Figure 1, the numbers of   pyknotic 
cells in CA1 significantly increased in the methadone 
group when compared to the control group (treated with 
saline) (P<0.001). Daily administration of CoQ10 to the 
mice treated with Methadone, significantly reduced the 
effect of methadone on pyknotic cells number (P<0.05). 
In addition, injection of Sesame oil without CoQ10 to 
the mice treated with Methadone showed no significant 
effects.

CoQ10 did not alter the effects of methadone on spatial 
memory

RMA analyses demonstrated there were no significant 
differences in mean values of latency to finish the four 
baited arms (F12, 60=1.4, Fig.2A) among experimental 
groups. Similarly, the mean number of entries into the 
baited arm during the trials (working memory errors, 
Fig.2B) and mean number of entries into a non -baited 
arm (reference memory errors, Fig.2C) remained 
unchanged.

Fig.1: Nissl staining showed CoQ10 reduced the number of pyknotic cells 
in CA1 area. Statistical analysis demonstrated a significant increase of the 
pyknotic cells in methadone and methadone+sesame oil groups. CoQ10 
significantly decreased pyknotic cells. Black arrows show pyknotic cells 
and white arrows show normal neurons. A. Saline, B. Methadone, C. 
Methadone+sesame oil, D. Methadone+CoQ10 group (scale bar: 100 µm). 
E. Mean values of the experimental groups. ***; P<0.001 compared with 
saline, ###; P<0.05 compared with methadone. All data are expressed as 
mean ± SEM.

CoQ10 modified the effects of methadone on 
hippocampal gene expression

The results of quantitative PCR showed a significant 
enhancement in relative expression of Bdnf and Arc 
in all groups received methadone compared to the 
saline group (P<0.05). However, CoQ10 treatment 
significantly inhibited upregulation of both genes 
(P<0.05) in comparison with methadone group and 
methadone+ sesame oil group (Fig.3A, B). 

The relative expression of Bcl-2 was significantly 
reduced in methadone group compared to the saline group 
(P<0.05), however; the relative expression of Bax was 
significantly increased (P<0.05). Treated animals with 
CoQ10 showed significant increase in Bcl-2 expression 
compared to methadone group and methadone+sesame 

E
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oil (P<0.05, Fig.3C). In addition, relative expression of 
Bax was significantly reduced in methadone+CoQ10 
group in comparison with methadone group and 
methadone+sesame oil group (P<0.05, Fig.3D). Also, 
Bax/Bcl-2 ratio demonstrate a significant increase in 
the methadone group and methadone+sesame oil group 
compared to Saline group while CoQ10 administration 
with methadone significantly reduced this effect (P<0.01, 
Fig.3E).

Fig.2: CoQ10 did not change the effects of methadone on spatial 
memory. A. Repeated measured ANOVA analysis showed no significant 
differences among experimental groups in latency. One-way ANOVA 
showed no significant differences among experimental groups in 
B. Working memory and C. Reference memory errors. The data are 
presented as mean ± SEM.

Fig.3: CoQ10 modified the effects of methadone on hippocampal gene 
expression. A-C. The relative expression of Bdnf, Arc and Bax in methadone 
group showed a significant increase compared to the saline group 
(P<0.001). D. However, relative expression of Bcl-2 in methadone group 
showed a significant decrease compared to the saline group (P<0.01). E. 
In addition, Bax/Bcl2 mRNA ratio significantly increased by methadone. 
Administration of CoQ10 following methadone significantly attenuated 
these effects. All data are expressed as mean ± SEM. *; P<0.05: relative 
to the saline group, **; P<0.01: relative to the saline group, ***; P<0.001: 
relative to the saline group, #; P<0.05:  relative to methadone group, 
##; P<0.01:  relative to methadone group, and ###; P<0.001: relative to 
methadone group.

Discussion
Results of the present study suggested that chronic 

administration of methadone led to an increase in number 
of pyknotic cells in CA1 area of hippocampus, while 
did not affect spatial memory assessed by radial maze 
analysis. In addition, the rate of mRNA expression of Bax 
gene increased, while the expression of anti-apoptotic 
gene Bcl-2 declined. Methadone administration also 
increased the expression of the Bdnf and Arc genes. 
CoQ10 significantly reduced pyknotic cells and Bax gene 
expression, butincreased gene expression of Bcl-2, Bdnf 
and Arc. 

Perez-Alvarez et al. (20) examined the effects of 
methadone on mitochondria in the SH-SY5Y cells and 
showed that high accumulation of methadone resulted 
in cell death.Therefore, the use of opiates may also lead 
to irreversible neuronal damage and death of neurons. In 
agreement with this result our histological finding indicated 
increased pyknotic cells in the CA1 hippocampus after 
methadone administration.

Friesen et al. (21) showed that methadone inhibited 
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proliferation of myeloid leukemia cell line (HL-60) and 
induced cell death through caspase 3, 9 activation and 
diminishing of anti-apoptotic genes expression. Changes 
in calcium homeostasis in the presence of methadone can 
induce ROS production and finally cell death (20). Therefore, 
we aimed to evaluate the protective effects of coenzyme Q10 
(CoQ10) against the adverse effects of methadone.

In the spatial memory test, our results showed no 
significant difference in the learning capacity of mice 
chronically treated with methadone when compared to 
the control group. This finding was consistent with the 
results of a study conducted by Cummins et al. (22) in 
which, chronic use of methadone showed no statistically 
significant difference in memory tests. 

In agreement with our findings Sadegh et al. (23) 
evaluated the effects of repeated injections of morphine on 
spatial memory and found no significant differences among 
experimental groups. However, they had shown hippocampus 
CA1 synaptic plasticity changed in morphine dependent 
rats due to chronic morphine consumption (24). Hence, it’s 
possible that methadone, similar to morphine, also affect the 
hippocampal neurons with no sign of behavioral learning. 

Our histological findings showed increased number of 
pyknotic cells in the hippocampus CA1 of methadone 
administrated animals suggesting cell death induction. 
Previous  molecular studies have shown chronic 
administration of morphine and other opiates deceased the  
number of hippocampal progenitor cells and newly BrdU 
positive cells in dentate gyrus (25, 26). Opiates might 
directly act on the progenitor cell population. In another 
study, TUNEL assay analysis indicated that chronic 
treatment of high dose morphine and it’s withdrawal, 
induced apoptotic cell death in the brain tissue (27). 

Interestingly, the results of our study indicated that 
CoQ10 treatment can reduce the number of pyknotic cells 
in hippocampal CA1 following hippocampal methadone 
injury. Natural antioxidants, such as CoQ10, are effective 
in improving mitochondrial complexes dysfunction and 
inhibition of oxidative stress damages. Hwang et al. (28) 
demonstrated that pretreatment of CoQ10 significantly 
prevented motor deterioration in a rat model of spinal cord 
ischemia-reperfusion damage, as a result of reduction in 
oxidative stress and neuronal apoptosis. Similarly,  CoQ10 
pretreatment could alleviate hippocampal neuronal loss and 
aberrant mossy fiber induced by kainic acid as a model of 
temporal lobe epilepsy referred to its potential to modulate 
the production of oxidative stress (29). Neuroprotective 
function of CoQ10 is associated with its scavenging capacity 
on free radicals (30). In our study methadone increased 
Bdnf gene expression in hippocampal tissue of methadone 
group compared to the saline group. In line with these 
results, Baydyuk proposed that Bdnf plays a vital role in 
maintenance and proper function of neuronal population. It 
also improves the survival of the immature striatal neurons 
and facilitates establishment of striatal connections during 
brain development. Furthermore it plays a crucial role in 
opioid-induced plasticity (31, 32). 

Analysis of a human study indicated that the serum 
levels of Bdnf increased in the methadone maintenance 
treatment patients compared to healthy controls (33). In 
alignment with our study Rouhani et al. showed morphine 
administration increased the expression of Bdnf gene in 
hippocampus of rats with a dose dependent manner (3).

The mechanism of the action of multiple protective 
effects of  Bdnf against brain injury are related to its 
antiapoptosis, antiinflammation and antineurotoxicity 
effects (34). Therefore, the increased level of hippocampal 
Bdnf in our study could be a protective response triggering 
as a result of neuronal cell damages. Treatment with 
CoQ10 could reduce the level of Bdnf gene expression to 
almost the baseline.

The results of this study showed that methadone 
increased the expression of Bax and reduced the expression 
of Bcl-2 when compared to the saline group. In consistent 
with our results, Tramullas et al. demonstrated that the 
chronic consumption of methadone and heroin in animals 
increased pro-apoptotic proteins and their activity in the 
cortex and hippocampus (7, 35). But after treatment with 
CoQ10, the expression of Bax decreased and the expression 
of Bcl-2 increased. Similar to our study, Gholipour et al. 
(17) showed that CoQ10 could reduce apoptosis induced 
by methamphetamine through reducing apoptotic factors 
and increasing the anti-apoptotic pathways in the rat brain. 
Lee et al. (36) provided evidence that CoQ10 promotes 
survival in ischemic mouse retinal cells by inhibiting 
oxidative stress and blocking the Bax/Bad mediated 
mitochondrial apoptotic pathway. CoQ10 is also able 
to activate the phosphatidylinositol-3-kinases (PI3K) 
pathway in neurons and significantly reduces the amount 
of ROS production (37). As a limitation of this study we 
did not asses the ROS alterations in our experimental 
groups and it should be considered for the future studies.

In summary, for the first time our results showed 
methadone increased hippocampal gene expression of 
Arc and CoQ10 when administrated with methadone was 
able to prevent this effect. As an immediate early gene, 
Arc contributes to the synaptic plasticity and memory 
formation. Previous studies have shown that chronic 
morphine administration increased mRNA expression of 
immediate early genes such as Arc in the hippocampus 
(3, 38). Also, it has been shown that Arc is able to 
block cellular pathways associated with apoptosis (13). 
Therefore, it is possible that increased expression of Arc 
occurring following chronic methadone administration 
works as a protective feedback mechanism against the 
apoptotic effects of methadone. In addition, CoQ10 
might preventthe expression of Arc gene by blocking the 
apoptotic effects of methadone.

Conclusion
Finding of our study showed that CoQ10 reduced the 

neuronal damage and complications of methadone on 
hippocampus CA1, probably by modifying the expression 
of pro-apoptotic and anti-apoptotic genes. CoQ10 might 
be considered as complementary therapy to prevent 
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adverse effects of methadone on hippocampus.
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