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Abstract
Oxidative stress has been implicated in reproductive toxicity induced by antipsychotics (APs). This study aims to further investigate the
role of AP-induced oxidative stress in reproductive dysfunction. Thirty adult female albino rats were divided into three groups
including a control group (n= 10) receiving distilled water, HAL group (n= 10) receiving haloperidol (HAL) (2 mg/kg/day), and
CLZ group (n = 10) receiving clozapine (CLZ) (20 mg/kg/day). After 28 days, the rats were anesthetized, blood was withdrawn from
their hearts, and ovaries were removed before they were sacrificed. Serum prolactin concentrations were measured. For each rat, one
ovary was used for biochemical studies including mitochondrial complexes I and III activities and oxidative stress markers (lipid
peroxidation, super oxide dismutase [SOD], catalase [CAT], and reduced glutathione [GSH]). The other ovary was used for histo-
pathological examination and immunohistochemistry staining for p53 and Ki-67. HAL-treated rats showed significantly (p < 0.001)
higher serum prolactin concentrations compared with other groups. HAL significantly inhibited complexes I (p < 0.001) and III
activities (p < 0.05), while CLZ inhibited only complex I (p< 0.001). Lipid peroxidation was increased by HAL (p < 0.001) and
CLZ (p< 0.01). HAL caused significant (p< 0.001) reductions in SOD, CAT, and GSH. CLZ caused a significant decrease in SOD
(p< 0.001) and GSH (p< 0.01) with no effect on CAT. Histopathological studies of CLZ- and HAL-treated ovaries showed features
suggestive of hyperprolactinemia and oxidative stress. Ki-67- and P53-immunostained sections were suggestive of disruption of
cellular proliferation. These findings support the hypothesis that HAL and CLZ induce reproductive dysfunction through mechanisms
involving ovarian mitochondrial dysfunction and oxidative stress.
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Introduction

Since the 1950s, antipsychotics (APs) have been widely used
in patients with psychosis and bipolar disorders (Lin et al.

2006). Typical APs produce numerous adverse effects as ex-
trapyramidal movements, weight gain, diabetes, and repro-
ductive dysfunctions in women. These untoward side effects
limit the tolerability of APs, which is a challenging problem in
long-term users (Bishnoi et al. 2007). It has long been be-
lieved that typical APs induce ovarian dysfunction indirectly
bymeans of hyperprolactinemia as a result of their stimulatory
effects on the dopaminergic receptors (D2 receptor) of the
tubule-infundibular pathway. This is supported by the obser-
vation that serum prolactin levels increase within a few hours
of initiation of AP treatment (Halbreich et al. 2003; Kumar
et al. 2013). This hyperprolactinemia has been reported to
occur with greater magnitude in women compared with men
(Smith et al. 2002). High serum prolactin levels are known to
cause ovulatory dysfunction by inhibiting follicle-stimulating
hormone (FSH) (Majumdar and Manga 2013) as well as fol-
licular estradiol secretion (Velasquez et al. 2006).

More recently, novel less toxic and prolactin-sparing APs
have been developed such as clozapine (CLZ), olanzapine
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(OLZ), quetiapine (QTN), risperidone (RIS), amisulpride,
zotepine, and ziprasidone (Daniel and Copeland 2000; Rung
et al. 2011). However, these prolactin-sparing APs have been
found to induce reproductive dysfunction in women to the
same ex t en t a s the ea r l i e r APs , wh i ch induce
hyperprolactinemia (Canuso et al. 2002). These findings,
therefore, suggest that AP-induced hyperprolactinemia, alone,
may not adequately explain the observed AP-induced ovarian
dysfunction; hence the need to investigate for other possible
mechanisms.

Several previous studies have reported in vitro and in vivo
evidence for the association between cytotoxicity and AP-
induced oxidative stress in non-reproductive tissues (Martins
et al. 2008, El-Awdan et al. 2015, Polydoro et al. 2004). Our
group has recently presented the first in vitro evidence of an
association between ovarian cytotoxicity and AP-induced ox-
idative stress in rat’s ovaries (Elmorsy and Smith 2015).

In the current study, we aimed to validate our previous
in vitro results by conducting an in vivo animal study investi-
gating the effects of two commonly used APs including HAL
and CLZ on ovarian mitochondrial complexes I and III and
markers for oxidative stress. We have also evaluated the un-
derlying ovarian histopathological changes associated with
the observed biochemical changes. A female albino rat model
was used to test this hypothesis.

Methods

Drugs and chemicals

Clozapine 100 mg tablets were obtained from Copad Pharma
(Cairo, Egypt). Haloperidol 5 mg tablets (Halonace) were ob-
tained from Kahira Pharmaceuticals (Cairo, Egypt). Both clo-
zapine and haloperidol tablets were dissolved in distilled wa-
ter. For immunohistochemistry studies, mouse monoclonal
Anti-Ki-67 (Clone GM010) and anti-P53 (Clone BP-53-12)
were obtained from Genemed Biotechnologies Inc. (South
San Francisco, CA 94080, USA). Unless otherwise specified,
all other chemicals used in this study were obtained from
Sigma-Aldrich (Poole, UK).

Animal protocol

Thirty adult female Wistar albino rats were used in this study.
Their weights ranged between 180 and 200 g. The rats were
housed in standard polypropylene cages (5 rats per cage) and
kept at 22 ± 3 °C and under humidity (30–40%) with 12:12-h
light-dark cycles and with full access to water and food. All
rats’ experimental protocols and procedures were approved by
the institutional review board (IRB), Faculty of Medicine,
University of Mansoura (Ref: R.18.03.110).

Rats were divided into three groups of ten. The first group
received distilled water and served as a control group. The
second group received haloperidol (HAL) (2 mg/kg/day)
and the third received clozapine (CLZ) (20 mg/kg/day) by oral
gavages for 28 days. These doses were based on the study by
Schleimer et al. (2005) who showed the effectiveness of this
dosing in simulating clinical setting in human when adminis-
tered orally in rats. On the next day after the final dose, rats
were anesthetized with ether. Blood samples were taken from
their hearts, centrifuged and the serum was collected. Both
ovaries of each animal were excised. The right ovary was used
for histopathological studies and the left one was used for
biochemical investigations.

Isolation of mitochondria

The whole ovary was homogenized in 0.23 M mannitol,
0.07 M sucrose, 1 mM EDTA, and 10 mM TrisHCl, pH 7.4,
at a ratio of 9 ml of homogenizationmedium to 1 g of tissue, in
a Potter homogenizer with a Teflon pestle. The homogenate
was centrifuged at 700g then at 8000g (10 min for each) to
precipitate mitochondria. Then, mitochondria were washed
(Spinazzi et al. 2012). Protein was quantified in the mitochon-
drial suspensions according to the Bradford method (Bradford
1976), and the suspension was frozen in liquid nitrogen and
kept at 80 °C. Mitochondrial samples were twice frozen and
thawed to disrupt the mitochondrial membrane just before use.

Mitochondrial complexes I and III assay

For complex I assay, following Janssen et al. (2007),
dichlorophenolindophenol (DCIP) was used as a terminal
electron acceptor. Complex I oxidizes NADH, and the elec-
trons produced reduce the artificial substrate decylubiquinone
that subsequently delivers the electrons to DCIP. Complex III
activities were studied as mentioned before by Spinazzi et al.
(2012).

Lipid peroxidation products

Lipid peroxidation was estimated calorimetrically in the ovar-
ian tissue by quantifying thiobarbituric acid reactive sub-
stances (TBARS) according to the method of Niehaus and
Samuelsson (1968). Briefly, for the estimation of TBARS,
the supernatant of the tissue homogenate was treated with
tertiary butanol−trichloroacetic acid−hydrochloric acid
(TBA–TCA–HCl) reagent and mixed thoroughly. The mix-
ture was kept in boiling water bath for 15 min. After cooling,
the tubes were centrifuged for 10 min and the supernatant
taken for measurement at 535 nm using a UV spectrophotom-
eter (Hitachi 912) and expressed as mM per 100 g tissue.
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Catalase

Following Sinha (1972) Catalase (CAT) was assayed colori-
metrically at 620 nm and was expressed as micromoles of
H2O2 consumed per minute per mg of protein; To 0.1 ml of
the tissue homogenate 1.0 mL of 0.01 M pH 7 phosphate
buffer, and 0.4 mL of 2 M H2O2 were added. The reaction
was stopped by the addition of 2 mL of dichromate-acetic acid
reagent.

Super oxide dismutase

The assay for super oxide dismutase (SOD) was based on
SOD-mediated inhibition of the reduction of nitroblue tetra-
zolium to blue formazan by superoxide anions as described by
Beauchamp and Fridovich (1971). Units of SOD activity de-
termined were expressed in terms of milligrams of total pro-
tein (TP). The total protein in the homogenate was estimated
by the Lowry method (Lowry et al. 1951).

Reduced glutathione

Reduced glutathione (GSH) was determined following
Ellman (1959) and the absorbance was read at 412 nm. The
activity of GSH was expressed as nM GSH/100 g tissue.

Histopathological studies

The right ovary was cut into small specimens then fixed in
10% neutral buffered formalin solution, processed and paraf-
fin blocks were prepared. The blocks were then sectioned at
5-μm thickness in preparation for histological and immune-
histochemical studies.

Microscopic examination of stained sections

The prepared 5-μm sections were stained with hematoxylin
and eosin (H&E) (Gamble 2008), periodic acid–Schiff (PAS)
(Myers et al. 2008), and Masson trichrome stain (MTS) (Luna
1968).

Immunohistochemistry staining of p53 and Ki-67

The prepared 5-μm sections were taken on positive slides
and immunostained using an avidin-biotin technique.
Sections were deparaffinized, rehydrated, and pretreated
with 0.01% hydrogen peroxide (H2O2) to block the endog-
enous peroxidase activity. Then, sections were incubated in
a 0.01-M citrate buffer at ph 6 for 10 min and in ethanol for
10 min to mask the antigenic site. Microwave-assisted an-
tigen retrieval was then performed for 20 min. Sections
were incubated overnight at 4 °C with the diluted primary
antibody at dilution 1/500 and 1/100 monoclonal mouse

antibodies for Ki-67 and p53. Sections were incubated
with the avidin-biotin complex (ABC) reagent for 60 min
then in peroxidase solution for 6–10 min. Finally, hema-
toxylin was used as a counter stain. Immunoreactivity was
visualized in the nucleus for both antigens. For the nega-
tive control slide, the specific 1ry antibody was replaced by
phosphate buffer saline. Tonsil was used as a positive con-
trol for Anti-Ki-67 assays (Goncalves et al. 2017), while
selective squamous cell carcinoma was used as a positive
control for anti-P53 assays (Suzuki et al. 2006).

Morphometric studies

Five H&E-stained slides from each rat group were used for
follicle count. For each slide, follicles were counted in five
non-overlapping high-power fields (× 100). According to
Pedersen’s follicular classification in rodents (Pedersen and
Peters 1968), follicles were divided into three main categories:
small (primordial and primary), medium (pre-antral), and
large (antral or Graafian) follicles.

Immunoexpression studies

Sets of five slides from each rat group stained with differ-
ent stains per set including MTS, Ki-7, and P53 were used
for immunoexpression studies. Image analyses of the ar-
ea% of immunoexpression was measured for each stain in
five non-overlapping high-power fields (× 100) in each
slide. The slides were photographed using an Olympus
digital camera (E24-10 M pixel, China) installed on an
Olympus microscope with a × 0.5 photo adaptor. The
result ing images were analyzed with VideoTest-
Morphology computer software (Russia Federation) with
a specific built-in routine for determining calibrated dis-
tance and area% of immunoexpression (Sabha et al. 2008).

Statistical analysis

Statistical analysis of data was performed using GraphPad Prism
(GraphPad Software Inc., San Diego, CA). Numerical data were
presented asmean ± sem and compared between the three groups
using onewayANOVAwith Turkey’smultiple comparison post-
test for comparison between each treated group and the control
group. P < 0.05 was considered significant.

Results

Biochemical assays

While serum prolactin concentration was significantly
(p< 0.001) higher in the HAL group compared with the control
group (Fig. 1a), it was not significantly different in the CLZ
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versus the control group (Fig. 1a). Both HAL and CLZ signifi-
cantly (p < 0.001) inhibited complex I activity, but only HAL
significantly (p< 0.05) inhibited complex III activity (Fig. 1b, c).

Lipid peroxidation studies showed a significant increase
of TBARS in both HAL- and CLZ-treated rats (p < 0.001
and p< 0.01 respectively) (Fig. 1d). Also, there was a

significant (p < 0.001) reduction in SOD, CAT, and GSH
in the HAL-treated ovaries. On the other hand, CLZ-
treated rats showed a significant decrease in SOD and
GSH (p < 0.001 and p < 0.01, respectively) with no change
in CAT in comparison with controls (Fig. 1e, f and g).
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Fig. 1 The effect of 28-day treat-
ment ofWister rats with clozapine
and haloperidol on serum prolac-
tin levels (a), ovarian mitochon-
drial complexes I and III (b, c) and
ovarian oxidative stress markers
(TBARS, SOD, CAT, and GSH)
(d–g) compared with control rats.
Data were expressed as mean ±
sem and compared between the
three groups using one-way
ANOVA. Turkey’s multiple com-
parison post-test was used for
comparison between each treated
group and the control group.
P < 0.05 was considered signifi-
cant. The exact P values for
ANOVA are shown and the p-
values for the post-test are pre-
sented as (*) Double asterisks in-
dicate p < 0.01; triple asterisks
indicate p < 0.001 Abbreviations:
CLZ, clozapine; HAL, haloperi-
dol TBARS, thiobarbituric acid
reactive substances; SOD, super
oxide dismutase; CAT, catalase;
GSH, reduced glutathione
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Histopathological studies

Microscopic examination of stained sections

Examination of H&E-stained sections of ovaries obtained
from the control rats revealed a normal ovarian histological
structure with an outer simple cubical epithelium, an ovarian
cortex characterized by multiple follicles in various stages of
development, and a central medulla made of the vascularized
ovarian stroma (Fig. 2a–d). H&E-stained sections of ovaries
obtained fromCLZ-treated rats revealedmultiple cystic atretic
follicles with degenerated ova and vacuolation of cells in
some of them. Antral follicles were characterized by increased
apoptotic cells, some of which were detached into the antrum.
In addition, dilated and congested vessels were observed in
the ovarian medulla (Fig. 2e–g). H&E-stained sections of ova-
ries from HAL-treated rats revealed absence of growing folli-
cles, increased large corpora lutea, and increased atretic folli-
cles (Fig. 2h, i).

PAS-stained sections of control rats demonstrated a strong
positive PAS reaction in the zona pellucidum of the growing
follicle and moderate reaction of the healthy ova (Fig. 3a).
While PAS-stained sections of CLZ-treated rats showed a cystic
follicle with degenerated zona pellucidum and oocyte (Fig. 3b),
PAS-stained sections of HAL-treated rats revealed degenerated
zona pellucidum and degenerated oocyte (Fig. 3c).

MTS-stained sections of control rats revealed the presence of
few collagen fibers mainly around the blood vessels and around
the corpus luteum (Fig. 3d). MTS-stained sections of CLZ-
treated animals showed a slight increase in collagen fibers
mainly around the atretic follicles (Fig. 3e). MTS-stained sec-
tions of HAL-treated rats revealed areas with extensive deposi-
tion of collagen fibers around the corpora lutea (Fig. 3f).

Immunohistochemistry of p53 and Ki-67

Ki-67-immunostained ovarian sections of control rats showed
strong and discrete staining of the nuclei of the majority of
granulosa and theca cells of growing and Graafian follicles.
Cells of newly formed corpora lutea were Ki-67 positive while
most cells of older ones were negatively stained (Fig. 4a). Ki-
67-immunostained sections of CLZ-treated rats showed neg-
atively stained cystic atretic follicles and corpora lutea (Fig.
4b). Ki-67-immunostained sections of HAL-treated rats
showed negatively stained atretic follicles and moderately
stained corpora lutea (Fig. 4c).

P53-immunostained ovarian sections of control rats
showed negatively stained cell nuclei of the majority of
granulosa and theca follicular cells of growing follicles as
well as cells of newly formed corpora lutea, while most
cells of older corpora lutea were positively stained (Fig.
4d). P53-immunostained sections of CLZ-treated rats
showed positively stained cell nuclei of the majority of

cystic atretic follicles and cells of corpora lutea (Fig.
4e). P53-immunostained sections of the HAL group
showed extensive staining of the cell nuclei of the atretic
follicles, while the cells of corpora lutea were moderately
stained (Fig. 4f).

Immunoexpression study

Immunoexpression study of the area% of the collagen fibers
measured in MTS sections of the treated rats’ ovaries showed
a significant increase in both HAL- and CLZ-treated rats as
compared with controls (p < 0.001 and p < 0.01, respectively)
(Fig. 5f). Similarly, area% of the P53-immunostained sections
revealed a significant (p < 0.001) increase in both HAL- and
CLZ-treated rats as compared with controls. While area% of
the Ki-67-immunostained sections showed a significant (p <
0.001) decrease in both HAL- and CLZ-treated rats in com-
parison with controls (Fig. 5h).

Morphometric studies

Regarding numbers of follicles, the morphometric studies
showed a significant (p < 0.001) decrease in the number of
healthy follicles (small-, medium-, and large-sized follicles)
and a significant (p < 0.001) increase of atretic follicles in
HAL- and CLZ-treated rats versus the control rats (Fig. 5a–
c). HAL-treated rats exhibited a significant (p < 0.01) increase
in the count of corpora lutea with no change in cystic follicles
(Fig. 5d, e), whereas the CLZ group showed a significant
(p < 0.001) decrease in corpora lutea and a significant
(p < 0.001) increase in cystic follicles compared with the con-
trols (Fig. 5d,e).

Discussion

In this in vivo animal study, we have for the first time inves-
tigated the effects of two commonly used APs including HAL
and CLZ on the rat’s serum prolactin level, ovarian mitochon-
drial complexes I and III, and markers for oxidative stress as
possible mechanisms of AP-induced ovarian dysfunction. We
have also examined the underlying ovarian histopathological
changes associated with the observed AP-induced biochemi-
cal changes. The results revealed that prolactin was increased
only in HAL-treated rats, but remained unchanged in the CLZ
group supporting our hypothesis that hyperprolactinemia
alone cannot explain all reproductive adverse effects of APs.
While HAL significantly inhibited both mitochondrial com-
plexes, CLZ inhibited complex I only. Biochemical studies
showed that both HAL and CLZ induced oxidative stress.
Our histopathological data showed evidence of ovarian tissue
damage characteristic of oxidative stress. All these findings
together support the hypothesis that AP-induced oxidative
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stress in the ovaries may explain the ovarian dysfunction ob-
served in women receiving APs.

Concerning the dosages of HLA and CLZ, we have chosen
the same dosages used by Schleimer et al. (2005) who have
reported that 2–4 weeks of daily oral administration of HAL
(2 mg/kg/d) and CLZ (20 mg/kg/d) were effective in inducing
drug-related extrapyramidal side effects in rats similar to tox-
icity in humans. We believe that these doses are also expected
to induce reproductive toxicity via a mechanism of oxidative
stress, which is the same mechanism of extrapyramidal side
effects.

Our prolactin data are in agreement with several previous
in vivo human studies reporting an increase in the prolactin
level in women receiving conventional APs due to dopamine
receptor (D2) antagonist effect (Kinon et al. 2003; Bargiota
et al. 2013). Our data are also consistent with Melkersson
(2005) who reported no increase in the prolactin level in 28
women receiving CLZ.

Fig. 3 A photomicrograph of
PAS- and MTS-stained ovarian
sections. PAS-stained section for
control rat’s ovary revealing a
strong +ve PAS reaction in the
zona pellucidum (arrow) of the
growing follicle with moderate
reactivity of the healthy ova
(crossed arrow) (a). PAS-stained
section for clozapine-treated rat
illustrating a cystic follicle with
degenerated zona pellucidum
(arrow) and degenerated oocyte
(crossed arrow) (b). PAS-stained
section for haloperidol-treated rat
revealing degenerated zona
pellucidum (arrow) and
degenerated oocyte (crossed ar-
row) (c). MTS-stained section for
control rats revealing the presence
of few collagen fibers mainly
around the blood vessels and
around the corpus luteum
(arrows) (d). MTS-stained section
for clozapine-treated rats with a
slight increase in collagen fibers
mainly around the atretic follicles
(arrows) (e). MTS-stained section
for haloperidol-treated rats re-
vealing areas with extensive de-
position of collagen fibers around
the corpora lutea (arrows) (e).
Abbreviations: PAS, periodic
acid-Schiff; MTS, Masson
trichrome stain

�Fig. 2 Photomicrographs of H&E-stained rat ovarian sections. Control
ovarian sections showing multiple growing follicles (GF) in various
stages of development, newly formed corpus luteum (NCL) with small
spindle-shaped basophilic cells, and previously formed corpus luteum
(OCL) with foamy and eosinophilic cells, vascularized medulla (M), pri-
mary follicle (PR), atretic follicle (T), mature follicle with oocyte (curved
arrow), ZP (arrow head), corona radiate (crossed arrow), cumulus
oophorus (tailed arrow), granulosa cells vesicular nuclei and vacuolated
acidophilic cytoplasm (zigzagged arrow), theca interna (arrow), theca
externa (thick arrow), and antral cavity (asterisk) (a–e). Note the well-
developed theca layer (arrow) and the simple cubical surface epithelium
(black curved arrow). Ovarian sections from CLZ-treated rats showing
multiple cystic atretic follicles (CF), corpora lutea (CL), multiple vacuoles
(v) of degenerated granulosa cells, dilated congested vessels (B) in the
ovarian medulla (M), detached apoptotic granulosa cells and desquamat-
ed into CF antrum (arrow), condensed nuclei surrounded by vacuolated
cytoplasm (crossed arrow) (f, g). Ovarian sections from HAL-treated rats
showing multiple large and active corpora lutea (CL) present in cortical
and medullary regions, multiple atretic follicles (F), and atretic growing
follicles (T) without observable ovum (h, i). Abbreviations: CLZ,
clozapine-treated group; Con, control group; HAL, haloperidol-treated
group
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The findings of the current study regarding the effect of
both APs on ovarian mitochondrial complexes are in ac-
cordance with previous studies on non-reproductive or-
gans. In brain tissue, Balijepalli et al. (2001) reported that
a single HAL dose in mice led to a 41% inhibition of
complex I activity in the striatum and a 26% decrease in
the midbrain only 30 mins after injection, but with no in-
hibition in the frontal cortex or hippocampus. On the other
hand, Burkhardt et al. (1993) reported that CLZ treatment

in rats led to a 16% decrease in complex I activity in the
frontal cortex and a 15% decrease in the hippocampus, but
only after 90 days of exposure. In rat liver mitochondria,
Modica-Napolitano et al. (2003) showed that complex I is
inhibited by HAL, but not by CLZ.

In humans, HAL and CLZ, at therapeutic levels, were
shown to inhibit complex I of the mitochondrial respiratory
chain in the peripheral blood mononuclear cells of psychotic
patients (Casademont et al. 2007). The presence of

Fig. 4 A photomicrograph of the ovarian sections of the studied groups
stained with immunohistochemical staining for Ki-67 and P53. Ki-67-
immunostained sections of the control group showed strong and discrete
staining of the cell nuclei (a). In the follicular wall of growing and
Graafian follicles (GF), the majority of granulosa and theca cells were
positively stained. Cells of newly formed corpus luteum (NCL) were Ki-
67 positive while most cells of previously formed corpora lutea were
negatively stained (OCL). Ki-67-immunostained sections of clozapine-
treated animals showed negatively stained cystic atretic follicles (CF)
with negatively stained corpus luteum (CL) (b). Ki-67-immunostained
sections of haloperidol-treated animals showed negatively stained atretic
follicles (T) and moderate stained corpora lutea (CL) (c). A photomicro-
graph of the ovarian sections of the studied groups stained with

immunohistochemical staining (p53). P53-immunostained sections of
the control group showed negatively stained cell nuclei of the majority
of granulosa and theca follicular cells of growing follicles (GF) (d). Cells
of newly formed corpus luteum (NCL) were negatively stained while
most cells of previously formed corpora lutea (OCL) were positively
stained. Note the presence of positively stained atretic follicle (T). P53-
immunostained sections of clozapine-treated animals showed positively
stained cell nuclei of the majority of cystic atretic follicles (CF) (e). Cells
of corpus luteum (CL) were also positively stained. P53-immunostained
sections of haloperidol-treated animal showed extensive staining of the
cell nuclei of the atretic follicles (T) (f). Cells of corpus lutea were mod-
erate stained (CL)
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mitochondrial dysfunction in patients with schizophrenia
limits the researchers’ ability to assess the effect of APs on
complexes I and III (Karry et al. 2004).

The mechanism of HAL-induced inhibition of complex I
has been postulated by Subramanyam et al. (1991). HAL can
undergo oxidation giving rise to the metabolite HAL
pyridinium ion, which resembles the active toxic metabolite
of MPTP, which is a selective inhibitor of complex I
(Subramanyam et al. 1991). AP-induced inhibition of mito-
chondrial complexes I and III has been suggested as a possible
mechanism of oxidative stress in ovarian tissue. Inhibition of
complexes I and III could lead to the release of electrons of
NADH and FADH, which unite with oxygen molecules
forming superoxide radical with subsequent formation of
ROS (Fato et al. 2009).

Our findings in relation to HAL and oxidative stress are in
agreement with earlier studies, which reported changes in levels
of some antioxidant enzyme activity in rat brains after chronic
treatment with typical antipsychotics (Pillai et al. 2007). On the
other hand, literature data regarding CLZ and oxidative stress are
conflicting. In accordance with our data, Reinke et al. (2004)
showed that CLZ can induce oxidative stress in the brains of rats
after 28 days of CLZ 25 mg/kg/day (the same dose as ours). In
contrast to our findings, Parikha et al. (2003) showed that there
was no significant oxidative stress in the brains of rats receiving
CLZ (20 mg/kg/day) for up to 90 days. Recently, Abdel-Wahab
andMetwally (2015) reported that CLZ-induced oxidative stress
may play a role in cardiotoxicity among rats receiving CLZ at
concentration range of 20–50 mg/kg/day. They speculated that
the CLZ-induced decrease in antioxidant enzyme activities in-
cluding CAT, SOD, and GSH may be responsible for the inade-
quacy of combating ROS-mediated cell damage.

It is well established that ROS and oxidative stress have a
major effect on female reproduction and ovulation (Agarwal
et al. 2012). Oxidative stress occurs when formation of ROS
blows the capacity of the cells to protect themselves from
increased ROS via sufficient levels of antioxidant enzymes,
which are important for ovarian function (Tilly and Tilly
1995). Our study showed that both HAL and CLZ were asso-
ciated with the increase in the TBARS level with decreased
SOD, CAS, and reduced GSH supporting our hypothesis that
APs induce oxidative stress.

Our HAL histological findings showing large corpora lutea
and multiple atretic follicles without follicular growth are con-
sistent with ovarian changes known to be induced by
hyperprolactinemia (Kunimatsu et al. 2010). Several previous
studies have shown hyperprolactinemia to stimulate andmain-
tain corpora lutea in rodents due to the luteotropic activity of
prolactin (Bachelot and Binart 2007; Bowen et al. 1996;
Goyeneche et al. 2003; Tesone et al. 1984).

Our CLZ-related ovarian histopathological changes includ-
ing multiple cystic atretic follicles, degenerated ova,
degenerated zona pellucida, vacuolation of granulosa cells,

dilated and medullary congestion, and fibrosis are consistent
with known effects of oxidative stress as previously reported
(Alchalabi et al. 2016; Saber et al. 2011; Royce et al. 2007;
Balakrishnan et al. 2013). Alchalabi et al. (2016) described
ovarian histological changes in rats subjected to oxidative
stress induced by electromagnetic waves. These changes in-
cluded vacuolation in interstitial, granulosa and luteal cells in
the ovaries, disorientation of corona radiata, disruption and
thinning of the zona pellucida, and cellular nucleus changes.
Saber et al. (2011) reported topsin-induced histological chang-
es in rat’s ovary, which are similar to our CLZ histological
findings and explained that all these changes are caused by
oxidative stress. These changes include congested stromal
blood vessels, large number of atretic follicles, abnormal
Graafian follicles with enlarged antrum, and degenerated zona
pellucida and cumulus oophorus. Furthermore, our CLZ his-
tological data agree with previous studies reporting that oxi-
dative stress in chromium-treated rats revealed ovarian med-
ullary vessel congestion, follicle degeneration and necrosis,
and fibrosis (Royce et al. 2007 and Balakrishnan et al. 2013).

The current study also revealed increased apoptosis in follic-
ular cells in CLZ- and HAL-treated rats. This can be explained
by impairment of the mitochondrial respiratory chain. This is
supported by a previous study reporting that a 25% decrease in
complex I activity resulted in a 35% decrease in ATP and mito-
chondrial respiration, thus severely impairing energy production
with subsequent apoptosis (Davey et al. 1998). In addition,
Miyamoto et al. (2010) reported that increased ROS are impor-
tant in triggering apoptosis in granulosa cells of growing follicles.
Furthermore, GSH depletion was shown to increase apoptotic
antral follicles (Nakamura et al. 2011).

The vacuolation of granulosa cells observed in CLZ-treated
rats may be caused by accumulated lipids that dissolved dur-
ing the preparation of hematoxylin and eosin stain slides.
However, i t could also be caused by disordered
steroidogenesis as previously reported by Patil et al. (1999)
who found an increase in the ovarian cholesterol level due to
inhibition of steroidogenesis in nicotine-treated rats.

Antigen Ki-67 is a nuclear protein that is associated with
and may be necessary for cellular proliferation and ribosomal
RNA synthesis (Bullwinkel et al. 2006). In the present study,
HAL- and CLZ-treated rats’ ovaries exhibited a decrease in
Ki-67 immunostaining suggesting inhibited cellular prolifera-
tion. The role of oxidative stress in this inhibition is contro-
versial. While some studies showed that oxidative stress can
inhibit cell proliferation (Miethling-Graff et al. 2014;
Carrasco-Torres et al. 2017), others found oxidative stress to
increase cell proliferation (Burdon et al. 1990; Galli et al.
2005). Another study showed oxidative stress to reduce the
cellular proliferation when hydrogen peroxide levels are high,
but promote cellular proliferation when hydrogen peroxide
levels are low (Burdon et al. 1989).
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On the other hand, our study showed increased p53 immuno-
staining in ovaries of HAL- and CLZ-treated rats. The tumor
suppressor protein p53 activation is known to cause cell cycle
arrest and apoptosis (Chen 2016). It is highly inducible by many
stress signals such as oxidative DNA damage (Liu et al. 2014).

Our findings provide important in vivo evidence of AP-
induced oxidative stress as an important mechanism of ovar-
ian cytotoxicity with subsequent reproductive dysfunctions.
Further research is needed to investigate the potential role of
antioxidants in preventing and reversing the ovarian cytotox-
icity induced by APs. Other therapeutics that may have a
prophylactic effect and could be investigated include an alter-
native respiratory substrate (such as hydroxyl butyrate) or vi-
tamin (such as coenzyme Q).

Finally, our data showed that CLZ as a typical AP is less
toxic than HAL. This difference could be related to several
factors, such as the differences in dopamine receptor affinity
or differences in toxicity of its metabolites. Clearly, our results
do not explore the explanations to these differences, but fur-
ther studies will address these issues.

In conclusion, this in vivo animal study provides compel-
ling biochemical and histopathological evidence of a role for
AP-induced oxidative stress in the causation of AP-induced
ovarian dysfunction. This paves the way to the development
of effective therapeutics targeting the underlying mechanisms
to prevent the destressing reproductive adverse effects.
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