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Abstract
Reduced estradiol levels are associated with depression in women during the transition to and after menopause. A considerable
number of studies focusing on the theme of treating depression through the activation of erythropoietin (EPO)-induced signaling
pathways have been published. Venlafaxine is an approved antidepressant drug that inhibits both serotonin and norepinephrine
transporters. The aim of the present study was to investigate the effects of venlafaxine on the depressive-like behaviors and serum
estradiol levels in female rats following ovariectomy (OVX) and the possible roles of EPO-induced signaling pathways.
Venlafaxine (10 mg/kg/day) was orally administered to OVX rats over a period of 4 weeks using two different treatment regimens:
either starting 24 h or 2 weeks after OVX. Venlafaxine showed a superior efficacy in inducing antidepressant-like effects after an
acute treatment (24 h post-OVX) than after the delayed treatment (2 weeks post-OVX) and was characterized by a decreased
immobility time in the forced swimming test. In parallel, venlafaxine induced EPO and EPO receptor mRNA expression and
increased levels of phospho-Janus kinase 2 (p-JAK2), phospho-signal transducer and activator of transcription 5, and phospho-
extracellular signal-regulated kinase 1/2 in the hippocampus of OVX rats. Meanwhile, rats exhibited a marked reduction in the
hippocampal Bax/Bcl2 ratio, caspase-3 activity, and tumor necrosis factor alpha levels after venlafaxine treatment. Venlafaxine also
increased the hippocampal brain-derived neurotrophic factor and serum estradiol levels. Based on these findings, venlafaxine
exerts a neuroprotective effect on OVX rats that is at least partially attributed to the activation of EPO/EPOR/JAK2 signaling
pathways, anti-apoptotic activities, anti-inflammatory activities, and neurotrophic activities, as well as an increase in serum estradiol
level.
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Introduction

Depression is one of the major causes of morbidity worldwide,
with a lifetime prevalence of approximately 15–20% [1]. The
condition occurs approximately twice as frequently in women

as in men, beginning during adolescence and occurring
throughout women’s lives [2]. The decrease in estrogen level
during periods of hormonal fluctuation, such as premenstrual,
postpartum, and peri- to postmenopausal periods, is associated
with the incidence and symptomatology of depression [3].
Ovariectomy (OVX), which removes the primary source of
estrogens, produces depressive-like behaviors in rats [4].
Estrogen replacement therapies have been reported to produce
antidepressant effects alone or when administered as
coadjuvants to facilitate the effects of the clinically used anti-
depressants in postmenopausal women [5, 6]. However, the
main challenge faced by patients using estrogen therapy is se-
vere side effects, including coronary heart disease, stroke, and
breast cancer [7]; hence, the debate continues about the best
strategies for the management of postmenopausal depression.
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Erythropoietin (EPO) is a cytokine that was originally iden-
tified to play a role in erythropoiesis but has recently been
shown to have multiple targets and actions [8]. Based on ac-
cumulating evidence, EPO and its receptor (EPOR) are
expressed in the brain, and EPO is produced by neurons [9].
EPOR has been detected in the murine hippocampus and cor-
tex [10]. Existing research recognizes the critical neurotrophic
and neuroprotective effects of EPO on increasing the level of
the brain-derived neurotrophic factor (BDNF) in the hippo-
campus and protecting against neuronal apoptosis [11].
Furthermore, a considerable number of studies focusing on
the theme of treating depression by activating EPO have been
published [12, 13]. In addition, the elevation of serotonin (5-
HT) levels was reported to upregulate EPO expression and
produce significant improvements in the neuronal differentia-
tion of hippocampal neural progenitor cells [14]. Hence, the
EPO pathway represents a possible target for antidepressant
drugs, such as selective serotonin reuptake inhibitors (SSRIs).

SSRIs have become the main treatment for female patients
with depression, particularly postmenopausal women, due to
the presence of fewer adverse drug reactions and superior re-
sponses in women than in men [15]. The probable mechanism
of these drugs is the enhancement of net serotonergic transmis-
sion by blocking the presynaptic 5-HT uptake site [16].
Interestingly, an increase in the serum estrogen level also im-
proves affect and cognition in postmenopausal women [17].

Taken together, a treatment that both activates EPO/EPOR
signaling pathways and increases serum estradiol levels may
have potential as a therapeutic agent for mitigating postmen-
opausal depression. Venlafaxine is an approved antidepressant
drug that inhibits both 5-HT and norepinephrine transporters
and is increasingly used as an alternative to SSRIs [18].
Currently, the relationship between EPO and depression has
not received sufficient attention. Drawing upon two strands of
research, this study attempted first to unravel the effects of
venlafaxine on the depressive-like behaviors and serum estra-
diol levels following OVX in female rats to reveal the possible
role of EPO/EPOR signaling pathways and second to explore
whether the post-OVX interval influences the antidepressant
potential of venlafaxine. Venlafaxine was chosen due to its
faster onset of action and superior clinical efficacy compared
to other antidepressant drugs [19].

Materials and Methods

Animals

Young adult (12 months old) female Wistar rats weighing
300–350 g were provided by the animal facility of Faculty
of Pharmacy, Cairo University. Animals were housed under
controlled environmental conditions at a constant temperature
(25 ± 2 °C) on a 12/12-h light/dark cycle. Rats were allowed

free access to food and water. The protocols used in this study
complied with The Guide for Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 2011) andwere approved
by the Ethics Committee for Animal Experimentation at
Faculty of Pharmacy, Cairo University (Permit Number: PT
2099). All efforts were made tominimize animal suffering and
to reduce the number of animals used.

Vaginal smears were collected daily between 8 and 9 a.m.
to monitor estrous cycles, and animals that did not show more
than two consistent 4-day cycles were excluded. All surgical
procedures were performed at 9 a.m. during metestrus. Rats in
the sham-operated group were subjected to the same surgical
procedures as rats in the other experimental groups, except for
the removal of the ovaries.

Drugs and Chemicals

Venlafaxine was provided as a gift from the International Drug
Agency for Pharmaceutical Industry (Cairo, Egypt) and was
freshly prepared daily in a physiological saline solution (0.9%,
w/v). Venlafaxine was administered to each animal in a vol-
ume of 0.5 mL/300 g body weight. The selection of dose and
duration of venlafaxine administration was based on a pub-
lished study [20]. Rat anti-erythropoietin (anti-EPO) antibod-
ies (AF959, R&D Systems, Minneapolis, USA) were used to
neutralize EPO and prevent the EPO-EPOR interaction [21].
Fine chemicals and reagents were obtained from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA), unless indicated
otherwise.

Experimental Design

As depicted in Fig. 1, 90 rats were randomly allocated into one
of six treatment groups (n = 15) by a technical assistant who
was not involved in the analysis. Group size was based on a
power analysis (power = 0.8, α = 0.05) using effect sizes pre-
viously determined by Ibrahim et al. [22]. Group I (SHAM
group): normal sham-operated rats were orally administered
normal saline (p.o.) via an oral syringe and served as the
control group. Group II (OVX group): rats were bilaterally
ovariectomized. Group III (Acute Tx): OVX rats were treated
with venlafaxine (10 mg/kg/day, p.o.) [20] over a period of
4 weeks starting 24 h after OVX. Group IV (Delayed Tx):
OVX rats were treated with venlafaxine (10 mg/kg/day, p.o.)
over a period of 4 weeks starting 2 weeks after OVX. GroupV
(Acute Tx + anti-EPO Ab): OVX rats were treated with
venlafaxine (10 mg/kg/day, p.o.) and the anti-EPO antibody
(0.25 μg/rat, i.p.) [23] over a period of 4 weeks starting 24 h
after OVX. Group VI (Delayed Tx + anti-EPO Ab): OVX rats
were treated with venlafaxine (10 mg/kg/day, p.o.) and an
anti-EPO antibody (0.25 μg/rat, i.p.) over a period of 4 weeks
starting 2 weeks after OVX. Six weeks after surgery, all
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animals were subjected to behavioral tests, the open-field test
followed by the forced swimming test (FST), arranged in se-
quence from the least stressful test to the most stressful test
with a 2-h rest period between the tests. All testing was con-
ducted during the animal’s light cycle. At the end of the be-
havioral tests, the animals were anesthetized with thiopental
(5 mg/kg, i.p.) and blood samples were collected from the
retro-orbital sinus in nonheparinized capillary tubes for serum
separation to estimate estrogen levels. Afterwards, the rats in
each group were divided into three sets and then euthanized;
subsequently, brains were rapidly dissected and washed with
ice-cold saline. In the first set (n = 3), brains were fixed with
10% (v/v) formalin for 24 h to perform histopathological stain-
ing with hematoxylin and eosin. In the other sets, hippocampi
were promptly dissected and stored at − 80 °C. Hippocampi
from rats in the second set (n = 6) were homogenized in ice-
cold physiological saline to prepare a 10% homogenate for the
assessment of caspase-3, BDNF, and tumor necrosis factor
alpha (TNF-α) levels. Hippocampi from rats in the third set
(n = 6) were used to assess the expression of the EPO and
EPOR genes, and levels of the phospho-Janus kinase 2 (p-
JAK2), phospho-signal transducer and activator of transcrip-
tion 5 (p-STAT5), phospho-extracellular signal-regulated ki-
nase 1/2 (p-ERK1/2), and Bax and Bcl2 proteins. During the
analysis of these measurements, the investigators were
blinded to sample identity, and sample coding and decoding
were performed by an independent experimenter.

Surgery

The female rats were anesthetized with a mixture of ketamine
hydrochloride (50 mg/kg; i.p) and xylazine (10 mg/kg; i.p.).

The lumbar dorsum was shaved and disinfected with 70%
ethanol, and then a small incision through the skin, connective
tissues, and muscles was made. The ovaries with associated
oviduct were exteriorized, a hemostatic clamp was applied
around the blood supply to the ovaries, and a suture knot
was made below the clamp. Subsequently, the ovaries and part
of the oviduct were removed and discarded. The muscle and
skin layers were sutured, and the wound was topically treated
with povidone–iodine and antibiotic spray. Sham-operated
rats underwent the same procedure as the OVX rats, without
resection of the ovaries. Rats were also subcutaneously
injected with 0.1 mL of diclofenac sodium and 0.1 mL of
cefotaxime (100 mg/mL) and were maintained on a soy-free
diet to exclude the effects of phytosteroids in the diet.

Behavioral Assessments

Open-Field Test

Spontaneous locomotor behaviors were assessed using the
open-field test to confirm that the effects of venlafaxine on
the results of the FST were not due to nonspecific effects on
locomotor activity. The experiment was performed in a square
wooden box of 80 × 80 × 40 cm in size. The walls were
painted red and the floor was divided with white lines into a
4 × 4 grid of 16 equal squares. Each rat was individually
placed in the central area of the open field, and the locomotor
behaviors were video-recorded for 3 min. The test was per-
formed under dim white light in a sound-attenuated room, and
the floor and walls of the apparatus were cleaned after each rat
was tested to eliminate possible bias due to odors left by pre-
vious rats. The ambulation frequency (number of squares

Fig. 1 Schematic of the
experimental design
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crossed) and latency time (time elapsed with a lack of move-
ment during testing) were calculated for each animal [24].

Forced Swimming Test

Rats were subjected to the FST using the method described by
Cryan et al. to investigate changes in the depressive-like be-
haviors of rats in each experimental group [25]. Swimming
sessions were conducted by placing individual rats in a cylin-
drical container (50 cm in height × 20 cm in diameter) filled
with water (25 ± 2 °C) to a level of 40 cm. In the first session
(day 1), rats were placed in water for 10–15 min of training.
Twenty-four hours later (day 2), rats were again placed in the
cylinder for 5 min and the immobility time (when no addition-
al movements other than those necessary to keep the rat’s head
out of the water) was recorded. The cylinder was cleaned and
filled with fresh water between experiments. At the end of the
experiment, all animals were dried and placed back in their
home cages.

Biochemical Measurements

Enzyme-Linked Immunosorbent Assay

Serum estradiol levels were estimated using a rat ELISA kit
(Shanghai Boyun Biotech, Co., Ltd., Shanghai, China).
Likewise, hippocampal BDNF, TNF-α, and caspase-3 levels
were estimated using rat ELISA kits purchased from Abnova
Corporation (Jhongli, Taiwan), R&D Systems Inc.
(Minneapolis, USA), and Cusabio Life Science (Wuhan,
Hubei, China), respectively. The procedures were performed
according to the manufacturer’s instructions. The results are
presented as picogram/milligram protein for BDNF and
TNF-α and nanogram/milligram protein for caspase-3, and
the protein content was quantified according to the method
described by Bradford [26].

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from hippocampal tissues using an
SV Total RNA Isolation System (Promega, Madison, WI,
USA), and the purity of the obtained RNA was confirmed
spectrophotometrically by recording the optical density at
260/280 nm. Equal amounts of extracted RNAwere then re-
verse transcribed into cDNAs using an RT-PCR kit (#K1621,
Fermentas, Waltham, MA, USA) according to the manufac-
turer’s instructions. Quantitative RT-PCR was performed to
assess the expression of the EPO and EPOR mRNAs using
SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s instruc-
tions. Briefly, 1 μg of total RNAwas mixed with 50 μM oligo
(dT) 20, 50 ng/μL random primers, and 10mMdNTPmix in a
total volume of 10 μL. The primer sequences used in the

present study are listed in Table 1. The thermal cycler protocol
consisted of an initial enzyme activation step at 95 °C for
10 min, followed by 45 cycles of 15 s of denaturation at
95 °C and 1 min of annealing/extension at 60 °C. The relative
expression of the target gene was calculated using the 2−ΔΔCT

formula [27]. All values were normalized toβ-actin levels and
presented as fold changes.

Western Blot Analysis

Hippocampal levels of the p-JAK2, p-STAT5, p-ERK1/2, and
Bax and Bcl2 proteins were analyzed using the Western blot
methodology. After proteins were extracted from hippocam-
pal tissues, equal amounts of proteins were loaded onto 8%
sodium dodecyl sulfate-polyacrylamide gels and separated by
electrophoresis according to their molecular weights.
Following electrophoresis, proteins were transferred to nitro-
cellulose membranes (Amersham Bioscience, Piscataway, NJ,
USA) using a semidry transfer apparatus (Bio-Rad, Hercules,
CA, USA). Membranes were blocked with 5% (w/v) skim
milk in Tris-buffered saline containing 0.05% Tween 20
(TBST) at 4 °C overnight. Afterwards, membranes were in-
cubated with a 1:1000 dilution of antibodies against rat p-
Tyr1007/1008-JAK2, p-Tyr694-STAT5, p-Thr202/Tyr204-
ERK1/2, and Bax and Bcl2 (Thermo Fisher Scientific, Inc.,
Rockford, IL, USA) for 1 h at room temperature with constant
shaking. Next, membranes were probed with horseradish
peroxidase-conjugated goat anti-mouse immunoglobulins
(1:2000; Fluka, St. Louis, MO, USA). Finally, the band inten-
sity was analyzed using a ChemiDoc™ imaging system with
Image Lab™ software version 5.1 (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The results are presented in arbi-
trary units after normalization to levels of the β-actin protein.

Histopathological Examination

Brains were carefully removed from three rats, rinsedwith ice-
cold saline, and immediately fixed with 10% formalin for
24 h. Samples were dehydrated by incubations in serial dilu-
tions of alcohol, cleared with xylene and embedded in paraffin
at 56 °C in a hot air oven for 24 h. Coronal brain sections were
processed for paraffin embedding and 4-μm sections were

Table 1 The primer sequences used for real-time polymerase chain
reaction (RT-PCR)

Gene Primer sequence

EPO Forward primer 5′-ACTCCGAACACTCACAGTGGATAC-3′
Reverse primer 5′-GATTCTGAGGCTCTTCTTCTCTGG-3′

EPOR Forward primer 5′-TCTCATTCTCGTCCTCATCTCA-3′
Reverse primer 5′-GACCCTCAAACTCATTCTCTGG-3′

β-Actin Forward primer 5′-TGCTGGTGCTGAGTATGTCG-3′
Reverse primer 5′-TTGAGAGCAATGCCAGCC-3′
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prepared. Sections were then stained with hematoxylin and
eosin (H&E) and examined under a light microscope
(Olympus CX21, Tokyo, Japan) [28]. A scoring system rang-
ing from 0 to 3 points was used to evaluate the degree of
severity of the observed histopathological changes, where
0 = no changes, 1 = mild changes (< 30%), 2 = moderate
changes (30–50%), and 3 = severe changes (> 50%) [29].

Statistical Analysis

The data are presented as means ± S.D. Data were analyzed
using one-way ANOVA followed by the Tukey–Kramer mul-
tiple comparison test, except for the histopathological scores,
which were analyzed using Kruskal–Wallis ANOVA followed
by Dunn’s multiple comparison test. GraphPad Prism soft-
ware (version 6; GraphPad Software, Inc., San Diego, CA,
USA) was used to perform the statistical analysis and create
the graphs. The level of significance was set to p < 0.05 for all
statistical tests. Data points were considered outliers only if
they failed the Dixon test [30] or if they were greater than four
standard deviations from the mean. Finally, Mead’s “Resource
Equation”was used to ensure that sample sizes were sufficient
to establish a statistically significant difference [31].

Results

Behavioral Changes

Based on the data shown in Fig. 2, OVX increased the immo-
bility time in the FST approximately fourfold compared with
the sham-operated group. Treatment with venlafaxine imme-
diately after OVX (Acute Tx) normalized the immobility time,
while delayed treatment with venlafaxine 2 weeks after the
operation (Delayed Tx) and acute treatment in the presence
of anti-EPO antibodies (Acute Tx + anti-EPOAb) reduced the
immobility time by only 26% and 40%, respectively, com-
pared with the OVX rats. On the other hand, delayed treatment
with venlafaxine in the presence of anti-EPO antibodies
(Delayed Tx + anti-EPO Ab) failed to modify any of the
measured behavioral parameters. Moreover, the length of time
between the introduction of the rat into the open-field appara-
tus until it left the center (latency time) and the ambulation
frequency were not affected by OVX or any of the treatments.

Serum Levels of Estradiol and Erythropoietin-Related
Parameters

The findings presented in Fig. 3 are quite revealing in several
ways. First, OVX markedly reduced serum estradiol levels to
approximately 22% and increased hippocampal EPOR
mRNA expression to approximately 133% of the values in
the sham-operated rats. Second, both acute and delayed

treatments in the presence and in the absence of anti-EPO
Ab ameliorated the OVX-induced reduction in serum estradiol
levels. Third, both regimens administered in the absence of
anti-EPO Ab increased EPO mRNA expression to approxi-
mately 140% of the level in the OVX group. In the presence of
anti-EPO Ab, the effect of the venlafaxine treatment on EPO
mRNA levels was significantly reduced to those of both
sham-operated and OVX rats. Fourth, only the acute treatment
in the absence of anti-EPO Ab managed to increase the ex-
pression of EPOR compared to OVX rats.

The Janus Kinase 2 Pathway Biomarkers

As shown in Fig. 4, substantial increases in the levels of the p-
JAK2 and p-STAT5 proteins were observed in the hippocam-
pus of OVX rats to approximately 130% of the levels in the
sham-operated group, but p-ERK1/2 levels were not signifi-
cantly different between groups. Acute venlafaxine treatment
in the absence of anti-EPO Ab increased the levels of these
three proteins by approximately 1.5-fold compared with the
OVX rats. The delayed administration of venlafaxine in-
creased p-ERK1/2 levels to the same level observed following
the acute treatment; however, p-JAK2 levels were increased to
a lesser extent. The administration of the anti-EPO Ab
abolished most of the venlafaxine-induced changes in the
aforementioned JAK2 pathway-related biomarkers.

Apoptotic and Inflammatory Biomarkers

Surgical removal of ovaries markedly increased hippocampal
caspase-3 and TNF-α levels by approximately 845% and
385%, respectively, and decreased BDNF levels to approxi-
mately one quarter of the levels in the sham-operated group.
Surprisingly, OVX increased Bax expression and the Bax/
Bcl2 ratio by approximately 11- and 58-fold, respectively,
compared to the sham-operated group. The operation also
reduced the Bcl2 expression to one-fifth the level of the
sham-operated group. Both acute and delayed venlafaxine
treatments reversed the increases in caspase-3, TNF-α, and
Bax levels and the Bax/Bcl2 ratio more efficiently in the ab-
sence of anti-EPO Ab. Additionally, the acute venlafaxine
treatment tripled both the BDNF level and Bcl2 expression,
while the delayed venlafaxine treatment increased BDNF and
Bcl2 levels by approximately 3.5- and 2-fold, respectively,
compared with the OVX rats. The differences between acute
and delayed venlafaxine treatments in the presence and in the
absence of anti-EPO Ab are highlighted in Fig. 5.

Histopathological Findings

Sections from sham-operated rats revealed no histopathologi-
cal alterations and normal histological structures of neurons in
the cerebral cortex (Fig. 6(A)), subiculum of the hippocampus
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(Fig. 6(B)), and fascia dentate and hilus of the hippocampus
(Fig. 6(C)). On the other hand, OVX rats showed nuclear
pyknosis and degeneration of the neurons in the cerebral cor-
tex (Fig. 6(D)) and the fascia dentate and hilus of the hippo-
campus (Fig. 6(F)). Additionally, intracellular edema was ob-
served in the neurons of the hippocampal subiculum (Fig.
6(E)). Acute treatment with venlafaxine in the absence of
anti-EPO Ab ameliorated the neurological damage induced
by OVX, as evidenced by the normal histopathological archi-
tecture of the cerebral cortical neurons and neurons of the
subiculum and fascia dentate of the hippocampus, as shown
in Fig. 6(G, H, I). In contrast, delayed treatment with
venlafaxine in the absence of anti-EPO Ab failed to correct
the damage induced by OVX, as focal gliosis was observed in
the cerebral cortex (Fig. 6(J)). Moreover, the neurons of the

fascia dentate of the hippocampus showed nuclear pyknosis
and intracellular edema (Fig. 6(L)), while the neurons of the
hippocampal subiculum were fairly well preserved (Fig.
6(K)). The administration of anti-EPO Ab ablated most of
the beneficial effects of the acute treatment with venlafaxine,
as evidenced by nuclear pyknosis and degeneration of neurons
in the cerebral cortex (Fig. 6(M)), subiculum of the hippocam-
pus (Fig. 6(N)), and fascia dentate and hilus of hippocampus
(Fig. 6(O)). On the other hand, co-administration of the de-
layed venlafaxine treatment with anti-EPO Ab showed a nor-
mal histological appearance of the cerebral cortex (Fig. 6(P)),
with nuclear pyknosis and degeneration observed in the
subiculum of hippocampus (Fig. 6(Q)) and vacuolar degener-
ation in the fascia dentate (Fig. 6R). These results are also
presented in Table 2.

Fig. 2 Effects of the acute and delayed venlafaxine treatments on open-
field latency (A) (F(5,66) = 2.337, p = 0.0514), ambulation frequency (B)
(F(5,66) = 1.799, p = 0.1251), and immobility time in the forced
swimming test (C) (F(5,66) = 38.32, p < 0.0001) in ovariectomized
(OVX) rats. Each bar with a vertical line represents the mean of
experiments ± S.D. (n = 15). (a) Compared with the sham-operated

group, (b) compared with OVX rats, (c) compared with the acute
venlafaxine-treated group, and (d) compared with the acute venlafaxine
treatment in combination with anti-erythropoietin (anti-EPO) antibodies
(statistical analyses were performed using ANOVA followed by Tukey’s
post hoc test, and the criterion for statistical significance was set to
p < 0.05)

Fig. 3 Effects of acute and delayed venlafaxine treatments on serum
estradiol levels (A) (F(5,42) = 62.3, p < 0.0001) and EPO (B)
(F(5,36) = 10.96, p < 0.0001) and EPOR mRNA expression (C)
(F(5,36) = 9.008, p < 0.0001). Each bar with a vertical line represents
the mean of experiments ± S.D. (n = 6). (a) Compared with the sham-

operated group, (b) comparedwith OVX rats, (c) comparedwith the acute
venlafaxine-treated group, and (d) compared with the acute venlafaxine
treatment in the presence of anti-EPO antibodies (statistical analyses were
performed using ANOVA followed by Tukey’s post hoc test; the criterion
for statistical significance was set to p < 0.05)
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Discussion

In an examination of the first set of questions posed by this
study, venlafaxine exerted antidepressant-like effects on OVX
rats, which were characterized by decreased immobility time
in the FST. These effects were accompanied by upregulation
of EPO and EPOR mRNA expression; increased levels of the
p-JAK2, p-STAT5, p-ERK1/2, and Bcl2 proteins; downregu-
lation of Bax expression; reduced caspase-3 activity and
TNF-α levels; and increased BDNF levels in the hippocampus
of OVX rats. Our experimental evidence supports the hypoth-
esis that venlafaxine increases the serum estradiol level.
Regarding the second research question, the antidepressant
effect of venlafaxine depended on the time interval after
OVX. Venlafaxine exhibited superior efficacy in mitigating
depressive-like behaviors associated with OVX in the acute
setting (24 h post-OVX) compared with the delayed setting

(2 weeks post-OVX). Notably, researchers have postulated
that a chronic hypo-estrogenic state may reduce the response
to SSRIs [32, 33]. Consistent with these discoveries, previous
studies reported a poorer response of postmenopausal women
to antidepressant treatments than premenopausal women [34,
35]. The findings from this investigation were contrary to the
results reported by Benmansour et al. [36] who showed that
the antidepressant-like effects of SSRIs were not affected by
the length of hormone depletion. The inconsistency in these
conclusions may be due to the difference in the initiation time
of SSRI treatment in relation to OVX onset. Benmansour et al.
(36) studied the impact of length of hormone depletion by
measuring the effects of SSRIs at 2 weeks, 4 months, or
8 months post-OVX.

Based on accumulating evidence, EPO/EPOR and their
downstream signaling pathways are potential targets in the
treatment of depression [12]. Interestingly, the data from the

Fig. 4 Levels of the JAK2 pathway-related parameters p-(Tyr1007/
1008)-JAK2 (A) (F(5,36) = 43.63, p < 0.0001), p-(Tyr694)-STAT5 (B)
(F(5,34) = 25.9, p < 0.0001), and p-(Thr202/Tyr204)-ERK1/2 (C)
(F(5,36) = 75.25, p < 0.0001). Each bar with a vertical line represents
the mean of experiments ± S.D. (n = 6). (a) Compared with the sham-

operated group, (b) comparedwith OVX rats, (c) comparedwith the acute
venlafaxine-treated group, and (d) compared with the acute venlafaxine
treatment in the presence of anti-EPO antibodies (statistical analyses were
performed using ANOVA followed by Tukey’s post hoc test, and the
criterion for statistical significance was set to p < 0.05)
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present study show that OVX increased EPORmRNA expres-
sion. In parallel, EPOR expression is induced by brain injury
[37]. The most notable finding to emerge from the present
study is that venlafaxine upregulated EPO expression and po-
tentiated the induction of EPOR mRNA expression levels in
the hippocampus of OVX rats, implying that this antidepres-
sant effect is possibly mediated by signaling pathways involv-
ing EPO. This finding broadly supports the findings from
other studies in this field, as Choi and Son [14] showed that

fluoxetine, a SSRI, increased EPO expression in the hippo-
campus of depressed mice.

EPO/EPOR induces JAK2 phosphorylation, which in turn
activates multiple downstream signaling pathways, including
STAT5 and ERK1/2 [9, 38]. The substrates of JAK2 phos-
phorylate STAT5 and ERK1/2, which exert neuroprotective
effects by upregulating anti-apoptotic genes and downregula-
tion of apoptotic genes [39, 40]. Here, the venlafaxine treat-
ment increased p-JAK2, p-STAT-5, and p-ERK1/2 levels in

Fig. 5 Levels of apoptotic and inflammatory biomarkers after acute and
delayed venlafaxine treatments: caspase-3 activity (A) (F(5,42) = 43.65,
p < 0.0001), TNF-α (B) (F(5,42) = 78.36, p < 0.0001), BDNF (C)
(F(5,42) = 53.36, p < 0.0001), Bax (D) (F(5,36) = 65.3, p < 0.0001),
Bcl2 (E) (F(5,36) = 62.54, p < 0.0001) levels, and Bax/Bcl2 ratio (F)
(F(5,34) = 56.58, p < 0.0001). Each bar with a vertical line represents

the mean of experiments ± S.D. (n = 6). (a) Compared with the sham-
operated group, (b) compared with the OVX rats, (c) compared with the
acute venlafaxine-treated group, and (d) compared with the acute
venlafaxine treatment combined with anti-EPO antibodies (statistical
analyses were performed using ANOVA followed by Tukey’s post hoc
test, and the criterion for statistical significance was set to p < 0.05)
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the hippocampus of OVX rats. A note of caution is due here
because, although the OVX rats exhibited a marked increase
in the hippocampal levels of p-JAK2 and p-STAT5, the mag-
nitude of the increase was weaker than observed in
venlafaxine-treated OVX rats. Therefore, the activation of
JAK2 and STAT5 in OVX rats is likely associated with the
self-defense response protecting against hippocampal injury.

Apoptosis and the molecular mechanisms underlying cell
death and survival have been suggested as major mechanisms
contributing to depression [41]. Postmortem studies revealed
increased apoptosis in the hippocampus and cortex of patients
with depression [42]. The Bcl2 family has been postulated as
one of the critical mechanisms determining apoptosis. Bcl2
and Bax are both Bcl2 family members; the former belongs

Fig. 6 Representative
photomicrographs of the normal
cerebral cortex in the sham-
operated group (A) and acute
venlafaxine-treated group (G).
Sections of the cerebral cortex
from ovariectomized rats (D) and
delayed Tx (J) groups showed
nuclear pyknosis and
degeneration. The hippocampal
subiculum exhibited a normal
morphology in the sham group
(B), acute (H), and delayed (K)
treated groups, while intracellular
edema was only observed in the
ovariectomized group (E). The
morphology of the fascia dentate
and hilus of the hippocampus was
normal in the sham-operated (C)
and acute Tx (I) groups. However,
nuclear pyknosis and neuronal
degeneration were observed in
both ovariectomized rats (F) and
the delayed Tx (L) group (H&E ×
80)

Table 2 Histopathological scoring of nuclear pyknosis and degeneration in different brain regions

Group SHAM OVX Acute
Tx

Delayed
Tx

Acute Tx + anti-
EPO Ab

Delayed Tx + anti-
EPO Ab

Brain region

Nuclear pyknosis and
degeneration in

Cerebral cortex 0 3 ± 1a 0 ± 1b 2 ± 1 2 ± 1ac 1 ± 1b

Hippocampal subiculum 0 3 ± 0a 0 ± 2b 1 ± 2b 2 ± 1ac 2 ± 1ac

Fascia dentate and hilus of
hippocampus

0 3 ± 1a 0 ± 1b 2 ± 2 2 ± 1ac 2 ± 1ac

Results are presented as the medians and ranges of three rats per group. a Compared with the sham-operated group, b compared with OVX rats, and
c compared with the acute venlafaxine-treated group (statistical analyses were performed using Kruskal–Wallis ANOVA followed by Dunn’s post hoc
test, and the criterion for statistical significance was set to p < 0.05)
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to the pro-survival family and the latter belongs to the pro-
apoptotic family [43]. The ratio of Bax/Bcl2 is a critical indi-
cator of apoptosis [44]. Bcl2 blocks and Bax induces the re-
lease of apoptogenic factors, which in turn stimulate initiator
caspases, leading to the activation of the executioner caspase-
3 [45]. The activation of the caspase-3 protease leads to the
formation of cleaved caspase-3, which constitutes a vital step
in the apoptotic process by inducing DNA degradation or
fragmentation [46]. In the present study, treatment with
venlafaxine significantly upregulated Bcl2 expression, down-
regulated Bax expression, and decreased the caspase-3 level in
the hippocampus of OVX rats. Moreover, the observed de-
crease in Bax/Bcl2 ratio in the current study further verified
the anti-apoptotic actions of venlafaxine. These data are con-
sistent with a previous report showing that venlafaxine in-
hibits apoptosis in hippocampal neurons by regulating the
expression of apoptotic genes in a rat depression model [47].

Additionally, EPOwas reported to induce the expression of
neurotrophic factors such as BDNF [11, 48]. BDNF plays
crucial roles not only in synaptic plasticity, neuronal survival,
and proliferation but also in neuronal death [49]. BDNF has
been suggested to be involved in the pathogenesis of depres-
sion [50]. BDNF levels are markedly reduced in the hippo-
campi of patients with depression [51]. Lower BDNF levels
are associated with Bax-induced apoptosis [52]. Furthermore,
an infusion of BDNF into the hippocampus produced antide-
pressant effects on rats [53]. Consistent with these findings,
the BDNF level was restored in the hippocampus of OVX rats
after venlafaxine administration in the present study. A com-
parison of this result with the data presented by Huang et al. is
encouraging [54]; the authors reported that the inhibitory ef-
fect of venlafaxine on hippocampal apoptosis was mediated
by the upregulation of BDNF in a rat depression model.

Furthermore, blockade of the EPO receptor mitigated most
of the beneficial effects of the venlafaxine treatment, as both
the acute and delayed treatments in the presence of anti-EPO
Ab showed weaker effects than acute or delayed treatments
alone on immobility time; caspase-3, TNF-α, Bcl2, and Bax
levels; the Bax/Bcl2 ratio; and the histopathological findings,
suggesting that the EPO pathway might be a cornerstone in
the antidepressant effects of venlafaxine.

According to these data, we speculated that venlafaxine
protects hippocampal neurons in OVX rats from apoptosis
by activating EPO/EPOR/JAK2 signaling and downstream
anti-apoptotic pathways. The neuroprotective effects of
venlafaxine observed in the present study were also confirmed
by the marked mitigation of the histological changes observed
in the cortex and hippocampus of OVX rats.

Extensive data support the role of inflammation in
depression [55, 56]. Patients with depression exhibit all
of the cardinal features of an inflammatory response,

including increased levels of pro-inflammatory cytokines
such as TNF-α [57]. In the present study, venlafaxine
alleviated the increase in hippocampal TNF-α levels in
OVX rats, signifying its anti-inflammatory effects, which
may contribute to its neuroprotective activity. These data
are consistent with previous reports showing the anti-
inflammatory effects of SSRIs and venlafaxine on rat
depression models [20, 58].

Finally, SSRIs have the potential to interfere with es-
trogen signaling [59, 60]. As shown in the present study,
the venlafaxine treatment increased serum estradiol levels
in OVX rats. Similarly, a study by Zhou et al. [17] sug-
gested that paroxetine increases the serum estrogen level
in postmenopausal women. Furthermore, SSRIs were re-
ported to increase estradiol secretion in vitro, probably
by modifying the activities of enzymes involved in ste-
roid synthesis and metabolism [60, 61]. In contrast to our
findings, Taylor et al. [58] reported that fluoxetine de-
creases circulating estrogen levels in OVX females treat-
ed with exogenous estrogen. In addition, Rahavi et al.
[62] has speculated that the SSRI-induced decrease in
estrogen levels may be due to the inhibition of luteiniz-
ing hormone. To date, the mechanisms by which SSRIs
modulate estrogen levels remain unclear.

In conclusion, our data will pave the way for studies
aiming to obtain a better understanding of the mechanisms
underlying the neuroprotective effects of venlafaxine on
OVX rats. These effects are at least partially attributed to
the activation of EPO/EPOR/JAK2 signaling pathways;
anti-apoptotic, anti-inflammatory, and neurotrophic activi-
ties; and increased serum estradiol levels. This is the first
report showing that venlafaxine exhibits superior efficacy
in inducing antidepressant-like effects following acute
treatment compared to after delayed treatment. Moreover,
these findings lay the groundwork for future research fo-
cused on treating postmenopausal and perimenopausal
depression.
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