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Expression of Aryl Hydrocarbon Receptor in Human Placentas
and Fetal Tissues

Yi-zhou Jiang,' Kai Wang,' Roy Fang, and Jing Zheng
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SUMMARY The aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor,
mediates many biological processes, including fetal development. In this study, we examined
AhR protein expression in human placentas from normal (N) and severe preeclamptic (sPE)
pregnancies, as well as human fetal tissues from the second trimester of pregnancy, using
immunohistochemistry and/or Western blot analysis. In the placentas, the AhR immuno-
reactivity was present primarily in syncytiotrophoblasts. The AhR staining was also seen in
endothelium of large blood vessels in villi and endothelium of umbilical cord arteries and
veins. No difference in AhR protein levels was found between N and sPE placentas. In fetal
tissues, the AhR immunoreactivity was localized in lung, kidney, esophagus, pancreas, liver,
testicle, thymus gland, retina, and choroid, mainly in epithelial cells, whereas it was absent
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in heart, brain, sclera, and thoracic aorta. These findings suggest that the AhR plays a critical KEY WORDS
role in syncytiotrophoblasts of human placentas and epithelium of many fetal organs. These AhR

data also imply that human placentas and those fetal organs with high AhR expression placenta

(e.g., lung, kidney, liver, pancreas, and thymus gland) during fetal development are highly fetus
susceptible to environmental toxicants such as dioxin. () Histochem Cytochem 58:679-685, 2010) pregnancy

IT 1s Now CLEAR that the aryl hydrocarbon receptor
(AhR) can act on many types of cells and mediate a
series of biological processes, including cell division,
apoptosis, cell differentiation (Puga et al. 2009), ac-
tions of estrogen and androgen (Safe and McDougal
2002), immune system homeostasis (Stevens et al. 2009),
and reproduction (Okey 2007; Herndndez-Ochoa et al.
2009), indicating critical roles for the AhR in the regula-
tion of multiple biological processes.

The AhR has long been studied as the receptor for
environmental toxicants/carcinogens such as dioxin.
Upon binding to these toxicants, the AhR can adversely
affect developing embryos and fetuses, as well as
male and female reproductive systems (Okey 2007;
Herndndez-Ochoa et al. 2009), in which the fetus
appears to be more sensitive to those environmental toxi-
cants than the adult (Peterson et al. 1993; Herndndez-
Ochoa et al. 2009). Specifically, prenatal exposure of
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many species (e.g., mice, rats, rabbits, monkeys, and
possibly humans) to dioxin could cause fetotoxicity,
leading to decreased litter size and increased prenatal
mortality (Peterson et al. 1993; Hernandez-Ochoa et al.
2009). Moreover, such an exposure can induce delayed
puberty, decreased sperm count, and reduced fertility
(Herndndez-Ochoa et al. 2009). Interestingly, knockout
of the AhR gene in mice also leads to similar adverse
effects. For example, AbhR-knockout female mice have
difficulties in establishing implantation and maintaining
pregnancy and have decreased litter size and increased
neonatal death (Fernandez-Salguero et al. 1997; Abbott
et al. 1999; Benedict et al. 2000; Baba et al. 2005),
indicating important roles for the AhR in pregnancy,
fetal growth, and neonatal survival.

Preeclampsia is a life-threatening complication of
pregnancy, accounting for almost 15% of pregnancy-
associated deaths, and one of the major causes of
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iatrogenic prematurity among newborns (Page 2002).
The pathogenesis of preeclampsia is thought to act at
three levels: defective placentation, placental ischemia,
and endothelial cell dysfunction.

Expression of AbR mRNA has been identified in
various human tissues, among which, placenta, lung,
and liver appear to express the highest levels of AbR
mRNA, with low levels of expression found in brain,
kidney, and skeletal muscle (Manchester et al. 1987;
Dolwick et al. 1993a; Shmueli et al. 2003). Expression
of AhR protein and mRNA has also been reported in
mouse and rabbit placentas (Tscheudschilsuren et al.
1999; Kitajima et al. 2004) and in a variety of mouse
fetal tissues, e.g., liver, lung, and kidney in gestational
days 12-16 (Abbott et al. 1995). However, informa-
tion on AhR protein expression and cellular distribu-
tion in human placentas from N and preeclamptic (PE)
pregnancies, as well as in the developing fetus, is lack-
ing. Herein, we examined AhR protein expression in
human placentas and fetal tissues using immunohisto-
chemistry and/or Western blot analyses.

Materials and Methods

Placenta Collection and Fetal Tissue Microarray

Placentas were obtained immediately after delivery
from women with normal-term pregnancies (N; 7=9;
eight were from vaginal delivery and one from cesarean
section delivery), and from women who had developed
sPE pregnancies (n=10; all were from cesarean section
delivery) as described (Chung et al. 2004). Preeclamp-
sia was defined according to the guidelines of the
National Institutes of Health (National High Blood
Pressure Education Program 2000). Preeclampsia was
considered severe if one or more of the following cri-
teria were present: maternal blood pressure higher than
or equal to 160/110 mm Hg on two separate readings;
proteinuria more than 2+ by dipstick or more than
2 g/24 hr; visual disturbances; pulmonary edema; epi-
gastric or right upper quadrant pain; impaired liver
function; thrombocytopenia; or fetal growth restric-
tion. None of the study subjects had signs of infec-
tion. Smokers were excluded. Patient ages were similar
(23 = 1.2 years) between N and sPE pregnancies. Ges-
tation ages for N pregnancies (39 * 0.2 weeks) were
significantly (»<<0.05) higher than those for sPE preg-
nancies (33 * 1.2 weeks). Fetal weights for N preg-
nancies (3433 *= 96.2 g) were higher (p<<0.05) than
in sPE pregnancies (1811 * 309.1 g). Each of these
parameters was analyzed by using the Student’s 7-test.
Collection of placentas was approved by the Institu-
tional Review Boards, Meriter Hospital and University
of Wisconsin, Madison, and followed the recommended
guidelines for using human subjects. Placental villi
from beneath the chorionic and basal plates were
quickly dissected (~10 g each), snap-frozen, and stored
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in liquid nitrogen for Western blot analysis. Additional
placental tissues from N and sPE pregnancies and
umbilical cords from normal-term human placentas
(n=10) were fixed overnight at 4C in 4% parafor-
maldehyde in 10 mM PBS and embedded in paraffin
for immunohistochemistry.

Two human fetal tissue microarrays (catalog num-
ber BEO1015) were purchased from Biomax (Rockville,
MD). This tissue microarray contained 12 types of fetal
tissues: lung (7=35), kidney (n=35), esophagus (n=4),
pancreas (n=35), liver (n=35), testicle (n=35), thymus
gland (7=3), retina, choroid, and sclera (#=2), brain
(n=35), heart (n=35), thoracic aorta (n=1 subject),
eyeball (n=1, which was missing on the tissue micro-
array purchased). According to the manufacturer’s
information, these tissue samples were obtained fol-
lowing induced abortion, and the fetuses had an aver-
age 4.8 = 0.1-month gestation (ranging from 4 to
7 months).

Immunohistochemistry

Immunolocalization of the AhR was visualized by in-
direct detection via the avidin:biotinylated-peroxidase
complex method (Vector Laboratories; Burlingame,
CA) as previously described (Chung et al. 2004). The
tissue sections were cut at § pm thick. For each sample,
two adjacent tissue sections were mounted on one
positively charged glass microscope slide (Fisherbrand
Superfrost Plus; Fisher Scientific, Pittsburgh, PA). For
antigen retrieval, the tissue sections and tissue micro-
arrays were deparaffinized, dehydrated, and boiled in
a 10 mM citrate buffer solution (pH 6.0) in a micro-
wave for 10 min. Endogenous peroxidase activity was
quenched by immersing the tissue array in 3% H,0O, in
methanol for 10 min. After blocking the nonspecific
binding with 1% horse serum albumin for 20 min,
one tissue section per slide and one tissue microarray
were probed with a rabbit AhR antibody (4 pg/ml
and 2 pg/ml for the placental tissues and the human
fetal tissue microarray, respectively; Biomol Interna-
tional, Plymouth Meeting, PA) for 1 hr. This antibody
has been used to detect human AhR using Western blot
analysis and immunohistochemistry (Juan et al. 2006).
Another tissue section on the same slide and another
tissue microarray were probed with preimmune rabbit
IgG (Vector Laboratories) at the same concentration as
the primary antibody and served as negative controls.
The tissue sections and tissue microarrays were washed
in PBS containing 0.3% Triton-X100, and then incu-
bated with a biotinylated horse anti-rabbit antibody
(Vector Laboratories) for 30 min. The specific immuno-
reactivity was visualized by 3-amino-9-ethylcarbazole
(Vector Laboratories). Images were recorded under a
Nikon microscope equipped with a Spot Insight QE
CCD camera. To semi-quantitatively compare the AhR
staining intensity in fetal tissues with the sample size
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per tissue =4, images were taken under a low-power
(4x) objective, which covered the whole area of each
tissue core, at exactly the same exposure time and light
intensity. The images were uniformly converted to 8-bit
gray-scale images. For each type of tissue with n = 4,
the optical density (OD) value was measured by the
Image-] imaging analysis software (National Institutes
of Health; Bethesda, MD). The OD value for each tis-
sue core was calculated as: OD(ahRr antibody staining) —
OD (preimmune rabbit 1sG)- 1The tissue sections and tissue
microarrays were then counterstained lightly with
Harris Modified Hematoxylin (Fisher Scientific), and
the images were recorded again for qualitative analysis.

Western Blot Analysis for AhR Protein in Placentas

Western blot analysis was carried out as described by
Chung et al. (2004). Placental tissues were pulverized
in liquid nitrogen using a mortar and pestle, followed
by homogenization in buffer [S0 mM HEPES, 0.1 M
NaCl, 10 mM EDTA, 4 mM sodium pyrophosphate,
10 mM sodium fluoride, 2 mM sodium orthovana-
date (pH 7.5), 1 mM phenyl methyl sulfonyl fluoride,
1% Triton X-100, 5 pg/ml leupeptin, 5 wg/ml aprotinin]
using a rotor-stator homogenizer (PawerGen700; Fisher
Scientific, Hampton, NH), and further lysed by sonica-
tion. After centrifugation, protein concentrations of the
supernatant were determined with BSA (fraction V;
Sigma, St. Louis, MO) as standards.

The protein samples (100 wg) were separated on
10% SDS-PAGE gels, and electrically transferred to
polyvinylidine difluoride membranes. The membranes

Figure 1 Immunolocalization of the
aryl hydrocarbon receptor (AhR) in
human placentas from women with
normal (N) and severe preeclamptic
(sPE) pregnancies and umbilical cord
arteries and veins. The adjacent tissue
sections were incubated with either a
rabbit AhR antibody or preimmune
rabbit IgG (insets). Reddish color indi-
cates positive staining for the AhR.
Representative images for N placentas
(A), sPE placentas (B), umbilical cord
arteries (C), and veins (D) are shown.
Arrowheads, syncytiotrophoblasts;
arrows, endothelial cells; asterisks,
lumen of blood vessels. Bar = 100 pm.
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were first probed with the AhR antibody (1:2000;
Biomol International) followed by reprobing with
either glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:4000; Research Diagnostics, Flanders,
NJ) or B-actin (1:5000; Ambion, Austin, TX) anti-
body as a loading control. Human umbilical vein
endothelial cells (HUVEC) isolated from normal-term
placentas were used as a positive control for AhR (Juan
et al. 2006). Proteins were visualized using enhanced
chemiluminescence reagents (Amersham Biosciences;
Piscataway, NJ), followed by exposure to chemilumi-
nescence films. The immunoreactive signals were ana-
lyzed by a densitometer.

Statistics Procedures

Data for the AhR protein levels were analyzed using
the Student’s #-test. Data for the AhR staining inten-
sity in the fetal tissue microarrays were analyzed using
one-way ANOVA followed by pair-wise comparisons
(Dunn’s method) (SigmaStat; Jandel Co., San Rafael,
CA); p=0.05 was considered significant.

Results
Placentas

Positive reddish staining for the AhR was observed
primarily in syncytiotrophoblasts and endothelial cells
in some large blood vessels, as well as in endothelial
cells of umbilical cord veins and arteries (Figure 1). No
staining was observed in the IgG control (see the small
inset in each panel in Figure 1). In Western blot analysis,
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the AhR antibody detected a single band at ~95 kDa in
HUVEC and in human placental tissues (Figure 2), cor-
responding to the human AhR molecular mass reported
(Juan et al. 2006). The AhR protein levels after nor-
malization with GAPDH or B-actin were similar be-
tween N and sPE placentas (Figure 2).

Fetal Tissues

The AhR immunoreactivity was present in lung, kid-
ney, liver, esophagus, pancreas, testicle, thymus gland,
and retina, in which AhR staining was primarily local-
ized in epithelial cells (Figure 3). In contrast, no AhR
staining was observed in brain, heart, thoracic aorta,
choroid, and sclera (not shown). Immunoreactivity was
not seen in the tissue microarrays probed with the pre-
immune rabbit IgG (not shown).

In lung, intensive AhR staining was localized in the
epithelial cells lining the lumen of bronchus, bronchiole,
and alveoli (Figures 3A and 3B). Weak AhR staining
was observed in the endothelial and smooth-muscle
cells of large blood vessels. No AhR staining was seen
in the connecting tissue or in the cartilage.

In kidney, the strongest AhR staining was observed
in the epithelial cells forming the collecting ducts
(Figures 3C and 3D). Moderate AhR staining was
found in epithelial cells lining the thin segment loop of
Henle, but no staining was observed in the thick seg-
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Figure 2 Western blot analysis for AhR protein in human placentas
from women with N and sPE pregnancies. Human placentas were
obtained from N (n=9) and sPE (n=10) pregnancies. Representative
Western blots are shown for AhR, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and B-actin. One band was detected at
95 kDa for the AhR, corresponding to its positive control human
umbilical vein endothelial cells (HUVEC). Data normalized to GAPDH
or B-actin are expressed as fold of N placentas.
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ment loop of Henle. AhR staining was intense in the
proximal convoluted tubule, but was absent in the
maturing glomeruli and Bowman’s capsules.

In esophagus, AhR immunoreactivity was located
in the multilayered epithelial cells (Figure 3E). No
AhR staining was found in circular and longitudinal
muscle layers.

In pancreas, intensive AhR staining was found in the
exocrine acinous cells and epithelial cells lining the in-
terlobular ducts and intercalated ducts (Figures 3F and
3G). Scattered AhR staining was observed in the endo-
crine islets of Langerhans. No staining was observed in
interlobular connective tissue.

In liver, AhR staining was exclusively present in the
epithelial hepatocytes but not in any other cells, includ-
ing vascular endothelial cells (Figure 3H).

In testis, AhR staining was seen in a single layer
of germinal epithelial cells, whereas no staining was
present in seminiferous tubules and intertubular tissues
(Figure 3I).

In thymus gland, AhR staining was restricted to the
swirled epithelial structures known as Hassall’s corpus-
cles in the medulla of thymus gland, whereas AhR stain-
ing was absent in densely packed cortex (Figure 3]).

In retina, weak AhR staining was observed in retina
and in some fibroblast-like cells in choroid (Figure 3K).

The semi-quantification analysis revealed that the
AhR immunoreactivity in lung, kidney, pancreas,
esophagus, liver, testicle, and thymus gland was higher
(p=0.05) than that in heart and brain (Figure 4), which
was consistent with our qualitative results (Figure 3).

Discussion

In this study, we have demonstrated for the first time
that AhR protein is expressed in human placentas, pri-
marily in syncytiotrophoblasts and endothelial cells, as
well as in endothelial cells of umbilical cord veins and
arteries from normal-term human placentas. We have
also shown that AhR is expressed in the majority of
human fetal tissues (e.g., lung, kidney, liver, esophagus,
pancreas, testicle, thymus gland, and retina) printed
on the tissue microarray, mainly located in epithelial
cells. Thus, together with the evidence resulting from
the AhR knockout studies (Fernandez-Salguero et al.
1997; Abbott et al. 1999; Benedict et al. 2000; Baba
et al. 200S5), these data suggest that AhR plays a criti-
cal role in syncytiotrophoblasts in human placentas
and epithelial cells of those human fetal tissues during
fetal development. These data also imply that these
tissues may be highly susceptible to environmental
toxicants such as dioxin and 3-methylcholanthrene,
which are known to have negative impacts on fe-
tal growth and development (Peterson et al.1993;
Fernandez-Salguero et al. 1997; Abbott et al. 1999;
Benedict et al. 2000).
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Figure 3 Immunolocalization of the AhR in human fetal tissues. Reddish color indicates positive staining for the AhR. A representative
image for each tissue is shown. (A,B) Lung: (1) bronchiole, (2) blood vessel, (3) alveoli, and (4) cartilage. (C,D) Kidney: (1) maturing glomer-
ulus with Bowman's capsule, (2) proximal convoluted tubules, (3) distal convoluted tubules, (4) collecting ducts, (5) thick segments of Henle's
loop, and (6) thin segments of Henle’s loop. (E) Esophagus: (1) multilayered epithelium, (2) lamina propria, (3) circular muscle, (4) longi-
tudinal muscle, (5) adventitious tissue, and (6) blood vessel. (F,G) Pancreas: (1) islets of Langerhans, (2) interlobular duct, (3) exocrine acinous
cells, (4) interlobular connective tissue, and (5) blood vessels. (H) Liver: (1) central vein, (2) hepatic cords, and (3) sinusoidal endothelium.
(I) Testicle: (1) germinal epithelium, (2) seminiferous tubules, (3) intertubular tissue, and (4) tunica albuginea. (J) Thymus gland: (1) Hassall’s

corpuscles. (K) Retina: (1) retina, (2) choroid. Bar = 100 pm.

The current findings that AhR protein levels were
similar between human N and sPE placentas suggest
that AhR might not be a key factor in sPE placentas.
However, such a similarity might also be attributed
to the shorter gestation age in sPE as compared with

that in N pregnancies observed in the current study
since the developmental differences in AhR expression
have been recognized (Abbott et al. 1995). Moreover,
we also cannot exclude the possibility that AhR protein
expression in N and sPE placentas may differ from that
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Figure 4 Semiquantitative analysis of the AhR staining in human
fetal tissues. Data are expressed as means = SEM optical density
value. Means with different letters differ (p<0.05).

in mild PE placentas, given that the pathogenesis of
mild PE and sPE may not be completely the same
(Gregg 2004). This is supported in a recent study by
Baker et al. (2009), who reported that midgestation
dyslipidemia was coupled only with mild PE, but not
with sPE pregnancies.

Protein expression of the AhR has been reported in
the placenta of mouse and rabbit (Tscheudschilsuren
et al. 1999; Kitajima et al. 2004). In the current study,
our observation of the intensive AhR staining and rela-
tively high expression of AhR protein in human placen-
tas is consistent with previous reports demonstrating
the high density of dioxin binding sites (Manchester
et al. 1987) and high AbR mRNA levels (Dolwick
et al.1993a) in human placentas. These data are also
in agreement with findings in mouse placentas at
days 9 and 10 of gestation (Kitajima et al. 2004).
Our data, however, are not in agreement with a report
on rabbit placentas from early pregnancy in which
AhR protein was undetectable in syncytiotropho-
blasts, although a low level of AhR mRNA was iden-
tified (Tscheudschilsuren et al. 1999). It is unclear
what causes these different expression patterns in
AhR protein in placentas; however, these discrepan-
cies might be due to different species and/or different
stages of pregnancy.

Expression of AbR mRNA has been identified in
many human tissues (Okey 2007). However, the tissue
and cellular distribution of AhR protein in the human
fetus is unknown. Our findings of intensive AhR stain-
ing in lung, kidney, and liver in the human fetus imply
relatively high AhR expression in these fetal tissues.
In adult humans, AhR mRNA is highly expressed in
lung, pancreas, liver, and heart, with lower levels of
expression in brain and kidney (Dolwick et al. 1993b).
Similarly, in the current study, we also found that in
human fetuses, the AhR protein level was relatively
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high in lung, pancreas, and liver, and was almost un-
detectable in brain. In contrast, a relatively high AhR
level in fetal kidney and a nearly undetectable AhR
level in fetal heart were observed in the current study.
Although these discrepancies could be due to different
expression between AhR mRNA and protein, an alter-
native explanation is that there exists a developmental
expression in AhR in each individual human tissue.
This is supported by the observation made by Abbott
et al. (1995), who reported that in the mouse embryo,
AhR protein and mRNA were expressed predomi-
nantly in heart and brain at gestational days 10 and
11 and were later dramatically decreased.

An important question arises regarding the physio-
logical functions of AhR in the placenta and fetus. It
is known that AhR-null female mice have difficulty in
maintaining pregnancy, as well as decreased litter size,
presumably partially owing to inability to support
embryo/fetal development in uteri (Abbott et al. 1999).
Moreover, knockout of AbR in mice also causes im-
paired vascular development and decreased growth
of neonatal organs such as liver (Fernandez-Salguero
et al. 1997; Abbott et al. 1999; Benedict et al. 2000;
Baba et al. 2005; Lahvis et al. 2005). Conversely, consti-
tutively active AAR in mice leads to a higher frequency
of tumors, enlarged liver and kidney, and increased
thymic atrophy (Andersson et al. 2002; Brunnberg et al.
2006). All of these studies indicate important roles for
AhR in the regulation of cell growth and differentia-
tion. Thus, together with the finding of the presence
of many AhR ligands [e.g., indigo, indirubin, and 2-
(1’"H-indole-3'-carbonyl)-thiazole-4-carboxylic acid
methyl ester (ITE)] in animal and human tissues (pre-
sumably endogenously produced) (Okey 2007; Nguyen
and Bradfield 2008), we propose that upon binding
to endogenous AhR ligands yet to be identified in the
human placenta and/or fetus, the AhR can mediate
growth and differentiation of placental trophoblasts
and fetal epithelial cells. In addition, given that the
AhR was detected in endothelial cells of large blood
vessels within the placental villi and umbilical cord, it
is also possible that the AhR may also participate in
regulation of placental vascular functions such as vascu-
lar remodeling, vasoconstriction, and vasodilatation.
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