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a b s t r a c t

In recent years, many studies have emphasized how changes in aryl hydrocarbon receptor

(AHR)-mediated gene expression result in biological effects, raising interest in this receptor

as a regulator of normal biological function. This review focuses on what is known about the

role of the AHR in the female reproductive system, which includes the ovaries, Fallopian

tubes or oviduct, uterus and vagina. This review also focuses on the role of the AHR in

reproductive outcomes such as cyclicity, senescence, and fertility. Specifically, studies using

potent AHR ligands, as well as transgenic mice lacking the AHR-signaling pathway are

discussed from a viewpoint of understanding the endogenous role of this ligand-activated

transcription factor in the female reproductive lifespan. Based on findings highlighted in

this paper, it is proposed that the AHR has a role in physiological functions including ovarian

function, establishment of an optimum environment for fertilization, nourishing the

embryo and maintaining pregnancy, as well as in regulating reproductive lifespan and

fertility. The mechanisms by which the AHR regulates female reproduction are poorly

understood, but it is anticipated that new models and the ability to generate specific gene

deletions will provide powerful experimental tools for better understanding how alterations

in AHR pathways result in functional changes in the female reproductive system.
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1. Introduction

The aryl hydrocarbon receptor (AHR) is a ligand-activated

nuclear transcription factor that transduces extracellular

signals through DNA-binding-dependent and -independent

mechanisms [1]. The AHR was first discovered in toxicological

studies as a mediator of the toxicity caused by xenobiotics

such as halogenated dibenzo-p-dioxins and related com-

pounds [2,3]. Several studies on the role of the AHR in the

metabolism of xenobiotics have provided a detailed under-

standing of its signal transduction pathway. Specifically, it has

been demonstrated that the AHR is present in the cytoplasm of

cells forming a complex with at least three distinct chaperone

proteins such as heat shock protein 90, immunophilin-like

protein XAP2, and co-chaperone p23 [4]. When a ligand with

affinity to the AHR enters the cell, it binds to the AHR and as a

consequence, the AHR undergoes a conformational change

facilitating its migration to the nucleus [5,6]. Once in the

nucleus, the liganded AHR is released from the chaperone

proteins, a step that recently has been shown to be essential

for hetero-dimerization of the AHR with the aryl hydrocarbon

nuclear translocator (ARNT) [5,7]. The newly formed ligand-

AHR-ARNT complex binds to specific enhancer sequences

termed AHR response elements (AHREs) that are localized

adjacent to target promoters [8]. An assembly of coactivators

and general transcription factors then interacts with gene

promoters and potentiates the expression of the target gene [9].

The most well studied of these target genes include those of the

cytochrome P450 subfamily such asCyp1a1,Cyp1a2andCyp1b1,

which encode xenobiotic-metabolizing enzymes [10,11].

Importantly, in recent years, many studies have also

emphasized how changes in AHR/ARNT-mediated gene

expression result in biological effects with implicit physiolo-

gical roles. Current research has strengthened the idea that

beyond the role of the AHR in mediating toxicity, this ligand-

induced transcription factor plays a role in the functioning of

normal biology [12].

Generation of recombinant mouse models by three

independent research groups in which the Ahr gene has been

deleted or ‘‘knocked out’’ (AHRKO) [13–15] has provided a

versatile and powerful tool for examining the phenotypic and

functional consequences of the absence of the AHR. From this

perspective, the use of AHRKO mice has been critical in

understanding the role of the AHR in the female reproductive
system. Likewise, emerging evidence in the past several years

has suggested that deletion of the AHR in various mouse

models produces a wide range of phenotypes that coincide

with the biological effects caused by exposure to 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), polychlorinated biphe-

nyls (PCBs) and other potent AHR ligands [16,17]. This might be

due to the fact that the AHR is activated and then down-

regulated or degraded following AHR ligand exposure in some

tissues, a mechanism that has been proposed to modulate

AHR-dependant gene expression [17,18].

The female reproductive system includes the ovaries,

Fallopian tubes or oviduct, uterus and vagina, and it is

hormonally regulated by the hypothalamus and pituitary. All

these organs function in conjunction to fulfill the main roles of

the female reproductive system, which are to produce the

female sex hormones as well as to produce the female

gametes and transport them to a site where they may be

fertilized by sperm. Once fertilization occurs, the female

reproductive system provides a favorable environment for

development and delivery of the fetus. Thus, the complex

functions of the female reproductive system are achieved by

the proper function of every organ comprising it [19].

Both the absence of Ahr gene expression in AHRKO mice

and the activation of the Ahr pathway by AHR ligand can lead

to adverse phenotypes in the organs of the female reproduc-

tive system and lead to impaired reproductive function [16,20–

24], indicating a potential role for the AHR in the functioning of

the female reproductive system from fetal development to

adulthood. Thus, studies using AHRKO mice as well as studies

using exposure to AHR ligands are discussed in this paper from

a viewpoint of understanding the endogenous role of the AHR

in the female reproductive system. Specifically, this review

focuses on the role of the AHR in the ovary, oviduct, uterus and

vagina. This review also focuses on the role of the AHR in

regulating reproductive functions such as cyclicity, fertility,

and reproductive senescence.
2. The Physiological roles of the AHR in the
ovary

The ovary is a female reproductive organ that plays two

intrinsic major physiological roles. First, the ovary is respon-

sible for follicle development, follicle differentiation and
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release of competent oocytes for fertilization [25,26]. Second, it

is responsible for synthesizing and secreting sex steroid

hormones (i.e., estrogens, progestins, and androgens) that are

essential for maintaining follicle development, fertility, proper

menstrual/estrous cyclicity and pregnancy [25–27].

Several studies using techniques such as immunohisto-

chemistry, radio-labeled AHR-ligand, RT-PCR and western blot

have shown that the AHR protein and transcripts are present

in ovarian cell types (oocytes, granulosa cells and theca cells)

in a number of species, including primates, humans, pigs, rats,

mice, and rabbits [28–35]. The presence of the AHR in distinct

species suggests that the AHR is conserved in the ovary and

also suggests that it may have a role in ovarian function. Thus,

given that the AHR is present in many ovarian cell types,

recent studies have examined whether this ligand-activated

nuclear transcription factor regulates functions in the

embryonic, neonatal, and adult ovary. These studies are

described below.

2.1. The physiological roles of the AHR in the embryonic
and neonatal ovary

Because the role of the AHR in the embryonic and neonatal

ovary has been mostly studied in the mouse, normal ovarian
Fig. 1 – The roles of the AHR in the ovary. (A) The diagram sum

growth, from oocyte nests present in the fetal ovary through fol

(B) The table highlights key developmental stages of follicle for

AHR at each of these stages.
development is detailed below according to processes occur-

ring in the mouse. The ovary begins to develop around

embryonic day (ED) 10.5 when a founding population of

primordial germ cells is allocated at the genital ridge [25,36].

The primordial germ cells or oogonia undergo extensive

mitotic proliferation, remaining connected by cellular bridges

due to incomplete cytokinesis and forming clusters termed

oocyte nests (Fig. 1) [25,37]. These nests are enveloped by a

single layer of somatic cells called pre-granulosa cells (Fig. 1).

The oogonia cease dividing around ED13.5 and enter meiosis

to form oocytes. Then, the oocytes are arrested in meiosis I at

the diplotene stage of prophase by ED17.5 [38,39]. Further-

more, in a time period ranging from ED17.5 to postnatal day

(PND) 5, approximately 70% of the oocytes in germ cell nests

undergo cell death due to apoptosis, process that leads to germ

cell nest breakdown and allows the formation of individual

primordial follicles (Fig. 1) [39]. The newly formed primordial

follicles, consisting of individual oocytes surrounded by a

single layer of granulosa cells (Fig. 1), are thought to represent

a finite pool of resting oocytes available to the female during

the entire reproductive lifespan [25,40].

There is evidence suggesting that the AHR plays a

functional role in the ovary during embryonic and neonatal

life. This evidence comes from studies supporting the
marizes the process of ovarian follicle development and

licle growth, ovulation and CL formation during adulthood.

mation and growth through ovulation and the roles of the
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hypothesis that the AHR is involved in regulating the rate of

apoptosis of oocytes in germ cell nests during embryonic life

and in regulating survival of oocytes in the fetal and neonatal

ovary. Specifically, studies have shown that ovaries obtained

from AHRKO mice on ED13.5 and cultured for 72 h in the

absence of hormonal support with the aim of inducing

apoptosis, contained higher numbers of non-apoptotic germ

cells compared to wild-type (WT) ovaries cultured in the same

conditions [30]. These findings suggest that the AHR con-

tributes to the induction of natural apoptosis in oocytes

contained in germ cell nests present in fetal ovaries. This

hypothesis although not directly tested, is supported by

studies that have shown that AHRKO ovaries on PND 2–4

contain approximately two-fold more primordial follicles

compared to WT ovaries [16,30]. This hypothesis is also

supported by studies that have demonstrated that 7,12-

dimethylbenz[a]anthracene (DMBA) (1 mM), an AHR ligand,

and one of its metabolites, 9,10-dimethylbenz[a]anthracene-

3,4-dihydrodiol (DMBA-DHD; 0.1–1 mM), induce apoptosis in

primordial follicles from WT cultured neonatal mouse ovaries

collected on PND 4, whereas no apoptosis occurs in AHRKO

neonatal ovaries [41].

It is possible that the activated AHR could regulate the

natural process of germ cell death/survival by transcription-

ally controlling Bcl2-associated X protein (Bax) and other cell

death factors in the embryonic ovary (Fig. 1). This possibility is

supported by studies that have shown that WT mice exposed

in utero to (DMBA; 1 mg/kg; single IP dose) on ED13.5 exhibit

ovarian germ cell loss [42]. It has been shown that fetal germ

cell loss by DMBA exposure might be attributed to transcrip-

tional activation of a pro-apoptotic factor, (Bax), via AHREs in

the fetal ovary [41]. Furthermore, PCB exposure (1–100 mg/

chicken egg) promotes oocyte survival in chicken neonatal

ovaries [43]. It should be noted, however, that TCDD exposure

(1 mg/kg; single oral dose) does not cause germ cell loss in rats

[44]. Different biological effects elicited by AHR ligands might

be due to differences among animal species, doses and ligand-

AHR affinity [45].

Collectively, existing data suggest that the AHR plays a role

in some aspects of ovarian development in embryonic and

neonatal life, possibly by regulating transcription factors

involved in the normal apoptosis process that leads to germ

cell nest breakdown and the formation of individual primor-

dial follicles (Fig. 1). Further studies are needed to support this

hypothesis. For example, it would be interesting to determine

how the AHR regulates oocyte survival/death by quantifying

the levels of cell death or survival markers in AHRKO and WT

neonatal mice or in animals treated with AHR ligands.

Additionally, in vitro studies could be conducted to identify

the factors involved in primordial follicle formation in AHRKO

and WT neonatal ovaries. Given the limited information on

the role of the AHR in early ovarian development, future

studies are needed to fully understand the role of the AHR in

other processes occurring during this time period of the

reproductive lifespan. For example, studies could compare the

earliest stages of oogenesis and the progression of oocytes

through the complex events of meiosis in AHRKO and WT

animals or in animals treated with AHR ligands during

development. Any errors that occur in the timing of entry

into meiosis or the specific events of meiosis such as
chromosomal synapsis or recombination could lead to

defective oocytes [46]. Additionally, the somatic cells that

become granulosa cells play an important role in follicle

formation and tissue remodeling in the mouse ovary [39]. A

close analysis of somatic cells in AHRKO and WT mice or in

animals treated with AHR ligands would help determine if the

AHR regulates somatic cells during embryonic and neonatal

life.

2.2. The physiological roles of the AHR in the adult ovary

During the reproductive lifespan, the primordial follicles are

recruited and activated to initiate growth and differentiation

at distinct times [25,26]. Growth and differentiation of a

primordial follicle begins when its oocyte increases in size and

its flattened-shaped granulosa cells become cuboidal-shaped

granulosa cells. Once a primordial follicle undergoes these

changes, it is called a primary follicle (Fig. 1) [47,48]. The

primary follicle transitions into a pre-antral follicle as the

granulosa cells proliferate to form multiple layers. In addition,

an outer layer of spindle-shaped cells called the theca cells

starts condensing around granulosa cell layers, forming part

of the follicle (Fig. 1) [19,49]. The pre-antral follicle becomes an

antral follicle as small fluid-filled spaces form a single antral

cavity or antrum (Fig. 1). At this stage, the follicle is able to

produce sex steroid hormones and continues growing until

reaching the pre-ovulatory stage (Fig. 1) [19,47]. During

ovulation, the follicle ruptures and releases an oocyte for

fertilization (Fig. 1) [19,50]. The remaining somatic cells

become the corpus luteum (CL) (Fig. 1). The primary role of

the CL is to produce progesterone, a critical hormone for

maintenance of reproductive cyclicity and early pregnancy

[51]. Several studies have suggested that the AHR plays a role

in regulating follicle growth and the ability of follicles to

produce sex steroid hormones. Furthermore, studies suggest

that the AHR plays a role in regulating the ovulation process

and CL formation. These specific roles of the AHR are

described below.

2.2.1. The physiological roles of the AHR in the regulation of
follicle growth
Strong evidence supports a role of the AHR in regulating

ovarian follicle growth in the late stages of folliculogenesis.

The first evidence comes from studies revealing that the AHR

regulates the number of pre-antral and antral follicles.

Specifically, histological evaluation of ovaries from adult

(PND 53) mice indicates a reduced number of pre-antral and

antral follicles in AHRKO ovaries compared to WT ovaries,

whereas the number of primordial and primary follicles is

similar in both genotypes [16]. Similarly, rats exposed in utero

to PCB (2.5 mg/kg) on gestational days 7–13, a time when the

ovary begins to develop, have reduced numbers of pre-antral

and antral follicles compared to unexposed rats [52]. These

findings suggest that the AHR may have a role in the growth of

the pre-antral and antral follicles, but it may not have a role in

the growth of the primordial and primary follicles [16].

Additional support for a role of the AHR in regulating

follicle growth comes from studies evaluating follicle growth

in vitro as well as from evaluating the proliferation rate of

granulosa cells. Specifically, studies show that cultured
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AHRKO antral follicles have slower growth, evidenced by a

smaller follicle diameter after 168 h of culture, compared to

WT follicles [53]. Furthermore, immunohistochemical ana-

lyses for a marker of cell proliferation such as proliferating cell

nuclear antigen (PCNA), as well as quantitative RT-PCR and

western blot analyses for markers of cell cycle progression

such as cyclin D2 (CCND2) and cyclin-dependent kinase 4

(CDK4), have indicated decreased granulosa cell proliferation

in AHRKO ovaries compared to WT ovaries [53]. In addition,

Bussmann et al. demonstrated that an agonist known to

activate the AHR pathway (b-naphthoflavone) increases the

proliferation of cultured rat granulosa cells by amplifying the

mitogenic actions of follicle stimulating hormone (FSH) and

estradiol (E2) [54]. Collectively, these data suggest that the AHR

may regulate follicle growth by promoting granulosa cell

proliferation (Fig. 1).

Atresia is a normal process in the ovary that occurs at all

stages of follicular development throughout female repro-

ductive life [55]. Atresia occurs in approximately 95% of

follicles and is thought to begin with apoptosis in the

granulosa cells [25,56]. Thus, the possibility that the reduced

number of antral follicles observed in the AHRKO mice is due

to increased atresia has been explored [57]. Specifically,

Benedict et al. compared the percentage of atretic pre-antral/

antral follicles in AHRKO and WT ovaries at different ages of

sexual maturity including PND 32, 45, and 53, and found

similar percentages of atretic follicles in AHRKO and WT

ovaries [57]. In addition, Benedict et al. evaluated DNA

fragmentation in ovarian follicles, a major indicator of

apoptosis, and found no difference between AHRKO and

WT follicles [57]. Similarly, rats exposed to TCDD (1 mg/kg;

single oral dose) have reduced numbers of pre-antral/antral

follicles with no apoptotic cell death compared to rats

exposed to vehicle [58]. Collectively, these studies suggest

that the AHR may regulate pre-antral/antral follicle growth,

but it may not play a role in regulating atresia in the adult

ovary. The role of the AHR in follicular growth has been

attributed to a role of the AHR in regulating E2 biosynthesis,

which is discussed in the next section.

2.2.2. The physiological roles of the AHR in ovarian
steroidogenesis
Since the coordinated action of steroid hormones (androgens,

estrogens and progestins) is necessary for follicle growth

[26,27], it is reasonable to think that the AHR may play a role in

follicle growth by regulating steroid hormone production in

the ovary. Steroid hormone synthesis is under the control of

the anterior pituitary and occurs in a sequential manner in

theca and granulosa cells in follicles [59]. Briefly, luteinizing

hormone (LH) secreted by the anterior pituitary binds to

receptors for LH (LHCGR) in theca cells to make androgens,

primarily testosterone. Steroidogenic enzymes such as cyto-

chrome P450 cholesterol side-chain cleavage (P450scc), 3b-

hydroxysteroid dehydrogenase (3b-HSD) and cytochrome P450

17a-hydroxylase (P450c17) are required for the conversion of

cholesterol to testosterone in theca cells [60–62]. Then, FSH

secreted by the anterior pituitary binds to the FSH receptor

(FSHR) in granulosa cells and stimulates the expression of

cytochrome P450c19 (aromatase), an enzyme that converts

testosterone to E2 [63]. Finally, E2 stimulates growth of antral
follicles to the pre-ovulatory stage via binding to estrogen

receptors alpha (ESR1) and beta (ESR2) [62].

Several studies support a role of the AHR in regulating the

ability of antral follicles to produce steroids. The main support

comes from studies indicating that E2 production is reduced

after activation or lack of the AHR-signaling pathway. For

example, Barnett et al. observed significantly lower circulating

E2 levels, as well as lower E2 production by cultured antral

follicles in prepubertal (PND 30) AHRKO mice compared to WT

mice, which coincides with slow antral follicle growth in

AHRKO mice [53]. Interestingly, the slow antral follicle growth

in AHRKO mice was restored to WT levels with exogenous E2

treatments, suggesting that the low E2 levels in AHRKO mice

contribute to slow follicle growth in AHRKO mice [53]. Similar

to the phenotype of female AHRKO mice, in utero and

lactational TCDD exposure (1 mg/kg; single oral dose) has

been shown to reduce serum E2 concentrations in prepubertal

female rats (PND 14–21) [64,65]. Further, treatment with TCDD

ranging from 3.1 pM to 10 nM reduces E2 production by theca

cells and granulosa cells in co-culture [66–69]. Collectively,

these studies suggest that AHR deletion as well as activation of

the AHR pathway affect steroidogenesis in the ovary.

The biosynthesis cascade in the follicle is dependant on

proper ligand–receptor interaction [27,59] as well as on the

proper action of the steroidogenic enzymes [62]. Hence, more

evidence supporting the hypothesis that the AHR is neces-

sary for ovarian steroidogenesis comes from studies that

have shown alterations in some enzymes and receptors

involved in follicular steroidogenesis in AHRKO mice, TCDD

exposed animals and TCDD-treated ovarian cells

[24,53,66,69–73]. For example, some studies have shown that

Esr1, Esr2, Lhcgr and Fshr transcripts are down-regulated in

ovaries from AHRKO mice compared to WT mice [53,72], as

well as in ovaries from TCDD exposed (5 mg/kg; single IP dose)

mice and in rat granulosa cells exposed to TCDD in

concentrations ranging from 1 pM to 10 nM [70,71]. Similarly,

disruptions of steroidogenic enzyme transcripts and/or

activity have been observed after Ahr deletion or after TCDD

exposure. Specifically, Baba et al. have shown reduced

aromatase mRNA and protein expression following gonado-

tropin treatment in AHRKO ovaries compared to WT ovaries

[24]. Similarly, Dasmahapatra et al. found that TCDD

exposure reduces aromatase and P450scc mRNAs, but

exerted no effect on 3b-HSD mRNA in cultured rat granulosa

cells [66]. Further, Morán et al. showed that TCDD inhibits E2

production in human luteinized granulosa cells by decreas-

ing P450c17 [69]. These findings certainly suggest that the

AHR is involved in modulating follicular steroidogenesis,

possibly by regulating the steroidogenic cascade at more

than one site.

2.2.3. The physiological roles of the AHR in ovulation
Existing evidence supports a role for the AHR in the ovulation

process. Specifically, AHRKO mice have a significant reduction

in the number of ovulated ova in response to gonadotropins

treatment compared to WT mice [24,72]. Reduced or com-

pletely blocked ovulation has also been observed after

exposure to TCDD (10–32 mg/kg; single oral doses) in rats

[21,74–77]. Furthermore, studies indicate that an ovulatory

stimulus induces expression of the Ahr in Macaque granulosa
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cells [78], suggesting that AHR activation is needed for the

ovulation process.

Since the ovulation process is facilitated by the LH surge

from the anterior pituitary [19], it is feasible to think that the

reduced ovulation caused by either Ahr deletion or AHR

activation by ligands is due to an impaired hypothalamus-

pituitary axis. However, two different studies suggest that the

AHR regulates the ovulation process by directly acting on the

ovary. Specifically, studies show that serum levels of both FSH

and LH are similar in AHRKO and WT mice at all stages of the

mouse estrous cycle [72]. In addition, studies show that

gonadotrophs in the anterior pituitary of AHRKO female mice

produce similar levels of gonadotropins compared to WT

female mice [24].

The mechanism by which the AHR regulates ovulation is

not fully understood, but a few studies suggest that the AHR

may facilitate responsiveness of follicles to hormones

required for ovulation. Baba et al. found that intra-ovarian

E2 concentrations from superovulated mice were significantly

lower in AHRKO mice compared to WT mice, suggesting a

reduced responsiveness of antral follicles to gonadotropins

[24]. In addition, Barnett et al. found that antral AHRKO

follicles from cycling mice have reduced Fshr and Lhcgr

transcripts compared to WT follicles [72]. Furthermore,

Barnett et al. found a reduced ability of AHRKO ovaries to

ovulate in response to exogenous gonadotropins such as

human chorionic gonadotropin (hCG) and equine chorionic

gonadotropin (eCG) compared to WT ovaries [72]. Similarly,

Baba et al. were only able to partially rescue the number of

ovulations in the superovulated AHRKO mice by administer-

ing E2, indicating a reduced responsiveness to E2 in AHRKO

mice compared to WT mice [24].

Since oocyte maturation in pre-ovulatory follicles occurs

before ovulation when the oocyte resumes meiosis and

progresses from prophase I to metaphase II [79], it is possible

that the AHR also may have a role in the ovulation process via

regulating oocyte maturation. This idea is supported by

studies that have shown an up-regulation of the Ahr in bovine

oocytes after in vitro maturation in the absence of AHR ligands

[35,80]. Furthermore, activation of the Ahr pathway by

exposure to PCB at concentrations ranging from 0.1 to

10 mg/ml disrupts oocyte maturation [81,82]. Collectively,

these findings suggest that the activation of the AHR-signaling

pathway may play a role in resumption of meiosis in oocytes

[35,80,81].

Finally, the AHR may play a role in the ovulation process via

modulating factors required for follicle rupture. Specifically,

studies show that TCDD exposure (32 mg/kg; single oral dose)

blocks ovulation and causes a reduction in cyclo-oxygenase-2

(COX2) [77], a factor required for follicle rupture [83].

Collectively, the AHR may play a role in the ovulation

process by modulating responsiveness to hormones and/or by

regulating oocyte maturation and release (Fig. 1). While the

studies mentioned here support a role for the AHR in

ovulation, the mechanisms by which this receptor acts in

this process are not fully understood. Both the androgen

receptor (AR) and the progesterone receptor (PR) have been

shown to be important in the process of ovulation [84]. Hence,

it would be interesting to compare levels of these receptors in

antral follicles from AHRKO and WT animals to determine
whether these receptors are regulated by the AHR and

whether they have a role in the AHR-mediated ovulation.

2.2.4. The physiological roles of the AHR in CL formation

After ovulation, the differentiation of the luteinized granulosa

cells into luteal cells allows the formation of CLs [19]. Thus, in

addition to a role for the AHR in the ovulation process, there is

evidence suggesting that the AHR is involved in regulating the

number of CLs. Specifically, studies show that AHRKO ovaries

have significantly fewer CLs when compared to WT ovaries at

PND 53 [72] and PND 63 [24]. Similarly, studies indicate that in

vivo TCDD treatment (2–32 mg/kg; single oral doses) in rats

reduces the numbers of CLs compared to unexposed rats [85].

Little is known about how the AHR may regulate CL

numbers. Studies indicate that the LH surge during the

ovulation process stimulates the synthesis of progesterone

and that progesterone helps in maintaining CLs [19]. Thus,

future studies should compare progesterone levels in AHRKO

and WT mice and in animals exposed to AHR ligands.
3. The physiological roles of the AHR in the
oviduct

The oviduct or Fallopian tube is a thin muscular tube that

includes the fimbriae, the ampulla, the isthmus, and the utero-

tubal junction regions. This structure consists of internal

stroma tissue covered with ciliated and secretory epithelial

cells. The secretory epithelial cells produce secretions, which

form a ‘‘jelly-like’’ coat around the ova during their passage

through oviducts and provide nutrition to the embryonic

blastocyst. The main functions of the oviduct include the

synchronized processes of female and male gamete transport,

fertilization, development of the fertilized egg into the

blastocyst, and transport of the embryonic blastocyst to the

uterus for implantation [19,86].

Even though the AHR in the oviduct has not been well

studied, the limited existing evidence suggests a functional

role for this ligand-activated nuclear transcription factor in

the function of the oviduct. AHR protein is expressed in the

cytoplasm of both secretory and ciliated cells belonging to the

ampulla and the isthmus [32]. Further, the AHR is present in

the nucleus of stromal cells in the oviduct in the pre-

implantation period [32]. Since nuclear localization of the

AHR has been suggested to be an indication of its recruitment

to transcription sites [87], the presence of the AHR in the

nucleus of stroma cells indicates active AHR-signaling in the

oviduct. Similarly, a study conducted by Hombach-Klonisch

et al. showed the presence of transcripts for the AHR and its

dimerization partner ARNT in a telomerase-immortalized

oviduct porcine epithelial cell line exposed to TCDD [88]. In

addition, the transcriptionally active Ahr, as indicated by the

induction of the Ahr target gene Cyp1a1, has been shown to

down-regulate ESR1 in the oviduct [88].

Propulsion of both female and male gametes as well as

embryonic blastocysts in the oviduct is achieved by complex

interactions between muscle contractions, ciliate activity and

the flow of tubular secretions [86]. Coordinated regulation and

interaction of ESR1 and progesterone receptors in the cilia is

required for proliferation, differentiation, and motility of



Fig. 2 – The roles of the AHR in the female reproductive

organs. The diagram shows the female mouse

reproductive organs and indicates the known

physiological roles of the AHR in each organ.
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ciliated cells in the oviduct [86,89,90]. Furthermore, high

expression of protein and mRNA ESR1 during the ovarian mid-

cycle has been reported in the epithelial cells from the

ampullar region of the oviduct, the main site of fertilization

[91]. Thus, the observation of the down-regulation of the Esr1

by the AHR-liganded transduction pathway [88] may suggest

that the AHR is involved in controlling the morphological

changes and proliferative activity of the ciliated cells (Fig. 2),

possibly by moduling the estrogen-ESR1 signaling pathway.

This possibility is supported by studies suggesting that

modulation of the ESR1 signaling pathway is an intrinsic

function of the AHR in other organs of the female reproductive

system [64,73,92,93]. Given the limited information on the role

of the AHR in the oviduct, future studies are needed to

evaluate the specific function of the AHR in this organ. For

example, future investigations are needed to elucidate

whether induction or deletion of the AHR-signaling pathway

modifies the oviductal secretions that provide an optimum

environment for fertilization to occur and whether deletion/

activation of the AHR in the oviduct has repercussions for

female fertility.
4. The physiological roles of the AHR in the
uterus

The adult uterus is comprised of two layers, a thick external

layer termed the myometrium and a thinner internal layer

termed the endometrium. The myometrium consists of

smooth muscle, whereas the endometrium consists of

luminal epithelium and a fibromuscular stroma penetrated

by extensions of associated glands [19].

The uterus undergoes cyclic changes that depend on the

steroids produced by the ovary. The rise in estrogens produced

by the ovary causes a thickening of the endometrium due to

both stromal and surface epithelium cell proliferation. This

stage in the uterus is known as the proliferative phase. The

proliferative phase is followed by the secretory phase or pre-

implantation period after ovulation. In the secretory phase or

pre-implantation period, a rise in progesterone produced by

the ovary stimulates the synthesis of secretory material by the

glands of the endometrium so that they become distended

with a thick secretion rich in glycoproteins, sugars and amino
acids. If fertilization occurs, the stroma undergoes major

remodeling and differentiative processes that prepare the

uterus for receiving and nourishing the embryonic blastocyst.

Then, the embryonic blastocyst implants in the uterus

establishing contact with the luminal epithelium and mater-

nal blood vessels, a process known as decidualization [19].

There are convincing reasons to think that the AHR is

involved in the normal function of the uterus. First, studies

conducted in different species have demonstrated that protein

and gene expression of the AHR as well as its dimerization

partner ARNT are present in the uterus, and that the AHR-ARNT

signaling pathway may be activated in the presence or absence

of exogenous AHR ligands [94–100]. Some of the first evidence

for the presence of the AHR in the uterus, as well as for the

activation of the AHR-signaling pathway was shown by

Bhattacharyya et al. using hypophysectomized rats treated

with b-naphthoflavone (70 mg/kg; single IP dose), an AHR

agonist [94]. The study showed that b-naphthoflavone induced

mRNA and protein of both CYP1B1 and CYP1A1 in the whole rat

uterus [94]. In the mouse uterus, mRNA and protein expression

of the AHR, accompanied by ARNT, were detected in both

epithelium and stroma using western blot analysis [95].

Constitutive expression of Ahr and Arnt mRNA, as well as their

corresponding proteins, has been detected in endometrium and

myometrium from reproductive age and post-menopausal

women [96–98]. The activation of the AHR-signaling pathway

in the human uterus has been shown by the induction of both

Cyp1a1 and Cyp1b1 mRNA after TCDD exposure (1 pM to 10 nM)

[97,99], which coincides with down-regulation of Ahr mRNA in

cultured human endometrial cells [100]. The fact that the AHR is

expressed ubiquitously in mammalian uteri and that it

responds to exogenous ligands provides evidence for a role of

a functional AHR in uterine physiological function.

The second line of evidence supporting a functional role of

the AHR in uterine tissues is obtained from studies that have

shown that changes in both gene and protein expression of the

AHR are correlated with menstrual cyclicity. western blot and

immunohistochemistry analyses conducted by Küchenhoff

et al. on endometrial tissue of healthy women with regular

menstrual cycles revealed changes in the expression of the

AHR over the cycle [96]. These changes consisted of an

increase in the expression of AHR protein in the proliferative

phase of the endometrium, reaching the maximum expres-

sion around the time of the ovulation, and decreasing in the

secretory phase. The expression of the AHR was limited to the

cytoplasm in the epithelial cells of the endometrial glands, and

it was not detected in the stroma [96]. A further study also

conducted in healthy women, however, showed that stroma

cells cultured from endometrium in the proliferative phase

express AHR protein in both the cytoplasm and nucleus, as

evidenced by immunohistochemistry analysis [98]. These

findings suggest that the AHR may translocate to the nucleus

where it triggers its signaling pathway [98]. In addition, Pitt

et al. observed that endometrial explants from women during

the uterine proliferative phase manifested the highest

activation of the AHR after TCDD treatment (10 nM) [97].

While most studies indicate that AHR expression in the uterus

changes during the menstrual cycle, one study reported no

change of Ahr and Arnt mRNA during the menstrual cycle in

healthy women [31].
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Even though different results have been reported regarding

the level and pattern of expression of the AHR during the

menstrual cycle, one cannot exclude the possibility that the

AHR-signaling pathway is related to changes in the menstrual

cycle (Fig. 2). Differences observed in the distinct studies may

be attributed to several circumstances that were not con-

trolled or that inevitably occurred such as: (1) the limited

number of individual tissues evaluated; (2) possible exposure

of participating women to toxic compounds that may alter the

AHR-signaling pathway (i.e., compounds found in cigarette

smoke); (3) disturbances in the functioning of the ovary, which

are known to influence uterine activity; (4) possible genetic

variation among participating women such as genetic poly-

morphisms that may contribute to an altered AHR-mediated

signaling pathway, as have been reported for differences in

susceptibility to malignant gynecological conditions [31,101].

The third line of evidence supporting a functional role of

the AHR in the uterus is provided by studies that have shown

that the AHR is involved in the secretory function of the uterus

(Fig. 2). For example, protein secretion and gene transcription

of glycodelin, a predominant glycoprotein produced by

secretory-phase endometrial cells, are up-regulated by TCDD

treatment (10 nM) in an AHRE-dependent manner in cultured

AHR-expressing human endometrial adenocarcinoma cells

[102]. Further, luminal epithelium from ovariectomized

AHRKO and WT mice has secretory activity in response to

E2 treatment (1.5 mg/kg; single IP dose), as evidenced by

uterine epithelial proliferation and mRNA expression of

lactoferrin, an epithelial secretory protein [95]. However,

TCDD (5 mg/kg; single IP dose) and E2 (1.5 mg/kg; single IP

dose) treatment results in partial inhibition of both uterine

epithelial proliferation and mRNA expression of lactoferrin in

WT mice, but not in AHRKO mice [95]. These results suggest

that activation of the AHR in the endometrium may be

necessary to control uterine epithelial proliferation as well as

secretory function, possibly via regulating the estrogen

receptor as recently shown in luminal epithelium [103].

The fourth reason for supporting the hypothesis that the

AHR is involved in uterine function comes from studies

indicating that the AHR may have a functional role in the

establishment and maintenance of normal pregnancy. For

example, pregnant mice at midgestational ages have sig-

nificantly higher levels of AHR in the placenta compared with

nonpregnant mice, suggesting that the AHR is regulated by

pregnancy-specific hormones [104]. Further evidence support-

ing activation of the AHR in the uterus in response to

hormonal changes promoted by pregnancy comes from

immunohistochemical comparisons between endometria

from nonpregnant and pregnant rabbits, which showed a

distinct pattern of AHR expression by pregnancy state [105].

Specifically, the AHR was localized in the cytoplasm of

glandular epithelial endometrium in nonpregnant rabbits

during the pre-implantation period, whereas the AHR was

localized in the nucleus in pregnant rabbits, indicating control

of AHR expression by maternal steroids [105]. These results

suggest a functional role of the AHR pathway in the

endometrium during the pre-implantation period, which

may be due to higher activity of the AHR pathway during

feto-maternal interactions (Fig. 2). This concept is supported

by studies of Tscheudschilsuren et al. in which the investi-
gators evaluated the co-expression of AHR and ARNT within

the uterine and uroplacental tissues in rabbits using western

blot, non-radioactive in situ hybridization, and immunohis-

tochemistry [106]. They found that shortly prior to implanta-

tion of the embryo, the AHR and ARNT proteins were restricted

to the epithelium in the uterine glands, whereas after

implantation, AHR and ARNT were present in the differen-

tiated maternal stroma [106]. Another study supporting AHR

activity in feto-maternal interactions was conducted by

Kitajima et al. who examined AHR expression in the peri-

implantation period of the mouse uterus using immunohis-

tochemistry [107]. The investigators found that during the

implantation period, the AHR was localized in the blood

vessels of the stroma and smooth muscle cells [107]. Once the

embryo was implanted, the AHR was localized in the nucleus

of the luminal epithelium and differentiated stroma cells.

Finally, as the pregnancy was established in the uterus, the

AHR was more evident in the walls of blood vessels in the

decidualizing zone [107]. Thus, changes in the pattern of AHR

expression during pregnancy are possibly needed to maintain

pregnancy. This idea is supported by studies indicating that

AHRKO mice have an impaired ability to support embryo-fetal

development [23]. The mechanisms by which the expression

of AHR is regulated by pregnancy are unknown, but may be

related to pregnancy-specific hormones since the AHR has

been shown to be regulated by progesterone and 17b-E2

[93,104,105,108].

Taken in sum, evidence from several studies suggests that

the AHR is involved in the normal function of the endome-

trium, possibly by modulating cellular proliferation in

response to hormones, by regulating the expression of

upstream genes involved in the function of the endometrium,

and/or by controlling uterine secretory function. Importantly,

the AHR may be essential for successful pregnancy in

mammals, but more studies are needed to elucidate whether

the AHR is regulated by pregnancy-specific hormones and

corresponding receptors, and/or whether the AHR has a role in

the placentation.
5. The physiological roles of the AHR in the
vagina

The vagina is a tube composed of four layers: (i) a superficial

layer of noncornified stratified squamous epithelium; (ii) a

subepithelial layer of dense connective tissue; (iii) a layer of

smooth muscle (tunica muscularis); (iv) a layer of loose

connective tissue. In terms of physiology, the vagina plays a

critical role in providing support to the pelvic organs. In terms

of pregnancy, the vagina participates in maintaining, holding,

and delivering a pregnancy [19,109].

The AHR may play a role in the development of the vagina.

This suggestion is supported by studies that have shown that

embryonic exposure to TCDD (1 mg/kg; single oral dose) during

a period that includes major organogenesis, induces mal-

formations in the external genitalia such as the presence of a

vaginal thread that leads to delayed vaginal opening in rats

[20,44,110,111] as well as in hamsters [112]. Furthermore, it has

been shown that exposure to TCDD during embryonic life

interferes with vaginal development by impairing regression
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of the Wolffian ducts, and by preventing fusion of the

Müllerian ducts [110,111], events required for normal devel-

opment of the vagina and other organs such as the uterus and

cervix [19]. Collectively, these studies suggest that the AHR-

signaling pathway may be involved in the timing of morpho-

genetic events in the developing vagina (Fig. 2), possibly via

crosstalk with critical regulators of cell proliferation, cell

movement, as well as activity of hormones and corresponding

receptors that control fusion of the Müllerian tube [110].

The role of the AHR in the vagina has not been well studied

in the adult. One published study in this field focused on

localizing the AHR in the vagina from pregnant and non-

pregnant rabbits [32]. In the study, Hasan and Fischer found

that in nonpregnant rabbits, the AHR was localized in the

cytoplasm and some nuclei of the epithelium, whereas no AHR

expression was present in the tunica muscularis [32]. In the

pre-implantation period of pregnant rabbits, however, no AHR

was localized in the epithelium, whereas the tunica muscu-

laris showed both cytoplasmic and nuclear AHR expression

[32]. These results suggest that the AHR in the vagina may

respond and/or is involved in structural changes promoted by

pregnancy. Collectively, these data suggest a functional role of

the AHR in both the developing and adult vagina. However,

more studies are needed to confirm whether this is the case.

For example, studies should compare the morphology and

function of the adult vagina in WT and AHRKO mice.
6. The physiological roles of the AHR in
cyclicity, fertility, and reproductive senescence

The data described in the previous sections suggest that the

AHR plays a role in regulating the normal functions of the

organs comprising the female reproductive system (Fig. 2).

Proper function of the female reproductive organs is needed

for estrous/menstrual cyclicity, fertility and normal repro-

ductive senescence [19,113]. Thus, it is not surprising that the

AHR plays a role in regulating these reproductive functions.

For example, some studies support a role of the AHR in

regulating estrous cyclicity. Specifically, TCDD exposure

(10 mg/kg; single oral dose) causes irregular estrous cycles

in rats, which are characterized by the loss of proestrous and

estrous phases [74] or by persistent estrus or diestrus at

earlier age compared to unexposed rats [114,115]. In addition,

alterations in cyclicity have been observed in a follow-up

study conducted in women accidentally exposed to high

concentrations of TCDD after an industrial accident [116].

The study showed an association between irregular men-

strual cycles in women who were premenarcheal at the time

of the accidental exposure and high concentrations of TCDD

in serum (10–100 ppt) [116]. While studies using TCDD

support a role of the AHR in regulating estrous cyclicity,

studies using distinct recombinant AHRKO mouse models

have provided contrasting results. For example, Baba et al.

observed abnormal estrous cycles in AHRKO mice compared

to WT mice [24], whereas Barnett et al. observed no difference

between AHRKO and WT mice regarding the amount of time

spent in each stage of the cycle over a 20-day period [72]. The

reasons contributing to the differences observed in studies

on cyclicity in AHRKO mice may be due to genetic back-
ground effects and differences in environmental factors

[117].

Studies also show that the AHR plays a role in regulating

fertility [23,24,82,118,119]. Since the AHR peptide sequence is

not well conserved across species [45], the first studies on the

role of the AHR in fertility were conducted in mouse lines that

had been developed from progenitors possessing a high-

affinity AHR receptor (AHR-responsive strain), as well as from

progenitors possessing a low-affinity AHR receptor (AHR-non-

responsive strain) [118]. These studies showed that mice

possessing the high-affinity AHR receptor exhibit enhanced

breeding efficiency and give birth to more pups compared to

mice possessing the low-affinity AHR receptor [118], suggest-

ing that the activity of the AHR plays a role in successful

fertility. Later studies using AHRKO mice support this role of

the AHR in regulating fertility [23,24]. Specifically, Abbott et al.

found that AHRKO females had difficulty maintaining preg-

nancy, surviving pregnancy and lactation, and rearing pups to

weaning [23]. Baba et al. reported that the AHRKO females had

fewer and smaller litters when compared to WT females [24].

Additionally, some studies using modulation of the AHR-

dependant gene expression by different AHR ligands indicate

reduced conception rates and increased abortion [82,120].

Thus, the AHR may play a role in regulating fertility, possibly

by regulating the functioning of the female reproductive

organs, as discussed above in each section.

Reproductive senescence refers to the loss of reproductive

function with age. It is characterized by depletion of the follicle

reserves, high FSH levels, and low E2 production [121,122].

Although Ahr deletion does not result in depletion of follicle

reserves or alteration in FSH levels as mentioned in previous

sections [16,72], the AHR plays a role in ovarian function by

modulating E2 production, follicle growth and ovulation

[53,57]. The role of the AHR in regulating ovarian function

and differences observed in ovarian function at different ages

of sexual maturity [16,123] suggest that the AHR may play a

role in regulating reproductive senescence. The molecular

mechanisms by which the AHR regulates this physiological

process are unknown. Hence, a thorough understanding of

either the activation or the lack of the AHR transduction-

signaling pathway during the reproductive life span is needed

to understand the role of the AHR in regulating reproductive

senescence. For example, it would be interesting to elucidate

whether critical genes involved in survival and longevity are

altered as a consequence of the activation or lack of the AHR

pathway.
7. Conclusions

Transgenic mouse models and the use of potent AHR ligands

have been useful for understanding whether alterations of AHR

function impact the female reproductive system. Although the

intrinsic role of the AHR in the female reproductive system is of

recent and ongoing investigation, existing evidence suggests

that the AHR may be involved in the following functions: (i)

regulation of ovarian function by controlling the number and

growth of antral follicles, as well the ability to produce steroids

and to reach ovulation; (ii) providing a optimum environment

for fertilization, nourishing the embryo and maintaining



b i o c h e m i c a l p h a r m a c o l o g y 7 7 ( 2 0 0 9 ) 5 4 7 – 5 5 9556
pregnancy; (iii) regulating fertility; (iv) controlling reproductive

senescence.

Future studies should examine whether the AHR partici-

pates in other functions of the female reproductive system.

For example, it is unknown whether the AHR participates in

embryonic development of the uterus and oviducts. It is also

unknown whether the participation of the AHR in regulating

reproductive senescence is directly caused by the AHR

pathway or whether the AHR pathway modifies genes

involving longevity. Furthermore, it is unknown whether a

combination of activation and deletion of the AHR-signaling

pathway are needed to regulate functions of the female

reproductive system. Finally, the endogenous ligands that

activate the AHR-signaling pathway in the female reproduc-

tive system are unknown. Hence, additional studies are

required for elucidating the complex mechanisms by which

the AHR regulates female reproductive function. This will

facilitate establishment of preventive/treatment measures for

reproductive disorders such as infertility, abortions and

reduction or lack of reproductive lifespan.
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hydrocarbon receptor agonist amplifies the mitogenic
actions of estradiol in granulosa cells: evidence of
involvement of the cognate receptors. Biol Reprod
2006;74:417–26.

[55] Gosden R, Spears N. Programmed cell death in the
reproductive system. Br Med Bull 1997;53:644–61.

[56] Matsuda-Minehata F, Inoue N, Goto Y, Manabe N. The
regulation of ovarian granulosa cell death by pro- and
anti-apoptotic molecules. J Reprod Dev 2006;52:695–705.

[57] Benedict JC, Miller KP, Lin TM, Greenfeld C, Babus JK,
Peterson RE, et al. Aryl hydrocarbon receptor regulates
growth, but not atresia, of mouse preantral and antral
follicles. Biol Reprod 2003;68:1511–7.

[58] Heimler I, Trewin AL, Chaffin CL, Rawlins RG, Hutz RJ.
Modulation of ovarian follicle maturation and effects on
apoptotic cell death in Holtzman rats exposed to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in utero and
lactationally. Reprod Toxicol 1998;12:69–73.

[59] Drummond AE, Britt KL, Dyson M, Jones ME, Kerr JB,
O’Donnell L, et al. Ovarian steroid receptors and their role
in ovarian function. Mol Cell Endocrinol 2002;191:27–33.

[60] Findlay JK, Britt K, Kerr JB, O’Donnell L, Jones ME,
Drummond AE, et al. The road to ovulation: the role of
oestrogens. Reprod Fertil Dev 2001;13:543–7.

[61] Huhtaniemi I. The Parkes lecture: mutations of
gonadotropin and gonadotropin receptor genes: what do
they teach us about reproductive physiology? J Reprod
Fertil 2000;119:173–86.

[62] Drummond AE. The role of steroids in follicular growth.
Reprod Biol Endocrinol 2006;4:16.

[63] Donadeu FX, Ascoli M. The differential effects of the
gonadotropin receptors on aromatase expression in
primary cultures of immature rat granulosa cells are
highly dependent on the density of receptors expressed
and the activation of the inositol phosphate cascade.
Endocrinology 2005;146:3907–16.

[64] Chaffin CL, Peterson RE, Hutz RJ. In utero and lactational
exposure of female Holtzman rats to 2,3,7,8-
tetrachlorodibenzo-p-dioxin: modulation of the estrogen
signal. Biol Reprod 1996;55:62–7.
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