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Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic congener of the polyhalogenated
aromatic hydrocarbons (PAH), which causes anatomical abnormalities and developmental defects,
impairs ovulation and reduces fertility. TCDD’s endocrine-disrupting effects are, in part, caused
by a direct action at the ovary.

Herein we investigated the in-vitro effects of environmentally relevant doses of TCDD on
estradiol-17p (Ey) production by human luteinizing granulosa cells (hLGC) obtained from women
stimulated for in-vitro fertilization (IVF). TCDD at all concentrations tested (3.1 fM, 3.1 pM and
3.1 nM) significantly decreased E, secretion when assayed for by radioimmunoassay (RIA).
Herein we confirm that TCDD alters E, secretion by hLGC in a time-, not dose-dependent fashion
and are the first to show decreases in E; secretion with fM concentrations of TCDD. Using real-
time quantitative PCR (RT-gPCR), the decreased E, secretion correlates with a decrease in the
MRNA expression levels two enzymes in the estrogen biosynthesis pathway: CYP11A1 and
CYP19AL.
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1. INTRODUCTION

In recent years, numerous researchers have focused their studies on environmental
contaminants capable of acting as endocrine disruptors [1-4]. The xenobiotic 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD; dioxin) is one such compound. Dioxins constitute one
of the most ubiquitous and persistent environmental pollutants produced by man [5]. TCDD
is prevalent in the environment as the result of the production and over-treatment with
herbicides, as by-products of waste incineration and combustion processes, paper processing
and the manufacture of plastics, primarily polyvinyl chloride [6-8]. Due to TCDD’s
substantial biological activity and lipophilic nature, years of widespread production and
improper and unregulated disposal of large quantities of this highly toxic chemical have
resulted in global environmental contamination [5]. The Environmental Protection Agency
suggests that the maximum contaminant level (MCL) for TCDD is 30 parts per quintillion
(ppq) and TCDD is considered safe at levels below this MCL [9], but scientists have only
recently discovered TCDD’s ability to perturb the normal endocrine-signaling pathways of
an animal, potentially causing serious developmental and reproductive defects [10].

TCDD exerts its toxic effects and alters the hormonal profile of an organism by binding the
aromatic hydrocarbon receptor (AHR). AHR belongs to the basic helix-loop-helix/ Per-Arnt-
Sim (bHLH/PAS) family of proteins and is a ligand-inducible transcription factor [11].

Upon binding of TCDD, the TCDD/AHR complex undergoes a conformational change, is
translocated to the nucleus and forms a heterodimer with the AHR nuclear translocator
protein (ARNT; also called BMAL1) [12,13]. This heterodimeric complex (AHR-ARNT) is
then able to bind cis-genomic dioxin response elements (DRES) or more correctly aromatic
hydrocarbon response elements (AHRES), thereby altering gene expression in a wide variety
of tissues [14-16] and interacting in multiple signaling pathways [17].

We have previously demonstrated the presence of a functional AHR capable of binding
DNA in the rat ovary [18] and in primate ovarian tissue, including whole rhesus monkey
ovarian tissue and human granulosa cells (GC) [19]. Recently we demonstrated that
radiolabeled TCDD binds to AHR in rhesus monkey ovarian follicles at specific locations
(GC>o0cyte>theca); further supporting the notion that TCDD directly affects primate
ovarian function through the AHR [20]. Similarly Wojtowicz et al. [21] detected a greater
expression of AHR in porcine GCs versus theca cells and further demonstrated that only the
AHRs in the GCs were activated following exposure to TCDD and dioxin-like PCBs. In
addition we showed that weanling female Holtzman rats exposed to TCDD in utero and
lactationally exhibited decreased serum E, (estradiol-178) concentrations and increased
estrogen receptor (ER) mRNA in the ovary [22]. In human luteinized granulosa cells
(hLGC) cultured with TCDD, Heimler et al., [23] illustrated that dioxin perturbed E»
secretion in a time-dependent manner, but did not alter progesterone (P) accumulation; and
that it augmented inhibin A secretion [24]. Trewin et al., [25] demonstrated that in-vitro
pulsatile gonadotropin- releasing hormone (GnRH) secretion from rat hypothalamic explants
and basal or stimulable release of gonadotropins from hemi-pituitary cultures remained
unaffected following TCDD exposure. Other studies in rat, nonhuman primates and human
LGC in culture [23-30] have also corroborated the adverse effects of TCDD on steroid
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hormone production. Previous studies have also examined the enzymatic activity of
enzymes in the estrogen biosynthesis pathway using TCDD-treated cells with inconsistent
results [29,31,32], but never at fM concentrations and without the detailed time course we
conduct here. Collectively, these data suggest that TCDD is capable of rendering its
endocrine-disrupting effects directly at the level of the ovary by disrupting the steroidogenic
process.

Several studies, including those that we have performed on rats, have elucidated some of the
mechanisms by which TCDD alters steroid hormone production. However, the effects of
TCDD on nonhuman ovarian steroidogenesis might differ from that which occurs in
humans. In the present study, we set out to evaluate the effect of several concentrations of
TCDD on Ej secretion by human LGC in culture. This will lend support to our hypothesis
that TCDD acts directly on the ovary to disrupt steroid secretion by modulating the
steroidogenic cascade at more than one locus.

2. MATERIALS AND METHODS
2.1 Chemicals

TCDD (>99% purity) was obtained from Cambridge Isotope Laboratories, Inc. (Andover,
MA; USA). Treatment solutions containing TCDD in culture medium were prepared from a
stock solution containing 1 mg TCDD/ml dissolved in 0.1% DMSO (Sigma Chemical Co.,
St. Louis, MO; USA).

2.2 Procurement and stimulation of ovarian tissue

Information on normal human ovarian tissue is invaluable, but it is extremely difficult to
procure unstimulated ovaries; therefore, we obtained GCs from women whose ovaries were
stimulated for in-vitro fertilization (IVF). GCs were obtained from Rush Presbyterian
University Medical Center (RUMC) IVF Program (Chicago, IL; USA). In concordance with
ethical guidelines, materials were collected with informed patient consent under Institutional
Review Board (IRB) approval from RUMC. Pituitary desensitization and down-regulation
was used to achieve ovarian stimulation. Specifically, a combination of leuprolide acetate
(Lupron; TAP Pharmaceuticals, Abbott Park, IL; USA) and human menotropins (human
menopausal gonadotropin and follicle-stimulating hormone: Pergonal; Serono Laboratories
Inc., Randolph, MA; USA) were used. This method of ovarian stimulation enabled us to
collect up to three million GCs from a single woman.

2.3 Human Granulosa Cell Isolation, Purification, and Culture

Ovarian follicular fluid (FF) was obtained using transvaginal aspiration approximately 36 h
after a 10,000-1U human chorionic gonadotropin (hCG) injection to stimulate the midcycle
luteinizing hormone (LH) surge. Oocytes were immediately harvested and we processed the
remaining FF. Note that FF aspirates were pooled when samples from multiple women were
obtained on the same day. Luteinizing granulosa cells (LGC) were then collected from the
FF aspirates and centrifuged to remove red blood cells. Specifically, FF was collected in 15-
ml centrifuge tubes and centrifuged at 300 x g for five minutes followed by five minutes at
600 x g to isolate the LGC. The firm white layer of LGCs over a red blood cell pellet was
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then transferred to a new 15-ml centrifuge tube (approximately 1 ml). LGC aggregates were
mechanically dispersed through a 1-ml pipette tip. Up to 2 ml of culture medium was then
added to the cell suspension. Stock culture medium contained 475 ml DMEM/F-12 (Sigma,
St. Louis, MO; USA), 25 ml (5%) fetal bovine serum (Sigma, St. Louis, MO) and 2.5 ml
gentamycin solution (Sigma, St. Louis, MO; USA) equivalent to a dose of 50 ug/ml.
Approximately 2—-3 ml of the cell suspension was then layered over 5 ml 45% Percoll
(Sigma, St. Louis, MO; USA) and centrifuged at 300 x g for 30 minutes. The LGC layer was
then aspirated off the top of the Percoll and the LGCs were pooled from all tubes into one
fresh 15-ml centrifuge tube and mixed. If red blood cell contamination was still high, an
additional Percoll extraction was performed. The LGC pool was then diluted with up to 10
ml of culture medium and washed twice by centrifugation (300 x @), discarding the
supernatant each time. The final volume was brought up to 1 ml. The purified LGC were
counted in a hemacytometer and the concentration was adjusted to 1 x 10° cells/ml. Cell
viability was determined using 0.2% trypan blue exclusion dye. In all cases, cell viability
was greater than 85%. The LGC were plated into 8-well Permanox-coated Lab-Tek slides
(Nunc, Naperville, IL; USA) where each well contained 50,000 cells/well in 500 ml stock
culture medium. Cells were incubated at 37°C, 5% CO, and >98% humidified air overnight
in culture medium. After allowing cells to plate so as to adhere to slide wells for at least 12
h, media were aspirated, discarded and replaced with 500 pl of treatment media. Treatment
medium contained either stock medium + 0.1% DMSO (Control), 3.1 fM TCDD, 3.1 pM
TCDD, or 3.1 nM TCDD. Fresh medium, with or without TCDD, was added to each of the
wells at specific time intervals over a 48-h incubation period. We used Falcon 8-chamber
Lab-Tek slides, each containing control, nM, pM, and fM in duplicate. After the initial
overnight incubation, the medium was aspirated and collected for estrogen analysis by RIA.
Specifically, medium was collected 4, 8, 12, 24, 36 and 48 h after TCDD administration.
Each treatment group at each time point was analyzed in duplicate and comprised of pooled
cells obtained from two or three women. These pooled cells were obtained from a total of
ten different women on four separate occasions. Cells obtained from two individuals in the
study produced no estrogen at 48 h of culture and were not found to be viable. As a result of
this unfortunate occurrence, these pooled samples were removed, reducing the total sample
size (N) for the study to eight. At each time point, culture wells were examined for bacterial
or fungal contamination. In addition, cell counts were performed on random samples at the
end of each experiment. Both in the control and three treatment groups, we observed a <22%
reduction in cell number due to aspiration of non-adhering dead cells. Viable cells were
lysed with 1 ml Tri Reagent (Sigma, St. Louis, MO; USA) at each time point and treatment
concentration for use in the RNA studies.

2.4 Estrogen Radioimmunoassay

Estradiol-17f concentrations were measured in the medium at 4, 8, 12, 24, 36 and 48 h using
the E, Coat-A-Count kit (Diagnostic Products Corp., Los Angeles, CA; USA). All samples
were assayed in duplicate with the appropriate E; standards. The intra-assay coefficient of
variation derived from four replicate aliquots was 3.7 %.
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2.5 mRNA Extraction and cDNA synthesis

Beta Mercaptoethanol (BME) was added to Tri Reagent-lysed cells samples and mRNA was
extracted following the Aurum Total RNA mini Kit spin protocol for adherent animal tissues
(Bio-Rad, Hercules, CA; USA). The concentration and quality of extracted RNA was
analyzed spectrophotometrically.

Total extracted RNA from each sample was reverse transcribed to cDNA using the iScript
cDNA Synthesis kit (Bio-Rad, Hercules, CA; USA), with iScript reverse transcriptase, RNA
template, and nuclease-free water (Fisher Scientific, Waltham, MA; USA). Resulting cDNA
was analyzed spectrophotometrically and a portion was diluted to a working concentration
of 25 ng/uL.

Sterile, RNase-free, DNase-free aerosol-barrier pipette tips (Fisher Scientific, Waltham,
MA; USA) were used throughout all steps to limit the potential for contamination.

2.6 Measurement of mRNA levels via real-time quantitative PCR

Absolute quantification of mMRNA expression was determined using real-time quantitative
polymerase chain reaction (RT-gPCR) with a CFX Real-Time System with C1000 Touch
Thermal Cycler (Bio-Rad, Hercules, CA; USA). The expression of CYP11A1 (cholesterol
side-chain cleavage enzyme) and CYP19A1 (aromatase) was normalized to the expression of
the housekeeping gene ribosomal 60S protein L13 (RPL13). Validated PrimePCR Assays
(Bio-Rad, Hercules, CA; USA) RPL13 (Human) CYP11Al (Human), and CYP19A1
(Human) were used for all gPCR assays with an iTaq Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA; USA). Three technical replicates of three biological replicates were
performed at each time point. All components were mixed directly into the corresponding
wells of a hard-shell 96-well clear PCR plate (Bio-Rad, Hercules, CA; USA) and covered
with a Microseal ‘B’ Film (Bio-Rad, Hercules, CA; USA) prior to placement in the thermal
cycler.

All Validated PrimePCR assays were verified to conform to MIQE [33] standards
established for RT-gPCR. Melt curves for each run showed only one product, confirming
specificity and the absence of both nonspecific annealing and primer dimerization.

2.7 Statistical Analysis

All E; RIA data were spline-transformed prior to analysis. Due to the variability in E;
secretion by hLGC among patients, data were normalized and represented as a percent of
control. Statistical analysis was performed using SPSS (Version 21.0; SPSS Inc., Chicago,
IL). Data were analyzed statistically using a one-way analysis of variance (ANOVA).
Conservative post-hoc tests were performed, when applicable, using Tukey’s method.
Normality and homogeneity of variances (homoscedasticity) were also tested. P < 0.05 was
considered to be statistically significant.

RT-qPCR data were analyzed using the Bio-Rad CFX Manager software with mMRNA
expression normalized to the housekeeping gene RPL13. Based on the MIQE guidelines,
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individual wells were excluded from analysis if the Cq standard deviation of sample
replicates was greater than 0.20 [33].

3. RESULTS

3.1 E, Secretion Diminishes Following TCDD Exposure

We observed statistically significant differences in E, secretion by human LGC at 8, 12 and
24 h (Table 1) [3]. Specifically E, secretion relative to control was significantly inhibited by
the concentrations of TCDD considered to be environmentally relevant (3.1 fM, 3.1 pM and
3.1 nM) [34] (Table 1). Significant decreases in E, secretion were not observed among any
treatment groups andcontrols at 4 (Table 1), 36 or 48 h. Analysis of total E, secretion in the
medium throughout the 48-h culture period showed that environmentally relevant doses of
TCDD inhibited E, secretion by greater than 50% (data not shown).

3.2 mRNA Levels Decrease in Response to fM TCDD

In addition, RT-gPCR experiments showed a drop in message for both CYP11A1 and
CYP19AL1 by 4 hours with the fM concentration, preceding the decrease in secreted E,
concentration (Figures 1 and 2). Following the recovery of message copy humber by 24
hours, E, concentration rose to the control by 36 hours. As expected, changes in the message
for estrogen biosynthetic enzymes led to similar changes in E; concentration.

4. DISCUSSION

Previous studies have shown that uM and nM doses of TCDD can induce apoptosis in hLGC
in a dose-dependent manor [23]. In the present study, we evaluated concentrations
considered to be sub-environmental and showed that in-vitro administration of fM TCDD
disrupts normal E; secretion/accumulation by human LGC. Specifically we noted a
significant reduction in E, secretion into culture media at 8, 12 and 24 hours, which
correlated with a diminution in mMRNAs for CYP11A1 and CYP19A1 at 4 and 12 hours. We
did not observe this decrease at later time points (36 and 48 h), suggesting that the reduction
in E, secretion observed herein was time-dependent and is related to the recovery of
CYP11A1 and CYP19A1 expression. Our data indicated no statistically significant
differences among environmentally relevant (3.1 fM-ppq, 3.1 pM-ppt, and 3.1 nM-ppb)
doses of TCDD, indicating that any dose of TCDD within the limits of detection might be
capable of modulating ovarian steroid secretion. Future studies using RT-gPCR to evaluate
expression levels of steroidogenic enzymes versus concentrations of TCDD may explain this
lack of a dose response. However it is important to note that for the first time, we have
demonstrated that even a 3.1 fM dose of TCDD, which is approximately 1000-fold lower
than our laboratory has previously shown to have an effect [3,22,23], is capable of altering
steroid hormone secretion by human LGC in culture; this suggests that a no-observable-
adverse-effects level (NOAEL) might not exist for TCDD, at least within the sensitivity of
our assays. Collectively, these data showed that TCDD was able to disrupt E, secretion by
hLGC in a time- but not dose-dependent manner. In addition these aforementioned results of
reduced E» secretion confirm previous results reported by our laboratory and others, using a
number of in-vitro and in-vivo model systems [22,23,29,31,32].
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Our group, as well as others, has illustrated perturbations in steroid hormone secretion with
TCDD over the past 20 years. Researchers have demonstrated that female Holtzman rats
exposed to TCDD in utero and lactationally showed marked decreases in serum E,
concentrations [22,35] and that peripubertal female rats exposed during the same period
exhibited reduced pituitary follicle-stimulating hormone (FSH) mRNA content with no
effect on circulating progesterone or androstenedione concentrations [18]. In hLGC cultured
with TCDD, Heimler et al., [23] illustrated that dioxin perturbs E, secretion in a time- and
dose-dependent manner, but does not alter progesterone (P) accumulation; however, E;
secretion returns to normal when exogenous androgen is included in the culture medium.
Conversely, Enan et al., [36] noted a decrease in P production after a 24-h exposure of
hLGC to TCDD. Moran et al. [29] corroborated Heimler’s findings and additionally showed
a marked decrease in 17alpha-hydroxylase/17,20-lyase cytochrome P450 (P450c17;
CYP17A1) protein expression and 17,20-lyase activity proportional to the decrease in Eo
secretion following 10 days in culture with 10 nM TCDD. We suspect the difference
between our findings and Moran et al. may be caused by the sensitivity in method or the
length of TCDD incubation. Regardless of steroidogenic endpoint affected (and controversy
still remains), these data certainly suggest that much lower concentrations of TCDD are
capable of rendering endocrine-disrupting effects directly at the level of the human ovary by
disrupting the steroid biosynthetic pathway.

The mechanism(s) by which TCDD alters human ovarian steroidogenesis remains elusive.
Studies conducted previously in our laboratory have depicted mechanisms by which TCDD
reduced mRNA levels for cytochrome P450 side-chain cleavage (CYP11A1, SCC), and
mRNA copy number and activity of cytochrome P450 aromatase (CYP19A1) in rat
luteinized granulosa cells [31,37]. Specifically our laboratories have found that in rat
granulosa cell cultures that TCDD reduced aromatase and P450 SCC mRNAs but exerted no
effect on 3p-hydroxysteroid dehydrogenase mMRNA concentrations [31]. The study we
present here confirms this in hLGC. Following in-vivo exposure of zebrafish to TCDD,
Heiden et al. [38] evaluated the expression of genes important in estrogen synthesis and
signaling. TCDD exposure significantly reduced mRNA expression for steroid acute
regulatory (STAR) protein, CYP19A1, activins, and FSH and LH receptor, and resulted in
decreased serum E, concentrations, fewer large vitellogenic follicles, increased atretic
follicles, a 50% reduction in egg production and a 96% decrease in spawning success in
zebrafish [32]. Interestingly Vidal et al. [39] found in hLGC exposed to TCDD significantly
increased gene expression of microsomal catechol-O-methytransferase (COMT) and
CYP1B1, which are involved in hydroxylating estrogens to catechol forms. These data
suggest that TCDD is capable of altering E, synthesis and metabolism by modulating the
steroidogenic cascade at more than one locus. In addition other researchers are now
designing experiments to elucidate other possible locus/loci of TCDD action on the
steroidogenic process. Miyamoto [40], e.g., has shown that more than 100 genes in rat
ovary, GC, and placenta are induced or suppressed following dioxin exposure. It is obvious,
therefore, that much remains unknown with regard to dioxin effects on steroidogenesis
specifically and reproduction generally.
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5. CONCLUSIONS

Collectively these data provide evidence for direct effects of TCDD at the ovary, which
could ultimately result in disrupted fertility. Our present study unequivocally shows that
TCDD is able to reduce E, secretion by hLGC in vitro in a time-dependent fashion at an
extremely low exposure dose and that it is preceded by a decrease in the copy number of
mRNAs for cytochrome P450 (CYP11A1) side-chain cleavage (SCC) and cytochrome P450
aromatase (CYP19A1). However, conflicting results among researchers show that a
controversy exists as to the exact locus/loci of TCDD’s actions. In order to further clarify
the effects of TCDD on the expression of enzymes in the estrogen synthetic pathway, we
plan to continue RT-gPCR studies on the remaining enzymes in the pathway as well as
explore the dose-dependent effects of TCDD on cell death by both apoptosis and autophagy.
We expect that the information gathered from this and future studies will further enhance
our understanding of the potential effects of environmental toxicants (especially dioxins) on
female reproductive health.

Supplementary Material
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Figure 1. Estrogen Accumulation by hLGC Treated with 3.1 fM TCDD
Estradiol accumulation by human luteinizing granulosa cells (hLGC) treated in vitro with

3.1 fM TCDD at various time intervals. Values are given as a percentage relative to
accumulation by untreated control cells (control = 100%).
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Figure 2. Average Relative Fold Change of Aromatase and Side Chain Cleavage Treated with 3.1

fM TCDD

Relative fold changes as determined by RT-gPCR of mMRNA expression of side chain
cleavage (diamonds) and aromatase (squares) in cells treated with 3.1 fM concentration of

TCDD. Fold changes are relative to untreated hGLC normalized to RPL13.
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Table 1

Estradiol accumulation by human luteinizing granulosa cells (hLGC) treated in vitro with 3.1 nM, 3.1 pM, or
3.1 fM TCDD at various time intervals. VValues are given as a percentage relative to accumulation by untreated
control cells (control = 100%).

Time Points  Control 3.1nMTCDD 31pMTCDD 3.1fMTCDD

4 hour 100%  153.2% (16.0)  158.2% (11.2)  137.5% (23.9)
8 hour 1009% & 50.1% (16.6) b 51.6% (145) b 43.8% (12.3) b
12hour 100062 41.2% (106)P  26.7% (9.29)P  37.3% (7.8)P

24 hour 100% 2 46.9% (15.6) P 44.7% (15.8) P 44.9% (18.8) b
3hour  qopp@  1040%(93)  835%(82)  112.8% (11.7)

48hour  qpg,a  88.2%(16.3)  93.0% (14.4)  84.6% (13.9)

ab . I . . S .

Letter superscripts denote significance at each time period (within a given row), based on Tukey’s post-hoc test after one-way ANOVA (P <
0.05). Values within columns sharing the same superscripts do not differ significantly from one another. Parentheses denote + (S.E.M.) reported as
a percentage. N = 8 for each treatment group.
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