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Abstract figure legend An endogenous AhR ligand (ITE) elevates maternal blood pressure and proteinuria in pregnant
rats, and decreases uteroplacental blood flow and fetal and placental growth, all of which are hallmarks of preeclampsia.
ITE also reduces vascular density, alters immune cell distribution and fetal sex-specifically disturbs transcriptomes in rat
placentas. These ITE-dysregulated genes are highly relevant to diseases of heart, vascular functions and inflammatory
responses.
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Abstract Preeclampsia (PE) is a hypertensive disorder during human pregnancy. Aryl hydro-
carbon receptor (AhR) is a ligand-activated transcription factor. Exogenous and endogenous
AhR ligands can induce hypertension in male rats and mice. Herein, using rats as a model,
we tested the hypothesis that over-regulation of endogenous AhR ligands during pregnancy
impairs vascular functions by disrupting the transcriptome in the placenta, contributing to
the development of PE. Pregnant rats were injected daily with an endogenous AhR ligand,
2-(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), from gestational day (GD)
10 to 19. Maternal mean blood pressure was measured on GD16-20. Proteinuria and uteroplacental
blood flow were monitored on GD20. Placentas collected on GD20 were used to determine changes
in vascular density and transcriptome. Compared with the vehicle control, ITE elevated maternal
mean blood pressure by 22% and 16% on GD16 and 17, respectively. ITE increased proteinuria by
50% and decreased uteroplacental blood flow by 26%. ITE reduced the placental vascular density
by 18%. RNA sequencing analysis revealed that ITE induced 1316 and 2020 differentially expressed
genes (DEGs) in female and male placentas, respectively. These DEGs were enriched in pathways
relevant to heart diseases, vascular functions and inflammation. Bioinformatics analysis also pre-
dicted that ITE altered immune cell infiltration in placentas depending on fetal sex. These data
suggest that over-regulation of endogenous AhR ligands may lead to PE with impaired vascular
functions and disrupted fetal sex-specific transcriptomes and immune cell infiltration in placentas.
These AhR ligand-induced DEGs and pathways may represent promising therapeutic targets for
PE-induced cardiovascular dysfunctions.

(Received 15 August 2024; accepted after revision 4 November 2024; first published online 9 December 2024)
Corresponding author J. Zheng: Department of Obstetrics and Gynecology, University of Wisconsin-Madison, PAB1
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Key points

® An endogenous AhR ligand (ITE) elevated maternal blood pressure and proteinuria in pregnant
rats, and decreased uteroplacental blood flow and fetal and placental growth, all of which are
hallmarks of preeclampsia.
ITE reduced vascular density and altered immune cell distribution in rat placentas.
ITE dysregulated transcriptomes in rat placentas in a fetal sex-specific manner. These
ITE-dysregulated genes and pathways are highly relevant to diseases of heart, vascular functions
and inflammatory responses.

Introduction pregnancy (Rana et al., 2019; Roberts et al., 2021). Beside

inducing vascular dysfunction in mothers, PE also impairs
Preeclampsia (PE) is a hypertensive disorder which poses  feta] vascular functions (Rana et al., 2019). Specifically, PE
a major risk to both mothers and fetuses during human  educes fetal blood flow and increases vascular resistance

Yingjie Zhao is an Associate Professor at the Department of Rheumatology, Qilu Hospital of Shandong
University. He obtained his B.S. in Medicine and M.S. in Rheumatology and Clinical Immunology from
Qingdao University, and his Ph.D. from Shandong University, China. He completed his postdoctoral
training at the Department of Obstetrics and Gynecology, University of Wisconsin-Madison. His research
focuses on the immune mechanism of pregnancies in lupus and other autoimmune diseases. Chi Zhou is
an Assistant Professor at the School of Animal and Comparative Biomedical Sciences at the University of
Arizona. After obtaining her Ph.D. in Reproductive Physiology from the University of Alberta, Canada,
she completed her postdoctoral training at the Department of Obstetrics and Gynecology, University of

Wisconsin-Madison. Her current research interests are to elucidate the cellular and molecular mechanisms
underlying endothelial dysfunction in complicated pregnancies.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.


mailto:jzheng@wisc.edu

J Physiol 603.2

and vascular permeability in the placenta (Khankin
et al, 2010). We have reported that PE dysregulates
the transcriptome and angiogenic responses in human
umbilical vein endothelial cells (HUVECs) in a fetal
sex-specific manner (Zhou et al., 2019, 2023), supporting
the significance of sexually dimorphic regulation of end-
othelial functions in PE. Currently, the aetiology of PE
is unclear, but defects in placental vascular functions are
considered a major factor contributing to the development
of PE (Roberts et al., 2021). Thus, further deciphering of
the mechanisms underlying PE is crucial for developing
proper diagnostic tools and therapeutic strategies for this
pregnancy complication.

Aryl  hydrocarbon  receptor (AhR) is a
ligand-activated transcription factor that is involved
in metabolizing xenobiotics, for example, dioxin
(2,3,7,8-tetrachlorodibenzodioxin; TCDD) (Denison
et al., 2011). Additionally, AhR participates in mediation
of vascular functions (Li et al., 2020; Walisser et al.,
2004) and immune responses (Rothhammer & Quintana,
2019; Stockinger et al., 2014). For instance, AhR-mutant
mice exhibit defects in the fetal vasculature (Zhang,
2011). Adult AhR null mice develop hypertension
with elevated angiotensin II and endothelin 1 (Lund
et al.,, 2006, 2008). In contrast, endothelial cell-specific
AhR-null mice are hypotensive, and exhibit increases
in endothelial nitric oxide (NO) synthase activity
and NO production (Agbor et al., 2011). Moreover,
treating male mice with an exogenous AhR ligand
(3-methylcholanthrene; 3MC) induces hypertension
(Chang et al., 2017). Activation of AhR by an endogenous
AhR ligand (6-formylindolo[3,2-b] carbazole; FICZ)
causes pulmonary arterial hypertension in male rats
(Masaki et al.,, 2021). Collectively, these data suggest a
pivotal role of the AhR pathway in controlling blood
pressure.

Besides being expressed in trophoblast cells (Jiang et al.,
2010; Stejskalova et al., 2011), AhR is localized in end-
othelium of large blood vessels in villi and endothelium of
human umbilical vessels as well as in human fetal tissues
(e.g. lung, kidney, pancreas, liver, testicle) (Jiang et al.,
2010). Previous studies have shown that AhR mediates
function of human trophoblast cells and umbilical end-
othelial cells (Li et al., 2017; Stejskalova et al.,, 2011),
indicating the importance of AhR during pregnancy.

Many of endogenous AhR ligands have been
identified  including  tryptophan  (Trp)-derived
2-(1'H-indole-3'-carbonyl)-thiazole-4-carboxylic  acid
methyl ester (ITE) (Nguyen & Bradfield, 2008; Platten
et al,, 2019). Recently, we have reported the presence of
several Trp-derived AhR ligands in maternal and fetal
sera (Zhao et al., 2022). As a potent AhR ligand, ITE has
been used for investigating actions of endogenous AhR
ligands in various biological processes including vascular
function, immune responses and tumour biology (Li
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et al., 2020). ITE can also easily cross the placental barrier
and enter the mouse fetus, activating the AhR pathway
(Henry et al., 2006; Wu et al., 2014). ITE inhibits end-
othelial growth without altering the phosphorylation
(or activation) of extracellular signal-regulated kinases 1
and 2, AKT1, c-Jun N-terminal kinase or p38 (Li et al,,
2017; Pang et al., 2017), and suppresses the expansion and
function of T helper cells and promotes differentiation
of T-regulatory cells (Gutiérrez-Vazquez & Quintana,
2018; Rothhammer & Quintana, 2019). Given that
AhR is expressed in human villous endothelium and
endothelium of human umbilical cord arteries and
veins (Jiang et al., 2010) and PE elevates the levels of
indole-3-lactic acid (another Trp-derived AhR ligand) in
maternal and fetal serum (Zhao et al., 2022), these data
suggest that Trp-derived AhR ligands might contribute to
the pathophysiology of PE by disrupting endothelial and
immune cell functions.

In this study, using pregnant rats as a model, we
tested the hypothesis that over-regulation of endogenous
AhR ligands induces hypertension during pregnancy and
disrupts the transcriptome in the placenta, contributing
to the development of PE. Pregnant rats were treated
daily with ITE for 10 days after gestational day (GD) 10.
The mean blood pressure was monitored on GD16-20.
Uteroplacental blood flow, placental and fetal growth were
assayed on GD20. Vascular growth and cell apoptosis in
the placentas on GD20 were determined. RNA sequencing
(RNA-seq) analysis was conducted to profile trans-
criptomic changes in the placentas. Bioinformatics and
gene ontology analyses were performed to identify genes
and pathways dysregulated by ITE in female and male
placentas.

Methods
Ethical approval

All animal care and use procedures followed the National
Institutes of Health guidelines (Guide for the Care
and Use of Laboratory Animals, NIH Publication No.
85-23, revised 1996) with approval from the Institutional
Animal Care and Use Committee at the University of
Wisconsin-Madison (Protocol ID V005847).

Animals

Timed pregnant Sprague-Dawley rats (6-8 weeks old,
n = 20) were purchased from Envigo Bioproducts
(Madison, WI, USA). All animals were housed in
designated animal rooms under controlled conditions
(lights on from 07.00 to 19.00 h at 22-23°C).
Standard rodent chow and water were available ad
libitum throughout the experimental protocols. After

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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acclimatization on GD10, the rats were randomly divided
into ITE treatment and vehicle control groups.

A stock solution (100 mM) of ITE (cat. no. A163287,
AmBeed, Arlington Heights, IL, USA) was prepared in
dimethyl sulfoxide (DMSO, cat. no. 2650, Sigma-Aldrich,
St Louis, MO, USA), stored at room temperature and
used within 1 week. Rats were injected daily via the
tail vein with ITE (5 mg/kg body weight (BW) per day,
n = 10) or an equivalent amount of DMSO (vehicle
control, n = 10) from GD10 to GD19. The volume (ml) of
ITE or DMSO injected daily into each rat was calculated
using the formula 0.172 x BW (kg), and was ~40-60 .l
of ITE or DMSO per day depending on the rat weight.
This dose of ITE likely represents a pharmacological level
since ITE levels are low in tissues (Song et al., 2002).
However, this dose is comparable to those that regulate
placental expression of angiogenic factors (Wang et al.,
2013; Wu et al,, 2014) and immune cell differentiation
(Gutiérrez-Vazquez & Quintana, 2018; Rothhammer &
Quintana, 2019). The dam weights were recorded daily
from GDI10 to GD20, the period of dramatic vascular
adaptations during rat pregnancy (Moll, 2003; Osikoya
et al., 2019). The mean blood pressure was monitored
in the first set of rats (n = 6/group) from GDI16 to
GD20, using the tail-cuff method with a computerized
CODA system (Kent Scientific Torrington, CT, USA)
as previously described (Blesson et al., 2015; Mishra
et al.,, 2019). Uteroplacental blood flow was measured
in the second set of rats on GD20 (n = 4/group)
under isoflurane anaesthesia and on a heated platform
using a 30 MHz transducer and Vevo 2100 ultrasound
system (Visual Sonics, Toronto, ON, Canada) as described
(Gopalakrishnan et al., 2016). In this set of animals, one
rat in each group did not become pregnant and was
removed from the study. Urine samples were collected
on GD20 before blood flow measurement and stored at
—80°C as described (Kurien et al., 2004). Due to technical
limitations, we collected urine samples only from six rats
(n = 3/group). The urine samples were centrifuged at
600 g for 3 min at 4°C. Urinary albumin levels were
determined using a rat albumin ELISA kit (cat. no. NR002,
Exocell, Philadelphia, PA, USA).

Tissue preparation

The dams were sacrificed on GD20 by CO, inhalation.
Following euthanasia, the maternal heart, liver, lung,
kidney, and placenta and fetus were immediately collected
and weighed. Fetal viability and sex were not determined
to avoid RNA degradation. Fetal body weights less than
the 10th percentile of the mean fetal weight in the DMSO
group were considered to indicate fetal growth restriction
(FGR) (Zhang et al., 2010). Placental tissue samples were
fixed in 4% buffered formaldehyde or snap frozen in
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liquid nitrogen and then stored at —80°C for subsequent
experiments.

RNA isolation

Total RNA was isolated from rat placentas using the
RNeasy Mini Kit (Qiagen, Germantown, MD, USA)
(Zhou et al.,, 2017, 2019). The concentration and quality
of each RNA sample were assessed using a NanoDrop
ND-2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and an Agilent 2100 bioanalyser
(Agilent Technologies, Santa Clara, CA, USA). RNA
samples with a high RNA integrity number (>7.0) were
used.

Sex typing

RT-qPCR was used to detect the Y chromosome-specific
sex-determining region Y (SRY) gene in rat placentas.
RNA samples from both F and M placentas were prepared
for RNA-seq.

RNA-seq analysis and RT-gPCR verification

RNA-seq was conducted at the UW-Madison
Biotechnology Centre (Zhou et al., 2019). RNA libraries
were generated using the Illumina TruSeq Stranded
Total RNA Sample Preparation Kit (Illumina, San Diego,
CA, USA). Briefly, 300 ng of total RNA from each
sample was fragmented using divalent cations at an
elevated temperature and purified. Double-stranded
complementary DNAs (cDNAs) were synthesized, ligated
to unique dual-index adapters, and cleaned with two
rounds of AMPure XP beads (0.8x). Adapter-ligated DNA
was amplified by PCR and cleaned with AMPure XP
beads (0.8x).

The quality and quantity of the libraries were assessed
using an Agilent DNA1000 series chip assay and an
Invitrogen Qubit HS cDNA Kit (Thermo Fisher Scientific
Waltham, MA, USA), respectively. Libraries were
standardized to 2 nM. Paired-end 150 bp sequencing
was performed using standard SBS chemistry on an
Illumina NovaSeq 6000 sequencer. Images were analysed
using bcl2fastq v2.17 software.

To validate the RNA-seq data, RT-qPCR analysis
was conducted using TagMan Gene Expression Assays
(Supporting information, Table S1), TaqgMan Fast
Advanced Master Mix, and a StepOnePlus qPCR system
(Thermo Fisher Scientific). For rat placentas, 15 genes
with different expression patterns were selected. The data
were normalized to the levels of internal housekeeping
genes (GAPDH, YWHAZ and RPLP0). The normalized
data were analysed using the 272" method.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Functional genomic analysis

We obtained 67 million reads per sample from rat
placentas from the University of Wisconsin-Madison
Biotechnology Sequencing Centre. The reads were
trimmed of the TruSeq adapters using Skewer software
with the default parameters. The quality of the individual
trimmed sequence reads was evaluated by the University
of Wisconsin-Madison Bioinformatics Resource Centre.
The average Phred quality score from the per-base
sequence quality analysis was approximately 37, which
is a conventional threshold denoting high-quality base
calls. Trimmed reads were aligned to the GRCH38
genome using the STAR aligner, which is a splice
junction-aware RNA-seq alignment algorithm. Consistent
with the sample-level RNA QC steps using a Bioanalyser
2100 (Agilent Technologies, Santa Clara, CA, USA),
gene body coverage indicated no evidence of RNA
degradation. The mapped reads in each sample were
counted via RNA-seq with Expectation Maximization
(RSEM) software. Empirical Analysis of Digital Gene
Expression Data in R software was used to determine
the differentially expressed genes (DEGs; fold change
(FC) >|2| and Benjamini-Hochberg false discovery rate
(FDR)-adjusted P-value <0.05). Circos plots showing
the locations of the DEGs at the chromosome sites
were generated using Circa software (Circa Information
Technologies, Downey, CA, USA). Gene Ontology
analysis was performed to determine the enriched
biological functions, disease/canonical pathways, and
gene networks using Ingenuity Pathway Analysis (IPA;
www.qiagenbioinformatics.com).

CIBERSORTXx analysis

The ITE-induced DEGs were subjected to the
CYBERSORTX algorithm to predict ITE-altered immune
cell infiltration in placentas. The signature matrix LM22
was used to define 22 subtypes of immune cells. The reads
of ITE-induced DEGs were uploaded to the CIBERSORTx
web portal (https://cibersortx.stanford.edu/). The
algorithm was set in B-mode with batch correction at
1000 permutations and run following the instructions of
CIBERSORTX.

Morphological and immunohistochemical analyses

Fixed placentas were embedded in paraffin. CD31, an
endothelial marker, was immunolocalized in placentas as
described (Li et al.,, 2015). Two adjacent tissue sections
(5 um thick) per sample were deparaffinized, dehydrated
and boiled in a 10 mM citrate buffer solution (pH 6.5)
in a microwave for 10 min for antigen retrieval. End-
ogenous peroxidase activity was quenched by immersing
the tissue sections in 3% H, O, for 10 min. After blocking
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non-specific binding sites, one tissue section per slide was
probed with a CD31 goat polyclonal antibody (4 pg/ml,
cat. no. AF3628, Novus Biologicals, Littleton, CO, USA)
for 1 h. The second tissue section on the same slide
was probed with preimmune goat IgG (4 pg/ml; cat.
no. 55926, MP Biomedicals, Irvine, CA, USA) as a
negative control. After washing, the tissue sections were
incubated with a biotinylated horse anti-goat antibody for
30 min. The specific immunoreactivity was visualized by
3-amino-9-ethylcarbazole (SK-4200, Vector Laboratories,
Burlingame, CA, USA).

The whole tissue sections were scanned at x20
using the Aperio Digital Pathology Slide Scanner system
(Aperio-AT2, Leica Biosystems, Buffalo Grove, IL, USA).
The thickness of the labyrinth (L) and basal (B) zones
at the middle of the cross-section of each tissue as
well as the areas of L (marked by yellow dotted lines)
and B (marked by red dotted lines) were measured
using NIH Image] software. Vascular area density (areas
occupied by vessel wells) and CD31 staining intensity were
analysed using InForm 2.4 imaging software, a machine
learning software (PerkinElmer, Waltham, MA, USA).
For each tissue section, 10 areas were randomly photo-
graphed with a x20 objective, representing 21% of the
total L area. Whole-tissue scanning and CD31 image
acquisition and imaging analysis were performed at Trans-
lational Research Initiatives in the Pathology Laboratory,
University of Wisconsin-Madison.

TUNEL assay

Apoptosis in placental tissues was assayed using the
DeadEnd colorimetric terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling (TUNEL) system (cat. no.
G7130, Promega, Madison, WI, USA). The deparaffinized
tissue sections were fixed in 10% buffered formalin,
followed by antigen retrieval (100 pg/ml proteinase K
solution for 30 min). The tissue sections were incubated
with recombinant terminal deoxynucleotidyl transferase
reaction mixture for 60 min at 37°C. The reaction was
stopped with a 2x saline sodium citrate buffer. End-
ogenous horseradish peroxidase (HRP) was blocked with
1% H,0O,. HRP-streptavidin was added, and the sections
were incubated for 30 min. The tissue sections were
incubated with diaminobenzidine until brownish staining
developed (5-10 min).

Western blotting

Rat placental samples were lysed in lysis buffer (cat.
no.: 39000, Thermo Fisher Scientific). Lysate protein
samples (20 or 25 pg/sample) were separated on 10
or 15% SDS-PAGE gels and electrically transferred to
polyvinylidene difluoride membranes. The membranes
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were probed with primary antibodies against the target
proteins (Supporting information, Table S2). Proteins
were visualized by enhanced chemiluminescence (ECL)
or ECL plus (Thermo Fisher Scientific) using Amersham
ImageQuant 800 (Cytiva, Marlborough, MA, USA). The
absorbance was measured using Image]. The data were
normalized to the level of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). When appropriate, HUVECs
pooled from five individual cell preparations from
normotensive pregnant patients (Li, Wang et al., 2015; Li
etal., 2017) were used as a positive control.

Statistical analyses

All the data except the RNA-seq and phosphoproteomic
data were analysed using SigmaPlot software (Systat
Software, San Jose, CA, USA). For comparing two groups,
data analyses were performed using the Mann-Whitney
rank-sum test or Student’s ¢ test. For comparing multiple
groups, the data were analysed using one-way or two-way
ANOVA. When an F test was significant, the data were
analysed using Dunnett’s method (multiple comparisons
versus control group) or the Holm-Siddk or Dunn’s
test (pairwise comparisons) when appropriate. The
Benjamini-Hochberg FDR-adjusted P-value was used
to determine the significance of the RT-qPCR and
phosphoproteomic data. Correlations between RNA-seq
and RT-qPCR data as well as phosphoproteomic and
verification western blotting data were analysed using
Pearson’s product moment correlation analysis. The data
are presented as means + SD. Differences and correlations
were considered significant when P < 0.05 unless stated
otherwise.

Results

ITE induces PE-like phenotypes in rats

No animal death occurred throughout the study.
Compared to DMSO, ITE did not alter the body weights
of dams from GD10 to GD20 (Fig. 14). On GD20, ITE
increased maternal lung, kidney and liver weights but not
heart weights (Fig. 1B).

The mean maternal blood pressure values in the DMSO
group (Fig. 1C) were consistent with those previously
reported (Blesson et al, 2015; Mishra et al, 2019).
ITE elevated maternal blood pressure by 22% and 16%
compared with DMSO on GD16 and GD17, respectively
(Fig. 1C). ITE decreased uteroplacental blood flow by 26%
but elevated proteinuria by 50% (Fig. 1D and E) on GD20,
indicating that ITE induced PE-like phenotypes in pre-
gnant rats.

Compared to DMSO, ITE caused morphological
changes in the placentas and fetuses (Fig. 1F and G).
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Many placentas and fetuses in the ITE group were smaller
in size (Fig. 1F-I). Many fetuses degenerated or started to
degenerate, as indicated by their smaller size and darker
appearance (Fig. 1F and G). The number of fetuses and
placentas was similar between the ITE and DMSO groups
(Fig. 1H). However, ITE reduced fetal and placental
weights by 48% and 23%, respectively, on GD20 (Fig. 1H),
which might have contributed to slight decreases in dam
body weights on GD18-20 (Fig. 1A). As compared with
DMSO, ITE increased the FGR rate by 91% (Fig. 1I).

ITE decreases vasculature in placentas

Compared to DMSO, ITE did not alter the relative
thicknesses of the labyrinth or basal zones (Fig. 2A-C).
However, ITE decreased the relative area of the labyrinth
zone but increased (P < 0.05) the relative area of the
basal zone (Fig. 2D). ITE caused placental lesions with
a decrease in the number of blood vessels and enlarged
maternal sinusoids (Fig. 2E and F). ITE also induced
the formation of oedematous stroma and patches of
densely packed death cells and immune cell infiltration
in the labyrinth zone (Fig. 2E and F). No significant
morphological changes were detected in the basal zone.
Semiquantitative analysis of CD31 immunostaining
revealed that ITE reduced the vascular area density by
18% and the CD31 staining intensity by 26% in the
labyrinth zone (Fig. 2G). The TUNEL assay showed that
abundant positive staining was present in rat placentas
treated with DNase I (a positive control, Fig. 2H) but not
in those treated without DNase I (Fig. 2I). A sporadic
distribution of apoptotic cells was observed in a few
placental tissue sections from the ITE group, primarily
in the basal zone (Fig. 2]). These data suggest that ITE
mainly affects cells in the labyrinth zone, primarily end-
othelial cells and the vasculature, leading to decreased
cellular growth in the labyrinth zone.

Western blotting data are shown in Fig. 2L. Compared
to DMSO, ITE reduced CD31 protein levels by 91% in the
placenta, consistent with decreases in vascular density and
CD31 immunostaining intensity (Fig. 2G). ITE did not
induce the formation of cleaved caspase-3 but decreased
total caspase-3. ITE reduced B-actin but not GAPDH
levels.

ITE dysregulates transcriptome in placentas

Compared to DMSO, ITE up- and downregulated 409
and 907 genes in female (F) placentas, respectively,
among which 69 were located on the X chromosome
(Fig. 3A and B; Supporting information, Table S3).
ITE up- and downregulated 571 and 1449 genes in
male (M) placentas, respectively, among which 114 were
located on the X chromosome, and none were on the Y

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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chromosome. ITE commonly induced 926 differentially
expressed genes (DEGs) in F and M placentas (Supporting
information, Table S3). Among these DEGs, 188 and 731
were up- and downregulated, respectively, in both ITE-F
and ITE-M; six (LOC690483, Ugt2bl5, LOC100910565,
AABRO07057442.1, Ul and Rfxapll) were downregulated
in M but upregulated in F; one (ZFP280B) was down-
regulated in F but upregulated in M; and 136 were located
on the X chromosome (Supporting information, Table S3).

The RT-qPCR and RNA-seq data were strongly
correlated (r = 0.999 and 0.982 for F and M placentas,
respectively, P < 0.001) (Fig. 3C). In F placentas, ITE
upregulated CYPI1A1, HIF1A and IL1B but downregulated
ACE2, AHR, ANGPT1, CAV1, FGFR2, SFLT1, TIEl and
VEGFA (Fig. 3C). ITE did not alter the expression of
MYBPC3, TFRC or VWF. RNA-seq, but not RT-qPCR,
revealed that ITE downregulated ACTB and KDR.
RT-qPCR, but not RNA-seq analysis, showed that

>
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ITE upregulated VCAMI. In M placentas (Fig. 3C),
ITE upregulated CYPIAI, HIFIA, IL1B, MYBPC3 and
VCAMI1 but downregulated ACE2, AHR, ANGPTI,
CAV1, FGFR2, SFLT1, TFRC, TIE1, VEGFA and VWEF.
RNA-seq, but not RT-qPCR, revealed that ITE attenuated
the expression of ACTB and KDR in M placentas. Both
RNA-seq and RT-qPCR analyses revealed that ITE
robustly increased the levels of CYPIAI and decreased
the levels of AhR in F and M placentas, indicating the
activation of the AhR pathway.

Bioinformatics analysis of the ITE-induced placental
DEGs revealed that 637 biological functions were
enriched (Fig. 4A; Supporting information, Table S4).
Of these 637 functions, 363 (e.g. cancer, hypertension,
angiogenesis, diabetes mellitus, vasculogenesis, leukocyte
migration, inflammatory response, and vaso-occlusion)
were commonly enriched in F and M placentas; 137
each were uniquely enriched in F (e.g. hypertensive heart
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Figure 1. ITE dysregulates tissue growth and cardiovascular functions in pregnant rats

Pregnant rats were treated with ITE (5 mg/kg body weight/day) or DMSO from GD10 to GD19. A and B, maternal
body (A) and organ (B) weights were recorded. Each maternal organ weight was adjusted to the body weight
of corresponding dam in B. n = 9 and 10 for the ITE and DMSO groups, respectively. C and D, maternal blood
pressure (C; n = 6/group for the DMSO and ITE groups, respectively) and uteroplacental blood flow (D; n = 3/group)
were measured using the tail-cuff method and Vevo 2100 ultrasound system, respectively. £, maternal proteinuria
was measured (n = 3/group). F/, placentas and fetuses were collected (n = 9 and 10 dams for the ITE and DMSO
groups, respectively) and weighed. The rulers are in inches. The Mann—Whitney rank-sum test or Student'’s t test was
performed to compare differences between the ITE and DMSO groups. FGR: fetal growth restriction. *P < 0.05
versus DMSO (B, D, E, H, I) or DMSO at each corresponding time point (C). [Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 2. ITE decreases vascular density and induces apoptosis in rat placentas

Pregnant rats were treated with ITE or DMSO from GD10 to GD19. Placentas were collected on GD20. The placental
tissue sections were subjected to CD31 immunostaining followed by haematoxylin counterstaining. A and B,
representative images of rat placentas from the ITE and DMSO groups, respectively. The reddish colour indicates
CD31-positive staining. Blue: haematoxylin counterstaining; D: decidua basalis. L: labyrinth zone. B: basal zone.
Bar = 1 mm. C and D, the relative thicknesses and areas of the L and B zones were quantified. Fe-Gg, vascular
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density and CD31 staining intensity in the L zone. £ and F, representative images of CD31 immunostaining in the
L zone from the ITE (£) and DMSO (F) groups. The insets in £ and F are adjacent tissue sections treated with normal
goat IgG as a control. Small arrows: vascular endothelial cells. Large arrow: an area with a density of dead cells and
immune cell infiltration. s: maternal sinusoids; es: oedematous stoma. G, vascular area density and CD31 staining
intensity were quantified. H—K, cell apoptosis. The tissue sections were subjected to a TUNEL assay. H and /i,
representative images of two adjacent placental sections from the DMSO group. The sections were pretreated
with DNase | (a positive control) (H) or without DNase | (a negative control) (/) followed by slight counterstaining
with haematoxylin. J and K, representative images of two adjacent placental sections from the ITE with (J) or
without (K; a negative control) recombinant terminal deoxynucleotidyl transferase. Arrows: apoptotic cells. *: blood
vessels. Brownish nuclear 3,3’-diaminobenzidine staining was used to stain apoptotic cells; blue: haematoxylin
counter-staining. *P < 0.05 versus DMSO. Bar = 100 um. n = 6 placentas from different dams/group. L, Western
blotting analysis for CD31 and cleaved caspase-3. Data normalized to GAPDH are expressed as the means + SD
fold of the control. HUVECs at the caspase-3 band were treated with staurosporine (200 nM; a positive control for
cleaved caspase-3). The Mann-Whitney rank-sum test or Student’s t test was performed to compare differences
between DMSO and ITE. *P < 0.05 versus DMSO. n = 7 placentas from different dams/group. [Colour figure can
be viewed at wileyonlinelibrary.com]

disease, abnormal morphology of vasculature, perinatal
death, and proliferation of endothelial cells) and M (e.g.
cellular infiltration by blood cells, quantity of cytokine,
necrosis, and apoptosis) placentas.

The ITE-induced placental DEGs were enriched in
249 disease-associated functions (Fig. 4B; Supporting
information, Table S5). Of these 249 functions, 132 were
commonly enriched in the F and M placentas, while 53
and 62 were enriched only in the F and M placentas,
respectively. For example, disease-associated functions,
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including liver cancer, coronary artery disorders,
congenital heart failure, failure of heart, pulmonary
hypertension, and atrophy of kidney were commonly
enriched in F and M placentas (Fig. 4B). However,
pulmonary embolism and growth of liver tumour were
only enriched in F placentas, and pulmonary artery
hypertension and atrophy of renal glomerulus were only
enriched in M placentas (Fig. 4B).

The 95 canonical pathways enriched in the
ITE-induced placental DEGs included phagosome
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Figure 3. ITE dysregulates the transcriptome in rat placentas

A, circos plot illustrating the chromosomal position of DEGs in F (red dots) and M (blue dots) placentas. Each dot
represents one gene. The numbers and letters in the outer ring indicate the chromosomal location. For each scatter
plot track, dots outside and inside the centreline are up- and downregulated genes, respectively. B, volcano plots
showing DEGs in F and M placentas. Grey dots: no significant difference; red and green dots: >2-fold up- and
downregulation, respectively (FDR-adjusted P < 0.05) in the ITE group vs. the DMSO group.n=13, 16, 8, and 13 for
the DMSO-F, DMSO-M, ITE-F, and ITE-M groups, respectively. C, RT-qPCR validation of ITE-dysregulated genes in F
and M placentas. *Means differ (FDR-adjusted P < 0.05) from DMSQO; tmeans differ (0.1 > FDR-adjusted P > 0.05)
from DMSO. n = 4/fetal sex/group. F, female; M, male. [Colour figure can be viewed at wileyonlinelibrary.com]
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formation, G-protein coupled receptor signalling,
cAMP-mediated signalling, and gap junction signalling
(Fig. 4C, Supporting information, Table S6). Of
these 95 pathways, 35 were commonly enriched in
both F and M placentas. These pathways included
phagosome formation, G-protein coupled receptor
signalling, cardiac hypertrophy signalling (enhanced),
lipopolysaccharide/interleukin (IL)-1-mediated
inhibition of RXR functions, gap junction signalling,
tight junction signalling, protein kinase A signalling,
and calcium signalling pathways. Moreover, three
pathways (notch signalling, coronavirus replication
pathway, and caveolar-mediated endocytosis signalling)
were enriched only in F placentas, while 55 pathways,
including atherosclerosis signalling, phospholipases,
IL-17 signalling, HIF« signalling, and aryl hydrocarbon
receptor signalling, were enriched only in M placentas.
Upstream regulator analysis identified 96 enriched
gene networks, of which 81 were commonly enriched
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in F and M placentas and 1 and 14 were uniquely
enriched in F and M placentas, respectively (Fig. 4D;
Supporting information, Table S7). These common gene
networks included NOTCHI1-, AHR-, HIF1A-, ESRI1-,
ESR2- and CREBBP-regulated genes, in which ESRI-
(90 vs. 116 in F and M placentas) and CREBBP- (86
vs. 108) regulated genes contained the most abundant
numbers of target genes (Supporting information, Table
S7). Additionally, HEY1-regulated genes were uniquely
enriched in F placentas; IRF3-, SIRT1- and IRF4-regulated
genes were only enriched in M placentas (Fig. 4D).

ITE dysregulates immune cell infiltration in placentas

CYBERSORTx analysis predicted that the top eight
immune cells with a fraction >2.8% in DMSO-treated
placentas were dendritic cells resting, NK cells resting,
macrophages MO, B cells naive, T cells follicular helper,
macrophages M2, T cells CD4 memory resting, and
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Figure 4. ITE dysregulates pathways in rat placentas

A, biological functions. B, disease-associated biological functions. C, canonical pathway-associated genes. D, gene
networks. Significant enrichment was determined using IPA software (P < 0.05, Fisher’s exact test). Dotted line:
P =0.05. F, female; M, male. [Colour figure can be viewed at wileyonlinelibrary.com]
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eosinophils (Supporting information, Tables S8 and S9).
The percentages of six subtypes of cells (monocytes,
plasma cells, T cells CD4 naive, T cells regulatory, T cells
CD4 memory activated, and mast cells resting) ranged
from 1.3% to 2.1%. Eight subtypes of cells (macrophages
M1, mast cells activated, neutrophils, NK cells activated,
dendritic cells activated, T cells gamma delta, T cells CD8,
and B cells memory) accounted for less than 1% or were
absent. Additionally, the fractions of macrophages M2
in NT-M and ITE-M were 44% and 38% greater than
those in the NT-F and ITE-E respectively (Supporting
information, Table S9).

ITE-dysregulated immune cell infiltration in placentas
is shown in Supporting information Fig. S1 and Table
S9. Compared with DMSO, ITE increased the fractions
of plasma cells (2.1-fold that of DMSO), monocytes
(2.7-fold), macrophages MO (1.2-fold), macrophages M2
(2.3-fold) and eosinophils (1.7-fold), whereas it decreased
the fractions of T cells follicular helper (0.6-fold), NK cells
resting (0.8-fold) and dendritic cells resting (0.6-fold) in
rat placentas (Supporting information, Table S9). Within
each placental sex, ITE-induced changes in immune
cell fractions were similar to those found in combined
F and M placentas (Supporting information, Fig. S1),
although changes in three cell subtypes (plasma cells and
eosinophils in F or M cells and macrophages M2 in F cells)
did not reach significance. This loss of significance is due
to the reduced sample size for each placenta sex.

Discussion

Our study provides novel evidence that ITE induces
PE-like phenotypes in rats. Additionally, ITE disrupts
the transcriptome and immune cell infiltration in rat
placentas in a fetal sex-specific manner. Collectively, our
findings suggest that the over-regulation of endogenous
AhR ligands may contribute to the pathophysiology of PE.

In contrast to previous reports showing that a single
dose of ITE had no adverse effect on fetuses or placentas
in rats (Wu et al.,, 2014) or mice (Henry et al., 2006),
our study reveals that multiple doses of ITE reduce fetal
and placental weights, along with decreased placental
vascular density and blood flow in rats, mirroring the
effects of TCDD in animals (Herndndez-Ochoa et al,,
2009; Ishimura et al., 2009; Ivnitski-Steele & Walker, 2005;
Peterson et al., 1993). Thus, like TCDD, repeated exposure
to endogenous AhR ligands can impair vascular growth in
rat placentas.

Our finding that ITE induces PE-like phenotypes in rats
implies that over-regulation of endogenous AhR ligands
may be a common contributor to the development of
hypertension in general, considering that AhR ligands also
induce hypertension in male mice (Changetal., 2017) and
rats (Masaki et al.,, 2021) and are involved in pulmonary
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arterial hypertension in humans (Masaki et al.,, 2021).
Although it was previously believed that PE does not
affect vascular growth in human placentas (Burton et al.,
1996; Li, Zhao et al., 2015), more recent reports using the
more comprehensive 3D imaging analysis demonstrate
that PE reduces placental vascular growth (Hermans
et al., 2023; Shen et al., 2022). Thus, the ITE-reduced
placental vascular growth likely contributes to the elevated
blood pressure and decreased uteroplacental blood flow
induced by ITE in rats. In addition, the ITE-decreased
placental growth is associated with reduced total caspase-3
but without the formation of cleaved caspase-3. These
data suggest that total, but not cleaved, caspase-3 may
mediate the ITE-decreased placental growth since total
caspase-3 has been implicated in participating in cell
function beyond apoptosis (e.g. muscle and renal cell
growth) (Eskandari & Eaves, 2022).

The ITE-induced transient increase in blood pressure
observed in pregnant rats contrasts with previous reports
that repeated treatment with 3MC and FICZ elevated
blood pressure for up to 4-8 weeks in male mice (Chang
et al., 2017) and rats (Masaki et al., 2021). The distinct
potential of different AhR ligands for AhR activation may
partially explain these discrepancies (Denison etal., 2011).
However, sex- and pregnancy state-specific regulation of
blood pressure by AhR ligands is more likely to contribute
to these discrepancies since sex steroid hormones (e.g.
oestrogen and androgen) can interact with the AhR
pathway (Denison et al., 2011; Pocar et al., 2005). For
example, increased oestrogen during late pregnancy could
antagonize AhR ligand-elevated blood pressure by inter-
fering with AhR transcriptional activity (Denison et al.,
2011; Pocar et al, 2005) and enhancing vasodilatation
(Li et al., 2022). In addition, downregulation of AhR in
both female and male placentas induced by ITE (Fig. 3C)
may imply a similar decrease in AhR expression in
vascular smooth muscle, which may contribute to the
desensitization of ITE’s action on blood pressure after
GD17. Moreover, although it failed to elevate blood
pressure in near-term rats, it is noteworthy that ITE
decreases uteroplacental blood flow, possibly due to the
reduced placental vasculature.

Our study uncovered sexual dimorphisms in
ITE-dysregulated  transcriptome  in  placentas.
Intriguingly, only 5% and 0% of the DEGs are located
on the X chromosome in female and male rat placentas,
respectively (Fig. 3 and Supporting information, Table S3),
and none of the DEGs are located on the Y chromosome.
Thus, genes on sex chromosomes may not significantly
contribute to the ITE-induced transcriptomic differences
between female and male placentas, as observed with
PE-induced transcriptomic differences (Zhou et al,
2019).

In rat placentas, a single dose of TCDD has been shown
to induce 182 DEGs using representational difference
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analysis and microarray technology (Mizutani et al.,
2004). Our study identifies a new set of ITE-induced
fetal sex-specific DEGs, thereby expanding the list of AhR
ligand-induced DEGs in placentas. Furthermore, of 182
TCDD-induced DEGs (Mizutani et al., 2004), 29 overlap
those identified in ITE-treated rat placentas, even though
only eight exhibit the same regulatory trends (upregulated:
Cxcl10, Cxcl2, Cyplal, Cyplbl, Mxl, Mx2 and Tgfbi;
downregulated: Gatal), suggesting differential regulation
between ITE and TCDD in the placental transcriptome.

Notably, male rat placentas had 54% more ITE-induced
DEGs than their female counterparts, implying a greater
susceptibility or adaptability of male placentas to end-
ogenous AhR ligand stimuli. Additionally, the majority of
these DEGs are downregulated in male (72%) and female
(69%) placentas and are critical to vascular function. For
instance, decreases in angiotensin II (ANG II, a potent
vasoconstrictor) receptors (Agtrla and Agtr2) and Ace2
(Fig. 3 and Supporting information, Table S3) may reduce
ANG II activity, decreasing ITE-elevated blood pressure
(Fig. 1C). Moreover, decreased expression of key end-
othelial regulators (e.g. Angpt1, Cavl, Fgfr2, Kdr, Tiel and
Vegfa; Fig. 3 and Supporting information, Table S3) may
contribute to the reduced placental vascular density.

Our bioinformatics analysis reveals that ITE
differentially dysregulates many biological processes,
disease-associated functions, pathway-associated genes,
and gene networks between female and male placentas.
Top biological processes included those relevant to
cancer, tumour, hypertension, vascular formation and
growth angiogenesis, and inflammatory response. ITE
also dysregulates common genes between female and
male placentas, primarily enriched in liver cancer, cardio-
vascular diseases and kidney disease and associated with
many common signalling pathways (e.g. cardiac hyper-
trophy signalling (enhanced) and gap junction signalling).
Notably, ESR1 and CREBBP emerge as the two most
prominent hub genes in the ITE-dysregulated gene
network (Supporting information, Table S7). Conversely,
several ITE-dysregulated processes and pathways are
enriched uniquely in female and male placentas. For
example, hypertensive heart disease is only enriched in
female placentas, while cellular infiltration by blood cells
is predicted solely in male placentas. Moreover, notch
signalling and caveolar-mediated endocytosis signalling
are enriched in female placentas, while atherosclerosis
signalling, IL-17 signalling and HIFla signalling are
enriched in male placentas.

The immune cell distribution in human placentas has
been predicted using single-cell RNA-seq (Pique-Regi
etal., 2019), indicating the presence of T-cells resting and
activated, NK cells, monocytes, and macrophages 1/2 with
the most abundant amount of T-cells-activated (~15-30%
of total immune cells). Our current CIBERSORTx analysis
similarly predicts relatively high proportions of NK cells
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resting (15.5%), monocytes (2.1%), and macrophages M2
(5.6%) in vehicle control-treated rat placentas (Supporting
information, Table S8). However, our study shows that
dendritic cells resting account for 29.8% of the total
immune cells, with macrophages M0 and NXK cells resting
for another 31% of the total immune cells. Thus, together
with the observation that mast cells activated, neutrophils,
NK cells activated, and dendritic cells activated were
absent in rat placentas (Supporting information, Fig.
S1, Tables S8 and S9), these data imply that distinct
distributions of immune cells exist between human and
rat placentas and that near-term placenta in rats may
represent a state of strong tissue repair.

Endogenous AhR ligands, including ITE, regulate
the proliferation and differentiation of immune cells
(e.g. Thl, Thl7, Treg and dendritic cells) in mice
(Rothhammer & Quintana, 2019; Stockinger et al., 2014).
Similarly, our data have shown that ITE alters the
infiltration of innate (e.g. monocytes, macrophages 0/2,
NK cells resting, dendritic cells resting, and eosinophils)
and adaptive (e.g. plasma cells and T cells follicular
helper) immune cells in rat placentas. Our observation
that ITE increases monocytes and plasma cells is in
agreement with previous findings in the PE-maternal
circulation (Faas et al., 2014; Miller et al, 2022).
Notably, ITE decreases Tregs by ~3-fold (Supporting
information, Table S9), although this decrease does not
reach significance, which is consistent with the reduction
in Tregs in circulation and tissues in PE (Faas et al,
2014; Miller et al., 2022). The novel observation that ITE
increases the number of macrophages 0/2 is important, as
macrophages 2 may participate in placental tissue repair
after ITE-induced tissue damage. Moreover, in contrast to
decreased eosinophils in PE maternal circulation (Mtali
et al,, 2019), ITE increases eosinophils in rat placentas.
Thus, ITE likely partially mimics PE-induced alterations
in immune cell distribution. Additionally, ITE appears
to maintain immune responses by increasing monocytes,
plasma cells and eosinophils, while decreasing Treg levels
in the placenta. However, caution should be taken when
interpreting these data since the signature matrix LM22
is based on a human dataset, and humans and rats share
only 25% of their genomes, although they share almost all
disease-associated genes (Gibbs et al., 2004). Additional
limitations include the inability to distinguish fetal and
maternal origins of immune cells and the inability to
classify these immune cells into subsets within each sub-
type. We also did not verify the distributions of these
immune cells in the placenta using other approaches.

The mechanisms governing the sexual dimorphisms of
ITE-dysregulated placental responses remain unclear. Sex
steroid hormones may partly control these dimorphisms
because of the differential expression of aromatase
between female and male placentas (Sathishkumar et al.,
2012) and the differential distributions of circulating levels
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of gonadal hormones between female and male fetuses
(Furuhashi et al., 1982).

In conclusion, our study demonstrates that the
over-regulation of endogenous AhR ligands induces
PE-like phenotypes in rats along with defects in placental
vascular growth. These adverse effects are associated with
sexually dimorphic alternations of the transcriptome
and immune cell infiltration in the placenta. These
findings suggest that the AhR ligand pathway could
represent a promising therapeutic and sex-specific target
for PE-associated vascular dysfunctions. Finally, the
limitations of our current study should be recognized.
First, this study is limited by the relatively small sample
number, especially in measuring the ITE-altered maternal
cardiovascular function. Second, the lack of fetal sex
typing restricts the analysis of the sexual dimorphism
in ITE-induced morphological and biochemical changes
in fetal placentas. Third, the ITE-disrupted immune
cell filtration in placentas is not confirmed using other
approaches (e.g. immunohistochemistry or flow cyto-
metry). Fourth, this is mainly a descriptive study
without further exploring the pathophysiological
mechanisms underlying ITE-associated maternal and
fetal dysfunction. Fifth, all the conclusions of the current
study are drawn exclusively from a rat model. Further
studies are needed to verify these changes induced by ITE
using other animal (e.g. non-human primates) or human
tissue and cells (e.g. human placentas and HUVECs)
models.
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Translational perspective

To date, the aetiology of preeclampsia (PE) is unknown, and there are limited therapeutic tools for PE-associated
endothelial dysfunction because the mechanisms underlying PE are poorly understood. Herein, we have reported
that an endogenous aryl hydrocarbon receptor (AhR) ligand induces PE-like phenotypes in pregnant rats.
These phenotype changes are associated with fetal sex-specific dysregulation of the transcriptome in placentas.
These data suggest a novel mechanism underlying PE. The AhR ligand-dysregulated genes and pathways might
represent promising therapeutic and fetal sex-specific targets for preeclampsia-induced impairment of vascular
functions in placentas.
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