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Abstract

Aryl hydrocarbon receptor (AhR) is a transcription factor, which can be activated by a plethora
of structure-diverse ligands. Historically, AhR is known for its involvements in regulation of
metabolism of xenobiotics. However, normal physiological roles of AhR have been defined in
other essential biological processes, including vascular growth and function, reproduction, and
immunoresponses. In contrast, aberrant expression and activation of the AhR signaling pathway
occur in a variety of human diseases, many of which (e.g., preeclampsia, atherosclerosis, and
hypertension) could be associated with endothelial dysfunction. Indeed, emerging evidence has
shown that either exogenous or endogenous AhR ligands can induce endothelial dysfunction
in either an AhR-dependent or AhR-independent manner, possibly reliant on the blood vessel
origin (artery and vein) of endothelial cells. Given that the AhR signaling pathway has broad
impacts on endothelial and cardiovascular function, AhR ligands, AhR, and their downstream
genes could be considered novel therapeutic targets for those endothelial-related diseases. This
review will discuss the current knowledge of AhR’s mediation on endothelial function and potential
mechanisms underlying these actions with a focus on placental endothelial cells.

Summary Sentence

Aryl hydrocarbon receptor critically mediates endothelial function.
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Introduction

The endothelium is an essential component for vascular growth,
which is required for supporting tissue growth occurring either under
physiological (e.g., placental and fetal growth) or under pathological
(e.g., solid tumor growth) states [1]. Even after completion of vascu-
lar growth, maintaining normal endothelial function is still vital for
vascular homeostasis [1-3]. In contrast, endothelial dysfunction is
associated with severe vascular disorders such as preeclampsia (PE),
intrauterine growth restriction (IUGR), placental chorioangioma
(PC), and hypertension (HTN) [1-5]. Thus, any factor that dis-
rupts normal endothelial growth and function could have significant
impacts on the vascular function, which in turn can critically affect
individual health and well-being.

Aryl hydrocarbon receptor (AhR) is a ligand-activated transcrip-
tion factor, which was first identified in mouse hepatic cytosol
[6]. Over the last four decades, AhR has been extensively investi-
gated for its participations in metabolizing environmental toxicants
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [7]. Additional
normal physiological roles of AhR have also been recognized in
other essential biological processes including vascular growth and
function, reproduction, and immunoresponses, largely based on
animal knockout studies or the discovery of a variety of structure-
diverse endogenous AhR ligands [7-14].Given many of these AhR-
regulated biological processes are associated with vascular growth
and function, this review will elaborate the comprehensive regulation
of AhR ligands in endothelial responses with a focus on placental
endothelial responses. In addition, the potential cellular and molec-
ular mechanisms underlying this regulation in endothelial cells will
also be discussed.

Regulation of fetoplacental angiogenesis

The placenta contains extremely rich blood vessels, which are
resulted from an extensive angiogenesis (neovascular formation
from preexisting blood vessels) after the completion of placental
vasculogenesis (the differentiation of precursor cells into endothelial
cells and the de novo formation of a primitive vascular network) [4].
Fetoplacental vasculogenesis and angiogenesis are tightly controlled
by peptide growth factors [2-4]. Among these growth factors,
fibroblast growth factor 2 (FGF2) and vascular endothelial growth
factor A (VEGFA) are potent endothelial regulators, which exert
their actions primarily via binding and activating their tyrosine
kinases receptors [2, 15, 16]. These kinase receptors of FGF2
include FGF receptor 1 (FGFR1), 2 (FGFR2), 3 (FGFR3), and 4
(FGFR4) [16], among which FGFR1 is the predominant form in the
human umbilical cord endothelial cells [17, 18]. The major VEGFA
receptors consist of VEGF receptor 1 (VEGFR1) and 2 (VEGFR2)
[15, 16].

Accumulating evidence has clearly shown that FGF2 and
VEGFA promote placental angiogenesis [2, 17-19]. FGF2 primarily
synthesized and secreted from placental trophoblasts regulates many
endothelial functions (e.g., proliferation, migration, and production
of nitric oxide and prostacyclin) [2, 16]. The deficiency of FGF2 in
mice impairs capillarogenesis [20]. However, knockout of FGFR1
and FGFR2 in mice is embryonic lethal [21]. Conversely, endothelial
cell-specific FGFR1 and FGFR2 knockout has no significant effects
on vascular formation in embryos, although it leads to impaired
angiogenesis after injury in adult mice [21]. Similar to FGF2,
VEGFs are primarily expressed in trophoblast cells and stromal
cells [19]. The deficiency of VEGFA and its receptors causes many
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deleterious effects. For example, VEGFA knockout mice showed
impaired myocardial angiogenesis and ischemic cardiomyopathy
[22]. Knockout of either Vegfrl or Vegfr2 gene is lethal to embryo
in mice due to impaired vascular formation and growth [15],
indicating the essential roles of VEGFs signaling in vasculogenesis
and angiogenesis. Moreover, neuropilin-1 (NP-1) and 2 (NP-2), two
additional VEGF receptors, are also critical to VEGFs signaling, as
knockout of either Np1, Np2 or both severely impairs developmental
yolk sac and embryonic angiogenesis [23]. In human fetoplacental
endothelial cells, FGF2 and VEGFA regulate cell proliferation,
migration, and permeability [17, 18, 24-27]. Collectively, these data
indicate the importance of FGF2 and VEGFA signaling pathways in
placental endothelial responses.

Impaired placental endothelial function and angiogenesis are
tightly associated with aberrant expression and activation of
angiogenesis-related factors including VEGFA, placental growth
factor, and their receptors in the placenta and maternal circulation
[3,24-27]. Thus, similar to many angiogenesis-related diseases (e.g.,
solid tumor), dysregulating expression and activation of angiogenic
factors in placentas could be a major contributing factor to the
development of pregnancy complications such as preeclampsia (PE)
and placental chorioangioma (PC) [1, 3-5].

Beside FGF2 and VEGFA, numerous other peptide factors also
regulate vascular and endothelial function during pregnancy. One
of these potent factors is endothelin (ET), which can be synthesized
and released by trophoblast cells and endothelial cells as recently
summarized by several investigators [28-30]. ET-1, one member of
the ET family, is considered one of most potent vasoconstrictor and
mitogens to vascular smooth muscle. ET-1 also acts on endothelial
cells and enhances production of vasodilators (e.g., nitric oxide
and prostacyclin) [28-30]. As nitric oxide is a key mediator of
fetal endothelial function [2], ET-1 may play an important role in
regulating maternal and fetal endothelial function during normal
pregnancy. This notion is supported by the observations that mater-
nal ET-1 levels are elevated in normal pregnancy, along with much
high levels of ET-1 present in fetal circulation as compared with
maternal serum levels [29-31]. Conversely, higher maternal ET-1
levels are associated with PE [29, 30]. Thus, the dysfunction of ET
system in fetal endothelial cells may contribute to fetal endothelial
dysfunction in PE, particularly since VEGFA can stimulate ET-1
production in human umbilical veins (HUVECs) [32]. To date, the
limited information on the role of the AhR singling pathway in ET
system is primarily derived from the AhR knockout mice model.
Specifically, the AhR null mice exhibited increased circulating ET-
1 levels in association with hypertension (HTN) [33-35], suggesting
developmental inhibition of AhR on ET system. However, activation
of the AhR signaling pathway by dioxin (TCDD) promotes feto-
placental ET-1 expression along with suppressed placental vascular
remodeling in wild-type rats [36]. Thus, it is highly likely that the
AhR signaling pathway could mediate fetal endothelial function,
including angiogenesis partially via ET system.

AhR and its ligands
Distributions of AhR

The AhR gene is evolutionarily highly conserved as its expression
is found in numerous species spanning from amphibians, reptiles,
and birds to mammals [12, 13]. On the other hand, AhR is highly
polymorphic, varying in molecular weight by about 30 kDa across

different species (e.g., 95 kDa in C57 mouse; 113 kDa in monkey;
124 kDa in hamster; 106 kDa in human) [13].

Expression of AhR has been identified in a wide range of organs
with different abundances [37]. For example, AhR mRNA is highly
expressed in the human placenta, lung, heart, liver, and pancreas,
but is much lower in the brain, kidney, and skeletal muscle [38].
For a given organ, AhR mRNA levels can also vary significantly
between species. Specifically, AhR mRNA expression is higher in
human placentas compared with rat placentas [38-40]. In human
placentas, AhR protein is present primarily in endothelial cells of
large blood vessels, cytotrophoblast and syncytiotrophoblast in villi
as well as HUVECs and human umbilical artery endothelial cells
(HUAECsS) [41, 42]. The endothelial expression of AhR protein has
also been detected in human fetuses [41] and lungs [43]. AhR is
expressed in other cell types including uterine epithelial cells, ovary
theca, granulosa, luteal cells immune T cells, and dendritic cells [44—
46]. This wide distribution of AhR in various types of cells and tissues
suggests the systemic importance of AhR in cellular function. This
concept is supported by previous literature that demonstrates the
aberrant expression of AhR is associated with many disorders [46—
48]. For instance, AhR expression is increased in placentas of mild
PE [48] and in the villi of unexplained miscarriage [49], as well as in
lung adenocarcinoma and breast cancer tissues [47, 50].

Activation of AhR

Most unliganded AhR reside in the cytoplasm [13] (Figure 1). Upon
binding to its ligands, the AhR-ligand complex translocates into
the nucleus where the complex binds to aryl hydrocarbon receptor
nuclear translocator (ARNT or termed as hypoxia-inducible factor-
1-beta) to form a heterodimer. This heterodimer binds and activates
the dioxin response element (DRE), inducing expression of many
downstream genes including cytochrome P450, family 1, subfamily
A, polypeptide 1 (CYP1A1); cytochrome P450, family 1, subfamily
B, polypeptide 1 (CYP1B1); and other cell cycle regulators such as
p21 and p53 [7, 8, 51]. After activation, AhR is degraded in the
nucleus or is transported back to the cytoplasm and degraded by
the 26S proteasome system [7]. Thus, a decrease in AhR protein
expression in cells upon AhR ligand stimulation could be considered
indicative of AhR activation [7, 37]. In addition, AhR activity can be
suppressed by AhR repressor, which competitively binds to ARNT,
reducing availability of ARNT for AhR [7].

The binding affinity of AhR for the same AhR ligand varies
between different species, possibly due to species-specific biochem-
ical and physiological characteristics of AhR (i.e., differences in
amino acid sequences of the ligand-binding domain) [52]. In addi-
tion, even in the same species, fetuses are more sensitive to TCDD
than adults, suggesting that different developmental stages have
distinct sensitivities in response to the same AhR ligands [53].

AhR ligands

Artificial/lexogenous AhR ligands. AhR can be activated by a range of
structurally divergent exogenous, natural, and endogenous chemicals
with various binding affinities [12]. The majority of high-affinity
AhR ligands are synthesized artificially or generated in the environ-
ment during the combustion of chemicals during waste incineration,
metal production, and fossil fuel or wood burning [12]. These exoge-
nous AhR ligands include planar, hydrophobic halogenated aromatic
hydrocarbons (HAHs) (i.e., polyhalogenated dibenzo-p-dioxins and
biphenyls) and polycyclic aromatic hydrocarbons (PAHs) (e.g., 3-
methylcholanthrene [3MC] and benzoflavones) [8]. These HAHs
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Figure 1. Schematic of proposed mechanisms underlying AhR ligands-induced endothelial angiogenic responses. We propose that AhR ligands at aberrantly
high levels induce dysregulation of gene expression and defective activation of diverse signaling pathways either in an AhR-dependent or AhR-independent
manner. Such dysregulation leads to inhibition of angiogenic responses and other cellular function in endothelial cells.

and PAHs are metabolically stable and resistant to degradation [54].
Among these, TCDD is one of the most potent AhR ligands [12].

Natural/endogenous ligands. Diverse types of natural and endoge-
nous AhR ligands with structures and physiochemical characteristics
dramatically different from HAH and PAH have been identified [12,
14]. These ligands include bilirubin, the yellow breakdown product
of normal heme catabolism detected in human bile, urine, and blood,
as well as in many plants (e.g., corn, wheat, rice, potato, apple,
and pears) [55, 56]. Other notable natural ligands [12] include
flavonoids, detected in fruits and vegetables (e.g., grape, tomato,
cherry, strawberry blackberry, blueberry, onion peel, and potato
peel); indole-3-carbinol (I3C), found in many cruciferous plants such
as broccoli and the brussels sprouts; indigo, detected in human urine
and bovine serum; 7-ketocholesterol, a major sterol constituent of
plasma in humans; kynurenine (Kyn), a tryptophan catabolite, found
in human tissues and circulation; 6-formylindolo[3,2-b]carbazole
(FICZ) and 6,12-diformylindolo[3,2-b]carbazole (dFICZ), the two
most active tryptophan photoproducts produced by exposing skin
cells to UV light and visible lights [12]; and 2-(1’H-indole-3'-
carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), another
tryptophan catabolite, which was first isolated from porcine lung
tissues and likely derived from tryptophan and cysteine via a
condensation reaction [57]. These AhR ligands after synthesized
or ingested might act collectively to alter cellular function in vivo.
These natural and endogenous ligands generally have relatively
low affinity for AhR as compared with exogenous ligands and
are degraded quickly by the AhR ligand-induced detoxifica-
tion/metabolism enzymes (e.g., CYP1A1) [12]. Interestingly, though
physiological concentrations of the majority of these endogenous

AhR ligands are unknown in human, the circulating Kyn/tryptophan
ratio is higher in pregnant vs. nonpregnant women and is correlated
positively with gestational age [58], implicating the importance of
the AhR signaling pathway in pregnancy.

Roles of AhR

Metabolism, bioaccumulation, and actions of TCDD

TCDD, the most potent member of the HAHs family, is metabolized
by the cytochrome P-450-monooxygenases and its metabolites are
excreted in the feces of animals and humans [59]. However, most
environmental toxicants including TCDD resist metabolic break-
down [54]. For example, the half-life of TCDD in human is ~7-
10 years [59]. Thus, after ingestion by animals and humans, these
exogenous AhR ligands are fairly stably stored in the body [54].

TCDD and its related compounds are highly harmful to human
and animal health [7, 54, 59]. Acute or chronic TCDD exposure
induces many disorders (e.g., HTN ocular vascular changes diabetes,
neurotoxicity, atherosclerosis, and tumors) [7, 59-61].

Perinatal exposure to TCDD and its related chemicals causes
embryonic and fetal loss in parallel with increased neonatal mortality
in mice [53, 62]. These toxic effects are mediated via AhR since
AbR null mice are not susceptible to these adverse effects [63, 64].
Importantly, TCDD-induced fetotoxicity can be partially attributed
to abnormal vascular formation, growth, and function. Specifically,
prenatal exposure to TCDD impairs coronary vasculogenesis in
chicken embryos by attenuating responsiveness to angiogenic factors
(e.g., VEGFA) [65, 66]. In rats, a single dose of TCDD does not sig-
nificantly affect placental angiogenesis, but is sufficient to suppress
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Table 1. Effects of AhR ligands on angiogenic activities of human endothelial cells
Ligands' Treatment? Cell type’ Cellular responses AhR dependency* Ref. #
Exogenous AhR ligands
1. TCDD 10 nM, 5 days HUVECs Cell proliferaton and tube ND [67]
formation |
2. TCDD 10-100 nM HUVECs Cell proliferaton, migration,  Yes [68]
and viability |
daily, 2-6 days Cell cycle progression and (AhR siRNA)
apoptosis <>
HUAECs Cell proliferaton and
viability |
Cell migration, cycle No
progression and
apoptosis <>
3. 3MC 5-500 nM HUVECs Cell proliferation, adhesion,  Yes [69-71]
migration, and tube
formation |
4-24h (AhR antagonist)
4. HCB 0.005-5 pM up to 24 day HMEC-1 Cell migration and tube Yes [72]
formation 1
(AhR antagonist)
S. BaP 1pM, 18-24 h HPVECs Cell tube formation and Yes [73]
migration |
(AhR antagonist)
6. BaP 3-10 pM HUVECs Cell migration, tube Yes [74]
formation, and integrin
expression |,
24 h Cell proliferation « (AhR shRNA)
Endogenous AhR ligands
7. ITE 1 nM-1 pM HUVECs Cell proliferaton, viability, Yes [75]
and migration |
Daily, 2-6 days Cell cycle progression and (AhR siRNA)
apoptosis <
HUAECs Cell proliferaton and
viability |
Cell migration, cycle No
progression, and
apoptosis <>
8. ITE 10 pM, every 2 days, HPAECs Cell proliferaton and No [43]
2-6 days viability |
(AhR siRNA)
9. ITE 5 uM, 1-7 days 1 and 5% HPAECs Cell proliferaton and ND [76]
(o)) viability 1
10. 13C 5-50 pM, 24 hr HUVECs Cell tube formation |, ND [77]

THCB: hexachlorobenzene; BaP: benzo[a]pyrene.
2 A single dose, unless specifically stated.
3HPVECs: human placental villous endothelial cells.

4ND: not determined. The text in brackets indicates the method used to determine the AhR dependence.

1:increase; | : decrease; <>: no change.

the placental vascular remodeling along with increased expression
of several angiogenic factors and their receptors [e.g., VEGFA,
angiopoietin-2, endoglin, placental growth factor (PIGF), VEGFR1,
VEGFR2, soluble Flt1, and tunica interna endothelial cell kinase 2
(Tie2)] [36]. In vitro studies have also demonstrated that TCDD and
other exogenous AhR ligands inhibit endothelial angiogenic activi-
ties (Table 1) [43, 67=77]. Further studies are needed to determine
if repeated exposures to AhR ligands will cause different vascular
responses in placentas. This is because that humans and animals are
more likely to be recurrently exposed to exogenous AhR ligands dur-
ing occupational exposure or to endogenous AhR ligands naturally
synthesized or ingested in AhR ligand-rich diets by the body. Overall,

these data indicate that AhR ligands regulate vascular functions,
possibly via disturbing normal expression of angiogenic factors
and their receptors, which in turn may control the blood flow to
these tissues.

Normal physiological roles of AhR

Several lines of evidence have shown that AhR has important normal
physiological roles in other biological processes [7-9, 51, 78]. First,
this is mostly evidenced by the fact that AhR is highly conserved
in phylogeny from invertebrates to vertebrates [12, 13]. Second,
the Abr-mutant mice exhibit a variety of anomalous phenotypes
including patent ductus venosus, hyaloid artery, and altered limbal
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vasculature within the developing eye, hypotension, smaller liver
size, and defective T cell differentiation [7-9, 51, 78]. Third, AhR
and DRE-responsive gene Cyplal are widely expressed in many
tissues including animal and human fetal tissues [12, 41, 79, 80].
In terms of AhR’s roles in pregnancy, AhR knockout mice have
difficulties in maintaining pregnancy, leading to decreases in litter
size and increases in fetal morbidity and mortality as well as neonatal
lethality [7, 81]. All of these defects are similar to pathological
outcomes induced by the perinatal exposure to TCDD [53, 62].
Finally, the discovery of many natural and endogenous AhR ligands
in humans, animals, and plants that are routinely encountered [12-
14] also firmly support the physiological importance of AhR in many
essential biological processes.

The AhR ligands/AhR signaling in fetoplacental
endothelial cells

AhR signaling in placentas

It has been reported that AhR is constitutively activated in human
placentas as indicated by the persistent presence of nuclear AhR in
trophoblast cells and expression of AhR downstream genes (e.g.,
Cyplal/b1) in villi throughout pregnancy, suggesting an intrinsic
activation of AhR by its endogenous ligands [42]. No definitive
endogenous AhR ligand has yet been identified in any placental and
fetal tissues. However, the endogenous AhR ligand Kyn is likely to
be synthesized in placentas because indoleamine 2,3 dioxygenase
(IDO), one of the rate-limiting enzymes for catalyzing Kyn formation
[82] is expressed in human placentas and at the maternal-fetal inter-
face (e.g., in vascular endothelium of villous chorion, endothelium
of spiral arteries of the decidua, and decidual glandular epithelium
in mice) [83]. In humans, the elevated Kyn/tryptophan ratio in
maternal circulation during pregnancy [58] has been implicated
the hyperactivities of tryptophan-derived AhR ligands in pregnant
women [83]. In contrast, these increases in Kyn/tryptophan ratio in
the maternal circulation are markedly reduced in pregnant women
with PE, probably due to the attenuated IDO activity in placentas
[84]. Thus, as many tryptophan catabolites including ITE and Kyn
are AhR ligands [12, 14, 37], the impaired metabolism of tryptophan
in PE might alter the levels of many other tryptophan-derived AhR
ligands in placentas either after local synthesis or transport from the
maternal circulation.

Roles of endogenous AhR ligands

Of many tryptophan-derived endogenous AhR ligand, ITE initially
detected in porcine lung is recently found to be present in human
tumor cells in vitro [85]. Based on its activity on DRE, the biological
potency of ITE is ~ 100-fold lower than TCDD [57]. Previous studies
have demonstrated that ITE regulates function of multiple cell types
including endothelial cells [75], immune cells [86, 87] [88], human
ovarian cancer cells [45], and stem-like cancer cells [85]. Specifi-
cally, similar to the inhibitory effects of most other AhR ligands
on angiogenic responses of human endothelial cells (Table 1), ITE
inhibits cell proliferation and viability of HUVECs and HUAECs, as
well as migration of HUAECs, without affecting the cell cycle pro-
gression and cell apoptosis [75]. More importantly, ITE-suppressed
angiogenic responses are AhR-independent and AhR-dependent in
HUVECs and HUAEG s, respectively, and are not associated with
dysregulation of major angiogenic factors and their receptors (e.g.,
VEGFA, VEGFC, VEGFR1, and VEGFR2, NP-2, and FGFR1) [75].
The antiangiogenic activity of endogenous AhR ligands is supported

by another report that shows I3C inhibits the tube formation of
HUVEC:s [77] (Table 1). These data are in line with previous notions
that endogenous AhR ligands may prevent excessive angiogenesis in
tissues, including placentas under physiological (e.g., pregnancy and
estrous cycle) or pathological states (e.g., solid cancer growth and
pulmonary arterial HTN) as suggested [43, 45, 89].

Although antiangiogenic activities of AhR ligands are identified
in the majority of cells studied (Table 1), their proangiogenic activ-
ities have also been described in human microvascular endothelial
(HMEC-1) [72] and human pulmonary artery endothelial (HPAECs)
cells [76] (Table 1). It is unknown what cause these contradictory
effects of AhR ligands on endothelial angiogenic activities. However,
the vascular origin of endothelial cells might be a contributing
factor since HMEC-1 [72] is the only endothelial cell preparation
derived from microvasculature (Table 1). In addition, it is noted
that antiangiogenic [43] and proangiogenic [72] activities of ITE
have been reported in HPAECs, which were cultured and treated
under an ambient (21% O3) and hypoxic (1 and 5% O,) condition,
respectively. Thus, different culture conditions could differentially
affect cellular responses to the same AhR ligand.

AhR signaling pathways in endothelial cells

Upon binding to AhR, AhR ligands are able to promote expression of
many genes via the genomic pathway [90, 91] (Figure 1). These AhR
signaling targets include phase I and II drug metabolism enzymes
(e.g., CYP1A1) [90, 91]. In addition, AhR signaling increases expres-
sion of key protein regulators such as p27 and p21 (cyclin-dependent
kinase inhibitor in HUVECs via AhR for cell growth and differenti-
ation [70, 92-94] (Figure 2).

AhR ligands can activate diverse signaling molecules (e.g., protein
kinases or phospholipases) via a nongenomic pathway, which is
important in AhR-mediated activities such as toxicity [90, 91]. In
fact, TCDD has been shown to rapidly induce (<15 min) activation
of Cellular proto-oncogene tyrosine-protein kinase Src (cSrc) and
calcium-triggered Cytosolic phospholipases A2 (cPLA2) activities
in MCF10A cells, a normal mammary epithelial cell line [94, 95].
Such activation of cSrc is paralleled with enlarged activation of
Focal adhesion kinase (FAK) and Mitogen-activated protein kinases
(MAPKSs) [90, 91]. Interestingly, TCDD can also activate Extra-
cellular signal-regulated kinase1/2(ERK1/2), p38MAPK, or Jun N-
terminal kinase (JUN) via an AhR-independent manner in embryonic
fibroblasts and in mouse macrophage cell line (RAW 264.7) [92,
96]. Thus, regardless of AhR involvement, AhR ligands regulate
activation of many signaling pathways (e.g., cSrc, ERK1/2, p38
MAPK, and JNK), which are essential for cell mitosis, development,
stress, and inflammatory responses [97]. In HUVECs, 3MC activates
p38MAPK and Ras homolog family member A (RhoA), whereas it
deactivates FAK without affecting ERK1/2 and JNK activation; these
actions are all associated with suppression of fetal bovine serum-
induced cell angiogenic activities [69-71]. Previous reports from our
laboratories have also shown that in HUVECs and HUAECs, neither
TCDD nor ITE affects activation of ERK1/2 and v-akt murine
thymoma viral oncogene homolog 1 (AKT1) triggered by complete
growth media containing fetal bovine serum, heparin, and endothe-
lial cell growth supplement [68, 75]. To date, it remains elusive
whether AhR is involved in mediating activation of these kinases
(e.g., pP38MAPK, RhoA, and FAK) in HUVECs. However, as TCDD-
and ITE-inhibited angiogenic responses are either independent or
dependent of AhR in HUVECS and HUAECSs, respectively [68, 75],
such differential regulation might exist in placental endothelial cells.
Thus, collectively, these data suggest that p38 MAPK and RhoA,
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Figure 2. Differentially expressed AhR-regulated genes in female and male unpassaged HUVECs from NT and PE. (A) Heat map showing AhR-regulated genes
that are differentially expressed in female (F) and male (M) HUVECs from NT and PE; (B) Circos plot illustrating the chromosomal position of AhR-regulated
genes that are differentially expressed in NT-M vs. NT-F (gray dots, 30 genes), PE-F vs. NT-F (pink dots, 19 genes), and PE-M vs. NT-M (blue dots, 7 genes). Each
dot represents one gene. The numbers and letters in the outer ring indicate the chromosomal location. For each scatterplot track, dots outside and inside of the

centerline are upregulated and downregulated genes, respectively.

but not ERK1/2 and AKT1 are important in AhR ligand-suppressed
placental angiogenesis.

Recently, we have reanalyzed our previously published RNAseq
data set (NCBI GEO: GSE116428) [27] derived from unpassaged
HUVECs using pathway enrichment analysis. We identified 30 (4
upregulated and 26 downregulated) AhR-regulated genes that are
differentially expressed between female and male HUVECs from
normotensive (NT) pregnancies (Table 2; Figure 2). In addition, 19
(11 upregulated and 8 downregulated) and 7 (all upregulated) genes
were differentially expressed between female and male HUVECs
from PE, respectively, of which only 2 of these dysregulated genes
were altered in both female and male cells from PE [Dna] heat
shock protein family (DNAJB1) and heat shock protein 105 kDa
(HSPH1)], and the dysregulation was in opposite ways (decreased
in female and increased in male cells) (Table 2). These sexual differ-
ences in AhR-regulated gene expression are probably not linked to
the sex chromosome, as only one of these differentially expressed
genes [testis-specific Y-encoded-like protein 2 (TSPYL2)] is located
on the X-chromosome (Figure 2). All of these data indicate that
AhR-regulated gene networks in human fetal endothelial cells are
regulated in a fetal sex-specific fashion. Furthermore, such fetal
sex-specific dysregulation in PE suggests sexual dimorphisms of
PE-dysregulated cell function in response to AhR ligands in fetal
endothelial cells.

The AhR signaling pathway can crosstalk with many other cell
signaling pathways including the estrogen (E2)/estrogen receptor
(ER) pathway [98]. For instance, it has been reported that TCDD

inhibits a broad spectrum of E2-induced cellular responses in rodents
and human breast cancer cell lines [99-101]. Reciprocally, E2 also
impedes the TCDD-induced cellular responses in human endometrial
cancer cells-1 [101]. These data suggest that TCDD and E2 may
antagonize each other, leading to alternations of cellular responses.
To date, the crosstalk between TCDD and E2 in placental endothelial
cells is still not fully understood. However, given that the E2/ER
pathway mediates placental angiogenesis [102, 103], it is possible
that the AhR signaling pathway might interact with the E2/ER signal-
ing pathway in placental endothelial cells, controlling fetoplacental
angiogenesis.

Conclusions

In conclusion, current evidence is clear that AhR ligands regulate
function of placental endothelial (Table 1) and trophoblast cells [66],
and perhaps immune cells too [7-12, 51]. Given that trophoblast and
immune cells are two major sources of angiogenic factors in placen-
tas [19, 104] and the AhR signaling pathway mediates expression
of these angiogenic factors [36, 65, 66], AhR may regulate placental
endothelial function through directly acting on endothelial cells or
indirectly on nonendothelial cells. Such pivotal roles of the AhR
signaling pathway in placental endothelial cells suggest its potential
as a therapeutic target for various endothelial dysfunction-associated
diseases (e.g., PE, IUGR, PC, and miscarriage) during pregnancy.

To date, though much progress has been made on the impacts
of the AhR signaling pathway on placental endothelial growth and
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Table 2. Differentially expressed AhR-regulated genes in male and female HUVECs from NT and PE’

Genes in the Gene ID NT-M/NT-F F_PE/NT M_PE/NT
AhR network
Log2(Fold FDR-adjusted ~ Log2(Fold FDR-adjusted ~ Log2(Fold FDR-adjusted
change) P-value change) P-value change) P-value

DNAJB1 ENSG00000132002 —4.35 0.000 —4.18 0.007 3.61 0.001
HSPH1 ENSG00000120694 —-2.61 0.001 —-2.43 0.039 2.38 0.007
COL1A1 ENSG00000108821 -2.78 0.003 0.01 1.000 3.13 0.000
GAS1 ENSG00000180447 -2.79 0.015 —-0.74 1.000 3.18 0.005
ITGAM ENSG00000169896 -3.50 0.001 -2.26 0.197 2.86 0.019
PCDHS8 ENSG00000136099 —-7.11 0.002 —4.85 0.150 6.03 0.047
GSTMS ENSG00000134201 -5.11 0.004 —7.42 0.007 2.27 0.463
COL4A1 ENSG00000187498 2.37 0.001 2.88 0.014 —-0.33 1.000
MT2A ENSG00000125148 1.44 0.024 2.14 0.006 0.10 1.000
COL4A2 ENSG00000134871 2.70 0.001 3.43 0.004 -0.15 1.000
COL11A1 ENSG00000060718 —-1.92 0.062 —-2.77 0.049 2.22 0.237
JUNB ENSG00000171223 0.67 0.553 2.18 0.001 1.06 0.309
CASP8 ENSG00000064012 —0.44 0.826 -2.19 0.003 —-0.95 0.530
SOD2 ENSG00000112096 1.49 0.239 3.09 0.003 1.10 0.875
IRF1 ENSG00000125347 0.09 1.000 1.51 0.040 0.41 1.000
CCL21 ENSG00000137077 —-1.69 0.318 -3.56 0.044 0.98 1.000
CDH2 ENSG00000170558 2.33 0.050 2.76 0.044 —-0.74 1.000
SERPINE1 ENSG00000106366 0.94 0.073 1.44 0.026 —-0.37 1.000
HEY2 ENSG00000135547 -0.17 1.000 —4.22 0.041 —-0.41 1.000
SOCS3 ENSG00000184557 0.63 0.481 1.34 0.017 0.24 1.000
CXCL10 ENSG00000169245 —0.55 1.000 5.59 0.001 0.43 1.000
SREBF1 ENSG00000072310 0.90 0.122 1.59 0.006 0.22 1.000
EMILIN1 ENSG00000138080 1.40 0.057 2.10 0.007 0.08 1.000
HSP90AA1 ENSG00000080824 —2.24 0.003 —-2.00 0.085 1.91 0.050
TSPYL2 ENSG00000184205 -2.29 0.003 —1.89 0.117 2.17 0.052
HSPAS ENSG00000044574 —-1.90 0.010 —1.61 0.173 1.68 0.080
SIRT1 ENSG00000096717 -1.38 0.018 -0.99 0.373 1.45 0.114
TGFB2 ENSG00000092969 —1.24 0.033 0.58 1.000 1.43 0.120
CEBPA ENSG00000245848 —-3.00 0.028 -3.19 0.153 2.30 0.132
PPP1R15A ENSG00000087074 -1.97 0.007 —1.60 0.132 1.84 0.137
FzZD7 ENSG00000155760 —2.74 0.015 -2.79 0.099 2.48 0.141
ASPN ENSG00000106819 -2.96 0.031 —1.98 0.400 3.19 0.170
ITGA7 ENSG00000135424 -3.04 0.005 -3.20 0.071 2.25 0.196
HP ENSG00000257017 -2.46 0.033 -2.13 0.320 1.95 0.203
TNF ENSG00000232810 —-3.44 0.009 -2.25 0.442 2.20 0.243
ESR1 ENSG00000091831 —-2.7§ 0.002 —-2.36 0.081 1.82 0.280
CYP2B6 ENSG00000197408 —4.44 0.022 —6.27 0.054 3.13 0.297
DIO1 ENSG00000211452 —-2.71 0.046 —-2.37 0.253 2.79 0.344
GADDA45A ENSG00000116717 —1.25 0.049 —0.72 0.635 1.21 0.431
LYST ENSG00000143669 —1.50 0.022 —1.30 0.317 1.03 0.533
CDKN2C ENSG00000123080 -2.38 0.006 -2.35 0.065 0.80 1.000
RDH16 ENSG00000139547 -2.32 0.040 —1.66 0.529 0.79 1.000

1RNAseq dataset (NCBI GEO: GSE116428 [27] was reanalyzed. FDR: false discovery rate; NT-F and NT-M (1 = 8); PE-F (n = 5); PE-M (n = 6); bold letters: upregulated genes in the
comparison; bold italic letters: downregulated genes in the comparison; FDR-adjusted P < 0.05 is considered significant.

function, many challenges lie ahead of us. In particular, it will be
critical to determine what are the major types of endogenous AhR
ligands synthesized and present in human placental tissues, and
whether and how the different levels of these AhR ligands affect
cellular function under either physiological or pathological states. In
addition, we know a little about how AhR ligands regulate cellular
function independently of AhR. Omic approaches could be very
useful to profile the extremely complex gene and signaling networks
that participate AhR ligands-induced endothelial responses before
dissecting each individual gene and signaling pathway. Moreover,

the identity of other factors (e.g., sex and oxygen levels) that may
significantly impact cellular and systemic responses to AhR ligands
remains unknown. These unanswered questions warrant further
investigations.
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