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Introduction: Generally, the pregnant women with schizophrenia have higher
consumption of medicinal drugs. During pregnancy, placental ABC transporters
regulate drug disposition and are involved in fetal and placental development.
This study examined the expression and function of placental P-glycoprotein
(P-gp) and breast cancer resistance protein (BCRP) transporters in vivo and
evaluated the epigenetic impact of schizophrenia on the placenta in a rat model.
Methods: The expression of placental P-gp and BCRP was measured by RT-PCR
and Western blot techniques in schizophrenia-like Wisket and control Wistar rats
on gestation days 15, 18, 20, 21, and 22, while the histone acetyltransferase activity
and global methylation state of the placenta were detected by colorimetric kits.
Fexofenadine was administered per os (10 mg/kg) to pregnant rats and plasma
concentrations of fexofenadine were determined with HPLC analysis on the
21 and 22 days of gestation.

Results: Reduced placental P-gp expression was identified in late pregnancy,
while the placental BCRP expression upregulation was observed before term in
schizophrenia. Significantly lower fetal fexofenadine plasma concentration was
measured on the 21st and 22nd days of pregnancy compared to the mother; in
contrast, the fexofenadine concentration was similar in the schizophrenia-like
mother and fetus. Decreased placental histone acetyltransferase activity and DNA
hypermethylation were revealed before term in schizophrenia-like rats.
Conclusion: Based on our results, we can conclude that the expression and
function of the placental efflux proteins we examined are altered in
schizophrenia, and possibly as a result, altered substrate concentrations were
measured in the fetuses. We hypothesize that the altered protein expression may
also be a result of the disease-induced epigenetic pattern changes. This study
presents novel disease-associated placental ABC transporter alterations, which
highlights the dangers of using transporter substrates, especially P-gp, during
pregnancy.

schizophrenia, placenta, P-glycoprotein, breast cancer resistance protein, fexofenadine,
epigenetic, rat
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1 Introduction

Schizophrenia is one of the most severe mental conditions
among psychiatric disorders, which affects around 23 million
people (0.29%) worldwide (Jauhar et al., 2022; Zhan et al., 2025;
World Health Organization, 2025). Although the actual occurrence
in the population is probably underestimated, in the last 3 decades,
the global prevalence and incidence of schizophrenia have grown by
circa 65% and 37%, respectively, an increasing trend for the
following years (Solmi et al., 2023). Currently, approximately half
of the patients in mental hospitals live with schizophrenia (World
Health Organization (WHO) 2025). The onset of schizophrenia
generally begins in young adulthood, and women usually have the
first episode of psychosis between the ages of 25 and 35 years, which
overlaps with the peak of women’s reproductive period (Dazzan,
2021). Pregnant women with schizophrenia also have a high
population increase in those decades and the current pregnancy
rate has reached the 50%-60% values among women with
schizophrenia, which is similar to the general population (Safont
et al., 2023).

The exact etiology of schizophrenia is currently unknown.
However multiple interactions of several factors like genetic risks,
environmental impacts, or neurodevelopmental alterations are
presumably responsible for the disease development via
epigenetic modulation (Focking et al, 2019; Smigielski et al,
2020). Nevertheless, the
dysregulations in the pathophysiology of schizophrenia is proven

role of brain neurotransmitters’
including the imbalance of dopamine, serotonin, glutamate, and
gamma-aminobutyric acid (GABA) (Patel et al., 2014; Yang and
Tsai, 2017; Stahl, 2018; Luvsannyam et al., 2022). Due to the diverse
neurochemical alterations and the interaction of neurotransmitter
pathways, schizophrenia is characterized by a wide range of
manifestations and classified into positive, negative or cognitive
symptoms (Yang and Tsai, 2017). In addition to the various
symptoms, mothers with schizophrenia also have an increased
hazard to develop pregnancy, delivery, or neonatal complications
(Fabre et al., 2021).

Antipsychotic drugs are the main pillars in the treatment of
schizophrenia and usually require long-term use of 1-5 years or even
decades to control the psychotic episodes and prevent relapses
(Tithonen et al, 2018). More case studies proved that the
continuous use of antipsychotics provides sustained remission,
while patients relapse if they stop the use of medication during
pregnancy (Teodorescu et al, 2017). Based on this, risk-benefit
assessments recommend the continuous use of antipsychotics
during pregnancy to avoid the recurrence of psychotic episodes
(Betcher et al., 2019; Edinoff et al., 2022). Therefore, the rate of
medication consumption is significant in pregnant women with
schizophrenia, which could further increase in the presence of
schizophrenia-related comorbidities. Based on these, placental
protective functions are even more important to regulate fetal
drug exposure in this special population (Ventriglio et al., 2015;
Reutfors et al., 2020).

Placental ATP-binding cassette (ABC) transporters are ATP-
dependent transmembrane proteins one of the significant
With  the
hydrolysis of ATP molecules, they can change conformations and

determinants of fetal and placental protection.

pump out xenobiotics and toxicants out of the placenta back into the
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maternal blood with efflux pump activity (Szatméri and Ducza,
2023). Efflux pumps are usually identified with medicinal drug
transport, however, they also have a relevant role in the
processes 2023).
P-glycoprotein (ABCBI, P-gp) and breast cancer resistance
protein (ABCG2, BCRP) are efflux
transporters in fetal protection. They are already taken into

regulation of biological (Moore et al,

the most significant
consideration by the regulatory authorities in the International
Harmonization (ICH) MI2 guideline, which
recommends evaluating whether the novel therapeutics are

Council for

associated with P-gp or BCRP transport (ICH Harmonised
Guideline on Drug Interaction Studies M12, 2022).

Various acute and chronic disease states are associated with P-gp
(encoded by the ABCBI gene in humans, Abcbla or mdrla and
Abcblb or mdrlb genes in rodents) and BCRP (encoded by the
ABCG2 gene in humans, Abcg2 in rodents) transporter alterations in
different organs, including placental tissues (Evers et al, 2018;
Kozlosky et al., 2022; Moore et al, 2023; Szatmari and Ducza,
2023). Pathologic states are able to impair the epigenetic pattern
of the placenta as well, which could be a significant role in the
aberrant gene regulation of placental ABC transporters. DNA
methylation and histone modifications are the main epigenetic
regulators involved in transcriptional activity and chromatin
folding, and several in vitro, in vivo and clinical studies reported
that these epigenetic processes are dysregulated in schizophrenia
(Kozlosky et al., 2022; Lesch, 2021; Delphin et al., 2024).

In this study, we aimed to determine the expression of placental
P-gp and BCRP during pregnancy in schizophrenia-like Wisket
model rats and evaluate the efflux pump function via fexofenadine
substrate of P-gp in vivo. Furthermore, we examined the epigenetic
pattern of the placenta at the level of histone acetylation mechanisms
and global DNA methylation.

2 Materials and methods

All experiments involving animals were complied with the
ARRIVE guidelines and carried out in accordance with the
Guidance on the operation of the Animals (Scientific Procedures)
Act 1986, European Communities Council Directive (2010/63/EU)
and the Hungarian Act for the Protection of Animals in Research
(Article 32 of Act XXVIII) and with the approval of the National
Scientific Ethical Committee Experimentation
(registration number: XIV/1421/2023.). Animals were kept in
regulated rooms with 12 h light/dark period, 22 °C + 3 °C
temperature and 30%-70% relative humidity. Standard rodent
chow (Animalab Ltd., Vic, Hungary) and bottled tap water were

on Animal

provided ad libitum.

2.1 Animal model

As a model of schizophrenia, Wisket rats were used in our
experiments. Wisket rats originate from the Wistar strain by
selective breeding through generations according to the rat’s
behavioral phenotype, such as pain sensitivity (Tail Flick test,
TF), cognitive function, and sensory gating properties (pre-pulse
inhibition procedure, PPI), after post-weaning social isolation and
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FIGURE 1
The experimental design of animal studies. TF: tail flick test; PPI: pre-pulse inhibition procedure.

age of animals
(weeks)

sub-chronic ketamine treatment (Figure 1). The development
process was maintained as previously described in detail
(Petrovszki et al., 2013; Kekesi et al., 2015). Since the animal
model was derived from Wistar rats, naive socialized Wistar
animals (Toxi-Coop Ltd., Budapest, Hungary) without ketamine
treatment were involved in the experiment as the control group
(Biiki et al., 2019).

2.2 Animal experiments

The sexually matured 11 weeks old (200-250 g) schizophrenia-
like (n = 42) and control female (n = 42) rats were mated in a special
mating box with males (240-260 g) from the same experimental
group (n = 6/group) as the females. The previous day of mating
between 03:00-04:00 p.m., the proestrus stage of the estrus cycle was
determined by a Rat Vaginal Impedance Checker (MK-12,
Muromachi Kikai Co., Ltd., Tokyo, Japan). Female animals with
3.0 kQ vaginal impedance or higher were chosen for the mating
process for the following morning. The selected female and male rats
were separated in the mating box by an electronic metal door, which
was opened automatically between 03:00-05:00 a.m. and provided
the opportunity of copulation until 08:00-09:00 a.m. Vaginal smear
checked
at x20 magnification. Visible copulation plug in the vagina or

samples were taken and with  microscope
detected sperm in the vaginal smear confirmed the presence of
pregnancy and regarded the animal as a first-day-old pregnant dam.
Pregnant animals were selected for molecular biology or
pharmacokinetic studies and both experimental groups were
divided into subgroups (n = 6/subgroup) representing the
different gestational days. Male animals were only used for mating.

For molecular biology studies, pregnant rats on gestation days
15, 18, 20, 21 and 22 were terminated under deep isoflurane
anesthesia by exsanguination and placental tissues were randomly
removed (6-8/dam) and placed into RNAlater Solution (Sigma

Aldrich, Budapest, Hungary).
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Pregnant animals involved in pharmacokinetic investigations
were fasted for 16 h before the treatment, and on gestation days
21 and 22 (n = 6/day), they were administered per os with a single
dose of 10 mg/kg fexofenadine (Fex). The substrate, dose and
cupping time were determined by the literature data (Qiang
et al, 2009; Jaisue et al., 2010; Pinto et al, 2021; ICH
Harmonised Guideline on Drug Interaction Studies M12, 2022;
Popova et al,, 2023). Fexofenadine tablet (Allegra 120 mg Tablet,
Opella Healthcare Commercial Ltd., Budapest, Hungary) was
grinded and suspended in 0.25% mucilage methylcellulose (Sigma
Aldrich, Budapest, Hungary). Maternal and fetal blood were
containing Na,EDTA after 1 h of
administration. All fetuses were surgically removed from the
mothers under isoflurane anaesthesia, then separated from the

collected into tubes

uterus, placenta, amniotic membrane and umbilical cord. Pups
were washed from maternal blood and amniotic fluid by sterile
isotonic water (NaCl Kabi 9 mg/mL Injection Solution, Fresenius
Kabi Hungary Ltd., Budapest, Hungary) to avoid the contamination.
The purified fetuses were decapitated and fetal blood samples were
collected. Fetal sex has not been determined due to technical
limitations; therefore, sex-specific effects were not evaluated.
Blood samples of mothers were taken by cardiac puncture. All
blood samples were centrifuged with SIGMA 1-15 K Centrifuge
(Sigma Laborzentrifugen GmbH, Germany) at 4000 g, 10 min and
4 °C to separate plasma. The collected placental tissues and plasma
aliquots were frozen at —80 °C until molecular biology and
Our
graphically represented in Figure 1.

bioanalytical ~measurements. experimental design is

2.3 Molecular biology studies
2.3.1 Total RNA, DNA and protein isolation from
placental tissues

Placental tissues were mechanically smashed by grinding balls
with a Sartorius MikroDismembrator U (Sartorius, Gottingen,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1673124

Szatmari et al.

Germany) ball mill. Total cellular RNA was extracted from the
homogenized samples by guanidinium thiocyanate-acid-phenol-
chloroform according to the procedure described previously
(Chomzynski, 1987). The total cellular DNA was isolated by
Geneaid™ DNA Isolation Kit (Central European Biosystem Ltd.,
Hungary) from the powder of placental tissues following the
instruction manual.

For protein isolation, powdered samples were homogenized
with a solution of RIPA lysis, extraction buffer and protease
inhibitor cocktail. The supernatant layer was then used to
measure total protein. The concentrations of RNA, DNA, and
protein samples were measured with BioSpec Nano (Shimadzu,
Japan) spectrophotometer.

2.3.2 RT-PCR

1 ug of total RNA and TagMan RNA-to-Cp-Step One Kit
(Thermo Fisher Scientific, Hungary) were used for reverse
transcription and amplification performed by ABI StepOne Real-
Time cycler as described previously (Biiki et al., 2019). The following
primers were used: assay ID Rn01639253_ml for the Abcbla,
Rn01529252_gl for the Abcblb, Rn00710585_m1l for the Abcg2,
and Rn00667869_m1l for
(ThermoFisher Scientific, Hungary).

B-actin as endogenous control

2.3.3 Western blot analysis

50 pg of protein per well was electrophoresed and blotted on
nitrocellulose membranes then antibody binding was detected with
the WesternBreeze Chromogenic Western blot immunodetection
kit (ThermoFisher Scientific, Hungary) as noted before (Biiki et al.,
2019). The blots were incubated with the following primary
antibodies: MDR1 (141 kDa, 1:300, bs-0563R, Bioss Antibody),
ABCG2 (72 kDa, 1:500, SAB5701106, Merck Life Science Ltd.,
Hungary) and B-actin (42 kDa, 1:1000, bs-0061R, Bioss Antibody).

2.3.4 Colorimetric assays

According to the manufacturers’ manual the placental relative
methylation state was measured with Imprint® Methylated DNA
Quantification  Kit
acetyltransferase activity was determined by HAT Activity

(Sigma-Aldrich, Hungary) and histone

Colorimetric Assay Kit (Sigma-Aldrich, Hungary).

2.4 Pharmacokinetic studies

2.4.1 Chemical and reagents

Fexofenadine hydrochloride (pharmaceutical primary standard
and grade), cetirizine hydrochloride (pharmaceutical secondary
standard grade), analytical grade potassium dihydrogen
phosphate (KH,PO,) and analytical grade glacial acetic acid were
purchased from Merck (Darmstadt, Germany). Gradient grade
acetonitrile was obtained from HiPerSolv Chromanorm (VWR

International Kft., Budapest, Hungary).

2.4.2 Plasma sample preparation for HPLC analysis

200 pL plasma sample was spiked with 20 uL of cetirizine
internal standard (Bharathi et al., 2008; Flynn et al, 2011; Yao
and Srinivas, 2012) working solution (50 pg/mL) and 100 uL 5%
acetic acid solution to acidify the sample. Proteins were precipitated
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with 1.5 mL acetonitrile. The mixture was vortexed for 1.5 min and
centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant was
transferred to another clean Eppendorf tube and evaporated to
dryness under a stream of nitrogen at 40 °C. The residue was
reconstituted in 100 uL mobile phase and vortex-mixed for 10 s,
and 20 pL solution was injected for HPLC analysis.

2.4.3 HPLC chromatographic conditions

Fexofenadine quantification in plasma was performed using
high-performance liquid chromatographic (HPLC) method. The
Shimadzu HPLC system (Simkon Ltd., Budapest, Hungary) was
equipped with an LC-20AD solvent delivery system, a DGU-20A3
online degasser, an SIL 20A HT autoinjector, a CTO-20A column
oven, an SPD-M20A photodiode-array detector and a CBM-20A
system controller. The system control and data acquisition were
performed by Shimadzu LC solution 5.106 software (Simkon Kft.,
Budapest, Hungary). The separations were achieved by reversed-
phase liquid chromatography on a Phenomenex Kinetex C8 100A
(4.60 mm x 150 mm, 5 pym) analytical column (Gen-Lab Ltd.,
Budapest, Hungary), protected by a guard column. The column
temperature was kept constant at 30 “C. The mobile phase consisted
of 0.01 M KH,PO, buffer (pH 3.3) and acetonitrile (40:60, v/v)
pumped at a flow rate of 1 mL/min. The mobile phase was filtered by
a Millipore vacuum filtration system (Merck, Darmstadt, Germany)
equipped with a 0.45 um pore size filter and degassed by
ultrasonication. The detection wavelength was 230 nm.

A stock solution of fexofenadine was prepared in acetonitrile at a
concentration of 1 mg/mL. A stock solution of the cetirizine internal
standard was prepared in acetonitrile at a concentration of 1 mg/mL.
The working solutions of fexofenadine were prepared by diluting the
stock solution with acetonitrile, and then working solutions were
obtained by spiking 980 uL of drug-free rat plasma with 20 uL of the
appropriate fexofenadine stock solution, resulting in calibration
standards at the following concentrations: 0.02, 0.05, 0.10, 0.20,
0.50, 1.00, 2.00, 5.00 and 10.00 pg/mL. All of the solutions were
stored at —20 °C.

The HPLC-UV method was partially validated according to the
Bioanalytical Method Validation guidance by the US FDA (Food
and Drug Administration Center for Drug Evaluation and Research
Center for Veterinary Medicine, 2018). The validation parameters
included linearity, lower limit of quantification, selectivity,
sensitivity, accuracy, precision, and recovery.

Selectivity of the method was examined by analyzing blank rat
individual rats,
chromatograms of blank plasma spiked with fexofenadine and IS.

plasma samples from six comparing the
No interfering components are observed at the retention times of
fexofenadine or the IS in the blank samples (Supplementary Figure S1).

Calibration standards (0.02, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00,
and 10.00 pg/mL) were prepared by spiking blank rat plasma with
working standard solutions of known concentrations of fexofenadine
and cetirizine. The calibration curve was measured in triplicate over
two different days and regressed using the ratio of peak areas of
fexofenadine/cetirizine versus the nominal concentration. The
linearity of the method was evaluated using least-squares linear
regression analysis without a weighted factor. The average
equation of the calibration curve was Y = 0.04322X - 0.004053
(R* = 0.9978 + 0.0008), demonstrating the linearity of the method.

The accuracy of the back-calculated concentrations was calculated as
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FIGURE 2
Changes of placental Abcbla (A) and Abcblb (B) mRNA and P-gp (C) protein expressions in control and schizophrenia-like pregnant rats on different

gestational days (15, 18, 20, 21, 22). Data are presented as means + SEM and statistical significance was accepted at p < 0.05 compared to the control
group. (ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001). n = 6/gestational day in each experimental group. The original gel images of the Western blot
measurements are attached in the Supplementary Material (Supplementary Figure S3).
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accuracy (%) = (measured value/nominal value) x 100, while
precision was expressed as the percentage of coefficient of
variation, %CV = (standard deviation/mean) x 100. The accuracy
and precision of back-calculated concentrations were within
the £15% acceptance criteria. Supplementary Figure S2 presents
the mean calibration curve for fexofenadine in rat plasma, and
Supplementary Table S1 summarizes the calibration curve results.
The sensitivity of the HPLC method was characterized by the
lower limit of quantification (LLOQ). The LLOQ of fexofenadine
in rat plasma was 0.02 pg/mL, with an accuracy of 101.73% and a
precision of <7.02%; both values being lower than the +20%
acceptance criteria, thus the method can be considered sensitive
(Supplementary Table S2).

QC samples in three concentration levels (n = 5) were measured
on two different days to obtain the intra- and interday accuracy and
precision. The intra-day accuracy and precision of QC samples were
in the range of 85.12%-106.41% and 6.68%-9.76%, respectively. The
inter-day accuracy and precision of QC samples ranged from 85.50%
to 102.99% and from 7.45% to 9.36%, respectively. The results are
summarized in Supplementary Table S2.

The extraction recovery was detemined by calculating the
percentage of peak area ratio of fexofenadine in pre-spiked and
post-spiked QC samples in three concentration levels (n = 6). The
recovery of fexofenadine ranged from 95.9% to 106.1% in rat plasma
(Supplementary Table S3).

2.5 Statistical analysis

All data were analyzed by Prism 9.0 software (Graphpad
Software Inc. San Diego, CA, USA). The normal distribution of
the sample data was verified using the Shapiro-Wilk test. In
molecular biology and epigenetic studies, two-way ANOVA was
used to examine the effect of the experimental intervention and
gestation period. One-way ANOVA was used to evaluate the
effect of the experimental intervention on the maternal and fetal
plasma concentrations of fexofenadine. Bonferroni post hoc test
was applied for both statistical types. Unpaired t-test was used to
compare the number of the fetuses between the two
experimental group. Each is presented as the mean =*
standard error of the mean (SEM). Significance was accepted

at p < 0.05.

3 Results

3.1 Molecular biology studies on the
expression of placental P-gp and BCRP

To evaluate the effect of schizophrenia on the gene expression of
placental ABC transporters, mRNA and protein expressions of the
selected transporters were analyzed during late pregnancy.
Molecular biology studies of the placenta revealed a significant
reduction of Abcbla mRNA expression from gestation day
18 until 22 in the schizoid animals than the control group
(Figure 2A). Expression of Abcblb remained unchanged but
tripled on the last day of gestation in schizophrenia-like pregnant
rats compared to controls (Figure 2B). The P-gp protein expression
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correlated with the Abcbla mRNA expression and showed reduction
on pregnancy days 20, 21 and 22 (Figure 2C).

The Abcg2 mRNA expression of placenta from schizophrenia-
like rats was significantly increased on gestation day 18, 20 and
21 compared to the control groups (Figure 3A). The BCRP protein
expression was increased on all gestation days; however, it was
significant only on gestation day 20 in rats with schizophrenia
phenotype (Figure 3B).

3.2 Pharmacokinetic studies on fetal
fexofenadine exposure

To assess the impact of the schizophrenia-associated reduced
placental P-gp expression on the fetal substrate concentration,
maternal and fetal Fex plasma concentration were measured
following per os administration. The Fex plasma concentration
was significantly lower in the fetuses on gestation days 21
(Figure 4A) and 22 (Figure 4B) compared to their mothers in the
control groups, with the difference of approximately 1.20 and
0.75 pg/mL, respectively. However, in schizophrenia-like animals,
there were no significant differences between the mothers and the
fetuses in the Fex concentrations on gestation days 21 (Figure 4A)
and 22 (Figure 4B). The number of fetuses did not change in the
schizophrenic group (11.47 + 0.375) compared to controls (11.91 +
0.791; p > 0.05).

3.3 Epigenetic studies on HAT activity and
DNA methylation level

Finally, to establish whether schizophrenia altered the epigenetic
profile of the placenta in late pregnancy, global epigenetic
mechanisms were investigated. In schizophrenia-like rats, the
placental histone acetyltransferase activity was significantly lower
from gestation day 15-22 than the controls (Figure 5A). The
methylated DNA levels of the placenta did not change until
gestation day 20. In contrast, significantly higher methylated
status was revealed on the last 2 days of gestation compared to
the control groups (Figure 5B).

4 Discussion

Although several disease-associated transporter alterations have
been identified (Kozlosky et al., 2022); however, no data are available
in any species about the expression of placental ABC transporters in
schizophrenia. Therefore, the aim of this recent study was to
investigate this interesting and important change in transporter
expression. To our knowledge, this was the first time to examine the
effect of pre-existing schizophrenia on the expression and function
of placental P-gp and BCRP transporters in a rat model and evaluate
the efflux pump function of P-gp in vivo with orally administered
fexofenadine substrate.

The gestational-age-dependent placental P-gp (Novotna
et al., 2004) and BCRP (Yasuda et al., 2005; Cygalova et al,
2008) expression alterations in Wistar rats were previously
described and we got similar expression patterns in our
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FIGURE 3

Changes of placental Abcg2 mRNA (A) and BCRP (B) protein expressions in control and schizophrenia-like pregnant rats on different gestational
days (15, 18, 20, 21, 22). Data are presented as means + SEM and statistical significance was accepted at p < 0.05 compared to the control group (ns p >
0.05, **p < 0.01, ***p < 0.001). n = 6/gestational day in each experimental group. The original gel images of the Western blot measurements are attached

in the Supplementary Material (Supplementary Figure S3).

We determined reduced Abcbla mRNA
expression which was similar as P-gp expression after the 18th

control animals.

day of gestation until term and increased Abcblb level on
pregnancy day 22 in schizophrenia-like rats. The Abcbla and
Abcblb isoforms have partly different expression regulation
(Szatmdri et al, 2025), which their different
expression levels within the tissue. In rodents, Abcbla pre-

explains

dominance is identified as related to the placenta (Schinkel
et al., 1997; Lankas et al., 1998a; Fujita et al., 2022), as also
seen in our animals from gestation day 20. The difference in
protein expression from the Abcbla isoform pattern before
gestation day 20 proves that the two genes together form the
final P-gp expression. In rats with schizophrenia, placental Abcg2
mRNA expression increased from gestation day 18-21, while
BCRP expression increased on all gestation days, but it was only
significant on gestation day 20, which is probably caused by the
varied post-transcriptional or post-translational processes.

Frontiers in Pharmacology

More studies with Abcbla/Ib and Abcg2 knock-out pregnant
mice models evaluated the role of placental P-gp and BCRP
transporters in fetal drug distribution and revealed higher fetal
substrate exposure and substrate-specific fetal abnormalities
compared to the wild-type (Lankas et al., 1998b; Smit et al,
1999; Zhang et al, 2007; Nishimura et al., 2024). Studies also
exist investigating P-gp and BCRP efflux function in healthy and
pathological pregnancies in rodents with substrates like lopinavir
(Anger and Piquette-Miller, 2011), digoxin (Wang et al., 2015),
fexofenadine (Popova et al., 2023), nitrofurantoin (Zhang et al,
2007), glyburide (Zhou et al., 2008), cimetidine (Cygalova et al.,
2008), rosuvastatin (Dai and Piquette-Miller, 2024) or tadalafil
(Nishimura et al., 2024). In these studies, an inverse correlation
is identified between efflux pump expression in the placenta and
their substrates concentrations in the fetus (Moore et al., 2023).
Fexofenadine is a well-identified substrate, which is used as a probe
drug to evaluate placental P-gp function in ex vivo and in vivo
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Epigenetic changes of placenta on histone-acetylation (A) and

DNA methylation (B) in control and schizophrenia-like pregnant rats
on different gestational days (15, 18, 20, 21, 22). Data are presented as
means + SEM and statistical significance was accepted at p <

0.05 compared to the control group (ns p > 0.05, *p < 0.05, ***p <
0.001). n = 6/gestational day in each experimental group.

studies (Qiang et al., 2009; Pinto et al., 2021; Popova et al., 2023).
Fexofenadine is also a practical option in clinical studies because it is
safer and possesses lower risks than the widely used digoxin with a
narrow therapeutic window (Gaspar et al, 2025). The ICH
M12 guideline with the participation of the Food and Drug
Administration and European Medicines Agency also
recommends its use as a substrate (ICH Harmonised Guideline

on Drug Interaction Studies M12, 2022; FDA Drug Development

Frontiers in Pharmacology

and Drug Interactions, 2025). Furthermore, fexofenadine is
frequently used to treat allergic conditions during pregnancy
(Andersson et al., 2020).

In our study, animals were treated per os, because oral
administration is the usual way to take medicine, and the impact
of the absorption process on fetal substrate exposure could be
evaluated. We did not observe any difference between maternal
and fetal fexofenadine plasma concentrations in the schizophrenia-
like animals compared to controls. It can be assumed that the
reduced P-gp expression in the schizophrenia-like animals results
in an insufficient barrier function in the placenta, which was likely
unable to limit the exposure of fexofenadine to the fetus and leads to
similar plasma concentrations in both the fetal and maternal
compartments, in contrast to the controls. Furthermore, the
maternal plasma concentration of fexofenadine was reduced in
schizoid animals, suggesting that schizophrenia may also affect
the absorption of fexofenadine.

It is important to mention that in vivo functional studies of P-gp
are complicated by the fact that most of the substrates used as a
probe are not specific for P-gp. Fexofenadine is also a known
substrate of organic anion transporting polypeptide (OATP)
transporter 1B1, 1B3 and 2Bl, respectively (ICH Harmonised
Guideline on Drug Interaction Studies M12, 2022; FDA Drug
Development and Drug Interactions, 2025). These transporters
are mainly expressed in the liver and intestine, however
OATP2BI1 is expressed in the basal membrane of the human
placenta while OATP1B1 has been detected in human placental
tissues in very low levels (Dallmann et al., 2019; Chen et al., 2020;
Ganguly et al., 2021; Yamashita and Markert, 2021). In rats, Oatp1b2
(also known as Oatp4 and the rodent orthologue of human
OATPIBI and 1B3) has minimal expression in the placenta
while Oatp2bl (also known as Oatp9 and the rodent orthologue
of human OATP2BI) is expressed in the rat placenta, but much less
compared to the liver in contrast to mdrla and mdr1b which reach
abundant expression in the rat placenta compared to the liver
(Leazer and Curtis, 2003; St-Pierre et al., 2004; Liu, 2019). These
OATP transporters are less relevant in the rat placenta than P-gp
according to the fetal protection and xenobiotic exposure (Leazer

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1673124

Szatmari et al.

and Curtis, 2003) which indicates the dominant role of P-gp in the
determination of fexofenadine disposition across the rat placenta.
User rates of P-gp and BCRP substrates are near 10% and 3%
among pregnant women (Daud et al.,, 2015; 2017). A register-based
study revealed that the use of P-gp and/or BCRP substrates or
inhibitors simultaneously during pregnancy increases the risk of
congenital anomalies (Ellfolk et al., 2020). In addition, reduction of
placental P-gp and BCRP expressions is associated with fetal death
(Nardi et al, 2025). Since placental P-gp is decreased in
schizophrenia during pregnancy, it can be assumed that drugs
with P-gp transport used in pregnant women with schizophrenia
could reach higher concentrations in the feto-placental unit and be
harmful for the fetus or placenta contributing to the appearance of
drug-induced fetal complications during the pharmacotherapy. To
prevent this, the use of P-gp substrate drugs in schizophrenia should
be reconsidered. Since BCRP did not indicate higher fetal exposure
of BCRP
pharmacokinetic studies with a BCRP substrate were not performed.

substrates based on its expression changes,

Altered epigenetic modifications in the placenta are linked with
several pregnancy complications and ABC transporter
dysregulations (Kozlosky et al., 2022; Talpur et al., 2024). The
link between epigenetic regulation and the pathophysiology of
schizophrenia is also proven (Yang et al, 2025). Since the
disruption of multiple regulatory pathways is responsible for the
development of varied pregnancy complications and the
dysregulation of ABC transporters, global epigenetic profiles of
the placenta were investigated. Transcriptional activity could be
affected by both and evidence of their reciprocal relationships is
described. Histone acetylation is a post-translational modification,
when an acetyl-group is added to a histone protein and relaxes the
interaction between the tightly rolled DNA chain and the histone
protein, leading to an open chromatin structure which is linked with
the activation of transcriptional processes. This process is reversible
and mediated by the balance of histone acetyltransferases (HATS)
and histone deacetylases (HDAC:s) activities (Lee et al., 2021). DNA
methylation alters gene expression without changing the DNA
sequence by the reaction of covalent fusion of methyl group and
a cytosine nucleotide base (called CpG islands) of DNA.
Hypermethylation in the promoter region of a gene is generally
associated with a decrease in transcriptional activity and plays a
major role in gene silencing, which is essential in cell differentiation
revealed that histone
acetylation is associated with DNA demethylation (EI-Osta and
Wolffe, 2001; Staud and Ceckova, 2015; Gujral et al., 2020; Lee et al.,
2020). We observed decreased HAT activity in the schizophrenia-
like animals until term while, DNA methylation increased on the last
2 days of pregnancy. Previous studies proved that global HAT

and development. Moreover, studies

activity is positively correlated with the global acetylation changes
(Wang et al., 2009; Selvi et al., 2010), which leads us to conclude that
the level of global histone acetylation may also decrease with the
reduction of HAT activity. Based on this, we believe that due to the
presumed histone hypoacetylation, the DNA chain is not able to
drift away from the histone protein, resulting in a compact
chromatin structure. Since DNA chains permanently remain
closed on the histone protein, after a while DNA begins to
methylate which contributes to altered transcriptional activity
and long-term gene silencing. Numerous studies reported
epigenetic impairments in brain, blood, and saliva tissues from
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patients with schizophrenia (Delphin et al, 2024); however,
with
schizophrenia is not available yet. Various pregnancy conditions
and complications present altered DNA methylation level in the
placenta, including obesity, maternal diabetes (Reichetzeder et al.,
2016; Lizarraga et al., 2024; Hjort et al., 2022), preeclampsia (Cruz

similar research of placental tissues from mothers

et al., 2020), caesarean section (Stabuszewska-J6zwiak et al., 2020),
down syndrome (Jin et al., 2013) or large for gestational age (Dwi
Putra et al., 2020), and several of these conditions have been linked
with placental ABC transporter expression alterations (Kozlosky
et al,, 2022). A relatively recent study revealed that prenatal stress
condition induces hypermethylation on placental ABCB1 CpG sites
and regions which is coupled with reduced Abcbla/1b mRNA and
protein expressions (Liu et al., 2025). Another study observed lower
total and CpG site-specific methylation levels of placental
ABCBI1 and unaltered methylation levels of ABCG2 in neonatal
opioid withdrawal syndrome (Townsel et al., 2025). Enormous
that the methylation of
ABCB1 promoter is inversely correlated with the mRNA and

evidence is also available
protein expression of the ABCBl1 in prostate cancer and
leukemia, while the association of the ABCG2 promoter
methylation state and its mRNA and protein expression level is
extensively varied by cancer types (Zappe and Cichna-Markl, 2020).
Based on this, we presume that impaired epigenetic pattern in
schizophrenia may play a role in the dysregulation of placental
P-gp during pregnancy. Nevertheless, it is important to mention,
that global histone acetylation is a dynamic process regulated by
both histone acetylation and histone deacetylation (Wang and Luo,
2025), therefore future studies are needed to determine the exact
histone-acetylation levels and perform gene-specific methylation
and histone-acetylation analyses to evaluate the direct
relationship between the altered placental epigenetic pattern and
ABC transporter expression changes in schizophrenia. Although the
gene expression activity depends on the exact site of epigenetic
modifications on histone protein and the DNA chain, the observed
placental epigenetic alterations indicate that epigenetic changes
occur as a result of the disease. As the presence of schizophrenia
is an increased risk factor for developing pregnancy, delivery, or
neonatal complications, the observed schizophrenia-related
epigenetic impairments might be associated with these adverse
pregnancy outcomes or even disease susceptibility of offspring in

later life (Fabre et al., 2021; Talpur et al., 2024).

5 Conclusion

In summary, we revealed insufficient barrier function of the
placenta against fexofenadine in the schizophrenia-like rat model,
which could be primarily caused by the reduced expression of
placental P-gp. Since drug utilization in schizophrenia during
pregnancy is significant, the use of drugs associated with P-gp
transport should be reconsidered. In contrast, based on the
expression changes, increased risk is not assumed for BCRP
substrate drugs. Altered epigenetic processes in the placenta were
also observed in dams with schizophrenia, suggesting their
connection with schizophrenia-associated maternal and fetal
complications. Our findings may provide a new aspect for drug
choice and dose setting during pregnancy under the condition of
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schizophrenia; however future human investigations are required
for the clinical translation of the obtained results.

6 Limitations

Our findings face some limitations, which should be
considered. Most importantly, the study is lacking in human
investigations, which is necessary for the clinical implications
for pregnant women with schizophrenia. Another weakness is
that only one time-point was investigated after a single dose of
fexofenadine treatment, which does not allow the assessment of
long-term fetal outcomes. For further evaluation, detailed
comparative pharmacokinetic investigations would be needed
with the comparison of per os and intravenous administration
using more time-points and specific teratogenic substrates and
inhibitors. In addition, our results do not provide data about the
sex-specific and site-specific placental expression changes of the
investigated transporters.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

All experiments involving animals were complied with the
ARRIVE guidelines and carried out in accordance with the
Guidance on the operation of the Animals (Scientific Procedures)
Act 1986, European Communities Council Directive (2010/63/EU)
and the Hungarian Act for the Protection of Animals in Research
(Article 32 of Act XXVIII) and with the approval of the National
Scientific Ethical Committee on Animal Experimentation
(registration number: XIV/1421/2023). The study was conducted
in accordance with the local legislation and institutional
requirements.

Author contributions

PS:
Writing - original draft. AS-B: Investigation, Writing - original

Formal Analysis, Investigation, Visualization,
draft. ASz-I: Investigation, Methodology, Writing — original draft.
GK: Investigation, Methodology, Conceptualization, Supervision,
Writing - review and editing. GyH: Investigation, Methodology,

Writing - review and editing. ED: Investigation, Methodology,

References

Andersson, N. W., Torp-Pedersen, C., and Andersen, J. T. (2020). Association
between fexofenadine use during pregnancy and fetal outcomes. JAMA Pediatr. 174
(8), €201316. doi:10.1001/jamapediatrics.2020.1316

Anger, G. J., and Piquette-Miller, M. (2011). Mechanisms of reduced maternal and
fetal lopinavir exposure in a rat model of gestational diabetes. Drug Metabolism Dispos.
39 (10), 1850-1859. doi:10.1124/dmd.111.040626

Frontiers in Pharmacology

10

10.3389/fphar.2025.1673124

Conceptualization, Formal Analysis, Funding acquisition,

Supervision, Writing — review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the UNKP-22-3-SZTE-161 New National Excellence Program of
the Ministry for Culture and Innovation from the source of the
National Research, Development and Innovation Fund. The
publication was supported by the University of Szeged Open
Access Fund, Grant ID: 7925.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their affiliated organizations, or those of the publisher,
the editors and the
be evaluated in this article, or claim that may be made

reviewers. Any product that may
by its manufacturer, is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1673124/
full#supplementary-material

Betcher, H. K., Montiel, C., and Clark, C. T. (2019). Use of antipsychotic drugs during
pregnancy. Curr. Treat. Options Psychiatry 6 (1), 17-31. doi:10.1007/s40501-019-0165-5

Bharathi, V. D., Radharani, K., Jagadeesh, B., Ramulu, G., Bhushan, I., Naidu, A., et al.
(2008). LC-MS-MS assay for simultaneous quantification of fexofenadine and
pseudoephedrine in human plasma. Chromatographia 67 (5-6), 461-466. doi:10.
1365/510337-008-0526-5

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2025.1673124/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1673124/full#supplementary-material
https://doi.org/10.1001/jamapediatrics.2020.1316
https://doi.org/10.1124/dmd.111.040626
https://doi.org/10.1007/s40501-019-0165-5
https://doi.org/10.1365/s10337-008-0526-5
https://doi.org/10.1365/s10337-008-0526-5
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1673124

Szatmari et al.

Biiki, A., Horvath, G., Benedek, G., Ducza, E., and Kekesi, G. (2019). Impaired
GADI1 expression in schizophrenia-related WISKET rat model with sex-dependent
aggressive behavior and motivational deficit. Genes, Brain Behav. 18 (4), €12507. doi:10.
1111/gbb.12507

Chen, M., Hu, S, Yang, Li, Gibson, A. A,, Fu, Q., Baker, S. D., et al. (2020). Role of
Oatp2bl in drug absorption and drug-drug interactions. Drug Metabolism Dispos. Biol.
Fate Chem. 48 (5), 419-425. doi:10.1124/dmd.119.090316

Chomzynski, P., and Sacchi, N. (1987). Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162 (1),
156-159. doi:10.1006/abio.1987.9999

Cruz, ].De O., Conceigdo, I. M. C. A,, Tosatti, J. A. G., Gomes, K. B., and Luizon, M. R.
(2020). Global DNA methylation in placental tissues from pregnant with preeclampsia:
a systematic review and pathway analysis. Placenta 101 (November), 97-107. doi:10.
1016/j.placenta.2020.09.004

Cygalova, L., Ceckova, M., Pavek, P., and Staud, F. (2008). Role of breast cancer
resistance protein (Bcrp/Abcg2) in fetal protection during gestation in rat. Toxicol. Lett.
178 (3), 176-180. doi:10.1016/j.toxlet.2008.03.007

Dai, W., and Piquette-Miller, M. (2024). Altered expression of BCRP impacts fetal
accumulation of Rosuvastatin in a rat model of Preeclampsia. Pharmaceutics 16 (7), 884.
doi:10.3390/pharmaceutics16070884

Dallmann, A., Liu, X. L, Burckart, G. J., and Anker, J. van den (2019). Drug
transporters expressed in the human placenta and models for studying maternal-
fetal drug transfer. J. Clin. Pharmacol. 59 (Suppl. 1), S70-S81-81. doi:10.1002/jcph.1491

Daud, A. N. A,, Bergman, J. E. H,, Bakker, M. K., Wang, H., Kerstjens-Frederikse, W.
S., de Walle, H. E. K, et al. (2015). P-Glycoprotein-Mediated drug interactions in
pregnancy and changes in the risk of congenital anomalies: a case-reference Study. Drug
Saf. 38 (7), 651-659. doi:10.1007/s40264-015-0299-3

Daud, A. N. A, Bergman, J. E. H., Oktora, M. P., Kerstjens-Frederikse, W. S., Groen,
H., Bos, J. H., et al. (2017). Maternal use of drug substrates of placental transporters and
the effect of transporter-mediated drug interactions on the risk of congenital anomalies.
PLOS ONE 12 (3), €0173530. doi:10.1371/journal.pone.0173530

Dazzan, P. (2021). Schizophrenia during pregnancy. Curr. Opin. Psychiatry 34 (3),
238-244. doi:10.1097/YCO.0000000000000706

Delphin, N., Aust, C,, Griffiths, L., and Fernandez, F. (2024). Epigenetic regulation in
schizophrenia: focus on methylation and histone modifications in human studies. Genes
15 (3), 272. doi:10.3390/genes15030272

Dwi Putra, S. E., Reichetzeder, C., Hasan, A. A., Slowinski, T., Chu, C., Krimer, B.
K., et al. (2020). Being born large for gestational Age is associated with increased
global placental DNA methylation. Sci. Rep. 10 (1), 927. doi:10.1038/541598-020-
57725-0

Edinoff, A. N., Sathivadivel, N., McNeil, S. E,, Ly, A. I, Kweon, J., Kelkar, N., et al.
(2022). Antipsychotic use in pregnancy: patient mental health challenges, teratogenicity,
pregnancy complications, and postnatal risks. Neurol. Int. 14 (1), 62-74. doi:10.3390/
neurolint14010005

El-Osta, A., and Wolffe, A. P. (2001). DNA methylation and histone deacetylation in
the control of gene expression: basic biochemistry to human development and disease.
Gene Expr. 9 (1), 63-75. doi:10.3727/000000001783992731

Ellfolk, M., Tornio, A., Niemi, M., Leinonen, M. K., Lahesmaa Korpinen, A., and
Malm, H. (2020). Placental transporter-mediated drug interactions and offspring
congenital anomalies. Br. J. Clin. Pharmacol. 86 (5), 868-879. doi:10.1111/bcp.14191

Evers, R., Miller, M. P., Polli, J. W, Russel, F. G., Sprowl, J. A., Tohyama, K., et al.
(2018). Disease-Associated changes in drug transporters May impact the
pharmacokinetics and/or toxicity of drugs: a white paper from the international
transporter consortium. Clin. Pharmacol. & Ther. 104 (5), 900-915. doi:10.1002/cpt.
1115

Fabre, C., Pauly, V., Baumstarck, K., Etchecopar-Etchart, D., Orleans, V., Llorca, P.
M., et al. (2021). Pregnancy, delivery and neonatal complications in women with
schizophrenia: a national population-based cohort Study. Lancet Regional Health - Eur.
10 (November), 100209. doi:10.1016/j.lanepe.2021.100209

FDA Drug Development and Drug Interactions (2025). FDA’s examples of drugs that
interact with CYP enzymes and transporter systems, table of substrates, inhibitors and
inducers. Table 1: CYP Enzyme- and transporter system-based clinical substrates,
inhibitors, or inducers. Available online at: https://www.fda.gov/drugs/drug-
interactions-labeling/healthcare-professionals-fdas-examples-drugs-interact-cyp-
enzymes-and-transporter-systems.

Flynn, C. A., Alnouti, Y., and Reed, G. A. (2011). Quantification of the transporter
substrate fexofenadine in cell lysates by liquid Chromatography/Tandem mass
spectrometry. Rapid Commun. Mass Spectrom. 25 (16), 2361-2366. doi:10.1002/rcm.
5111

Focking, M., Doyle, B., Munawar, N., Dillon, E. T., Cotter, D., and Cagney, G. (2019).

Epigenetic factors in schizophrenia: mechanisms and experimental approaches.
Complex Psychiatry 5 (1), 6-12. doi:10.1159/000495063

Food and Drug Administration; Center for Drug Evaluation and Research (CDER),
Center for Veterinary Medicine (CVM) (2018). FDA, bioanalytical method validation:
guidance for industry, 2018. Food Drug Adm. Available online at: https://www.fda.gov/
files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf.

Frontiers in Pharmacology

11

10.3389/fphar.2025.1673124

Fujita, A., Noguchi, S., Hamada, R., Inoue, S., Shimada, T., Katakura, S., et al. (2022).
Limited impact of Murine placental MDR1 on fetal exposure of certain drugs explained
by bypass transfer between adjacent Syncytiotrophoblast layers. Pharm. Res. 39 (7),
1645-1658. doi:10.1007/s11095-022-03165-6

Ganguly, E., Kumar Kammala, A., Benson, M., Richardson, L. S., Han, A., and Menon,
R. (2021). Organic anion transporting polypeptide 2B1 in human fetal membranes: a
novel gatekeeper for drug transport during pregnancy? Front. Pharmacol. 12
(December), 771818. doi:10.3389/fphar.2021.771818

Gaspar, F,, Jacost-Descombes, C., Gosselin, P., Reny, J. L., Guidi, M., Csajka, C., et al.
(2025). Improving understanding of fexofenadine pharmacokinetics to assess Pgp
phenotypic activity in older adult patients using population pharmacokinetic
modeling. Clin. Pharmacokinet. 64 (2), 275-283. doi:10.1007/s40262-024-01470-4

Gujral, P., Mahajan, V., Lissaman, A. C., and Ponnampalam, A. P. (2020). Histone
acetylation and the role of histone deacetylases in normal cyclic endometrium.
Reproductive Biol. Endocrinol. 18 (1), 84. doi:10.1186/s12958-020-00637-5

Hjort, L., Novakovic, B., Cvitic, S., Saffery, R., Damm, P., and Desoye, G. (2022).
Placental DNA methylation in pregnancies complicated by maternal diabetes and/or
obesity: state of the art and research gaps. Epigenetics 17 (13), 2188-2208. doi:10.1080/
15592294.2022.2111755

ICH Harmonised Guideline on Drug Interaction Studies M12 (2022). ICH M12 on
drug Interaction Studies - scientific Guideline. Available online at: https://www.ema.
europa.eu/en/documents/scientific-guideline/ich-m12-guideline-drug-interaction-
studies-step-5_en.pdf.

Jaisue, S., Gerber, J. P., and Davey, A. K. (2010). Pharmacokinetics of fexofenadine
following LPS administration to rats. Xenobiotica 40 (11), 743-750. doi:10.3109/
00498254.2010.506929

Jauhar, S., Johnstone, M., and McKenna, P. J. (2022). Schizophrenia. Lancet 399
(10323), 473-486. doi:10.1016/S0140-6736(21)01730-X

Jin, S., Lee, Y. K., Lim, Y. C,, Zheng, Z., Lin, X. M., Ng, D. P. Y,, et al. (2013). Global
DNA hypermethylation in Down Syndrome placenta. PLoS Genet. 9 (6), €1003515.
doi:10.1371/journal.pgen.1003515

Kekesi, G., Petrovszki, Z., Benedek, G., and Horvath, G. (2015). Sex-Specific
alterations in behavioral and cognitive functions in a ‘Three Hit’ animal model of
schizophrenia. Behav. Brain Res. 284 (May), 85-93. doi:10.1016/j.bbr.2015.02.015

Kozlosky, D., Barrett, E., and Aleksunes, L. M. (2022). Regulation of placental efflux
transporters during pregnancy complications. Drug Metabolism Dispos. 50 (10),
1364-1375. doi:10.1124/dmd.121.000449

Lankas, G. R,, Wise, L. D., Cartwright, M. E., Todd, P., and Umbenhauer, D. R.
(1998a). Placental P-Glycoprotein deficiency enhances susceptibility to chemically
induced birth defects in mice. Reprod. Toxicol. 12 (4), 457-463. doi:10.1016/S0890-
6238(98)00027-6

Lankas, G. R,, Wise, L., Cartwright, M. E., Todd, P., and Umbenhauer, D. R. (1998b).
Placental P-Glycoprotein deficiency enhances susceptibility to chemically induced birth
defects in mice. Reprod. Toxicol. 12 (4), 457-463. doi:10.1016/S0890-6238(98)0027-6

Leazer, T. M., and Curtis, D. K. (2003). The presence of xenobiotic transporters in Rat
Placenta. Drug Metabolism Dispos. Biol. Fate Chem. 31 (2), 153-167. doi:10.1124/dmd.
31.2.153

Lee, H.-T., Oh, S., Ro, Du H., Yoo, H., and Kwon, Y.-W. (2020). The key role of DNA
methylation and histone acetylation in epigenetics of atherosclerosis. J. Lipid
Atheroscler. 9 (3), 419-434. doi:10.12997/j1a.2020.9.3.419

Lee, Y., Shin, Mi H., Kim, M.-K,, Kim, Y. K., Lee, D. H,, et al. (2021). Increased histone
acetylation and decreased expression of specific histone deacetylases in ultraviolet-
irradiated and intrinsically aged human skin in vivo. Int. J. Mol. Sci. 22 (4), 2032. doi:10.
3390/ijms22042032

Lesch, B.J. (2021). Epigenetic States in the human placenta: a singular epigenome for
an exceptional tissue. Dev. Cell 56 (9), 1211-1212. doi:10.1016/j.devcel.2021.04.011

Liu, X. (2019). “Drug transporters in drug disposition, effects and toxicity. With Guoyu
pan,”, v. 1141. Springer Singapore Pte. Limited.

Liu, C, Liu, H,, Li, H,, Yang, D., Wang, R, et al. (2025). Prenatal stress increases
corticosterone levels in offspring by impairing placental glucocorticoid barrier function.
PLOS One 20 (7), €0313705. doi:10.1371/journal.pone.0313705

Lizérraga, D., Garcia-Gasca, T., Lund, G., Avalos-Soriano, A., and Garcia-Gasca, A.
(2024). Global DNA methylation and miR-126-3p expression in Mexican women with
gestational diabetes mellitus: a pilot Study. Mol. Biol. Rep. 51 (1), 5. d0i:10.1007/s11033-
023-09005-z

Luvsannyam, E., Jain, M. S,, Siddiqui, H., Balagtas, A. R. A., Emuze, B. O., et al. (2022).
Neurobiology of schizophrenia: a comprehensive review. Cureus 14, €23959. doi:10.
7759/cureus.23959

Moore, J. M., Bell, E. L., Hughes, R. O., and Garfield, A. S. (2023). ABC transporters:
human disease and pharmacotherapeutic potential. Trends Mol. Med. 29 (2), 152-172.
doi:10.1016/j.molmed.2022.11.001

Nardi, E., Seidita, I., Abati, I, Donati, C., Bernacchioni, C., Castiglione, F., et al.
(2025). The Placenta in fetal death: molecular evidence of dysregulation of
inflammatory, proliferative, and fetal protective pathways. Am. J. Obstetrics Gynecol.
232 (3), 328.e1-328.¢9. d0i:10.1016/j.2j0g.2024.06.011

frontiersin.org


https://doi.org/10.1111/gbb.12507
https://doi.org/10.1111/gbb.12507
https://doi.org/10.1124/dmd.119.090316
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1016/j.placenta.2020.09.004
https://doi.org/10.1016/j.placenta.2020.09.004
https://doi.org/10.1016/j.toxlet.2008.03.007
https://doi.org/10.3390/pharmaceutics16070884
https://doi.org/10.1002/jcph.1491
https://doi.org/10.1007/s40264-015-0299-3
https://doi.org/10.1371/journal.pone.0173530
https://doi.org/10.1097/YCO.0000000000000706
https://doi.org/10.3390/genes15030272
https://doi.org/10.1038/s41598-020-57725-0
https://doi.org/10.1038/s41598-020-57725-0
https://doi.org/10.3390/neurolint14010005
https://doi.org/10.3390/neurolint14010005
https://doi.org/10.3727/000000001783992731
https://doi.org/10.1111/bcp.14191
https://doi.org/10.1002/cpt.1115
https://doi.org/10.1002/cpt.1115
https://doi.org/10.1016/j.lanepe.2021.100209
https://www.fda.gov/drugs/drug-interactions-labeling/healthcare-professionals-fdas-examples-drugs-interact-cyp-enzymes-and-transporter-systems
https://www.fda.gov/drugs/drug-interactions-labeling/healthcare-professionals-fdas-examples-drugs-interact-cyp-enzymes-and-transporter-systems
https://www.fda.gov/drugs/drug-interactions-labeling/healthcare-professionals-fdas-examples-drugs-interact-cyp-enzymes-and-transporter-systems
https://doi.org/10.1002/rcm.5111
https://doi.org/10.1002/rcm.5111
https://doi.org/10.1159/000495063
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://doi.org/10.1007/s11095-022-03165-6
https://doi.org/10.3389/fphar.2021.771818
https://doi.org/10.1007/s40262-024-01470-4
https://doi.org/10.1186/s12958-020-00637-5
https://doi.org/10.1080/15592294.2022.2111755
https://doi.org/10.1080/15592294.2022.2111755
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-m12-guideline-drug-interaction-studies-step-5_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-m12-guideline-drug-interaction-studies-step-5_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-m12-guideline-drug-interaction-studies-step-5_en.pdf
https://doi.org/10.3109/00498254.2010.506929
https://doi.org/10.3109/00498254.2010.506929
https://doi.org/10.1016/S0140-6736(21)01730-X
https://doi.org/10.1371/journal.pgen.1003515
https://doi.org/10.1016/j.bbr.2015.02.015
https://doi.org/10.1124/dmd.121.000449
https://doi.org/10.1016/S0890-6238(98)00027-6
https://doi.org/10.1016/S0890-6238(98)00027-6
https://doi.org/10.1016/S0890-6238(98)0027-6
https://doi.org/10.1124/dmd.31.2.153
https://doi.org/10.1124/dmd.31.2.153
https://doi.org/10.12997/jla.2020.9.3.419
https://doi.org/10.3390/ijms22042032
https://doi.org/10.3390/ijms22042032
https://doi.org/10.1016/j.devcel.2021.04.011
https://doi.org/10.1371/journal.pone.0313705
https://doi.org/10.1007/s11033-023-09005-z
https://doi.org/10.1007/s11033-023-09005-z
https://doi.org/10.7759/cureus.23959
https://doi.org/10.7759/cureus.23959
https://doi.org/10.1016/j.molmed.2022.11.001
https://doi.org/10.1016/j.ajog.2024.06.011
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1673124

Szatmari et al.

Nishimura, T., Ishii, M., Tanaka, H., Noguchi, S., Ikeda, T., and Tomi, M. (2024).
Breast cancer resistance protein limits fetal transfer of Tadalafil in mice. J. Pharm. Sci.
113 (2), 486-492. doi:10.1016/j.xphs.2023.11.006

Novotna, M., Libra, A., Kopecky, M., Pavek, P., Fendrich, Z., Semecky, V., et al.
(2004). P-Glycoprotein expression and distribution in the rat placenta during
pregnancy. Reprod. Toxicol. 18 (6), 785-792. doi:10.1016/j.reprotox.2004.04.014

Patel, K. R,, Cherian, J., Gohil, K., and Atkinson, D. (2014). Schizophrenia: overview
and treatment options. P & T A Peer-Reviewed ]. Formulary Manag. 39 (9), 638-645.

Petrovszki, Z., Adam, G., Tuboly, G., Kekesi, G., Benedek, G., Keri, S., et al. (2013).
Characterization of gene-environment interactions by behavioral profiling of selectively
bred rats: the effect of NMDA receptor inhibition and social isolation. Behav. Brain Res.
240 (March), 134-145. doi:10.1016/j.bbr.2012.11.022

Pinto, L., Bapat, P., Moreira, F.De L., Lubetsky, A., de Carvalho Cavalli, R., Berger, H.,
et al. (2021). Chiral transplacental pharmacokinetics of fexofenadine: impact of
P-Glycoprotein inhibitor fluoxetine using the human placental perfusion model.
Pharm. Res. 38 (4), 647-655. d0i:10.1007/s11095-021-03035-7

Popova, N. M., Shchulkin, A. V., Chernykh, I. V., Mylnikov, P.Yu., and Yakusheva, E.
N. (2023). Functioning of P-Glycoprotein during pregnancy in rabbits. Bull. Exp. Biol.
Med. 174 (4), 431-434. doi:10.1007/s10517-023-05723-3

Qiang, Fu, Lee, B.-]., Lee, W, and Han, H.-K. (2009). Pharmacokinetic drug interaction
between fexofenadine and fluvastatin mediated by organic anion-transporting
polypeptides in rats. Eur. J. Pharm. Sci. 37 (3-4), 413-417. doi:10.1016/j.¢jps.2009.03.012

Reichetzeder, C., Dwi Putra, S. E., Pfab, T, Slowinski, T., Neuber, C., Kleuser, B., et al.
(2016). Increased global placental DNA methylation levels are associated with
gestational diabetes. Clin. Epigenetics 8 (1), 82. doi:10.1186/s13148-016-0247-9

Reutfors, J., Cesta, C. E., Cohen, J. M., Bateman, B. T., Brauer, R., Einarsdottir, K., et al.
(2020). Antipsychotic drug use in pregnancy: a multinational Study from ten countries.
Schizophrenia Res. 220 (June), 106-115. doi:10.1016/j.schres.2020.03.048

Safont, G., Garriga, M., and Gonzalez-Rodriguez, A. (2023). Maternity in women with
schizophrenia and schizoaffective disorder. Span. J. Psychiatry Ment. Health, Sept.,
$295028532300011X. doi:10.1016/j.sjpmh.2023.04.002

Schinkel, A. H., Mayer, U., Wagenaar, E., Mol, C. A.,, van Deemter, L., Smit, J. J., et al.
(1997). Normal viability and altered pharmacokinetics in mice lacking Mdrl-Type
(Drug-Transporting) P-Glycoproteins. Proc. Natl. Acad. Sci. 94 (8), 4028-4033. doi:10.
1073/pnas.94.8.4028

Selvi, B. R, Cassel, ].-C., Kundu, T. K., and Boutillier, A.-L. (2010). Tuning acetylation
levels with HAT activators: therapeutic strategy in neurodegenerative diseases.
Biochimica Biophysica Acta (BBA) - Gene Regul. Mech. 1799 (10-12), 840-853.
doi:10.1016/j.bbagrm.2010.08.012

Stabuszewska-Jézwiak, A., Wlodarczyk, M., and Ciebiera, M. (2020). Placental DNA
methylation in caesarean sections - a pilot study. Archives Med. Sci. doi:10.5114/aoms.
2020.95422

Smigielski, L., Jagannath, V., Rossler, W., Walitza, S., and Griinblatt, E. (2020).
Epigenetic mechanisms in schizophrenia and other psychotic disorders: a systematic
review of empirical human findings. Mol. Psychiatry 25 (8), 1718-1748. doi:10.1038/
541380-019-0601-3

Smit, J. W., Huisman, M. T., Van Tellingen, O., Wiltshire, H. R., and Schinkel, A. H. (1999).
Absence or pharmacological blocking of placental P-Glycoprotein profoundly increases fetal
drug exposure. J. Clin. Investigation 104 (10), 1441-1447. doi:10.1172/JCI7963

Solmi, M., Seitidis, G., Mavridis, D., Correll, C. U., Dragioti, E., Guimond, S., et al.
(2023). Incidence, prevalence, and global burden of Schizophrenia - data, with critical
appraisal, from the global burden of disease (GBD) 2019. Mol. Psychiatry 28 (12),
5319-5327. doi:10.1038/s41380-023-02138-4

St-Pierre, M. V., Stallmach, T., Freimoser Grundschober, A., Dufour, J. F., Serrano, M.
A., Marin, J.J. G,, et al. (2004). Temporal expression profiles of organic anion transport
proteins in placenta and fetal liver of the rat. Am. J. Physiology. Regul. Integr.
Comp. Physiology 287 (6), R1505-R1516. doi:10.1152/ajpregu.00279.2003

Stahl, S. M. (2018). Beyond the dopamine hypothesis of schizophrenia to three neural
networks of psychosis: dopamine, serotonin, and glutamate. CNS Spectrums 23 (3),
187-191. doi:10.1017/S1092852918001013

Staud, F., and Ceckova, M. (2015). Regulation of drug transporter expression and
function in the placenta. Expert Opin. Drug Metabolism & Toxicol. 11 (4), 533-555.
doi:10.1517/17425255.2015.1005073

Frontiers in Pharmacology

12

10.3389/fphar.2025.1673124

Szatmdri, P., and Ducza, E. (2023). Changes in expression and function of placental
and intestinal P-Gp and BCRP transporters during pregnancy. Int. J. Mol. Sci. 24 (17),
13089. doi:10.3390/ijms241713089

Szatmari, P., Kemény, K. K., Surdnyi, A., Rachamim, Y., and Ducza, E. (2025).
Alterations in P-Glycoprotein expression in the placenta of obese rats and humans. Int.
J. Mol. Sci. 26 (14), 6976. doi:10.3390/ijms26146976

Talpur, K. R, Bano, ., and Muhammad, W. A. (2024). Epigenetic mechanisms linking
pregnancy complications to cardiovascular disease in offspring. Explor. Cardiol. 2 (6),
241-252. doi:10.37349/ec.2024.00037

Teodorescu, A., Ifteni, P., Alexandru Moga, M., Burtea, V., and Bigiu, N. (2017).
Dilemma of treating schizophrenia during pregnancy: a case series and a review of
literature. BMC Psychiatry 17 (1), 311. doi:10.1186/s12888-017-1475-z

Tiihonen, J., Tanskanen, A., and Taipale, H. (2018). 20-Year nationwide Follow-Up
Study on discontinuation of antipsychotic treatment in first-episode schizophrenia. Am.
J. Psychiatry 175 (8), 765-773. doi:10.1176/appi.ajp.2018.17091001

Townsel, C., Truax, B., Quaid, M., Covault, J., Dolinoy, D. C., and Goodrich, J. M.
(2025). Increased risk of severe neonatal opioid withdrawal syndrome in pregnancies
with low placental ABCB1 DNA methylation. J. Perinatology 45 (4), 458-464. doi:10.
1038/541372-024-02060-9

Ventriglio, A., Gentile, A., Stella, E., and Bellomo, A. (2015). Metabolic issues in
patients affected by schizophrenia: clinical characteristics and medical management.
Front. Neurosci. 9 (September), 297. doi:10.3389/fnins.2015.00297

Wang, X., and Luo, H. (2025). The roles of histone acetylation key enzymes HAT,
HDAC and BET proteins in neuropathic pain: selection of drug targets. Pharmacol. Res.
217 (July), 107813. doi:10.1016/j.phrs.2025.107813

Wang, Z., Zang, C., Cui, K, Schones, D. E., Barski, A., Peng, W., et al. (2009).
Genome-wide mapping of HATs and HDACs reveals distinct functions in active and
inactive genes. Cell 138 (5), 1019-1031. doi:10.1016/j.cell.2009.06.049

Wang, C., Li, H,, Luo, C,, Li, Y., Zhang, Y., Yun, D,, et al. (2015). The effect of maternal
obesity on the expression and functionality of placental P-Glycoprotein: implications in
the individualized transplacental digoxin treatment for fetal heart failure. Placenta 36
(10), 1138-1147. doi:10.1016/j.placenta.2015.08.007

World Health Organization (WHO) (2025). World health Organization (WHO).
Schizophrenia. Available online at: https://www.who.int/news-room/fact-sheets/detail/
schizophrenia.

Yamashita, M., and Markert, U. R. (2021). Overview of drug transporters in human
placenta. Int. J. Mol. Sci. 22 (23), 13149. doi:10.3390/ijms222313149

Yang, A., and Tsai, S.-J. (2017). New targets for schizophrenia treatment beyond the
dopamine Hypothesis. Int. J. Mol. Sci. 18 (8), 1689. doi:10.3390/ijms18081689

Yang, H., Sun, W., Jin, Li, and Zhang, X. (2025). Epigenetics factors in schizophrenia:
future directions for etiologic and therapeutic study approaches. Ann. General
Psychiatry 24 (1), 21. doi:10.1186/s12991-025-00557-x

Yao, M., and Srinivas, N. R. (2012). Quantification of fexofenadine in biological
matrices: a review of bioanalytical methods. Biomed. Chromatogr. 26 (8), 942-961.
doi:10.1002/bmc.2712

Yasuda, S., Itagaki, S., Hirano, T., and Iseki, K. (2005). Expression level of ABCG2 in
the placenta decreases from the mid stage to the end of gestation. Biosci. Biotechnol.
Biochem. 69 (10), 1871-1876. doi:10.1271/bbb.69.1871

Zappe, K., and Cichna-Markl, M. (2020). Aberrant DNA methylation of ABC
transporters in cancer. Cells 9 (10), 2281. doi:10.3390/cells9102281

Zhan, Z., Wang, ., and Shen, T. (2025). Results of the Global Burden of disease Study
for Schizophrenia: trends from 1990 to 2021 and Projections to 2050. Front. Psychiatry
16 (September), 1629032. doi:10.3389/fpsyt.2025.1629032

Zhang, Yi, Wang, H., Unadkat, J. D., and Mao, Q. (2007). Breast cancer resistance
protein 1 limits fetal distribution of nitrofurantoin in the Pregnant mouse. Drug
Metabolism Dispos. Biol. Fate Chem. 35 (12), 2154-2158. doi:10.1124/dmd.107.
018044

Zhou, L., Babu Naraharisetti, S., Wang, H., Unadkat, J. D., Hebert, M. F., and Mao, Q.
(2008). The breast cancer resistance protein (Bcrpl/Abcg2) limits fetal distribution of
glyburide in the pregnant mouse: an obstetric-fetal pharmacology research unit network
and University of Washington Specialized Center of research Study. Mol. Pharmacol. 73
(3), 949-959. doi:10.1124/mol.107.041616

frontiersin.org


https://doi.org/10.1016/j.xphs.2023.11.006
https://doi.org/10.1016/j.reprotox.2004.04.014
https://doi.org/10.1016/j.bbr.2012.11.022
https://doi.org/10.1007/s11095-021-03035-7
https://doi.org/10.1007/s10517-023-05723-3
https://doi.org/10.1016/j.ejps.2009.03.012
https://doi.org/10.1186/s13148-016-0247-9
https://doi.org/10.1016/j.schres.2020.03.048
https://doi.org/10.1016/j.sjpmh.2023.04.002
https://doi.org/10.1073/pnas.94.8.4028
https://doi.org/10.1073/pnas.94.8.4028
https://doi.org/10.1016/j.bbagrm.2010.08.012
https://doi.org/10.5114/aoms.2020.95422
https://doi.org/10.5114/aoms.2020.95422
https://doi.org/10.1038/s41380-019-0601-3
https://doi.org/10.1038/s41380-019-0601-3
https://doi.org/10.1172/JCI7963
https://doi.org/10.1038/s41380-023-02138-4
https://doi.org/10.1152/ajpregu.00279.2003
https://doi.org/10.1017/S1092852918001013
https://doi.org/10.1517/17425255.2015.1005073
https://doi.org/10.3390/ijms241713089
https://doi.org/10.3390/ijms26146976
https://doi.org/10.37349/ec.2024.00037
https://doi.org/10.1186/s12888-017-1475-z
https://doi.org/10.1176/appi.ajp.2018.17091001
https://doi.org/10.1038/s41372-024-02060-9
https://doi.org/10.1038/s41372-024-02060-9
https://doi.org/10.3389/fnins.2015.00297
https://doi.org/10.1016/j.phrs.2025.107813
https://doi.org/10.1016/j.cell.2009.06.049
https://doi.org/10.1016/j.placenta.2015.08.007
https://www.who.int/news-room/fact-sheets/detail/schizophrenia
https://www.who.int/news-room/fact-sheets/detail/schizophrenia
https://doi.org/10.3390/ijms222313149
https://doi.org/10.3390/ijms18081689
https://doi.org/10.1186/s12991-025-00557-x
https://doi.org/10.1002/bmc.2712
https://doi.org/10.1271/bbb.69.1871
https://doi.org/10.3390/cells9102281
https://doi.org/10.3389/fpsyt.2025.1629032
https://doi.org/10.1124/dmd.107.018044
https://doi.org/10.1124/dmd.107.018044
https://doi.org/10.1124/mol.107.041616
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1673124

	Changed expression of placental transporters and disrupted epigenetic patterns in a rat model of schizophrenia
	1 Introduction
	2 Materials and methods
	2.1 Animal model
	2.2 Animal experiments
	2.3 Molecular biology studies
	2.3.1 Total RNA, DNA and protein isolation from placental tissues
	2.3.2 RT-PCR
	2.3.3 Western blot analysis
	2.3.4 Colorimetric assays

	2.4 Pharmacokinetic studies
	2.4.1 Chemical and reagents
	2.4.2 Plasma sample preparation for HPLC analysis
	2.4.3 HPLC chromatographic conditions

	2.5 Statistical analysis

	3 Results
	3.1 Molecular biology studies on the expression of placental P-gp and BCRP
	3.2 Pharmacokinetic studies on fetal fexofenadine exposure
	3.3 Epigenetic studies on HAT activity and DNA methylation level

	4 Discussion
	5 Conclusion
	6 Limitations
	Data availability statement
	Ethics statement
	Author contributions
	Author contributionsPS: Formal Analysis, Investigation, Visualization, Writing – original draft. AS-B: Investigation, Writi ...
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


