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Abstract

Pregnancy presents a critical period during which the use of antidepressants requires cautious evaluation, especially due
to the high incidence of depression in women of reproductive age. Vortioxetine hydrobromide (VOX), a newer multimodal
antidepressant, is increasingly favored for its improved efficacy and tolerability. However, its safety profile during gestation
and its potential long-term impact on fetal brain development remain insufficiently explored. This study aimed to assess the
reproductive and developmental neurotoxicity of VOX administered at clinically relevant doses during pregnancy using a
Wistar rat model. Pregnant dams received daily oral doses of either 1 mg/kg or 2 mg/kg of VOX from gestation day (GD)
6 to 21. On GD 21, the dams were euthanized, and fetuses along with placental tissues were collected for further analysis.
Fetal brains underwent morphological, neurochemical, and histopathological evaluations. Exposure to VOX at the higher
dose led to significant maternal and fetal toxicity, marked by reduced maternal weight gain, smaller litter sizes, and decreased
fetal and placental weights. Notably, adverse neurodevelopmental outcomes were observed, including reduced fetal brain
dimensions, cortical and hippocampal thinning, altered levels of brain-derived neurotrophic factor (BDNF), disrupted mono-
aminergic neurotransmitter levels (serotonin, dopamine, and norepinephrine), elevated apoptotic markers (Bax/Bcl-2 ratio),
and increased acetylcholinesterase activity. These findings suggest that prenatal VOX exposure disrupts essential neurode-
velopmental pathways, particularly those involving BDNF and monoaminergic signaling, potentially leading to persistent
alterations in brain development. This is the first study to systematically demonstrate the developmental neurotoxicity of
VOX, emphasizing the urgent need for further investigation into its safety during pregnancy.
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Introduction

Depression is a common complication during pregnancy,
affecting approximately 10-20% of expectant mothers
worldwide (Gavin et al. 2005; Kessler et al. 2009). Left
untreated, maternal depression has been associated with
adverse outcomes, including preterm birth, low birth
weight, and long-term neurodevelopmental challenges in
offspring (Chung et al. 2001; Jahan et al. 2021; Quifiones
et al. 2023). Consequently, antidepressant (AD) therapy
is often considered essential to safeguard maternal well-
being and optimize neonatal health. However, several
classes of ADs, notably selective serotonin reuptake
inhibitors (SSRIs) and serotonin—norepinephrine reup-
take inhibitors (SNRIs), are known to cross the placental
barrier and interfere with fetal neurodevelopment, raising
concerns regarding their long-term safety (Rampono et al.
2004; Dubovicky et al. 2017).

The intrauterine environment constitutes a critical
determinant of fetal brain development. Throughout ges-
tation, the central nervous system undergoes intricate
and highly regulated processes, including neurogenesis,
synaptogenesis, and cortical circuit formation (Stiles and
Jernigan 2010). These developmental windows are par-
ticularly vulnerable to external perturbations, including
pharmacological exposures, which can lead to subtle or
overt neurodevelopmental deficits with enduring conse-
quences for cognition and behavior.

Among the key modulators of fetal brain development
is serotonin (5-hydroxytryptamine, 5-HT), a neurotrans-
mitter essential for neuronal proliferation, migration, dif-
ferentiation, and synapse formation (Gaspar et al. 2003;
Bonnin et al. 2011). ADs that influence serotonergic
transmission, particularly SSRIs and related agents, can
readily cross the placenta and disrupt fetal serotonergic
homeostasis (Oberlander et al. 2008). A growing body of
literature indicates that pharmacological interference with
5-HT reuptake during critical stages of prenatal develop-
ment may increase vulnerability to a spectrum of adverse
reproductive outcomes. These include heightened risks
of spontaneous abortion, intrauterine growth restriction
(IUGR), congenital anomalies—both minor and major—as
well as stillbirth (Grote et al. 2010; Oyebode et al. 2012).
Further, several studies have reported significant associa-
tions between prenatal SSRI exposure and earlier gesta-
tional age at delivery, lower neonatal birth weight, and
an increase in placental mass compared to unmedicated
pregnant populations (Simon et al. 2002; Rotem-Kohavi
and Oberlander 2017; Frayne et al. 2018). Notably, fluox-
etine—one of the most commonly prescribed SSRIs—
has been shown to suppress maternal appetite and limit
gestational weight gain, which in turn may adversely
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impact fetal growth (Chambers et al. 1996; Yonkers et al.
2012; Olivier et al. 2013). Despite these clinical findings,
the molecular mechanisms contributing to such growth
impairments remain poorly characterized.

Recent prospective studies, encompassing both human
cohorts and animal models, have extended these concerns to
long-term neurodevelopmental outcomes. SSRIs and SNRIs
administered during pregnancy have been linked to altera-
tions in brain structure and delayed developmental trajec-
tories in exposed offspring (El Marroun et al. 2012; Bérard
et al. 2017; Chen et al. 2021; Sanchez et al. 2021; Singh
et al. 2023; Koc et al. 2023). Previous research on venla-
faxine has substantiated these risks through investigations
into its developmental toxicity, which led to pronounced
cytoarchitectural disorganization in the fetal brain, height-
ened apoptotic activity, and altered expression of cell death
regulators Bcl-2-associated protein X (Bax) and B-cell lym-
phoma 2 protein (Bcl-2) in neocortical regions including the
striatum and hippocampus (Singh et al. 2015, 2022). These
findings align with earlier rodent studies, which also dem-
onstrated that perinatal AD exposure disrupts normal brain
development and elicits neurotoxic responses (Cabrera-Vera
et al. 1997; Sahoo et al. 2010; Smit-Rigter et al. 2012; Svir-
sky et al. 2016). Furthermore, exposure to fluoxetine during
gestation has been shown to induce notable neurochemical
disturbances in the developing rat brain (Chen et al. 2021;
Bhat et al. 2023).

In response to these concerns, research has increas-
ingly focused on identifying alternative newer serotonergic
ADs, especially those with multimodal mechanisms with
improved safety profiles for use in pregnancy. Vortioxetine
hydrobromide (VOX), a novel AD categorized as a serotonin
modulator and stimulator (SMS), exerts its effects through
5-HT transporter inhibition combined with modulation of
multiple 5-HT receptor subtypes (5-HT1A agonism, 5-HT3
antagonism, among others) (Baldwin et al. 2016). While
VOX offers improved tolerability and cognitive benefits
compared to traditional SSRIs, data regarding its safety
during pregnancy remain sparse. Recent pharmacovigilance
and case reports suggest that VOX exposure during human
pregnancy may not substantially elevate risks for major con-
genital malformations (Shweiki and Diav-Citrin 2021), no
adverse developmental effects observed in infants, however,
it contributes to the onset of severe neonatal asphyxia (Kir-
ibayashi et al. 2024). A recent preclinical study showed that
prenatal and lactational exposure to VOX at higher dose
(20 mg/kg) induced anxiety-like symptoms in their offspring
(Ergun et al. 2024). This showed the paucity of controlled
experimental studies, particularly regarding embryo-fetal
development and pregnancy outcomes, highlights a critical
knowledge gap.

Building upon our previous findings that prena-
tal VOX exposure induces increased anxiety-like and
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depressive-like behavior, neurodevelopmental delay, mild
structural brain abnormalities, and biochemical and neu-
rochemical alterations in young adult offspring (Agrawal
et al. 2023; Singh et al. 2024, 2025), we hypothesized that
gestational VOX exposure could lead to developmental
neurotoxicity via disruptions in monoaminergic, neuro-
trophic, and apoptotic pathways in fetal brain. Notably, our
earlier results demonstrated significant reductions in adult
brain length without affecting brain weight, accompanied
by altered thigmotactic behavior during cognitive test-
ing—pointing toward subtle, but potentially consequential
neurodevelopmental impairments. Despite a rising interest
in the neurodevelopmental consequences of prenatal AD
exposure, no prior studies have systematically evaluated
the impact of VOX on a comprehensive panel of repro-
ductive, fetal growth, and pregnancy outcomes, includ-
ing neurohistopathological, neurochemical, and apoptotic
molecular markers, in a preclinical model.

Given these considerations, the present study system-
atically evaluated the effects of prenatal VOX exposure on
maternal metabolic parameters, pregnancy outcomes, fetal
growth indices, brain morphometry, and neurohistologi-
cal changes. Furthermore, neurochemical markers [5-HT,
dopamine (DA), norepinephrine (NE)], acetylcholinesterase
(AChE) activity, brain-derived neurotrophic factor (BDNF),
and apoptotic regulatory gene expression (Bax and Bcl-2)
were assessed to delineate underlying mechanistic pathways.
Particular emphasis was placed on identifying disruptions in
the BDNF/Bax—Bcl-2/5-HT axis, a signaling pathway criti-
cal for neuronal survival and differentiation. Through this
comprehensive experimental framework, the study aims to
contribute essential insights into the developmental neuro-
toxicity profile of VOX when administered during gestation.

Materials and methods
Animals and housing conditions

This study was conducted using adult, nulliparous Wistar
rats (180 10 g) bred in-house at the Animal Facility of the
University of Allahabad. Animals were maintained under
controlled laboratory conditions with a 12-h light/dark cycle,
ambient temperature of 24 +2 °C, and relative humidity of
approximately 60%. Standard rodent pellet feed and filtered
tap water were supplied ad libitum. Rats were housed in
polypropylene cages lined with autoclaved rice husk bed-
ding and acclimatized for 7 days prior to the experiment. All
procedures were performed in accordance with institutional
ethical guidelines and approved by the Institutional Animal
Ethics Committee (IAEC/AU/2019(1)/05), following CPC-
SEA norms.

Mating and pregnancy confirmation

Female rats in the proestrus phase were housed overnight
with sexually mature males at a 2:1 ratio. The presence of
spermatozoa in the vaginal smear the following morning
was considered indicative of successful mating and desig-
nated as gestation day (GD) 0. Sperm positive female rats
were randomly assigned to control or treatment groups and
housed individually to prevent stress-related interference in
gestation.

Drug and dose selection

VOX, a clinically prescribed multimodal AD, was obtained
from Lundbeck India Private Limited, Bengaluru, India
(trade name Trintellix). Doses were selected based on human
therapeutic ranges (5-20 mg/day) which were converted to
equivalent rat doses using established conversion meth-
ods based on body surface area (mg/m?) and body weight
(mg/kg) (Jang-Woo Shin et al. 2010; Nair and Jacob 2016).
Accordingly, two dose groups were established: 1 mg/kg/day
and 2 mg/kg/day. The drug was freshly dissolved in distilled
water and administered orally via gavage.

Experimental design

Pregnant dams (n =6 per group) were divided into three
groups: control (vehicle treated), VOX 1 mg/kg, and VOX
2 mg/kg. From GD 6 to GD 21, animals received daily oral
administration of their assigned treatment at a consistent
time (9:00-9:30 AM). All doses were adjusted according to
maternal body weight recorded on alternate days. On GD 21,
all dams were anesthetized with intraperitoneal injection of
sodium pentobarbital (30 mg/kg) following the guidelines
of the Rat Anesthesia—Analgesia Formulary, 2021. Uterine
horns were exposed via uterectomy, and fetuses with pla-
centas were collected for subsequent evaluation. A subset of
fetuses from each group was fixed in 10% neutral buffered
formaldehyde for histological examination. Additionally,
three fetuses per dam were dissected following intracardiac
perfusion; their brains were collected, rinsed with saline,
and stored at — 20 °C for subsequent neurochemical and
biochemical analyses (Fig. 1).

Maternal monitoring

Maternal body weight and food consumption were moni-
tored daily for both control and VOX-treated dams through-
out the gestation period (GD 1-21). Data were consistently
recorded between 9:00 and 9:30 AM and reported as a 3-day
average. Additionally, spontaneous locomotor activity of
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Fig. 1 Schematic diagram illustrating the experimental design

pregnant rats was assessed on GD 15 using an open field
apparatus and a digital photoactometer to detect potential
drug-induced changes in motor behavior or sedation.

Evaluation of pregnancy and fetal outcomes

Postmortem analysis on GD 21 included examination of
uterine horns for the number of implantations, litter size,
resorptions, and live and dead fetuses. Uterine horn weight,
placental size and weight, and fetal size and weight were
also measured for all groups. Fetuses were examined exter-
nally to rule out gross morphological anomalies. One fetus
per litter was randomly selected for detailed brain analysis
to minimize litter effect bias.

Brain collection and morphometry

Brains were carefully dissected from randomly selected
fetuses (n =6 brains per group) after removal of olfactory
bulbs and brainstem to ensure standardization. Brains were
weighed immediately using a digital electronic balance (least
count 0.001 g) and their length measured using a millimeter-
scale graph paper. Specimens were then fixed in 10% neutral
buffered formaldehyde for histological analysis or frozen at
— 20 °C for biochemical and neurochemical assays.

Histological analysis of the brain

Fixed fetal brains (n =6 per group) were dehydrated in
ascending alcohol series, cleared in xylene, and embedded
in paraffin. Coronal sections (8 pm) were cut using a rotary
microtome and mounted on poly-L-lysine—coated glass
slides. Sections were stained with hematoxylin and eosin
(H&E) following the protocol of Suvarna et al. and exam-
ined under a bright-field microscope (Suvarna et al. 2019).
The “Atlas of prenatal rat brain development” (Altman
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et al. 1995) was used to identify specific brain regions, i.e.,
the prefrontal cortex (PFC) and the hippocampus in coro-
nal sections from both control and drug-exposed groups
and analyzed with a light microscope. The photomicro-
graphs were captured with an attached digital camera and
cortical as well as hippocampal layer thicknesses (total
and subregions) were measured using ImageJ software.
Neocortical zones, including the cortical plate, interme-
diate zone, and subventricular zone, and the hippocampal
region, including the pyramidal cell layer (PCL) of the
cornu ammonis (CA) 1 and CA3 region and the granular
cell layer (GCL) of the dentate gyrus (DG) region, were
analyzed across five representative sections for each brain
per dam (n =30 sections per group).

Neurochemical and biochemical analysis
of the brain

Monoamines estimation

Whole brains were homogenized in ice-cold phosphate
buffer (0.1 M, pH 7.4), and supernatants were collected
after centrifugation. Monoamine levels—5-HT, DA, and
NE were estimated using fluorometric methods described
by Schlumpf et al., with results normalized to protein con-
tent (Schlumpf et al. 1974).

Acetylcholinesterase activity

AChE activity was measured according to Ellman’s colori-
metric method (Ellman et al. 1961) using acetylthiocholine
iodide (ATI) as a substrate and expressed as umol/min/mg
protein. The total protein of each sample was estimated by
using Bradford’s method (Bradford 1976).
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Gene expression analysis

Total RNA was extracted from frozen fetal brains (n=6
per group) using TRIzol reagent (Sigma-Aldrich, India).
Purity and concentration were determined spectrophoto-
metrically. cDNA synthesis was performed using a reverse
transcription kit (ThermoFisher Scientific, India) follow-
ing the manufacturer’s instructions, and gene expression
levels of BDNF, Bax, and Bcl-2 were quantified by SYBR
Green-based real-time polymerase chain reaction (RT-
PCR) using gene-specific primers (Table 1). For quantita-
tive gene expression, relative mRNA levels of BDNF, Bax,
and Bcl-2 were normalized against glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) as the internal control, and
fold changes were calculated in comparison to the control
group using the 274" method (Wong and Medrano 2005).

Statistical analysis

Statistical comparisons between experimental groups
were performed using one-way ANOVA for evaluating
neurochemical, biochemical parameters and histomor-
phometric measurements. Maternal metabolic data were
analyzed using two-way ANOVA to account for treatment
and day interactions, followed by Tukey’s multiple com-
parisons test for post hoc analysis. All data are expressed
as mean = standard error of the mean (SEM). Statistical
analyses were conducted using GraphPad Prism software
(version 9.5.1; GraphPad Software, San Diego, CA, USA).
A p-value threshold of < 0.05 was considered statistically
significant, with significance levels denoted as *p <0.05,
**p <0.01, and #p < 0.001.

Table 1 Oligonucleotide primers used in SYBR Green RT-PCR

Gene Primer sequence (5°—-3’) Product length
GAPDH F- CAACCCAACCCTCAACAGGGA 179

R- TGAAGGGGTCGTTGATGGCAA
BDNF F- AAATAATGTCTGACCCCAGTG 395

R- CTTCATGCAACCGAAGTATG
Bax F- TGGTTGCCCTTTTCTACTTT 405
R- ACCTGAGGTTTATTGGCAC
F- CTTTGAGTTCGGTGGGGTCA 168
R- GCCCAGACTCATTCAACCAGA

Bcl-2

Results

Effects of VOX exposure on maternal health
and metabolic parameters

Daily food consumption and body weight gain

Two-way ANOVA followed by Tukey’s post hoc test
revealed a statistically significant, dose-dependent decline
in daily food consumption among VOX-treated pregnant
rats between GD 6 and 21 [F (12, 105)=2.23, p<0.05].
This reduction in intake was more pronounced in the 2 mg/
kg treatment group, which exhibited a marked hypophagic
response compared to controls (p <0.01). Correspondingly,
maternal body weight gain was also significantly reduced
across the treatment groups over the same gestational period,
as shown by two-way ANOVA with Tukey’s post hoc test [F
(12, 105)=1.90, p <0.05]. The decline in maternal weight
was most evident during the later phase of pregnancy (GD
16-21), particularly in the high-dose group, whereas mini-
mal change was observed during GD 13-15. No significant
differences in either maternal food intake or weight gain
were observed during the pre-treatment period (GD 1-6)
between control and VOX-exposed groups, indicating that
baseline metabolic parameters were comparable prior to
drug administration (Fig. 2).

Maternal locomotor activity

As illustrated in Fig. 3, maternal locomotor activity exhib-
ited a dose-dependent decline in both the open field and
photoactometer assessments. Analysis of ambulation scores,
reflecting the number of movements across the open field
revealed a significant reduction in treated groups compared
to controls, with one-way ANOVA followed by Tukey’s post
hoc test indicating a dose-related suppression in activity [F
(2,15)=9.47, p<0.01]. A similar trend was observed in the
automated photoactometer test, where total activity counts
were significantly decreased in VOX-exposed pregnant rats
in a dose-dependent manner [F (2, 15)=6.39, p <0.01]. The
decreased maternal locomotor activity was more prominent
in the 2 mg/kg VOX treatment group. These findings suggest
that VOX may exert a mild sedative or neuromotor-suppres-
sive effect in pregnant dams, particularly at the higher dose.

Effect of VOX exposure on pregnancy outcomes

To obtain six confirmed pregnant rats per group, several
sperm-positive females were excluded due to the absence
of gestational progression and were classified as pseudo-
pregnancy. The frequency of pseudopregnancy was higher in
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the VOX-treated groups and appeared to increase in a dose-
dependent manner rising to 25% and 33.33% in the 1 mg/kg
and 2 mg/kg group respectively, compared to 14.29% in the
control group (Table 2).

Analysis of implantation outcomes among the con-
firmed pregnant dams (n =6 per group) revealed a reduc-
tion in total implantation sites in both treatment groups
relative to controls (Table 2). Furthermore, a significant
decrease in litter size was observed with VOX exposure
[F (2, 15)=3.58, p <0.05], with reductions of 10.29% in
the 1 mg/kg group and 16.18% in the 2 mg/kg group. A
corresponding trend was noted in fetal viability, with a
dose-related decline in the number of live fetuses and an
increase in fetal deaths. However, no physical malforma-
tions were seen in fetuses of exposed groups. Uterine horn
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** indicates the level of significance at p <0.01 between the control
and VOX-exposed groups for a one-way ANOVA followed by Tuk-
ey’s multiple comparison test

weight was significantly (p <0.05) reduced only in VOX
2 mg group by 12.27% as compared to control (Fig. 4A).

Additionally, maternal exposure to 1 mg/kg VOX
resulted in modest decreases in placental length (9.30%),
placental weight (11%), and fetal length (5.02%) and
fetal weight (9.92%). These alterations were more pro-
nounced at the 2 mg/kg dose, where placental length and
weight were reduced by 13.95% and 18.12%, respectively
(p <0.05). Fetal length and weight exhibited a marked
decline of 10.04% and 16.48%, respectively (p <0.05).
These findings indicate that prenatal VOX administra-
tion, particularly at higher doses, negatively impacts both
placental morphology and fetal somatic development
(Fig. 4B, C and Table 2).
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Table 2 Effect of VOX exposure on pregnancy outcomes

Groups Control VOX 1 mg VOX 2 mg F values
No. of dams (n) 6 6 6 -
Pseudo-pregnancy (n) (%) 1/7 2/8 3/9 -

14.29% 25% 33.33%
Fertility rate (n) (%) 6/7 6/8 6/9 -

85.71% 75% 66.67%
Total no. of implantations (n) 68 61 57 -
Total no. of dead fetuses (1) (%) 01 01 02 -

(1.47%) (1.64%) (3.51%)
Total no. of live fetuses (n) (%) 67 60 55 -

(98.53%) (98.36%) (96.49%)
Litter size (n) (% reduction) 11.33+0.49 10.17+0.40 (10.29%) 9.50+0.56* (16.18%) F(2,15)=3.58; p<0.05
Uterus weight (g) (% reduction) 68.52+2.01 63.77+1.74 (6.93%) 60.12 £2.55* (12.27%) F(2,15)=3.92; p<0.05
Placenta size (cm) (% reduction) 1.43+0.02 1.30+0.07 (9.30%) 1.23 +£0.04* (13.95%) F(2,15)=4.52; p<0.05
Placenta weight (g) (% reduction) 0.52+0.03 0.46+0.02 (11.00%) 0.43+0.02* (18.12%) F(2,15)=4.19; p<0.05
Fetal body size (cm) (% reduction) 3.98+0.07 3.78+0.09 (5.02%) 3.58+0.10* (10.04%) F(2,15)=5.11; p<0.05
Fetal body weight (g) (% reduction) 5.01+0.12 4.51+0.22 (9.92%) 4.18+0.18* (16.48%) F (2,15)=5.45; p<0.05

The last six rows represent data as mean + SEM value (n = 6 per group). Symbol * indicates significance levels at p < 0.05 between the control
and VOX-exposed groups for one-way ANOVA followed by Tukey’s multiple comparison test. Data in parenthesis of the last seven rows indicate

the percentage reduction/increase compared to the control

Effect of VOX exposure on brain morphometry

The fetal brain size was substantially reduced in drug-
exposed groups in comparison to the control group
(Fig. 4D). One-way ANOVA followed by post hoc Tukey’s
multiple comparison test revealed that fetal brain size sig-
nificantly [F (2, 15)=5.59; p <0.05] reduced in a dose-
dependent manner in VOX-exposed groups compared to
the control group. The post hoc analysis revealed that fetal
brain size was significantly (p < 0.05) reduced only at 2 mg
dose (14.10%), not at 1 mg dose (7.69%) of VOX-exposed
rats as compared to the control rats (Fig. 5A). However, fetal
brain weight was found non-significantly [F (2, 15)=1.40;
p>0.05] decreased in both VOX-exposed groups as com-
pared to the control group after one-way ANOVA with post
hoc test. The percentile reduction in fetal brain weight was
also found to be non-significantly decreased at 1 mg (6.32%)
and 2 mg (9.84%) VOX-exposed groups in comparison to
the control group (Fig. 5B).

Histological evaluation of the brain

Effect of VOX exposure on the cytoarchitectural pattern
and thickness of the prefrontal cortex

Histological evaluation of the PFC in fetal brains prena-
tally exposed to VOX at relevant doses revealed a signifi-
cant reduction in total cortical thickness [F (2, 15)=5.31;
p <0.05], displaying a clear dose-dependent trend across
treatment groups. Cortical thickness was reduced by 1.55%

in the 1 mg group and by 2.67% in the 2 mg group when
compared to controls. This reduction in the frontal cortex
thickness was largely due to significant thinning (p <0.05)
of the cortical plate, encompassing both supra- and infra-
cortical layers, as well as the intermediate zone in all VOX-
exposed groups. Statistical analysis using one-way ANOVA
followed by Tukey’s post hoc test confirmed significant
decreases in the thickness of the cortical plate layers [F
(2, 15)=3.98; p<0.05] and the intermediate zone [F (2,
15)=3.73; p<0.05], relative to controls. The most notable
alterations were observed in the 2 mg VOX group, indicat-
ing a dose-dependent effect on these regions. In contrast, no
significant changes were found in the subventricular layer [F
(2, 15)=1.43; p>0.05] (Figs. 6 and 7).

Effect of VOX exposure on the cytoarchitectural pattern
and thickness of the hippocampus

Histopathological study of fetal brain prenatally exposed
with selected doses of VOX revealed a significant decrease
in the thickness of PCL of both the CA1 [F (2, 15)=3.64;
p <0.05] and CA3 [F (2, 15)=5.53; p <0.05] regions,
and insignificant decrease in the thickness of GCL of the
DG region [F (2, 15)=1.45; p>0.05] of the hippocam-
pus compared to the control group after one-way ANOVA
analysis. However, post hoc Tukey’s multiple comparison
test showed a significant decrease by 12.73% and 12.14%
in the thickness of PCL of both the CA1 and CA3 regions,
respectively, only in the VOX 2 mg group. No significant
decrease in the thickness of PCL of both the CA1 (5.98%)
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Fig.4 The representative photographs of A uterine horns, B dorsal view of the placenta, C fetuses, and D fetal brains on the 21 st day of gesta-
tion in the control and VOX-exposed pregnant rats
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Fig.5 Effect of VOX (1 and A B.
2 mg/kg) exposure on fetal A 1.5- 0.20
brain size and B brain weight.
All data represent mean + SEM _ 1.4+ o 5 0.18 ®
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Fig.6 Neurohistopathological observations of the control and VOX-
exposed fetal brains showing cytoarchitectural pattern of the prefron-
tal cortex (H&E-stained coronal sections); A control, B VOX 1 mg/

and CA3 (4.13%) regions were observed in VOX 1 mg-
exposed group (Figs. 8 and 9).

Effect of VOX exposure on monoamine
neurotransmitter levels in brain

A dose-dependent decline in monoamine neurotransmit-
ter levels was observed in fetal brains following VOX
exposure, as determined by one-way ANOVA followed
by Tukey’s post hoc test. Significant reductions were
noted in 5-HT [F (2, 15)=9.37, p<0.01], DA [F (2,
15)=9.58, p<0.01], and NE [F (2, 15)=4.73, p<0.05].
In the group exposed to 1 mg of VOX, levels of 5-HT
and DA decreased significantly by 30.53% and 21.27%,
respectively (p <0.05), while NE showed a non-significant
reduction of 7.14% compared to controls. The 2 mg group
exhibited more pronounced declines, with 5-HT and DA
levels reduced by 36.64% and 25.78% (both p <0.01),
and NE by 10.69% (p <0.05). These findings indicate
that prenatal VOX exposure markedly affected 5-HT and
DA levels, while NE levels were less consistently altered
(Fig. 10A-C).

kg, and C VOX 2 mg/kg (X 10). ML molecular layer, SCP supracorti-
cal plate, ICP infracortical plate, IZ intermediate zone, SVZ subven-
tricular zone, NE neuroepithelium layer, and V ventricle

Effect of VOX exposure on the acetylcholinesterase
activity in brain

One-way ANOVA followed by Tukey’s post hoc analysis
showed a significant dose-dependent increase in total AChE
activity in fetal brains of VOX-exposed groups compared
to controls [F (2, 15)=3.97; p <0.05]. Specifically, AChE
activity increased significantly by 19.56% in the 2 mg
VOX group (p <0.05), while the 1 mg group exhibited a
non-significant rise of 6.66% relative to the control group
(Fig. 10D).

Effect of VOX exposure on mRNA expression of BDNF
in the brain

Prenatal VOX exposure led to a significant reduction in
BDNF mRNA expression levels, as indicated by one-way
ANOVA followed by Tukey’s post hoc test [F (2, 15)=6.45;
p <0.01]. The post hoc analysis revealed a marked decrease
of 26.18% (p <0.01) in the 2 mg VOX group, while the 1 mg
group showed a non-significant reduction of 13.90% com-
pared to the control group (Fig. 11A).
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All data represent the mean+SEM values (n=6 brains per group).

Fig. 8 Neurohistopathological observations of the control and VOX- kg, and C VOX 2 mg/kg (x10). PCL pyramidal cell layer, CA cornu
exposed fetal brains showing cytoarchitectural patterns of the hip- ammonis, GCL granular cell layer, and DG dentate gyrus
pocampus (H&E-stained coronal sections). A Control, B VOX 1 mg/
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Fig.9 Effect of VOX (1 and
2 mg/kg) exposure on the thick- 75
ness of different layers of the
hippocampus region of fetal
brain; A PCL thickness of the
CA1 region, B PCL thickness
of the CA3 region, and C GCL
thickness of the DG region. All
data represent the mean + SEM
values (n=6 brains per group).
Symbol * indicates the level of
significance at p <0.05 between
the control and VOX-exposed 45
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Effect of VOX exposure on mRNA expression
of apoptotic genes in brain

One-way ANOVA followed by Tukey's multiple comparison
test showed a significant up-regulation of pro-apoptotic gene,
Bax [F (2, 15)=4.62; p <0.05], while significant down-
regulation of anti-apoptotic gene, Bcl-2 [F (2, 15)=5.90;
p <0.05], in fetal brains of VOX-exposed groups compared
to control group. Tukey’s post hoc analysis revealed that,
in the 2 mg VOX group, Bax expression was significantly
increased by 42.62% (p <0.05), while Bcl-2 expression
was significantly decreased by 32.58% (p <0.05) in fetal
brains. In contrast, the I mg VOX group showed moder-
ate changes in Bax (27.87% increase) and Bcl-2 (21.58%
decrease), but these differences did not reach statistical sig-
nificance. Furthermore, the Bax/Bcl-2 ratio was significantly
elevated in VOX-exposed fetal brains compared to controls
[F (2, 15)=17.47; p<0.01], with the most pronounced effect
observed at the 2 mg dose (Fig. 11B-D).

Discussion

Understanding the influence of AD use during gestation
is essential for evaluating potential risks to both maternal
health and fetal development. In this context, the present
study examined the effects of clinically relevant doses of
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VOX on pregnancy and fetal development in rats. At 2 mg/
kg, VOX significantly reduced maternal food intake, weight
gain, implantation count, litter size, and fetal viability. Fetal
and placental growth were also impaired. Neurotoxicity
assessments showed reduced brain size, thinner cortical
and hippocampal layers, and lower BDNF expression. Bio-
chemical findings revealed decreased AChE activity, altered
monoamine levels (5-HT, DA, NE), and imbalanced Bax/
Bcl-2 gene expression in fetal brain. Overall, VOX exposure
during gestation disrupted fetal brain development, likely via
the BDNF/Bax—Bcl-2/5-HT signaling pathway.

This study revealed that daily administration of VOX at
doses of 1 and 2 mg/kg during gestation (GD 6-21) led to
a dose-dependent decrease in maternal food consumption
and weight gain. The reduction was statistically significant
at the 2 mg/kg dose, with a greater percentage decline
observed in food intake compared to body weight gain.
These findings suggest that VOX may induce appetite sup-
pression (satiety) or hypophagia during pregnancy. This
effect is consistent with previous reports of reduced appe-
tite and weight changes following treatment with ADs such
as fluoxetine, mirtazapine, venlafaxine and vilazodone in
both animal and clinical studies (De Oliveira et al. 2004,
Singh and Singh 2013; Aggarwal et al. 2016; Agrawal
et al. 2024). Although VOX is generally considered
weight-neutral in long-term clinical use (Gill et al. 2020;
Kukucka et al. 2024), transient reductions in appetite and
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Fig. 10 Effect of VOX (1 and 2 mg/kg) exposure on neurochemical
and biochemical levels; A 5-HT, B DA, C NE, and D AChE in fetal
brain. All data represent the mean+ SEM values (n =6 brains/group).

body weight have been documented, particularly during
the early weeks of treatment (Gonda et al. 2019; De Diego-
Adelifio et al. 2022).

In animal studies, VOX's serotonergic action may pro-
mote satiety through stimulation of 5-HT receptor subtypes
such as 5-HT3 and 5-HT1B, which are known to regulate
feeding behavior (Magalhaes et al. 2010; Voigt and Fink
2015). These receptor-mediated effects may be amplified
during pregnancy due to physiological adaptations involv-
ing altered hormonal and metabolic states. As such, VOX-
induced reductions in food intake and body weight may
reflect disrupted energy homeostasis driven by serotoner-
gic activity interacting with pregnancy-specific regulatory
mechanisms. The hypothalamus, which integrates peripheral
and central signals from molecules such as nesfatin-1, lep-
tin, and agouti-related peptide, plays a central role in feed-
ing regulation (Oh-I et al. 2006). VOX’s inhibition of 5-HT
reuptake likely influences these hypothalamic pathways,
contributing to appetite suppression during pregnancy. Simi-
lar mechanisms have been proposed for fluoxetine, which has
shown hypophagic effects in rodent models (Yen and Fuller
1992; Halford and Blundell 1996).
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p<0.01, respectively, between the control and VOX-exposed groups
for a one-way ANOVA followed by Tukey’s multiple comparison test

Contrastingly, some studies have reported weight gain
associated with AD use (Patten et al. 2009; Kivimaki et al.
2010). However, placebo-controlled trials have shown that
VOX does not lead to significant weight gain in patients,
supporting its classification as weight-neutral during short-
term treatment (D’Agostino et al. 2015; Baldwin et al. 2016).
To date, no studies have specifically examined VOX’s effects
on weight in pregnant populations. Nonetheless, the find-
ings from this study align with earlier research on SSRIs
and SNRIs, which have demonstrated that appetite suppres-
sion—ranging from mild to severe—is a known side effect
and may result in significant weight loss depending on dose
and duration of exposure (Jackson et al. 1997; Grzeskow-
iak et al. 2012; Halford et al. 2007). Thus, the hypophagic
effects observed in this study may reflect a serotonergic
mechanism of appetite suppression triggered by VOX expo-
sure during pregnancy.

The observed weight reduction in pregnant dams exposed
to VOX may also reflect side effects such as fatigue and
reduced appetite, which are commonly reported with SSRIs
(Aggarwal et al. 2016). Furthermore, a significant reduction
in locomotor activity was observed in VOX-treated dams in
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Fig. 11 Effect of VOX (1 and 2 mg/kg) exposure on the mRNA
expression of A BDNF, B Bax, C Bcl-2, and D ratio of Bax to Bcl-2
in fetal brain. All data represent the mean + SEM values (n=6 brains
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both the open field test and photoactometer test, suggesting a
mild sedative effect. This sedation may contribute to reduced
energy expenditure, further exacerbating appetite loss and
weight loss at higher doses. Additional studies in humans
and animal models have highlighted that serotonergic ADs
may influence energy metabolism and locomotion. VOX has
been shown to modulate energy expenditure and activity
levels, potentially through its effects on 5-HT and NE path-
ways (Chen et al. 2018). Similar findings of increased energy
expenditure in drug-exposed rats were reported by Li et al.,
suggesting that metabolic alterations could also play a role
in the weight changes observed during VOX exposure (Li
et al. 2019). Overall, these findings emphasize the complex
interplay between serotonergic modulation, appetite regu-
lation, and energy balance in the context of AD exposure
during pregnancy.

Moreover, this study demonstrated a dose-dependent
increase in pseudo-pregnancy and significant impairments
in embryo-fetal development following VOX exposure,
particularly at 2 mg/kg/day. VOX-treated rats exhibited
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p<0.05 and p<0.01, respectively, between the control and VOX-
exposed groups for one-way ANOVA followed by Tukey’s multiple
comparison test

reduced implantation counts, litter size, total live fetuses,
and decreased placental size and weight, suggesting implan-
tation failure and impaired placental development. Since
VOX administration began on GD-6 (post-ovulation), the
reductions are unlikely due to fertilization failure and may
instead involve disrupted implantation or early embryonic
loss. Potential mechanisms include (1) maternal weight
loss-induced metabolic and hormonal disturbances affecting
ovarian function (Uphouse et al. 2006), (2) interference with
estrogen signaling pathways critical for uterine receptivity
(Jacobsen et al. 2015; Hansen et al. 2017), and (3) impaired
uterine vascular remodeling and perfusion (Rosenfeld 2020;
Levy et al. 2020), which are vital for implantation and pla-
cental development (Cartwright et al. 2010). Singh et al.
further reported that reduced placental weight may result
from impaired trophoblast proliferation, vascularization,
and structural alterations, potentially limiting nutrient and
oxygen transfer to the fetus prenatally exposed to venlafax-
ine (Singh et al. 2016). Previous human and animal studies
have also linked SSRIs and related ADs to early pregnancy
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loss and implantation failure due to altered hormonal sign-
aling, oxidative stress, and disrupted uterine physiology
(Bauer et al. 2010; Kjaersgaard et al. 2013; Almeida et al.
2016; Cabrera et al. 2020). Fluoxetine and venlafaxine, for
instance, downregulate uterine VEGF expression and other
angiogenic factors (Domingues et al. 2022, 2023), mecha-
nisms that may also apply to VOX due to its serotonergic
action at 5-HT3, 5-HT1B, and other receptors known to
influence reproductive and vascular systems.

The reduction in maternal weight gain may reflect both
smaller litter sizes and IUGR. ADs have been associated
with TUGR in clinical and experimental settings (Bauer
et al. 2010; Miiller et al. 2013; Zullino and Simoncini 2018;
Bandoli et al. 2020), likely due to impaired uterine blood
flow, placental lesions, and altered 5-HT signaling affect-
ing placental function (Rosenfeld 2020). Reduced weight
gain and litter size may also indicate early implantation
failure or embryonic loss, supported by prior studies link-
ing serotonergic ADs to disruptions in estrogen signaling,
vascularization, and oxidative stress (Jacobsen et al. 2015;
Hansen et al. 2017). The presence of fully developed dead
fetuses in VOX-treated dams raises concerns about delayed
parturition or maternal stress contributing to fetal mortality.
While these findings support a role for VOX in reproduc-
tive and fetal toxicity, caution is needed when interpreting
outcomes due to species-specific differences and variability
in drug metabolism.

This study also revealed a dose-dependent reduction in
fetal and placental size and weight, most pronounced at the
2 mg/kg/day VOX dose, suggesting that placental insuf-
ficiency—rather than maternal undernutrition—is a pri-
mary driver of fetal growth restriction, which may result
from mitotic inhibition, apoptosis, or necrosis in tropho-
blast cells (Furukawa et al. 2011). Given the placenta’s role
in regulating 5-HT homeostasis, VOX’s inhibition of the
serotonin transporter (SERT) may disrupt maternal—fetal
5-HT exchange which is critical for fetal brain development
(Bonnin et al. 2011; Hanswijk et al. 2020; Horackova et al.
2021), potentially contributing to placental insufficiency and
growth restriction (Velasquez et al. 2013; Rosenfeld 2020).
These findings align with prior reports of reduced fetal and
neonatal weights following exposure to SSRIs and SNRIs,
including fluoxetine, paroxetine, and venlafaxine (Miiller
et al. 2013; Singh and Singh 2013; Houwing et al. 2019),
as well as clinical evidence linking SSRI use to lower birth
weights (Kumari et al. 2013; Hutchison et al. 2018). Mecha-
nistically, VOX may block SERT, increasing 5-HT levels
that constrict umbilical arteries and impair fetal oxygen and
nutrient supply (Okatani et al. 1995).

Furthermore, a significant reduction in brain length
(p <0.05) was observed in the VOX 2 mg/kg group, while
brain weight showed a non-significant decrease, suggesting
mild structural disruption without major impact on brain
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mass. This reduction likely reflects overall growth retarda-
tion, consistent with lower body weights in VOX-exposed
offspring. Histological analysis further revealed disrupted
neurocytoarchitecture in the PFC and hippocampus, includ-
ing reduced brain areas and thinner neuronal layers, espe-
cially at 2 mg/kg. These morphological abnormalities may
stem from impaired neuronal proliferation, migration, or
increased apoptosis during critical developmental win-
dows, consistent with prior reports on fluoxetine and venla-
faxine (Swerts et al. 2010; Singh et al. 2015; Ahmed et al.
2022). Human imaging studies have also linked prenatal AD
exposure to altered brain volume and connectivity (Lugo-
Candelas et al. 2018; Koc et al. 2023; Talati 2023). These
findings align with previous studies reporting cortical and
hippocampal thinning after prenatal AD exposure, includ-
ing our lab’s work showing similar effects with venlafaxine
(Singh et al. 2015, 2022; Ahmed et al. 2022). Other reports
have found reduced neuronal numbers in frontal lobes with
fluoxetine and imipramine exposure (Swerts et al. 2010).
Human MRI studies have shown altered brain volumes and
connectivity, particularly in the amygdala and insula, in
SSRI-exposed infants (Lugo-Candelas et al. 2018; Koc et al.
2023; Talati 2023). Although direct data on VOX-induced
neuronal changes are lacking, these results suggest that VOX
may share similar neurodevelopmental risks with other ADs.

This study further validated by the quantification of
key neurotransmitters, such as 5-HT, DA, and NE, which
showed a significant, dose-dependent decrease in fetal brains
exposed to 1 mg and 2 mg doses of VOX. Furthermore,
the assessment of AChE activity levels revealed a notable
increase in fetal brains of exposed groups, implying a cor-
responding reduction in acetylcholine (ACh) levels (Trang
and Khandhar 2023). Post hoc Tukey’s multiple compari-
son analysis showed a significant increase in AChE activity
exclusively in the 2 mg/kg VOX dose group, while no such
effect was observed in the 1 mg/kg VOX group. AChE is
essential for regulating cholinergic neurotransmission, as
it hydrolyzes ACh to terminate synaptic transmission and
maintain precise cholinergic signaling (Das et al. 2005). The
elevated AChE activity in the VOX-exposed groups likely
accelerates the breakdown of ACh within the synaptic cleft,
reducing its availability for interaction with postsynap-
tic receptors. This reduction in cholinergic signaling may
impair neuronal communication critical for learning and
memory processes (Huang et al. 2022).

These monoamines regulate one another, and disruptions
in 5-HT signaling can lead to downstream imbalances in DA
and NE systems (Bubar et al. 2011), altering neural circuitry
related to cognition, emotion, and behavior (Brummelte
et al. 2017). Additionally, serotonergic dysfunction may sup-
press BDNF expression, as observed in VOX 2 mg/kg group,
where BDNF mRNA was significantly downregulated.
BDNF is essential for neuronal survival, synaptogenesis, and
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plasticity, and its reduced expression can impair cortical and
hippocampal development (Erickson et al. 1996; Szapacs
et al. 2004; Lu et al. 2014). Disruption of the BDNF-5HT
feedback loop which normally promotes mutual regulation
can compromise both synaptic connectivity and emotional
regulation (Martinowich and Lu 2008; Chakraborty et al.
2012; Homberg et al. 2014).

Eventually, VOX exposure induced significant pro-apop-
totic changes, with upregulation of Bax and downregulation
of Bcl-2, resulting in an increased Bax/Bcl-2 ratio, particu-
larly at the higher dose. This imbalance promotes mitochon-
drial dysfunction, cytochrome c release, and caspase acti-
vation, culminating in apoptosis (Kuwana and Newmeyer
2003; Jarskog et al. 2004). These apoptotic effects likely
stem from both monoaminergic dysregulation and oxidative
stress (Dong et al. 2009; Subramaniam and Chesselet 2013),
as previously reported in SSRI/SNRI studies (Drzyzga et al.
2009; Zhao et al. 2016; Tian et al. 2016; Singh et al. 2022;
Bhat et al. 2023). Collectively, these findings indicate that
gestational VOX exposure at higher dose (2 mg/kg) disrupts
placental function, impairs brain development, alters neuro-
chemical and neurotrophic signaling, and activates apoptotic
pathways—mechanistically contributing to long-lasting neu-
rodevelopmental deficits.

Conclusion

Prenatal administration of VOX at a higher dose (2 mg/
kg) led to significant embryo-fetal toxicity and compro-
mised fetal brain development, with mechanistic evidence
pointing toward disruption of the BDNF/Bax—Bcl-2/5-HT
signaling cascade. This dose-dependent neurotoxicity was
reflected by a marked decline in 5-HT, DA, and BDNF lev-
els, along with increased Bax expression and an elevated
Bax/Bcl-2 ratio, indicating activation of intrinsic apoptotic
processes. In contrast, the lower dose (1 mg/kg) produced
only modest alterations in these parameters indicating a
safer profile during pregnancy. These findings raise impor-
tant safety considerations for the use higher dose of VOX
during pregnancy, emphasizing the need for cautious
clinical application. Further comprehensive studies both
experimental and clinical are essential to guide the safe
use of atypical ADs in maternal mental health care.

Acknowledgements The authors express sincere appreciation to
the Head of the Department, University of Allahabad, for providing
essential laboratory facilities that enabled the completion of this study.
Special thanks are extended to the Head of the Department of Biotech-
nology, MNNIT, Prayagraj, for granting access to the RT-PCR facil-
ity. Gratitude is also due to Dr. Brijesh Kumar Mishra and Dr. Ankit
Mishra, Department of Zoology, H. N. B. Government P.G. College,
Naini, Prayagraj, for providing access to the light microscopy facility.

Author contributions P.S. carried out experiments, analyzed data,
and was responsible for data curation, software analysis, methodology
development and funding acquisition. P.S. also wrote the original draft
of the manuscript. P.A. contributed to software processing, visualiza-
tion, and funding acquisition. K.P.S. supervised the study, provided
resources and conceptual input, and contributed to manuscript review-
ing. The manuscript was reviewed and edited by P.S.

Funding PS was funded by the University of Allahabad, University
Grant Commission—Combined Research Entrance Test (UGC-CRET)
fellowship [Grant No. 498/RES/19/246], and PA was funded by Univer-
sity Grant Commission-Council of Scientific and Industrial Research
(UGC-CSIR) Senior Research Fellowship [Grant No. 964/(CSIR-UGC
NET DEC 2017)].

Data availability Derived data supporting the findings of this study are
available from the corresponding authors upon request.

Declarations

Conflict of interest The authors report no conflicts of interest that
could have influenced the findings or interpretations of this study.

References

Aggarwal A, Jethani SL, Rohatgi RK, Kalra J (2016) Selective seroto-
nin re-uptake inhibitors (SSRIs) induced weight changes: a dose
and duration dependent study on Albino Rats. J Clin Diagn Res.
https://doi.org/10.7860/JCDR/2016/16482.7376

Agrawal P, Singh P, Singh KP (2023) Maternal exposure to antidepres-
sants vilazodone and vortioxetine: effects on neurodevelopment
of young rat offspring. Asian J Pharm (AJP). https://doi.org/10.
22377/AJP.V1711.4720

Agrawal P, Singh P, Singh KP (2024) Vilazodone exposure during
pregnancy: effects on embryo-fetal development, pregnancy out-
comes and fetal neurotoxicity by BDNF/Bax-Bcl2/5-HT medi-
ated mechanisms. Neurotoxicology 105:280-292. https://doi.org/
10.1016/j.neuro.2024.10.012

Ahmed SH, El Ghareeb AEWA, El-Rahman HAA, Almaaty AHA
(2022) Impact of maternal desvenlafaxine exposure on brain
development in pregnant albino rats and their fetuses. J] Biochem
Mol Toxicol 36:¢23062. https://doi.org/10.1002/JBT.23062

Almeida ND, Basso O, Abrahamowicz M, Gagnon R, Tamblyn R
(2016) Risk of miscarriage in women receiving antidepressants
in early pregnancy, correcting for induced abortions. Epidemi-
ology 27:538-546. https://doi.org/10.1097/EDE.0000000000
000484

Altman J, Bayer SA, Gedney C (1995) Atlas of prenatal rat brain devel-
opment. CRC Press Boca Raton, FL

Baldwin DS, Chrones L, Florea I, Nielsen R, Nomikos GG, Palo W,
Reines E (2016) The safety and tolerability of vortioxetine:
analysis of data from randomized placebo-controlled trials and
open-label extension studies. J Psychopharmacol 30:242-252.
https://doi.org/10.1177/0269881116628440/ASSET/IMAGES/
LARGE/10.1177_0269881116628440-FIG3.JPEG

Bandoli G, Chambers CD, Wells A, Palmsten K (2020) Prenatal anti-
depressant use and risk of adverse neonatal outcomes. Pediatrics
146:20192493. https://doi.org/10.1542/PEDS.2019-2493/77032

Bauer S, Monk C, Ansorge M, Gyamfi C, Myers M (2010) Impact of
antenatal selective serotonin reuptake inhibitor exposure on preg-
nancy outcomes in mice. Am J Obstet Gynecol 203:375.e1-375.
e4. https://doi.org/10.1016/J.AJOG.2010.05.008

@ Springer


https://doi.org/10.7860/JCDR/2016/16482.7376
https://doi.org/10.22377/AJP.V17I1.4720
https://doi.org/10.22377/AJP.V17I1.4720
https://doi.org/10.1016/j.neuro.2024.10.012
https://doi.org/10.1016/j.neuro.2024.10.012
https://doi.org/10.1002/JBT.23062
https://doi.org/10.1097/EDE.0000000000000484
https://doi.org/10.1097/EDE.0000000000000484
https://doi.org/10.1177/0269881116628440/ASSET/IMAGES/LARGE/10.1177_0269881116628440-FIG3.JPEG
https://doi.org/10.1177/0269881116628440/ASSET/IMAGES/LARGE/10.1177_0269881116628440-FIG3.JPEG
https://doi.org/10.1542/PEDS.2019-2493/77032
https://doi.org/10.1016/J.AJOG.2010.05.008

4258

Archives of Toxicology (2025) 99:4243-4261

Bérard A, Zhao JP, Sheehy O (2017) Antidepressant use during preg-
nancy and the risk of major congenital malformations in a cohort
of depressed pregnant women: an updated analysis of the Que-
bec Pregnancy Cohort. BMJ Open 7:¢013372. https://doi.org/10.
1136/BMJOPEN-2016-013372

Bhat RS, Alonazi M, Al-Daihan S, El-Ansary A (2023) Prenatal SSRI
exposure increases the risk of autism in rodents via aggravated
oxidative stress and neurochemical changes in the brain. Metabo-
lites 13:310. https://doi.org/10.3390/METABO13020310

Bonnin A, Goeden N, Chen K, Wilson ML, King J, Shih JC, Blakely
RD, Deneris ES, Levitt P (2011) A transient placental source of
serotonin for the fetal forebrain. Nature 472:7343. https://doi.org/
10.1038/nature09972

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72:248-254. https://doi.org/
10.1006/ABI0.1976.9999

Brummelte S, Mc Glanaghy E, Bonnin A, Oberlander TF (2017)
Developmental changes in serotonin signaling: Implications
for early brain function, behavior and adaptation. Neuroscience
342:212-231. https://doi.org/10.1016/j.neuroscience.2016.02.
037

Bubar MJ, Stutz SJ, Cunningham KA (2011) 5-HT(2C) receptors local-
ize to dopamine and GABA neurons in the rat mesoaccumbens
pathway. PLoS One. https://doi.org/10.1371/JOURNAL.PONE.
0020508

Cabrera RM, Linda Lin Y, Law E, Kim J, Wlodarczyk BJ (2020)
The teratogenic effects of sertraline in mice. Birth Defects Res
112:1014-1024. https://doi.org/10.1002/BDR2.1660

Cabrera-Vera TM, Garcia F, Pinto W, Battaglia G (1997) Effect of
prenatal fluoxetine (Prozac) exposure on brain serotonin neurons
in prepubescent and adult male rat offspring. J Pharmacol Exp
Ther 280:138-145

Cartwright JE, Fraser R, Leslie K, Wallace AE, James JL (2010)
Remodelling at the maternal-fetal interface: relevance to human
pregnancy disorders. Reproduction 140:803

Chakraborty G, Magagna-Poveda A, Parratt C, Umans JG, MacLusky
NJ, Scharfman HE (2012) Reduced hippocampal brain-derived
neurotrophic factor (BDNF) in neonatal rats after prenatal expo-
sure to propylthiouracil (PTU). Endocrinology 153:1311-1316.
https://doi.org/10.1210/EN.2011-1437

Chambers CD, Johnson KA, Dick LM, Felix RJ, Jones KL (1996)
Birth outcomes in pregnant women taking fluoxetine. N Engl
J Med 335:1010-1015. https://doi.org/10.1056/NEJM 199610
033351402

Chen G, Hgjer AM, Areberg J, Nomikos G (2018) Vortioxetine: clini-
cal pharmacokinetics and drug interactions. Clin Pharmacokinet
57:673-686. https://doi.org/10.1007/S40262-017-0612-7/FIGUR
ES/4

Chen MX, Cheng S, Lei L, Zhang XF, Liu Q, Lin A, Wallis CU, Luko-
wicz MJ, Sham PC, Li Q, Ao LJ (2021) The effects of mater-
nal SSRI exposure on the serotonin system, prefrontal protein
expression and behavioral development in male and female oft-
spring rats. Neurochem Int. https://doi.org/10.1016/J. NEUINT.
2021.105041

Chung TKH, Lau TK, Yip ASK, Chiu HFK, Lee DTS (2001) Antepar-
tum depressive symptomatology is associated with adverse
obstetric and neonatal outcomes. Psychosom Med 63:830-834.
https://doi.org/10.1097/00006842-200109000-00017

D’Agostino A, English CD, Rey JA (2015) Vortioxetine (Brintellix):
a new serotonergic antidepressant. Pharm Therapeutics 40:36

Das A, Dikshit M, Nath C (2005) Role of molecular isoforms of ace-
tylcholinesterase in learning and memory functions. Pharmacol
Biochem Behav 81:89-99. https://doi.org/10.1016/J.PBB.2005.
02.006

@ Springer

De Diego-Adelifio J, Crespo JM, Mora F, Neyra A, Iborra P, Gutiérrez-
Rojas L, Salonia SF (2022) Vortioxetine in major depressive dis-
order: from mechanisms of action to clinical studies. an updated
review. Expert Opin Drug Saf 21:673-690. https://doi.org/10.
1080/14740338.2022.2019705

De Oliveira RA, Cunha GMA, Karla KD, De Bruin GS, Dos San-
tos-Filho EA, Viana GSB, De Bruin VMS (2004) The effect of
venlafaxine on behaviour, body weight and striatal monoamine
levels on sleep-deprived female rats. Pharmacol Biochem Behav
79:499-506. https://doi.org/10.1016/j.pbb.2004.09.001

Domingues RR, Fricke HP, Sheftel CM, Bell AM, Sartori LC, Manuel
RSJ, Krajco CJ, Wiltbank MC, Hernandez LL (2022) Effect of
low and high doses of two selective serotonin reuptake inhibitors
on pregnancy outcomes and neonatal mortality. Toxics. https://
doi.org/10.3390/TOXICS10010011

Domingues RR, Wiltbank MC, Hernandez LL (2023) Maternal sero-
tonin: implications for the use of selective serotonin reuptake
inhibitors during gestation. Biol Reprod 109:17. https://doi.org/
10.1093/BIOLRE/IOAD046

Dong XX, Wang Y (2009) Qin ZH (2009) Molecular mechanisms of
excitotoxicity and their relevance to pathogenesis of neurode-
generative diseases. Acta Pharmacologica Sinica 30:379-387.
https://doi.org/10.1038/aps.2009.24

Drzyzga 1R, Marcinowska A, Obuchowicz E (2009) Antiapoptotic and
neurotrophic effects of antidepressants: a review of clinical and
experimental studies. Brain Res Bull 79:248-257. https://doi.org/
10.1016/J. BRAINRESBULL.2009.03.009

Dubovicky M, Belovicova K, Csatlosova K, Bogi E (2017) Risks of
using SSRI/SNRI antidepressants during pregnancy and lac-
tation. Interdiscip Toxicol 10:30-34. https://doi.org/10.1515/
INTOX-2017-0004

El Marroun H, Jaddoe VWYV, Hudziak JJ, Roza SJ, Steegers EAP,
Hofman A, Verhulst FC, White TJH, Stricker BHC, Tiemeier
H (2012) Maternal use of selective serotonin reuptake inhibi-
tors, fetal growth, and risk of adverse birth outcomes. Arch Gen
Psychiatry 69:706-714. https://doi.org/10.1001/ARCHGENPSY
CHIATRY.2011.2333

Ellman GL, Courtney KD, Andres V, Featherstone RM (1961) A new
and rapid colorimetric determination of acetylcholinesterase
activity. Biochem Pharmacol. https://doi.org/10.1016/0006-
2952(61)90145-9

Ergun B, Yazic1 C, Kandemir U, Eser M, Demir Ozkay U, Can O
(2024) Effects of prenatal and lactational vortioxetine exposure
on emotional states, motor activities and cognitive performances
of offspring. Psychiatry Behav Sci 14:182. https://doi.org/10.
5455/PBS.20240822122406

Erickson JT, Conover JC, Borday V, Champagnat J, Barbacid M, Yan-
copoulos G, Katz DM (1996) Mice lacking brain-derived neuro-
trophic factor exhibit visceral sensory neuron losses distinct from
mice lacking NT4 and Display a severe developmental deficit in
control of breathing. J Neurosci 16:5361-5371. https://doi.org/
10.1523/JNEUROSCI.16-17-05361.1996

Frayne J, Nguyen T, Hauck Y, Liira H, Keelan JA (2018) The relation-
ship between pregnancy exposure to antidepressant and atypical
antipsychotic medications and placental weight and birth weight
ratio: a retrospective cohort study. J Clin Psychopharmacol
38:563-569. https://doi.org/10.1097/JCP.0000000000000964

Furukawa S, Hayashi S, Usuda K, Abe M, Hagio S, Ogawa I (2011)
Toxicological pathology in the Rat Placenta. J Toxicol Pathol
24:95-111. https://doi.org/10.1293/TOX.24.95

Gaspar P, Cases O (2003) Maroteaux L (2003) The developmental role
of serotonin: news from mouse molecular genetics. Nature Rev
Neurosci 4:1002-1012. https://doi.org/10.1038/nrn1256

Gavin NI, Gaynes BN, Lohr KN, Meltzer-Brody S, Gartlehner G,
Swinson T (2005) Perinatal depression: a systematic review


https://doi.org/10.1136/BMJOPEN-2016-013372
https://doi.org/10.1136/BMJOPEN-2016-013372
https://doi.org/10.3390/METABO13020310
https://doi.org/10.1038/nature09972
https://doi.org/10.1038/nature09972
https://doi.org/10.1006/ABIO.1976.9999
https://doi.org/10.1006/ABIO.1976.9999
https://doi.org/10.1016/j.neuroscience.2016.02.037
https://doi.org/10.1016/j.neuroscience.2016.02.037
https://doi.org/10.1371/JOURNAL.PONE.0020508
https://doi.org/10.1371/JOURNAL.PONE.0020508
https://doi.org/10.1002/BDR2.1660
https://doi.org/10.1210/EN.2011-1437
https://doi.org/10.1056/NEJM199610033351402
https://doi.org/10.1056/NEJM199610033351402
https://doi.org/10.1007/S40262-017-0612-7/FIGURES/4
https://doi.org/10.1007/S40262-017-0612-7/FIGURES/4
https://doi.org/10.1016/J.NEUINT.2021.105041
https://doi.org/10.1016/J.NEUINT.2021.105041
https://doi.org/10.1097/00006842-200109000-00017
https://doi.org/10.1016/J.PBB.2005.02.006
https://doi.org/10.1016/J.PBB.2005.02.006
https://doi.org/10.1080/14740338.2022.2019705
https://doi.org/10.1080/14740338.2022.2019705
https://doi.org/10.1016/j.pbb.2004.09.001
https://doi.org/10.3390/TOXICS10010011
https://doi.org/10.3390/TOXICS10010011
https://doi.org/10.1093/BIOLRE/IOAD046
https://doi.org/10.1093/BIOLRE/IOAD046
https://doi.org/10.1038/aps.2009.24
https://doi.org/10.1016/J.BRAINRESBULL.2009.03.009
https://doi.org/10.1016/J.BRAINRESBULL.2009.03.009
https://doi.org/10.1515/INTOX-2017-0004
https://doi.org/10.1515/INTOX-2017-0004
https://doi.org/10.1001/ARCHGENPSYCHIATRY.2011.2333
https://doi.org/10.1001/ARCHGENPSYCHIATRY.2011.2333
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.5455/PBS.20240822122406
https://doi.org/10.5455/PBS.20240822122406
https://doi.org/10.1523/JNEUROSCI.16-17-05361.1996
https://doi.org/10.1523/JNEUROSCI.16-17-05361.1996
https://doi.org/10.1097/JCP.0000000000000964
https://doi.org/10.1293/TOX.24.95
https://doi.org/10.1038/nrn1256

Archives of Toxicology (2025) 99:4243-4261

4259

of prevalence and incidence. Obstet Gynecol 106:1071-1083.
https://doi.org/10.1097/01.A0G.0000183597.31630.db

Gill H, Gill B, El-Halabi S, Chen-Li D, Lipsitz O, Rosenblat JD, Van
Rheenen TE, Rodrigues NB, Mansur RB, Majeed A (2020)
Weight mediated effects of antidepressant medications: a narra-
tive review. Obesity 28(11):2064-2072

Gonda X, Sharma SR, Tarazi FI (2019) Vortioxetine: a novel antide-
pressant for the treatment of major depressive disorder. Expert
Opin Drug Discov 14:81-89. https://doi.org/10.1080/17460441.
2019.1546691

Grote NK, Bridge JA, Gavin AR, Melville JL, Iyengar S, Katon WJ
(2010) A meta-analysis of depression during pregnancy and the
risk of preterm birth, low birth weight, and intrauterine growth
restriction. Arch Gen Psychiatry 67:1012—-1024. https://doi.org/
10.1001/archgenpsychiatry.2010.111

Grzeskowiak LE, Gilbert AL, Morrison JL (2012) Long term impact of
prenatal exposure to SSRIs on growth and body weight in child-
hood: evidence from animal and human studies. Reprod Toxicol
34:101-109. https://doi.org/10.1016/J. REPROT0X.2012.03.003

Halford JCG, Blundell JE (1996) Metergoline antagonizes fluoxetine-
induced suppression of food intake but not changes in the behav-
ioural satiety sequence. Pharmacol Biochem Behav 54:745-751.
https://doi.org/10.1016/0091-3057(95)02228-7

Halford JCG, Harrold JA, Boyland EJ, Lawton CL, Blundell JE (2007)
Serotonergic drugs: effects on appetite expression and use for the
treatment of obesity. Drugs 67:27-56. https://doi.org/10.2165/
00003495-200767010-00004

Hansen CH, Larsen LW, Sgrensen AM, Halling-Sgrensen B, Styrishave
B (2017) The six most widely used selective serotonin reup-
take inhibitors decrease androgens and increase estrogens in the
H295R cell line. Toxicol in Vitro 41:1-11. https://doi.org/10.
1016/J.TIV.2017.02.001

Hanswijk SI, Spoelder M, Shan L, Verheij MMM, Muilwijk OG, Li
W, Liu C, Kolk SM, Homberg JR (2020) Gestational factors
throughout fetal neurodevelopment: the serotonin link. Int J Mol
Sci 21:1-42. https://doi.org/10.3390/1IMS21165850

Homberg JR, Molteni R, Calabrese F, Riva MA (2014) The serotonin—
BDNF duo: developmental implications for the vulnerability to
psychopathology. Neurosci Biobehav Rev 43:35-47. https://doi.
org/10.1016/J.NEUBIOREV.2014.03.012

Horackova H, Karahoda R, Cerveny L, Vachalova V, Ebner R, Abad
C, Staud F (2021) Effect of selected antidepressants on placental
homeostasis of serotonin: maternal and fetal perspectives. Phar-
maceutics 13:1306. https://doi.org/10.3390/PHARMACEUT
ICS13081306/S1

Houwing DJ, Staal L, Swart JM, Ramsteijn AS, Wohr M, De Boer
SF, Olivier JDA (2019) Subjecting dams to early life stress and
perinatal fluoxetine treatment differentially alters social behavior
in young and adult rat offspring. Front Neurosci 13:229

Huang Q, Liao C, Ge F, Ao J, Liu T (2022) Acetylcholine bidirection-
ally regulates learning and memory. J Neurorestoratol 10:100002.
https://doi.org/10.1016/J.JNRT.2022.100002

Hutchison SM, Masse LC, Pawluski JL, Oberlander TF (2018) Peri-
natal selective serotonin reuptake inhibitor (SSRI) effects on
body weight at birth and beyond: a review of animal and human
studies. Reprod Toxicol 77:109-121. https://doi.org/10.1016/J.
REPROTOX.2018.02.004

Jackson HC, Needham AM, Hutchins LJ, Mazurkiewicz SE, Heal DJ
(1997) Comparison of the effects of sibutramine and other mono-
amine reuptake inhibitors on food intake in the rat. Br J Phar-
macol 121:1758-1762. https://doi.org/10.1038/SJ.BJP.0701312

Jacobsen NW, Hansen CH, Nellemann C, Styrishave B, Halling-
Sgrensen B (2015) Effects of selective serotonin reuptake
inhibitors on three sex steroids in two versions of the aromatase
enzyme inhibition assay and in the H295R cell assay. Toxicol in
Vitro 29:1729-1735. https://doi.org/10.1016/1.TIV.2015.07.005

Jahan N, Went TR, Sultan W, Sapkota A, Khurshid H, Qureshi IA,
Alfonso M (2021) Untreated depression during pregnancy and
its effect on pregnancy outcomes: a systematic review. Cureus.
https://doi.org/10.7759/CUREUS.17251

Jarskog LF, Selinger ES, Lieberman JA, Gilmore JH (2004) Apoptotic
proteins in the temporal cortex in schizophrenia: high Bax/Bcl-2
ratio without caspase-3 activation. Am J Psychiatry 161:109—
115. https://doi.org/10.1176/APPI.AJP.161.1.109/ASSET/
IMAGES/M418F3.JPEG

Kessler RC, Aguilar-Gaxiola S, Alonso J, Chatterji S, Lee S, Ormel
J, Ustiin TB, Wang PS (2009) The global burden of mental dis-
orders: an update from the WHO World Mental Health (WMH)
surveys. Epidemiol Psichiatr Soc 18:23-33. https://doi.org/10.
1017/S1121189X00001421

Kiribayashi M, Suda T, Takahashi M, Ishikawa M, Watanabe R, Ish-
ioka K, Nakamura S, Kushiyama A (2024) Vortioxetine exposure
during pregnancy and lactation: a japanese case study of neonatal
implications and quantitative milk and plasma analyses. Breast-
feed Med 19:659-662. https://doi.org/10.1089/BFM.2024.0005

Kivimdki M, Hamer M, Batty GD, Geddes JR, Tabak AG, Pentti J,
Virtanen M, Vahtera J (2010) Antidepressant Medication use,
weight gain, and risk of type 2 DiabetesA population-based
study. Diabetes Care 33:2611-2616. https://doi.org/10.2337/
DC10-1187

Kjaersgaard MIS, Parner ET, Vestergaard M, Sgrensen MJ, Olsen J,
Christensen J, Bech BH, Pedersen LH (2013) Prenatal antide-
pressant exposure and risk of spontaneous abortion—a popula-
tion-based study. PLoS ONE 8:¢72095. https://doi.org/10.1371/
JOURNAL.PONE.0072095

Koc D, Tiemeier H, Stricker BH, Muetzel RL, Hillegers M, El Marroun
H (2023) Prenatal antidepressant exposure and offspring brain
morphologic Trajectory. JAMA Psychiat 80:1208—1217. https://
doi.org/10.1001/JAMAPSYCHIATRY.2023.3161

Kukucka T, Ferencova N, Visnovcova Z, Ondrejka I, Hrtanek I, Kova-
cova V, Macejova A, Mlyncekova Z, Tonhajzerova I (2024)
Mechanisms involved in the link between depression, antide-
pressant treatment and associated weight change. Int J Molecular
Sci. https://doi.org/10.3390/1JMS25084511

Kumari A, Goswami S, Mukherjee P (2013) Comparative study of
various methods of fetal weight estimation in term pregnancy.
J South Asian Federation Obstet Gynaecol 5:22-25. https://doi.
org/10.5005/jp-journals-10006-1213

Kuwana T, Newmeyer DD (2003) Bcl-2-family proteins and the role
of mitochondria in apoptosis. Curr Opin Cell Biol 15:691-699.
https://doi.org/10.1016/J.CEB.2003.10.004

Levy M, Alberti D, Kovo M, Schreiber L, Volpert E, Koren L, Bar
J, Weiner E (2020) Placental pathology in pregnancies compli-
cated by fetal growth restriction: recurrence vs. new onset. Arch
Gynecol Obstet 301:1397-1404. https://doi.org/10.1007/S00404-
020-05546-X/TABLES/3

Li X, Liang S, Li Z, Li S, Xia M, Verkhratsky A, Li B (2019) Lep-
tin increases expression of 5-HT2B receptors in astrocytes
thus enhancing action of fluoxetine on the depressive behav-
ior induced by sleep deprivation. Front Psychiatry 10:430121.
https://doi.org/10.3389/FPSYT.2018.00734/BIBTEX

Lu B, Nagappan G, Lu Y (2014) BDNF and synaptic plasticity, cogni-
tive function, and dysfunction. Handb Exp Pharmacol 220:223—
250. https://doi.org/10.1007/978-3-642-45106-5_9

Lugo-Candelas C, ChaJ, Hong S, Bastidas V, Weissman M, Fifer WP,
Myers M, Talati A, Bansal R, Peterson BS, Monk C, Gingrich
JA, Posner J (2018) Associations between brain structure and
connectivity in infants and exposure to selective serotonin reup-
take inhibitors during pregnancy. JAMA Pediatr 172:525-533.
https://doi.org/10.1001/JAMAPEDIATRICS.2017.5227

Magalhdes CP, De Freitas MFL, Nogueira MI, Campina RCDF,
Takase LF, De Souza SL, De Castro RM (2010) Modulatory

@ Springer


https://doi.org/10.1097/01.AOG.0000183597.31630.db
https://doi.org/10.1080/17460441.2019.1546691
https://doi.org/10.1080/17460441.2019.1546691
https://doi.org/10.1001/archgenpsychiatry.2010.111
https://doi.org/10.1001/archgenpsychiatry.2010.111
https://doi.org/10.1016/J.REPROTOX.2012.03.003
https://doi.org/10.1016/0091-3057(95)02228-7
https://doi.org/10.2165/00003495-200767010-00004
https://doi.org/10.2165/00003495-200767010-00004
https://doi.org/10.1016/J.TIV.2017.02.001
https://doi.org/10.1016/J.TIV.2017.02.001
https://doi.org/10.3390/IJMS21165850
https://doi.org/10.1016/J.NEUBIOREV.2014.03.012
https://doi.org/10.1016/J.NEUBIOREV.2014.03.012
https://doi.org/10.3390/PHARMACEUTICS13081306/S1
https://doi.org/10.3390/PHARMACEUTICS13081306/S1
https://doi.org/10.1016/J.JNRT.2022.100002
https://doi.org/10.1016/J.REPROTOX.2018.02.004
https://doi.org/10.1016/J.REPROTOX.2018.02.004
https://doi.org/10.1038/SJ.BJP.0701312
https://doi.org/10.1016/J.TIV.2015.07.005
https://doi.org/10.7759/CUREUS.17251
https://doi.org/10.1176/APPI.AJP.161.1.109/ASSET/IMAGES/M418F3.JPEG
https://doi.org/10.1176/APPI.AJP.161.1.109/ASSET/IMAGES/M418F3.JPEG
https://doi.org/10.1017/S1121189X00001421
https://doi.org/10.1017/S1121189X00001421
https://doi.org/10.1089/BFM.2024.0005
https://doi.org/10.2337/DC10-1187
https://doi.org/10.2337/DC10-1187
https://doi.org/10.1371/JOURNAL.PONE.0072095
https://doi.org/10.1371/JOURNAL.PONE.0072095
https://doi.org/10.1001/JAMAPSYCHIATRY.2023.3161
https://doi.org/10.1001/JAMAPSYCHIATRY.2023.3161
https://doi.org/10.3390/IJMS25084511
https://doi.org/10.5005/jp-journals-10006-1213
https://doi.org/10.5005/jp-journals-10006-1213
https://doi.org/10.1016/J.CEB.2003.10.004
https://doi.org/10.1007/S00404-020-05546-X/TABLES/3
https://doi.org/10.1007/S00404-020-05546-X/TABLES/3
https://doi.org/10.3389/FPSYT.2018.00734/BIBTEX
https://doi.org/10.1007/978-3-642-45106-5_9
https://doi.org/10.1001/JAMAPEDIATRICS.2017.5227

4260

Archives of Toxicology (2025) 99:4243-4261

role of serotonin on feeding behavior. Nutr Neurosci 13:246-255.
https://doi.org/10.1179/147683010X12611460764723

Martinowich K, Lu B (2008) Interaction between BDNF and serotonin:
role in mood disorders. Neuropsychopharmacology 33:73-83.
https://doi.org/10.1038/SJ.NPP.1301571

Miiller JC, Boareto AC, Lourenco ELB, Zaia RM, Kienast MF, Sper-
coski KM, Morais RN, Martino-Andrade AJ, Dalsenter PR
(2013) In utero and lactational exposure to fluoxetine in Wistar
rats: pregnancy outcomes and sexual development. Basic Clin
Pharmacol Toxicol 113:132-140

Nair AB, Jacob S (2016) A simple practice guide for dose conver-
sion between animals and human. J Basic Clin Pharm 7:27-31.
https://doi.org/10.4103/0976-0105.177703

Oberlander TF, Weinberg J, Papsdorf M, Grunau R, Misri S, Devlin
AM (2008) Prenatal exposure to maternal depression, neonatal
methylation of human glucocorticoid receptor gene (NR3C1) and
infant cortisol stress responses. Epigenetics 3:97-106. https://doi.
org/10.4161/EP1.3.2.6034

Oh-I S, Shimizu H, Satoh T, Okada S, Adachi S, Inoue K, Eguchi
H, Yamamoto M, Imaki T, Hashimoto K, Tsuchiya T, Monden
T, Horiguchi K, Yamada M, Mori M (2006) Identification of
nesfatin-1 as a satiety molecule in the hypothalamus. Nature
443:709-712. https://doi.org/10.1038/nature05162

Okatani Y, Taniguchi K, Sagara Y (1995) Amplifying effect of
endothelin-1 on serotonin-induced vasoconstriction of human
umbilical artery. Am J Obstet Gynecol 172:1240-1245. https://
doi.org/10.1016/0002-9378(95)91486-2

Olivier JDA, Akerud H, Kaihola H, Pawluski JL, Skalkidou A, Hog-
berg U, Sundstrom-Poromaa I (2013) The effects of maternal
depression and maternal selective serotonin reuptake inhibitor
exposure on the offspring. Front Cell Neurosci 7:47093. https://
doi.org/10.3389/FNCEL.2013.00073/BIBTEX

Oyebode F, Rastogi A, Berrisford G, Coccia F (2012) Psychotropics
in pregnancy: safety and other considerations. Pharmacol Ther
135:71-77. https://doi.org/10.1016/j.pharmthera.2012.03.008

Patten SB, Kennedy SH, Lam RW, O’Donovan C, Filteau MJ, Parikh
SV, Ravindran AV (2009) Canadian network for mood and anxi-
ety treatments (CANMAT) clinical guidelines for the manage-
ment of major depressive disorder in adults. I. Classification,
burden and principles of management. J Affect Disord 117:S5—
S14. https://doi.org/10.1016/J.JAD.2009.06.044

Quifones F, Winters C, Hu L, Suvarnakar A (2023) Untreated major
depression during gestation: the physical and mental implications
in women and their offspring. Georgetown Med Rev. https://doi.
org/10.52504/001C.83340

Rampono J, Proud S, Hackett LP, Kristensen JH, Ilett KF (2004) A
pilot study of newer antidepressant concentrations in cord and
maternal serum and possible effects in the neonate. Int J Neu-
ropsychopharmacol 7:329-334. https://doi.org/10.1017/S1461
145704004286

Rosenfeld CS (2020) Placental serotonin signaling, pregnancy out-
comes, and regulation of fetal brain developmentf. Biol Reprod
102:532-538. https://doi.org/10.1093/BIOLRE/I0Z204

Rotem-Kohavi N, Oberlander TF (2017) Variations in neurodevelop-
mental outcomes in children with prenatal SSRI antidepressant
exposure. Birth Defects Res 109:909-923. https://doi.org/10.
1002/bdr2.1076

Sahoo J, Pattnaik AK, Mishra N (2010) Behavioral and developmental
changes in rats with prenatal exposure of mirtazapine. Sci Pharm
78:451-463. https://doi.org/10.3797/scipharm.1004-02

Séanchez N, Juarez-Balarezo J, Olhaberry M, Gonzalez-Oneto H,
Muzard A, Mardonez MJ, Franco P, Barrera F, Gaete M (2021)
Depression and antidepressants during pregnancy: craniofacial
defects due to stem/progenitor cell deregulation mediated by
serotonin. Front Cell Dev Biol. https://doi.org/10.3389/FCELL.
2021.632766

@ Springer

Schlumpf M, Lichtensteiger W, Langemann H, Waser PG, Hefti F
(1974) A fluorometric micromethod for the simultaneous deter-
mination of serotonin, noradrenaline and dopamine in milli-
gram amounts of brain tissue. Biochem Pharmacol 23:2437—
2446. https://doi.org/10.1016/0006-2952(74)90235-4

Shin JW, Seol IC, Son CG, Shin JW, Seol IC, Son CG (2010) Inter-
pretation of animal dose and human equivalent dose for drug
development. J Korean Med 31(3):1

Shweiki S, Diav-Citrin O (2021) Pregnancy outcome after first tri-
mester exposure to vortioxetine: a case series. Birth Defects
Res 113:511-515. https://doi.org/10.1002/bdr2.1864

Simon GE, Cunningham ML, Davis RL (2002) Outcomes of prena-
tal antidepressant exposure. Am J Psychiatry 159:2055-2061.
https://doi.org/10.1176/APPI.AJP.159.12.2055/ASSET/
IMAGES/L117F1.JPEG

Singh M, Singh KP (2013) In utero exposure of venlafaxine: impact
on maternal, fetal, neonatal weight and postnatal growth in rat
offspring. Nat Acad Sci Lett 1:35-40. https://doi.org/10.1007/
S40009-012-0110-2

Singh M, Singh KP, Shukla S, Dikshit M (2015) Assessment of in-
utero venlafaxine induced, ROS-mediated, apoptotic neurode-
generation in fetal neocortex and neurobehavioral sequelae in
rat offspring. Int J Dev Neurosci 40:60-69

Singh KP, Singh MK, Singh M (2016) Effects of prenatal exposure
to antipsychotic risperidone on developmental neurotoxicity,
apoptotic neurodegeneration and neurobehavioral sequelae in
rat offspring. Int J Dev Neurosci 52:13-23. https://doi.org/10.
1016/J.1JDEVNEU.2016.05.006

Singh KP, Sharma P, Singh M (2022) Prenatal venlafaxine exposure-
induced neurocytoarchitectural and neuroapoptotic degenera-
tion in striatum and hippocampus of developing fetal brain,
manifesting long-term neurocognitive impairments in rat off-
spring. Neurotox Res 40:1174-1190. https://doi.org/10.1007/
S$12640-022-00541-3

Singh KP, Singh P, Agrawal P, Agarwal BP (2023) Neurodevelop-
mental and neurobehavioral sequelae associated with in utero
exposure to second-generation antidepressants: a systematic
review. J Appl Biol Biotechnol 11:12-21. https://doi.org/10.
7324/JABB.2023.11502

Singh P, Agrawal P, Singh KP (2024) Prenatal exposure to vortiox-
etine and vilazodone: impact on depressive- and anxiety-like
behavioral manifestations in young rat offspring. Behav Brain
Res 471:115128. https://doi.org/10.1016/J.BBR.2024.115128

Singh P, Agrawal P, Singh KP (2025) Neurocognitive impairments in
rat offspring after maternal exposure to vortioxetine: Involve-
ment of BDNF, apoptosis and cholinergic mediated signaling
pathways. Reprod Toxicol. https://doi.org/10.1016/J.REPRO
T0X.2024.108746

Smit-Rigter LA, Noorlander CW, Von Oerthel L, Chameau P, Smidt
MP, Van Hooft JA (2012) Prenatal fluoxetine exposure induces
life-long serotonin 5-HT3 receptor-dependent cortical abnor-
malities and anxiety-like behaviour. Neuropharmacology
62:865-870. https://doi.org/10.1016/]. NEUROPHARM.2011.
09.015

Stiles J, Jernigan TL (2010) The basics of brain develop-
ment. Neuropsychol Rev 20:327. https://doi.org/10.1007/
S11065-010-9148-4

Subramaniam SR, Chesselet MF (2013) Mitochondrial dysfunction
and oxidative stress in Parkinson’s disease. Prog Neurobiol 106—
107:17-32. https://doi.org/10.1016/]. PNEUROBIO.2013.04.004

Suvarna SK, Layton C, Bancroft JD (2019) Bancroft’s Theory and
Practice of Histological Techniques, Eighth Edition. Elsevier

Svirsky N, Levy S, Avitsur R (2016) Prenatal exposure to selective
serotonin reuptake inhibitors (SSRI) increases aggression and
modulates maternal behavior in offspring mice. Dev Psychobiol
58:71-82. https://doi.org/10.1002/dev.21356


https://doi.org/10.1179/147683010X12611460764723
https://doi.org/10.1038/SJ.NPP.1301571
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4161/EPI.3.2.6034
https://doi.org/10.4161/EPI.3.2.6034
https://doi.org/10.1038/nature05162
https://doi.org/10.1016/0002-9378(95)91486-2
https://doi.org/10.1016/0002-9378(95)91486-2
https://doi.org/10.3389/FNCEL.2013.00073/BIBTEX
https://doi.org/10.3389/FNCEL.2013.00073/BIBTEX
https://doi.org/10.1016/j.pharmthera.2012.03.008
https://doi.org/10.1016/J.JAD.2009.06.044
https://doi.org/10.52504/001C.83340
https://doi.org/10.52504/001C.83340
https://doi.org/10.1017/S1461145704004286
https://doi.org/10.1017/S1461145704004286
https://doi.org/10.1093/BIOLRE/IOZ204
https://doi.org/10.1002/bdr2.1076
https://doi.org/10.1002/bdr2.1076
https://doi.org/10.3797/scipharm.1004-02
https://doi.org/10.3389/FCELL.2021.632766
https://doi.org/10.3389/FCELL.2021.632766
https://doi.org/10.1016/0006-2952(74)90235-4
https://doi.org/10.1002/bdr2.1864
https://doi.org/10.1176/APPI.AJP.159.12.2055/ASSET/IMAGES/L117F1.JPEG
https://doi.org/10.1176/APPI.AJP.159.12.2055/ASSET/IMAGES/L117F1.JPEG
https://doi.org/10.1007/S40009-012-0110-2
https://doi.org/10.1007/S40009-012-0110-2
https://doi.org/10.1016/J.IJDEVNEU.2016.05.006
https://doi.org/10.1016/J.IJDEVNEU.2016.05.006
https://doi.org/10.1007/S12640-022-00541-3
https://doi.org/10.1007/S12640-022-00541-3
https://doi.org/10.7324/JABB.2023.11502
https://doi.org/10.7324/JABB.2023.11502
https://doi.org/10.1016/J.BBR.2024.115128
https://doi.org/10.1016/J.REPROTOX.2024.108746
https://doi.org/10.1016/J.REPROTOX.2024.108746
https://doi.org/10.1016/J.NEUROPHARM.2011.09.015
https://doi.org/10.1016/J.NEUROPHARM.2011.09.015
https://doi.org/10.1007/S11065-010-9148-4
https://doi.org/10.1007/S11065-010-9148-4
https://doi.org/10.1016/J.PNEUROBIO.2013.04.004
https://doi.org/10.1002/dev.21356

Archives of Toxicology (2025) 99:4243-4261

4261

Swerts CAS, Costa AMDD, Esteves A, Borato CES, Swerts MSO
(2010) Effects of fluoxetine and imipramine in rat fetuses treated
during a critical gestational period: a macro and microscopic
study. Brazilian J Psychiatry 32:152-158

Szapacs ME, Mathews TA, Tessarollo L, Ernest Lyons W, Mamounas
LA, Andrews AM (2004) Exploring the relationship between ser-
otonin and brain-derived neurotrophic factor: analysis of BDNF
protein and extraneuronal 5-HT in mice with reduced serotonin
transporter or BDNF expression. J Neurosci Methods 140:81-92.
https://doi.org/10.1016/J JNEUMETH.2004.03.026

Talati A (2023) Maternal depression, prenatal SSRI exposure, and
brain trajectories in childhood. JAMA Psychiat 80:1191-1192.
https://doi.org/10.1001/JAMAPSYCHIATRY.2023.2664

Tian Z, Wang J, Xu M, Wang Y, Zhang M, Zhou Y (2016) Resvera-
trol improves cognitive impairment by regulating apoptosis and
synaptic plasticity in streptozotocin-induced diabetic Rats. Cell
Physiol Biochem 40:1670-1677. https://doi.org/10.1159/00045
3216

Trang A, Khandhar PB (2023) Physiology, Acetylcholinesterase.
[Updated 2023 Jan 19]. StatPearls [Internet], Treasure Island
(FL)

Uphouse L, Hensler JG, Sarkar J, Grossie B (2006) Fluoxetine disrupts
food intake and estrous cyclicity in Fischer female rats. Brain Res
1072:79-90. https://doi.org/10.1016/J. BRAINRES.2005.12.033

Velasquez JC, Goeden N, Bonnin A (2013) Placental serotonin: Impli-
cations for the developmental effects of SSRIs and maternal
depression. Front Cell Neurosci 7:47997. https://doi.org/10.3389/
FNCEL.2013.00047/BIBTEX

Voigt JP, Fink H (2015) Serotonin controlling feeding and satiety.
Behav Brain Res 277:14-31. https://doi.org/10.1016/J.BBR.
2014.08.065

Wong ML, Medrano JF (2005) Real-time PCR for mRNA quantitation.
Biotechniques 39:75-85. https://doi.org/10.2144/05391RV01

Yen TT, Fuller RW (1992) Preclinical pharmacology of fluoxetine, a
serotonergic drug for weight loss. Am J Clin Nutr 55:177S-180S.
https://doi.org/10.1093/ajen/55.1.177s

Yonkers KA, Norwitz ER, Smith MV, Lockwood CJ, Gotman N,
Luchansky E, Lin H, Belanger K (2012) Depression and seroto-
nin reuptake inhibitor treatment as risk factors for preterm birth.
Epidemiology 23:677-685. https://doi.org/10.1097/EDE.OB013
E31825838E9

Zhao S, Zhao J, Zhang T, Guo C (2016) Increased apoptosis in the
platelets of patients with Alzheimer’s disease and amnestic mild
cognitive impairment. Clin Neurol Neurosurg 143:46-50. https://
doi.org/10.1016/J.CLINEURO.2016.02.015

Zullino S, Simoncini T (2018) Impact of selective serotonin reuptake
inhibitors (SSRIs) during pregnancy and lactation: a focus on
short and long-term vascular effects. Vascul Pharmacol 108:74—
76. https://doi.org/10.1016/J.VPH.2018.05.008

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/J.JNEUMETH.2004.03.026
https://doi.org/10.1001/JAMAPSYCHIATRY.2023.2664
https://doi.org/10.1159/000453216
https://doi.org/10.1159/000453216
https://doi.org/10.1016/J.BRAINRES.2005.12.033
https://doi.org/10.3389/FNCEL.2013.00047/BIBTEX
https://doi.org/10.3389/FNCEL.2013.00047/BIBTEX
https://doi.org/10.1016/J.BBR.2014.08.065
https://doi.org/10.1016/J.BBR.2014.08.065
https://doi.org/10.2144/05391RV01
https://doi.org/10.1093/ajcn/55.1.177s
https://doi.org/10.1097/EDE.0B013E31825838E9
https://doi.org/10.1097/EDE.0B013E31825838E9
https://doi.org/10.1016/J.CLINEURO.2016.02.015
https://doi.org/10.1016/J.CLINEURO.2016.02.015
https://doi.org/10.1016/J.VPH.2018.05.008

	Gestational vortioxetine exposure impairs pregnancy outcomes and fetal brain development via modulation of BDNFBax-Bcl25-HT pathways in rats
	Abstract
	Introduction
	Materials and methods
	Animals and housing conditions
	Mating and pregnancy confirmation
	Drug and dose selection
	Experimental design
	Maternal monitoring
	Evaluation of pregnancy and fetal outcomes
	Brain collection and morphometry
	Histological analysis of the brain
	Neurochemical and biochemical analysis of the brain
	Monoamines estimation
	Acetylcholinesterase activity
	Gene expression analysis

	Statistical analysis

	Results
	Effects of VOX exposure on maternal health and metabolic parameters
	Daily food consumption and body weight gain
	Maternal locomotor activity

	Effect of VOX exposure on pregnancy outcomes
	Effect of VOX exposure on brain morphometry
	Histological evaluation of the brain
	Effect of VOX exposure on the cytoarchitectural pattern and thickness of the prefrontal cortex
	Effect of VOX exposure on the cytoarchitectural pattern and thickness of the hippocampus

	Effect of VOX exposure on monoamine neurotransmitter levels in brain
	Effect of VOX exposure on the acetylcholinesterase activity in brain
	Effect of VOX exposure on mRNA expression of BDNF in the brain
	Effect of VOX exposure on mRNA expression of apoptotic genes in brain

	Discussion
	Conclusion
	Acknowledgements 
	References




