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HIGHLIGHTS

e Codeine led to redox dysregulation and inflammation of the brain.

e This was accompanied by distorted cytoarchitecture of the brain.

o Codeine also caused depletion of neuronal and purkinje cells with reduced acetylcholinesterase activity.
o Codeine-induced brain injury was mediated by upregulation of 8-OHdG/caspase 3 signaling.

ARTICLE INFO ABSTRACT

Keywords: Background: Codeine, a common drug of abuse, has been reported to induce organ damage; however, there are
Codeine scanty available data on the effects of codeine on the brain.
Drug abuse Objective: Thus, we tested the hypothesis that redox dysregulation and inflammation of the brain induced by
Brain . .
Oxidative stress codeine exposure is 8-OHdG and/or caspase 3-dependent.

X Vi
Genotoxicity Methods: New Zealand White rabbits (Oryctolagus cuniculus) received vehicle (control; n = 7), low-dose codeine (4
Apoptosis mg/kg/day p.o; n = 6), or high-dose codeine (10 mg/kg/day p.o; n = 6) for six weeks. Body weight was checked

before and after the study.

Results: Findings showed that codeine exposure resulted in redox dysregulation (evident by elevated MDA and
H202 accompanied by reduced enzymatic antioxidant activities), elevated MPO activity, and distorted
cytoarchitecture of the brain tissue. The observed codeine-induced redox imbalance and brain inflammation was
accompanied by depletion of neuronal and purkinje cells, reduced AchE activity, and elevated 8-OHdG levels and
caspase 3 activity.

Conclusions: The current study demonstrates that chronic codeine use induces oxido-inflammatory response and
apoptosis of the brain tissue that is associated with neuronal and purkinje cells injury, and impaired AchE activity
through 8-OHAG and/or caspase 3-dependent pathway.

1. Introduction

Drug use disorder is a menace of global worry [1]. It is the inappro-
priate use of drug either for medical or nonmedical reasons to the
detriment of one's health [1]. It differs from the abuse and misuse of a
drug [2]. Drug abuse is the excessive, maladaptive and addictive
nonmedical use of a particular drug with an attendant adverse effect on
health [3, 4]. In contrast, the misuse of a drug is a deliberate or accidental
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use of prescribed medication in a way that it was not intended with
possible personal, professional, or social problems [2]. The pattern of
drug use disorder varies from one country to another. In the UK, it was
observed that about 51% of the patients abused cannabis, 43% alcohol,
and 38% are involved with polysubstance [5]. In Australia, about 38% of
the population aged at least fourteen years has used an illicit drug at
some stage in their lives, and 17% have recent use of an illicit drug [6]. In
Israel, a lifetime prevalence of drug abuse was documented to be 24%
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[7]. In Nigeria, the prevalence of drug abuse is estimated to be about
14.4% [8]. Common drugs of abuse include cannabis, cocaine, heroin,
methamphetamine, and opioids, such as tramadol and codeine [1].

Codeine, also known as 3-methylmorphine, is one of the most
commonly taken opioid medications at the centre of opioid addiction
problems in most countries, including the United States [9] and Nigeria
[10]. It is naturally found in Papaver somniferum. It is a phenanthrene de-
rivative extracted from opium or synthetically produced by the methyl-
ation of morphine [11]. The global demand for codeine rose to about 27%
[12], with a peak in consumption in 2011 and UK being the highest pro-
ducer (22%), followed closely by France (21%), US (17%), and Australia
(8%) [11]. Although its therapeutic values for pain, cough, Restless Leg
Syndrome, and persistence cannot be undermined, its addictive potential
puts it at risk of abuse. Though previous studies have documented its po-
tential to enhance copulatory locomotion [10], it reduces fertility indices
[101, causes testicular toxicity [13, 14], and low sperm quality [14, 15] via
stimulation of oxidative stress, inflammation, and apoptosis. Further
studies demonstrated that codeine induced hepatic [16] and cardiorenal
damage [17] via caspase 3-dependent apoptosis.

The brain is a complex organ that coordinates most of the physio-
logical functions. The cerebral cortex is the largest part of the brain and
fulfils many functions such as reasoning and motor skills through pro-
cessing, sensation, and memory. The cerebellum, also called the little
brain, controls balance and movement. It also plays a crucial role in
cognitive functions. It possesses one of the largest neurons in the brain
[18, 19]. The hippocampus is a part of the limbic system, and it is located
within the cerebrum. Its primary role is the coordination of the learning
system. The brain is vulnerable to oxidative injury because of its high
content of polyunsaturated fatty acids, the presence of redox-active
metals, and its high utilization of oxygen [20]. Thus, oxidative stress
has been implicated in neurodegenerative diseases [21].

The brain is very susceptible to the neurotoxic effects of drugs.
Toxicity may be secondary to endocrine disruption [22], oxidative stress
following impairment of the antioxidant scavenging capacity in the brain
[23], DNA and apoptosis [24, 25], and epigenetic modification [26].
Despite the widespread abuse of codeine and its potential to exert
oxidative damage to body tissues, insufficient data are reporting its ef-
fects on the brain. With this background in mind, this study was designed
to evaluate the impact of codeine, a common drug of abuse, on the brain
and the likely role of oxidative stress and apoptosis.

2. Materials and methods
2.1. Animals

This study was carried out according to the National Institutes of
Health Guide for Care and Use of Laboratory Animals and was approved
by the Ethics Review Committee of the Ministry of Health, Oyo State
(Approval number: AD13/479/1396). A conscious effort to minimize the
number of animals used for the study and their suffering was made. The
study utilized 10 weeks old male inbred New Zealand White rabbits
(Oryctolagus cuniculus) of similar weights. The rabbits were housed in a
well-ventilated room maintained at natural conditions. The animals had
unrestricted access to standard animal chow and water. They were
acclimatized for two weeks. Twenty-one (21) rabbits were randomly
assigned to control, low-dose codeine-treated, and high-dose codeine-
treated groups (n = 7/group).

2.2. Treatment

The control group received distilled water (vehicle; p.o) daily. The
low-dose codeine-treated group was administered (po) 4 mg/kg/day
codeine, while the high-dose codeine-treated group had 10 mg/kg/day
codeine po for six weeks [10, 13, 14, 15, 16, 17]. Treatments were
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discontinued at least 24 h before the termination of the study. Besides the
treatment, body weights were assessed throughout the study period and
just before the animals were culled. The brain organosomatic index (OSI)
was determined as the percentage of the ratio of the weight of the brain
to the final body weight. The gross and relative brain weight (OSI) were
used as indices of toxicity.

2.3. Sample preparation

At the end of the experiment, animals were anaesthetized with ke-
tamine (40 mg/kg)/xylazine (4 mg/kg) intraperitoneally after 12 h
overnight fast. The brain was harvested and weighed. After weighing, the
brain was carefully divided into two equal hemispheres. One hemisphere
was homogenized in phosphate buffer with a glass homogenizer and the
other hemisphere was used for histopathological analysis. The homoge-
nate was used to determine acetylcholinesterase (AchE) activity, oxida-
tive stress markers [malondialdehyde (MDA), H205, glutathione (GSH),
and advanced glycation end products (AGE)], neutrophil infiltration
(myeloperoxidase, MPO, activity), antioxidant buffering system [super-
oxide dismutase (SOD), catalase, glutathione S-transferase (GST), and
glutathione peroxidase (GPx)], and markers of genotoxicity (8-hydroxy-
2-deoxyguanosine, 8-OHdG), and apoptosis (caspase 3).

2.4. Biochemical assay

Brain AchE activity was determined by colorimetric method using
standard reagents (Elabscience). The assay is based on Ellman's method
in which AchE produces thiocholine that in turn reacts with DTNB 5,5-
dithiobis (2-nitrobenzoic acid) to form a colorimetric product at 412
nm. The generated colorimetric product is proportional to the AchE ac-
tivity present.

Markers of oxidative stress, neutrophil inflammation, and enzymatic
antioxidants were assayed using standardized enzymatic colorimetric
method with assay kit as previously documented in our studies [13, 27,
28, 29, 30]. Briefly, MDA, the marker of lipid peroxidation, was
measured as the amount of thiobarbituric acid reactive substance,
TBARS, generated during lipid peroxidation. This method is based on the
reaction between 2- thiobarbituric acid (TBA) and malondialdehyde, an
end product of lipid peroxidation. On heating in acidic pH, a pink
chromogen complex ([TBS] 2-malondialdehyde adduct) is formed and
measured by its absorbance at 532 [13,30].

The concentration of hydrogen peroxide (H202), a marker of reactive
oxygen species (ROS) generation, was determined by the method of
Wolff [13]. This method utilizes a colour reagent that contains xylenol
orange dye in an acidic solution with sorbitol and ferrous ammonium
sulphate that reacts to produce a purple colour in proportion to the
concentration of HyO».

The colorimetric method for the determination of GSH concentration
(a marker of oxidative stress) is based on the formation of a relatively
stable (yellow) colour when 5’, 5'-dithiobis-(2-nitrobenzoic acid) (Ell-
man's reagent) is added to sulfhydryl compounds. The chromophoric
product resulting from the reaction of Ellman's reagent with the reduced
glutathione, 2- nitro-5-thiobenzoic acid possesses a molar absorption at
412 nm which was read at 412 nm in a spectrophotometer [13].

The activity of MPO (a marker of neutrophil infiltration) was deter-
mined by colorimetric assay. This assay is based on hydrogen peroxide-
dependent oxidation of guaiacol [13, 30].

The assay of SOD activity was based on the auto-oxidation of
epinephrine at pH 10.2. Superoxide (O3) radical generated by the
xanthine oxidase reaction causes the oxidation of epinephrine to adre-
nochrome and the yield of adrenochrome produced per O3 introduced
increases with increasing pH and also increases with increasing con-
centration of epinephrine. These results led to the proposal that auto-
oxidation of epinephrine proceeds by at least two distinct pathways,
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Figure 1. Effect of codeine on initial body weight (A), final body weight (B), body weight gain (C), brain weight (D), and brain organosomatic index, OSI (E). LDC:
Low-dose codeine; HDC: High-dose codeine. Data were analyzed by ANOVA followed by Tukey's post hoc test. Values are expressed as mean + SEM of 7 rats per group

*p < 0.05 vs. control, *p < 0.05 vs LDC.

only one of which is a free radical reaction involving superoxide (Oz)
radical and can hence be inhibited by superoxide dismutase.

Determination of catalase activity was based on the oxidation of TMB
(3,5,3,5'-tetramethylbenzidine) to generate a blue coloured-, cation free-
radical with a peak absorbance at 653 nm.

GST was determined as previously described [13]. The method is
based on the relatively high activity of GST with 1-chloro-2,4,-dinitro-
benzene as the second substrate. The conventional assay for GST activ-
ity utilizes 1-chloro-2,4,- dinitrobenzene as substrate. The absorption

increases at 340 nm provides a direct measurement of enzymatic
reaction.

The assay of GPx is based on the oxidation of GSH to produce GSSG as
part of the reaction in which it reduces cumene hydroperoxide. Gluta-
thione reductase (GR) then reduces the GSSG to produce GSH, and in the
same reaction consumes NADPH. The decrease of NADPH (measured at
OD = 340 nm) is proportional to GPx activity.

AGE (a marker of oxidative protein denaturation), 80HdG (a marker
of oxidative DNA damage, genotoxicity), and caspase 3 activity (a marker

Table 1. Scoring of the histopathological changes of the brain tissues.

Groups Histopathological score
Distorted structural organization C2 depletion Capillary dilatation Depletion of Purkinje cells
Control = = = =
LDC + ++ ++ -
HDC IF - ++ I

Score represent values from sections of 7 rabbits per group and 5 fields per section. Score level (—) was considered as no significant alterations. Scores (+, ++, and +++)
were considered as mild, moderate, and severe levels, exhibiting <25, 50, and 75% histopathological change of the total field examined respectively. LDC: low-dose

codeine; HDC: high-dose codeine.
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P Control Cerebellum x400

Q LDC, Cerebellum x 400

R: HDC, Cerebellum x 400
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Figure 2. Photomicrographs of the H and E stain of
the brain. LDC: Low-dose codeine; HDC: High-dose
codeine. The control animals show normal hippo-
campus with normal neuronal cells (blue arrow).
The structural organization of the CAl, CA2 and
CA3 appear normal (white arrow) (A, D). The low
dose codeine-treated animals show normal hippo-
campus with normal neuronal cells (blue arrow).
The structural organization of the CAl, CA2 and
CA3 appear normal (white arrow) (B, E). The high
dose codeine-treated animals show normal hippo-
campus with moderately normal structural organi-
zation. However, the CA2 seen show moderate
depletion black arrow, while other CA2, 3 and 4
appear normal (white arrow) (C, F). The control
animals had cortex with normal laminae (spanned)
and the neuronal cells appear normal. The capil-
laries seen are normal and the stroma also appear
normal (slender arrow) (G, J). The low dose
codeine-treated animals had cortex with normal
laminae (spanned) and the neuronal cells appear
normal. The capillaries seen are normal and the
stroma also appear normal (slender arrow) (H, K).
The animals that received high dose codeine had
cortex with normal laminae (spanned) and the
neuronal cells appear normal. The capillaries seen
are moderately dilated and the stroma also appear
normal (slender arrow) (I, L). The control animals
had cerebellar cortex with normal folia. The mo-
lecular cell layer appear normal (white arrow), the
purkinje cells layer show normal purkinje cells
(black arrow), and granular layer appear normal
(red arrow). The white matter appears normal (blue
arrow). No pathological lesion was observed (M, P).
The low dose codeine-treated animals had cerebellar
cortex with normal folia. The molecular cell layer
appear normal (white arrow), the purkinje cells
layer show normal purkinje cells (black arrow), and
granular layer appear normal (red arrow). The white
matter also appears normal (blue arrow). No path-
ological lesion was seen (N, Q). The animals that
received high dose codeine had cerebellar cortex
with normal folia. The molecular cell layer appear
normal (white arrow), the purkinje cells layer show
mild depletion of purkinje cells (black arrow), and
granular layer appear normal (red arrow) (O, R).
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of apoptosis) were determined using ELISA kits (Elabscience) per the
manufacturer's guidelines.

2.5. Histological studies

The brain from each rabbit was fixed in 10% Formol-saline and
processed for paraffin wax embedment. The paraffin-embedded sam-
ples were sectioned at 3 pm and stained with Haematoxylin and eosin
(H & E) stains. Slides were examined using a light microscope for
histological examinations. Photomicrographs of the hippocampus,
cortex, and cerebellum were taken at 100x and 400 x magnifications.

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism (Versions 5).
Data are expressed as mean + SEM of 7 replicates per group. Analysis of
variance (ANOVA) was used to compare the mean values across groups
and Tukey's posthoc test was used for pairwise comparison. P values
<0.05 were considered significant.

3. Results

3.1. Effect of codeine exposure on body weight, brain weight, and brain
OSI

The body weights of the animals were comparable across the groups
at the onset of the study (Figure 1A). Although the final body weights
and weight gain were slightly reduced in the codeine-exposed groups,
the observed differences were not significant (Figure 1 (B, C)). The
absolute brain weight was similar between the control and low-dose
codeine-treated animals but was significantly reduced by 15% in the
high-dose codeine-exposed rabbits when compared with the control
group (Figure 1D). The brain weight related to final body weight was
used to indicate the brain weight index (brain OSI). Codeine-exposed
male rabbits had comparable brain OSI with the control group
(Figure 1E).

3.2. Histopathological examinations

The histopathological findings are summarized in Table 1. Histo-
pathological examinations revealed hippocampus with normal neuronal
cells and preserved structural organization of the CA1, CA2 AND CA3 in
the control and low-dose codeine-treated groups (Figure 2 (A, B, G, H)),
while the hippocampus of high-dose codeine-exposed animals exhibited
moderate distortion of structural organization with moderate depletion
of CA2 (Figure 2 (L, M)). The cortex of the vehicle-treated control and
low-dose codeine-treated groups showed normal laminae, neuronal cells
capillaries, and stroma (Figure 2 (C, D, I, J)), while the cortex of the high-
dose codeine-exposed group showed normal laminae, neuronal cells, and
stroma, but the capillaries appeared moderately dilated (Figure 2 (O, P)).
The control and low-dose codeine-treated animals' cerebellar cortex
showed normal folia, molecular cell layer, with normal Purkinje cells in
the Purkinje cells layer. The granular layer appeared normal with normal
white matter (Figure 2 (E, F, L, K)). The cerebellar cortex of the high-dose
codeine-treated animals showed normal folia, molecular cell layer, and
granular layer, but the Purkinje cells layer showed mild depletion of
Purkinje cells (Figure 2 (Q, R)).

3.3. Effect of codeine exposure on acetylcholinesterase activity in brain
tissue

Codeine exposure in male rabbits led to a significant decrease in
acetylcholinesterase activity (Figure 3). Low-dose-codeine treatment
significantly reduced acetylcholinesterase activity when compared to the
vehicle-treated control group by 25.28%. High-dose codeine treatment
caused a marked decline in acetylcholinesterase activity when compared
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with the control (by 38.72%) and low-dose codeine-treated groups (by
17.99%).

3.4. Effect of codeine exposure on oxidative stress and pro-inflammatory
biomarkers in brain tissue

Codeine exposure in male experimental animals led to a significant
increase in MDA concentration in the brain tissue homogenate of the
codeine-treated groups when compared to the control. When compared
with the vehicle-treated control and low-dose codeine-treated animals,
the high-dose codeine-treated animals had a significantly raised con-
centration of MDA by 25.22% and 33% respectively (Figure 2A). Also,
there was a significant increase in the generation of HyO5 in a dose-
dependent manner in the codeine-treated groups when compared to
the control (Figure 2B). Significantly reduced GSH concentrations were
observed in codeine-exposed rats; the high-dose codeine-treated group
showed marked reduction in GSH levels (43.35%) than the low-dose
codeine-treated group (23.64%) when compared with the control
(Figure 2C). AGE concentrations was observed to be elevated in a dose-
dependent manner in the codeine-treated groups compared to the con-
trol (9.97% and 14.74% higher in the low dose and high dose codeine-
treated animals respectively compared with the control) (Figure 4D). In
addition, there was a significant rise in MPO activity (26.59% in the low
dose codeine-treated animals and 32.91% in the high dose codeine-
treated animals) compared to the control group (Figure 4E). In addi-
tion, codeine treatment caused significant decrease in the activities of
enzymatic antioxidants, SOD, catalase, GST, and GPx, when compared
with the vehicle-treated control group. The reduction observed in the
high-dose codeine-treated group was significantly more (16.03%, 27.7%,
27.06%, and 30.99% respectively for SOD, catalase, GST, and GPx
compared to the control) than that observed in the low-dose codeine-
treated group (5.34%, 12.22%, 15.1%, and 15.15% respectively for SOD,
catalase, GST, and GPx compared to the control) (Figure 5 (A, B, C, D)).

3.5. Effect of codeine exposure on genotoxicity and apoptosis in brain
tissue

Codeine exposure resulted in elevated level of 8-OHdG when
compared with the control group (Figure 6A) and a significant rise in
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Figure 3. Effect of codeine on acetylcholinesterase activity. LDC: Low-dose
codeine; HDC: High-dose codeine. Data were analyzed by ANOVA followed
by Tukey's post hoc test. Values are expressed as mean + SEM of 7 rats per
group *p < 0.05 vs. control, #p < 0.05 vs LDC.
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Figure 4. Effect of codeine on MDA (A), H,O, (B), GSH (C), AGE (D), and MPO activity (E). LDC: Low-dose codeine; HDC: High-dose codeine. * Data were analyzed by
ANOVA followed by Tukey's post hoc test. Values are expressed as mean + SEM of 7 rats per group *p < 0.05 vs. control, *p < 0.05 vs LDC.

caspase 3 activity (Figure 6B). The observed increases in 8-OHdG con-
centration and caspase 3 activity were more prominent in the high-dose
codeine-treated group (40.95% and 84.08% for 8-OHdG and caspase 3
activity respectively compared with the control) than the low-dose co-
deine-treated group (26.87% and 75.95% for 8-OHdG and caspase 3
activity respectively compared with the control).

4. Discussion

In the present study, we tested the hypothesis that redox dysregula-
tion and inflammation of the brain induced by codeine use is 8-OHdG
and/or caspase 3-dependent. Our data demonstrate that codeine treat-
ment in an animal model led to redox dysregulation (elevated MDA and
H,0, accompanied by reduced enzymatic antioxidant activities),
elevated inflammation evident by a significant rise in MPO activity, and
distorted cytoarchitecture of the brain tissue. The observed codeine-
induced redox imbalance and brain inflammation was accompanied by
reduced acetylcholinesterase activity, and elevated 8-OHdG levels and
caspase 3 activity.

Our findings that codeine exposure caused alteration in the
cytoarchitecture of the brain and degeneration of neuronal cells are
consistent with previous findings on codeine [11] and morphine [31],

the metabolite of codeine. However, since codeine has been reported to
cause distortion of the histoarchitectural integrity of the brain and
neuronal cell degeneration despite its global use as a substance of abuse
and its therapeutic values in the management of cough, pain, and diar-
rhoeal disease, it may thus be a public health challenge. In addition,
findings that codeine-induced distortion of the brain's cytoarchitecture
are accompanied by depletion of purkinje cells, impaired acetylcholin-
esterase activity, genotoxicity, and caspase 3-mediated apoptosis of the
neuronal cells are novel and noteworthy hence provide indications and
scientific justification of increased risk cerebral and cerebellar dysfunc-
tions. Also, it was observed that codeine use resulted in reduced absolute
brain weight, although this was only significant in the high-dose codei-
ne-treated group. However, body weight gain and brain OSI were not
affected. This may infer that the neurotoxicity induced by codeine is not
associated with alteration in visceral fat accumulation [17] but sup-
pression of the cellular metabolism of the brain [32].

Redox imbalance in the brain has been reported as an independent
risk factor that is strongly associated with neurodegenerative diseases
[21, 23]. Although earlier studies documented that opioids such as
morphine and tramadol induce oxidative brain damage [31, 33], the
current study is perhaps the first to report that codeine exposure
significantly increased HoO, generation and lipid peroxidation as well
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as protein denaturation of the brain tissue. This was accompanied by
reductions in the activities of enzymatic antioxidants. Oxidative stress
is an imbalance in ROS generation and antioxidant buffering capacity
leading to the accumulation of ROS and other pro-oxidant with
resultant damage to cellular macromolecules [34]. Initially, under
oxidative stress, antioxidant enzyme concentrations increase in an
attempt to compensate for the increased ROS production [35]. SOD
forms the first defense line. It scavenges superoxide radicals and
converts them to HyO2 [13] thus dampening the impacts of the radi-
cals, while catalase detoxifies the generated HoO3 [13, 20]. GST and
GPx also play a key role in HyOy metabolism. They are primarily
responsible for HyO; elimination [13]. When ROS and other
pro-oxidant generation become robust, the antioxidant defense system
is overwhelmed and their concentrations and activities decline. The
marked increase in MDA, Hy0,, and AGE observed following codeine
administration and the significant fall in the enzymatic antioxidant
activities suggest that the 6-week codeine exposure caused exagger-
ated ROS generation and consumption of antioxidants, thus permitting
deleterious effects on the brain.

Inflammation of the brain tissue is a well-established risk factor that
has been implicated in neurodegenerative conditions. The finding from
this study that codeine administration led to increased MPO activity in
the brain infers that codeine triggered neutrophil infiltration in the brain
[17] and thus inflammation. Since oxidative stress can stimulate
inflammation and vice versa, the observed raised MPO activity may be a
result of codeine-induced oxidative stress or the other way round.
Evidently, codeine-driven oxido-inflammatory response explains the rise
in 8-OHdG observed. Excess ROS generation does not allow an attack on
the lipid membrane and cytosolic protein; it also results in an attack of
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the DNA. Oxidative DNA damage causes mutations of the mitochondrial
DNA [36]. Similar to the brain, nuclear and mitochondrial DNA are
highly susceptible to oxidative stress via ROS production. ROS can trigger
damage to the mitochondrial DNA [37, 38], with consequent accumu-
lation of 8-OHdG [13]. Hence, 8-OHdG is an established biomarker of
oxidative DNA damage (genotoxicity). The observed increase in 8OHdG
in the brain following codeine administration corroborates our previous
findings that demonstrated the potential of codeine to stimulate oxida-
tive DNA damage of the testis [13, 14], sperm [15], liver [16], heart [17],
and kidney [17].

Our study also shows that codeine-induced redox dysregulation and
inflammatory response were associated with elevated caspase 3 activity.
Possibly, codeine-induced ROS generation led to an increase in the
mitochondrial membrane permeability with resultant mitochondrial
failure [39]. This likely culminates in the release of cytochrome c from
within the inner mitochondrial membrane into the cytosol in the cyto-
plasm. It binds to Apaf-1 to form a complex that activates caspase 9 and
ultimately caspase 3 [40]. It is also likely that the activated caspase 3
cleaved inhibitor of caspase-activated DNAse I [41, 42] which degrades
nuclear chromosomal DNA and causes apoptosis, chromatin degradation,
and DNA fragmentation [43].

Codeine-induced oxidative stress and inflammation, as well as
caspase-3-mediated apoptosis and DNA damage in the brain explains, at
least partly, the observed distorted cytoarchitecture of the brain and
depleted hippocampal neuronal cells and Purkinje fibers. The Purkinje
cells are focal neurons of the cerebellar cortex and perhaps some of the
most conspicuous neurons in the vertebrate central nervous system. All
afferent pathways converge on the purkinje cells, while the axons serve
as the primary exit of the cerebellar cortex after synapsing on the deep
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cerebellar nuclei [44]. The projections of the Purkinje cells connect
different cerebellar zones. Most of the Purkinje cells release
gamma-aminobutyric acid (GABA). Hence, codeine-induced depletion of
Purkinje cells impairs the GABAergic terminals with reduced GABA
release and increased tonic firing and excitation of the brain-stem that it
innervates [45]. Our previous finding that codeine enhances sexual lo-
comotor activity [10] may be due to the inhibitory activity of codeine on
GABAergic neurons.

On the other hand, the hippocampus has been established as a brain
structure for the formation of long-term memories. Also, the CA2 neurons
of the hippocampus have been implicated in the pathogenesis of
schizophrenia [46] and neurodegenerative diseases such as Lewy body
dementia, Parkinson's disease, Alzheimer's disease, and transmissible
spongiform encephalopathies [47]. Observation in the current study that
codeine depleted CA2 neurons explains opioid-induced cerebellar
dysfunction reported in previous studies [31, 48, 49] and could be
attributed to the ability of codeine to induce oxidative stress, inflam-
mation, and apoptosis in the brain tissue.

AchE is a carboxylic ester hydrolase that is an integral part of the
cholinergic signaling. It has diverse unrelated biological functions
involved in embryogenesis, neuro-modulation and stress response [50].
It is found in neuromuscular junctions and cholinergic synapses where it
activates acetylcholine receptors and breaks down acetylcholine to
choline and acetate [51], thus terminating synaptic transmission and
inhibiting nerve firing at nerve endings. Since it is key for optimal
functioning of the central and peripheral nervous system, it is employed
as a biomarker of brain injury [51, 52, 53, 54]. Interestingly, our finding
that codeine induced neuronal injury, which is accompanied by reduced
AchE activity, expands the existing literature that confirms the use of
AchE as a biomarker in brain injury. It could also be inferred that the
impaired AchE activity following codeine exposure with possible
dis-inhibition of synaptic transmission and nerve firing at nerve endings
compliments the inhibitory activity of codeine on GABAergic neurons
accounts for codeine-induced increased copulatory locomotor activity
earlier reported [10]. Thus, it is credible to infer that codeine induces
oxido-inflammatory response and apoptosis in the brain tissue and results
in brain injury evident by elevated AchE, distorted structural organiza-
tion of the brain, C2 depletion, capillary dilatation and depletion of
Purkinje cells.

5. Conclusion

Summing up, the findings of the current study clearly indicate that
codeine exposure could lead to oxido-inflammatory response and

apoptosis of the brain tissue associated with neuronal and purkinje cells
injury and impaired AchE activity through 8-OHdG and/or caspase 3-
dependent pathway. These events are accompanied by reduced brain
weight. Hence, the relevance of codeine exposure, particularly as a
substance of abuse, should be given more attention.
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