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Abstract

Exposure to phthalates disrupts ovarian function. However, limited studies have investigated the effects of phthalate mixtures on ovulation,
especially in women. Human granulosa cells were used to test the hypothesis that exposure to a phthalate mixture (PHTmix) disrupts
progesterone (P4)/progesterone receptor (PGR) signaling, which is a crucial pathway for ovulation. In addition, progestin and cyclic adenosine 3′,
5′-monophosphate (cAMP) supplementation were tested as methods to circumvent phthalate toxicity. Granulosa cells from women undergoing
in vitro fertilization were acclimated in culture to regain responsiveness to human chorionic gonadotropin (hCG; clinical luteinizing hormone
analogue). Granulosa cells were treated with or without hCG, and with or without PHTmix (1–500 μg/ml; dimethylsulfoxide = vehicle control) for
0.5–36 h. In the supplementation experiments, cells were treated with or without R5020 (stable progestin), and with or without 8-Br-cAMP (stable
cAMP analogue). Exposure to hCG + PHTmix decreased P4 levels and mRNA levels of steroidogenic factors when compared to hCG. This was
accompanied by decreased mRNA levels of PGR and downstream P4/PGR ovulatory mediators (ADAM metallopeptidase with thrombospondin
type 1 motif 1 (ADAMTS1), C-X-C motif chemokine receptor 4 (CXCR4), pentraxin 3 (PTX3), and regulator of G protein signaling 2 (RGS2))
in the hCG + PHTmix groups compared to hCG. Exposure to hCG + PHTmix 500 μg/ml decreased cAMP levels and protein kinase A activity
compared to hCG. Supplementation with progestin in the hCG + PHTmix 500 μg/ml group did not rescue toxicity, while supplementation with
cAMP restored PGR levels and downstream P4/PGR mediator levels to hCG levels. These findings suggest that phthalate mixture exposure
inhibits P4/PGR signaling in human granulosa cells via decreased steroidogenesis, cAMP levels, and protein kinase A activity. Restored P4/PGR
signaling with cAMP supplementation provides a potential cellular target for intervention of phthalate-induced ovulatory dysfunction in women.

Summary Sentence
Exposure to a phthalate mixture decreased progesterone production and inhibited PGR signaling in human granulosa cells, and PGR signaling
was restored with cAMP supplementation.
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Introduction

Phthalates are a class of chemicals used as plasticizers, sol-
vents, and excipients in a myriad of common consumer prod-
ucts including food and beverage packaging, car upholstery,
cosmetics, personal care products, floorings, roofing, and car-
peting [1–5]. Due to their widespread production and their use
in these items, humans are exposed to a mixture of phthalates
daily via oral ingestion, inhalation, and dermal contact. As
such, measurable levels of phthalates are detected in human
urine, blood, amniotic fluid, breast milk, and even ovarian
follicular fluid, which suggests that phthalates can act directly
on the human ovary [6–10]. This exposure represents a public
health concern because phthalates are endocrine-disrupting
chemicals that impair the female reproductive system [1,
5]. Because some phthalates are incorporated in cosmetics
and personal care products such nail polish, perfume, and
hairspray, adult women have an increased exposure to certain
phthalates compared to men [1, 11]. This underscores the
importance of further investigating the effects of phthalates
on ovarian function.

The primary functions of the ovary include development
and maturation of the egg (oocyte), release of the oocyte
from the ovary (ovulation) for fertilization, and production
of sex steroid hormones to regulate the reproductive sys-
tem and the initiation and maintenance of pregnancy [1, 5].
These functions are conducted within the follicle, which is
the functional endocrine unit of the ovary containing the
oocyte surrounded by granulosa cells and theca cells [1, 5].
Previous research using murine models suggests that exposure
to certain individual phthalates disrupts ovarian function by
accelerating follicle development and decreasing sex steroid
hormone levels, which potentially can lead to reproductive
disorders including infertility and premature menopause/pri-
mary ovarian insufficiency [1, 5, 12–15].

Unfortunately, the extent of knowledge regarding the
impacts of phthalates on ovarian function is predominantly
from studies conducted in rodents using single phthalate
exposures. This is not a physiologically relevant approach
as humans are exposed to a mixture of phthalates on a daily
basis [8, 16, 17]. To circumvent these limitations, the present
study exposed primary human granulosa cells to a phthalate
mixture (PHTmix) containing the most commonly used
phthalates [18–21]. The PHTmix was derived from urinary
phthalate metabolite levels in pregnant women enrolled
in the Children’s Environmental Health Research Center
study at the University of Illinois at Urbana-Champaign,
and it contained diethyl phthalate (DEP), di(2-ethylhexyl)
phthalate (DEHP), dibutyl phthalate (DBP), diisononyl
phthalate (DiNP), diisobutyl phthalate (DiBP), and butyl
benzyl phthalate (BBzP) [19–21].

Although phthalate exposures have been shown to impair
ovarian function, including steroid hormone production [1,
5], much less is known about the direct effects on the crucial
ovulatory process. Limited studies suggest that ovulation rates
were suppressed in rats following exposure to supraphysi-
ological doses of DEHP [22, 23]. In conjunction, increased
urinary phthalate metabolite levels have been shown to be
negatively associated with total number of oocytes retrieved
in in vitro fertilization (IVF) patients [24, 25]. Our group has
recently shown that this PHTmix directly inhibits ovulation
in mouse follicles in vitro [26]; however, the direct effects
of combined phthalate exposure on ovulation in women
is poorly understood. Therefore, this study investigated the

effects of the PHTmix on progesterone (P4) and P4 receptor
(PGR) action, which are crucial for ovulation and fertility, in
granulosa cells obtained from women undergoing IVF.

Ovulation is initiated by the mid-cycle luteinizing hor-
mone (LH) surge or clinical treatment with human chorionic
gonadotropin (hCG; a potent LH analogue). LH/hCG stim-
ulate the upregulation of numerous hormones and proteins
that facilitate follicle wall breakdown and oocyte release [27].
Arguably the most established LH/hCG-induced ovulatory
mediators are P4 and PGR [27–29]. During the periovula-
tory period, a >36-h process from LH surge/hCG treatment
to oocyte release, granulosa cells produce abundant levels
of P4 and PGR. As a nuclear transcription factor, P4/PGR
signaling results in further upregulation of additional ovu-
latory mediators, including ADAM metallopeptidase with
thrombospondin type 1 motif 1 (ADAMTS1), C-X-C motif
chemokine receptor 4 (CXCR4), pentraxin 3 (PTX3), and
regulator of G protein signaling 2 (RGS2) [29–32]. P4 and
PGR are essential for ovulation and fertility because human
and rodent studies demonstrated that inhibition of P4 syn-
thesis, antagonists of PGR, and knocking out Pgr results in
anovulation and infertility [28, 29, 33]. Thus, any disruption
in this crucial pathway by the PHTmix may have negative
effects on female reproductive health.

The present study therefore tested the hypothesis that PHT-
mix exposure would decrease ovulatory P4 production and
PGR levels, leading to hindered P4/PGR signaling in human
granulosa cells. Furthermore, the present study sought to elu-
cidate the mechanism by which PHTmix exposure decreased
P4/PGR, which would potentially provide a therapeutic target
for intervention of phthalate action at the cellular level. As
defects in ovulation are the leading cause of infertility in
women [34], this study lays the foundation for understanding
how exposure to a mixture of ubiquitous toxicants potentially
contributes to the prevalence of infertility in women.

Materials and methods

Chemicals

The composition of the PHTmix was as follows: 35% DEP,
21% DEHP, 15% DBP, 15% DiNP, 8% DiBP, and 5% BBzP.
The mixture was derived from urinary phthalate metabolite
levels from pregnant women enrolled in the Children’s Envi-
ronmental Health Research Center at the University of Illinois,
thus representing human exposure to a mixture of phthalates
[19–21]. All phthalates were >98% purity and were pur-
chased from Sigma-Aldrich (St. Louis, MO). Stock solutions of
the mixture were prepared using dimethylsulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO) as the vehicle to prepare
various concentrations (1.33, 13.3, 133, and 655 mg/ml). This
allowed for an equal volume of each stock to be added to the
culture to control for vehicle concentration (75 μg/ml). The
final concentrations of the PHTmix in culture were 1, 10, 100,
and 500 μg/ml.

These concentrations were selected based on their ability to
reduce antral follicle growth, decrease sex steroid production,
cause oocyte fragmentation, and directly inhibit ovulation in
studies using the same PHTmix in mouse antral follicles in
vitro [19, 26]. Concentrations of individual phthalates found
in the PHTmix have also been shown to disrupt ovarian
folliculogenesis and steroidogenesis in mouse models [12,
14]. Previous studies have shown that phthalate metabolites
are also readily measured in follicular fluid from women
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undergoing in vitro fertilization, with nearly 100% of
samples containing the primary metabolite of the majority
of the phthalates included in the PHTmix [6, 7, 35]. When
considering the concentrations of each individual phthalate
as a percentage of the total mixture, the concentrations of
DBP and DEHP at the lowest concentration of the PHTmix
(1 μg/ml) are below the highest measurements of each of
the respective metabolites (MBP and MEHP) in human
follicular fluid [35]. Specifically, in the 1 μg/ml PHTmix
concentration, the concentration of DBP and DEHP are 150
and 210 ng/ml, respectively. These concentrations are below
the highest recorded levels measured in these patients for MBP
(415 ng/ml) and MEHP (239 ng/ml) [35]. Certain populations
are also exposed to much higher levels of DEHP, DBP, and
DEP than the general population due to the prevalence of these
phthalates in certain medications and medical equipment. The
concentrations of these individual phthalates of the PHTmix
may encompass medical exposure levels that are seen in
humans undergoing certain medical procedures and taking
certain medications, especially intravenously [36–39].

In the supplementation experiments, promegestone (R5020)
was selected as a non-metabolizable PGR agonist (Perkin-
Elmer Inc., Boston, MA), and 8-bromoadenosine 3′, 5′-cyclic
monophosphate (8-Br-cAMP; hereafter abbreviated to cAMP
for simplicity) was selected as a stable cAMP analogue
(Sigma-Aldrich, St. Louis, MO). Three concentrations of
R5020 (100, 300, and 1000 ng/ml) were selected. The
100 ng/ml concentration was selected because it was used
in previous experiments to mimic high levels of P4 that are
produced by cultured primate follicles [40, 41]. The 300 ng/ml
concentration was selected because it is roughly equivalent to
the mean difference in P4 levels when comparing the hCG
control group to the highest PHTmix concentration (highest
P4 levels minus lowest P4 levels following treatment), as
evident in the present study. The 1000 ng/ml concentration
was selected as a supraphysiological dose. The concentration
of cAMP that was selected was 1.5 mM because this
concentration has been shown to induce steroidogenesis in
a similar primary human granulosa cell model as used in the
present study [42, 43].

Human granulosa cell collection and in vitro culture

The present study utilized an in vitro culture system using
granulosa cells from patients undergoing IVF that recapitu-
lates periovulatory outcomes as observed in the human in vivo
[44–47]. The Institutional Review Board of the University of
Kentucky Office of Research Integrity approved the protocol
for granulosa cell collection. Women undergoing IVF at the
Bluegrass Fertility Center (Lexington, KY) underwent a stan-
dardized ovarian stimulation protocol by administration of
recombinant human FSH for 9–11 days. Following this FSH
treatment regimen, the patients were given 10 000 U of hCG
to induce the ovulatory cascade, and follicular aspiration was
conducted 36 h post-hCG treatment to collect the contents of
the follicles, which is the time-point just prior to ovulation.
Oocytes were isolated in the fertility clinic and the remaining
granulosa cells were subjected to a Percoll gradient to separate
the granulosa cells from red blood cells in the aspirate pro-
viding a purified population of cells for culture. The isolated
granulosa cells were cultured in OptiMEM media containing
10% fetal bovine serum and 1% antibiotic-antimycotic (2.5
× 105 cells/ml). The granulosa cells were cultured for 6 days
and the media were changed every 24 h. Following this 6-day

acclimation period, the granulosa cells regain responsiveness
to hCG and are able to recapitulate periovulatory outcomes.
Specifically, these revitalized granulosa cells now possess func-
tional LH/hCG receptors, produce P4 in response to hCG, and
have increased mRNA levels of EGF-like peptides, PGR, and
prostaglandin synthases/transporters in response to hCG [45,
46]. Thus, the acclimation period allows the granulosa cells
to revert back to a preovulatory phenotype, and re-treatment
with hCG is capable of inducing ovulatory outcomes as
observed in women in vivo [45, 46].

Prior to hCG treatment, the cells were pretreated with
DMSO (vehicle control) or the PHTmix (1, 10, 100, and
500 μg/ml) for 48 h. Following 48 h, the cells were first
cultured in media without serum for 1 h and were then treated
with or without hCG (1 IU/ml) and with or without the
PHTmix. Cell and media samples were collected prior to hCG
treatment (following 24- and 48-h exposure to vehicle and
the PHTmix) and following hCG + PHTmix treatment (0, 0.5,
6, 12, 24, and 36 h) for the assays described below. In the
supplementation experiments, cells were also treated with or
without R5020 and with or without cAMP.

Cell viability assay

Cell viability was measured using the colorimetric CellTiter
96 Aqueous One Solution cell proliferation assay (MTS)
according to the manufacturer’s protocol (Promega, Madison,
WI). Briefly, the cells were cultured on 96-well plates in
triplicates and were treated with or without the PHTmix
and with or without hCG, as described above. The MTS
assay was performed on samples collected prior to hCG
treatment (following PHTmix exposure for 24 and 48 h) and
24 h following hCG + PHTmix treatment. At each time-point,
20 μl of CellTiter reagent was pipetted into each well and was
incubated for 1.5 h. Absorbance was measured at 490 nm in
an Infinite F200 plate reader (Tecan USA) to determine the
formazan concentration, which is proportional to the number
of live cells.

Progesterone measurements

P4 concentrations were measured in media treated immedi-
ately before (0 h) and after (6, 12, 24, 36 h) hCG treatment via
an Immulite kit [45]. The assay sensitivity was 0.02 ng/ml and
intraassay and interassay coefficients of variation were 7%
and 12%, respectively. Due to patient-to-patient variability,
data are expressed as percent fold-change relative to the hCG
alone control group at each time-point.

Gene expression analysis

Following each culture time-point, cells were lysed and stored
at −80◦C for quantitative real-time polymerase chain reaction
(qPCR) analysis. Total RNA (200 ng) was extracted from
the cells using the RNeasy Mini Kit (Qiagen, Inc., Valen-
cia, CA) according to the manufacturer’s protocol and was
then reverse transcribed to cDNA using the iScript RT kit
(Bio-Rad Laboratories, Inc., Hercules, CA) according to the
manufacturer’s protocol. The cDNA samples were further
diluted using nuclease-free water. The AriaMX Real-Time
PCR System (Agilent Technologies, Santa Clara, CA) and
accompanying Agilent Aria software was used for analysis
of qPCR according to the manufacturer’s protocol. Specific
qPCR primer information/sequences (Integrated DNA Tech-
nologies, Inc., Coralville, IA; Invitrogen Life Technologies,
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Table 1. Laboratory-designed primer sequences and TaqMan primer information.

Laboratory-designed primer sequences

Gene name Gene symbol 5′-Forward-3′ 5′-Reverse-3′

ADAM metallopeptidase with thrombospondin type 1
motif 1

ADAMTS1 CAGCCCAAGGTTGTA-
GATGGT

GATCCATTTCCCCCGCAAAC

C-X-C motif chemokine receptor 4 CXCR4 ACTGAGAAGCATGACGGACA GATGAAGGCCAGGATGAGGA
Cytochrome P450 family 11 subfamily A member 1 CYP11A1 AGTCCTCGCCCCTTCAA AGCTTCTCCCTG-

TAAATCGGG
Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and
steroid delta-isomerase 2

HSD3B2 TGAGGCAGTAAGGACTTG-
GAC

GTGACCCAGAAGAGGGCG-
TAA

Pentraxin 3 PTX3 TGCGATTCTGTTTTGTGCTC TGAAGAGCTTGTCCCATTCC
Regulator of G protein signaling 2 RGS2 CGAGGAGAAGCGAGAAAAGA CCTCAGGAGAAGGCTTGATG
Steroidogenic acute regulatory protein STAR GAGGTCGATGCTGAGTAGCC CCTGCAGAAGATCGGAAAAG

TaqMan primer information

Gene name Gene symbol Assay ID

Progesterone receptor PGR Hs01556702 m1
Glyceraldehyde-3-phosphate dehydrogenase GAPDH Hs99999905 m1

Inc., Waltham, MA) can be found in Table 1. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was selected as the ref-
erence gene, as statistical analysis confirmed its expression did
not significantly differ across time-point or treatment group.

The AriaMX Real-Time PCR System quantifies the amount
of PCR product generated by measuring the fluorescence from
the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad
Laboratories, Inc.) or TaqMan Gene Expression Master Mix
(Invitrogen Life Technologies, Inc., Waltham, MA) for reac-
tions performed with laboratory-designed primers or TaqMan
primers, respectively. The SsoAdvanced program consisted of
an enzyme activation step (95◦C for 30 s), an amplification
and quantification program (45 cycles of 95◦C for 10 s, 60◦C
for 10 s, single fluorescence reading), and a melt curve (65–
95◦C heating 0.5◦C per second with continuous fluorescence
readings), as per the manufacturer’s protocol. The TaqMan
program included the following steps: 2 min at 50◦C to permit
AmpErase uracil-N-glycosylase optimal activity, denaturation
step for 10 min at 95◦C, 15 s at 95◦C, and 1 min at 60◦C
for 50 cycles, followed by 1 min at 95◦C, 30 s at 58◦C,
and 30 s at 95◦C for ramp dissociation. Expression data
were generated using the mathematical standard comparative
(��Ct) method. The �Ct was calculated by subtracting
the reference gene Ct value from the gene of interest Ct
value. The ��Ct was calculated as the difference between
the �Ct between the treatment groups and the 0-h DMSO
groups (immediately prior to hCG treatment). The relative
fold-change of expression was then equaled to 2−��CT for
each sample. Due to patient-to-patient variability, data are
expressed as percent fold-change relative to the hCG alone
control group at each time-point.

Cyclic adenosine monophosphate quantitative
assay

Levels of cAMP were quantified using the cAMP enzyme-
linked immunosorbent assay (ELISA) (Abcam, Boston, MA)
according to the manufacturer’s protocol. Briefly, cellular
protein was extracted following 30 min of hCG treatment.
Protein lysates were plated on a recombinant protein G-
coated plate that facilitates binding of the cAMP antibody
to the plate. The amount of cAMP-HRP bound to the plate

(competitive ELISA) was measured by absorbance readings
at 450 nm from an Infinite F200 plate reader. The assay
sensitivity was 0.02 μM. Due to patient-to-patient variability,
data are expressed as percent change relative to the hCG alone
control group.

Protein kinase A activity assay

Protein kinase A (PKA) activity was measured using the PKA
Kinase Activity Assay Kit (Abcam, Boston, MA) according
to the manufacturer’s protocol. Briefly, cellular protein was
extracted following 30 min of hCG treatment. Protein lysates
were used in an ELISA using a peptide as the PKA substrate
and an antibody recognizing each phosphorylated substrate.
Relative kinase activity was measured by absorbance readings
at 450 nm from an Infinite F200 plate reader. The assay
intraassay and interassay coefficients of variation were less
than 10% and less than 12%, respectively. Due to patient-
to-patient variability, data are expressed as percent change
relative to the hCG alone control group.

Statistical analysis

Data analysis was conducted using SPSS statistical software
(SPSS, Inc., Chicago, IL). Data were expressed as means ±
standard error of the mean (SEM). Multiple comparisons
between normally distributed experimental groups were
made using one-way analysis of variance followed by Tukey
post hoc comparison. Multiple comparisons between non-
normally distributed experimental groups were made using
Kruskal–Wallis tests when appropriate. Statistical significance
was assigned at p ≤0.05.

Results

Effect of PHTmix exposure on granulosa cell
viability

Cell viability was first measured in human granulosa cells
collected before and after hCG treatment as a potential mech-
anism of PHTmix toxicity. Prior to hCG treatment, PHTmix
exposure for 24 and 48 h did not alter cell numbers/viability
when compared to the DMSO group (Figure 1A). Following
hCG treatment for 24 h, there is an expected increase in
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Figure 1. Effect of phthalate mixture exposure on human granulosa cell viability/metabolism. Human granulosa cells were collected at the time of oocyte
retrieval from women undergoing in vitro fertilization. The cells were processed as described in Materials and methods to regain responsiveness to hCG.
The cells were treated with DMSO (vehicle control) or phthalate mixture (PHTmix; 1–500 μg/ml) for 48 h prior to hCG treatment. Following 48 h, the
cells were treated with or without hCG (1 IU/ml) and with or without PHTmix. Cell viability/metabolism was measured via a colorimetric MTS assay
following 24- and 48-h PHTmix exposure prior to hCG treatment (A) and following 24 h of hCG + PHTmix treatment (B). Values are presented as
absorbance read at 490 nm, which positively correlates with cell viability/metabolism. Graphs represent mean ± SEM. Bars that do not share a letter
designation are significantly different (n = 4 patients/group, p ≤ 0.05).

cell viability output in the hCG alone control group when
compared to DMSO (Figure 1B), due to the effect of hCG
on cellular metabolism [31]. However, hCG + PHTmix expo-
sure did not alter cell viability when compared to the hCG
alone control group (Figure 1B). These data suggest that the
concentrations of PHTmix used in the present study are not
cytotoxic and any alterations in cellular function are not due
to cell death.

Effect of PHTmix exposure on P4 and PGR levels

The LH/hCG-induced increases in P4 and PGR in granulosa
cells are well characterized, and these increases are required
for fertility as disruption or absence of P4/PGR signaling
during the ovulatory period results in anovulation [30, 45,
48, 49]. Then, P4 was measured in media samples collected
across the ovulatory period (6, 12, 24, and 36 h) in the
human granulosa cell model. Treatment with hCG at each
time-point significantly increased P4 levels when compared
to DMSO (Figure 2A). However, this increase was inhibited
by exposure to hCG + PHTmix at multiple time-points and
concentrations. The most consistent findings were in the 100
and 500 μg/ml hCG + PHTmix groups, where these concen-
trations had decreased P4 levels at each time-point when
compared to hCG alone (Figure 2A). At 36 h, the levels in
the 500 μg/ml group were comparable to the DMSO group
that did not receive hCG treatment. P4 levels were also
significantly decreased in the 1 μg/ml group at 6 and 24 h,
and in the 10 μg/ml group at 24 and 36 h when compared to
hCG (Figure 2A).

Cellular mRNA levels of PGR were also measured across
the ovulatory period in the human granulosa cells. The mRNA
levels of PGR increased early (6 and 12 h) and decreased late
(24 and 36 h) during the ovulatory period in the hCG control
group when compared to DMSO (Figure 2B). This transient
pattern of PGR expression by hCG is expected in human
granulosa cells, as seen in our previous publication [45].
However, this early increase was inhibited by hCG + PHTmix
at the 100 and 500 μg/ml concentrations when compared to
hCG (Figure 2B). Furthermore, the mRNA levels of PGR were
increased at these concentrations at the 36-h time-point when
compared to hCG (Figure 2B).

Effect of PHTmix exposure on downstream P4/PGR
ovulatory mediators

As a nuclear transcription factor, the increase in P4/PGR sig-
naling during the ovulatory period induces the upregulation of
several downstream mediators of ovulation in granulosa cells.
A few of these factors that are downstream of P4/PGR and
have been shown to mediate biological processes required for
ovulation are ADAMTS1, CXCR4, PTX3, and RGS2 [29–32].
Since P4 and PGR levels were decreased in human granulosa
cells following exposure to the PHTmix, the mRNA levels
of these downstream mediators were measured. Expected
increases in each gene were observed in the hCG groups when
compared to DMSO (Figure 3). These increases were early
during the periovulatory period (6 and 12 h) for ADAMTS1
and PTX3 and at all time-points tested for CXCR4 and
RGS2. The early increases in ADAMTS1 were inhibited by
hCG + PHTmix exposure at the 10, 100, and 500 μg/ml con-
centrations when compared to hCG (Figure 3A). Treatment
with hCG + PHTmix at the 10 and 500 μg/ml concentrations
decreased the levels of CXCR4 at the 12- and 24-h time-
points; however, the 100 and 500 μg/ml concentrations fur-
ther increased CXCR4 levels at the 36-h time-point when
compared to hCG (Figure 3B). The early induction of PTX3
at 6 and 12 h was inhibited by hCG + PHTmix at the 1,
10, and 500 μg/ml concentrations when compared to hCG
(Figure 3C). Similar decreases in RGS2 at 6, 12, and 24 h were
observed at the 1, 100, and 500 μg/ml concentrations when
compared to hCG (Figure 3D).

Effect of PHTmix exposure on steroidogenic genes

The increase in P4 levels during the periovulatory period is
largely mediated by LH/hCG-induced increases in the lev-
els of steroidogenic proteins/enzymes, namely steroidogenic
acute regulatory protein (STAR), cytochrome P450 family
11 subfamily A member 1 (CYP11A1), and hydroxy-delta-5-
steroid dehydrogenase, 3 beta- and steroid delta-isomerase 2
(HSD3B2) [29, 32, 50]. To elucidate the mechanism by which
exposure to the PHTmix decreased P4 levels, the levels of
these steroidogenic genes were measured. Expected increases
in the levels of STAR (Figure 4A) and CYP11A1 (Figure 4B)
by hCG were observed at each time-point tested compared
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Figure 2. Effect of phthalate mixture exposure on P4 levels and PGR mRNA levels. Human granulosa cells from in vitro fertilization patients were treated
with DMSO (vehicle control) or phthalate mixture (PHTmix; 1–500 μg/ml) for 48 h prior to hCG treatment. Following 48 h, the cells were treated with
or without hCG and with or without PHTmix. Media were collected at multiple time-points following hCG treatment and were subjected to progesterone
measurements via an Immulite kit (A). Cells were collected at multiple time-points following hCG treatment and were subjected to qPCR to measure PGR
mRNA levels that were normalized to GAPDH (B). Values are presented as a percent fold-change relative to the hCG alone control group for each time-point
collected. Graphs represent mean ± SEM. Bars that do not share a letter designation are significantly different (n = 9–12 patients/group, p ≤ 0.05).

Figure 3. Effect of phthalate mixture exposure on the mRNA levels of downstream P4/PGR ovulatory mediators. Human granulosa cells from in vitro
fertilization patients were treated with DMSO (vehicle control) or phthalate mixture (PHTmix; 1–500 μg/ml) for 48 h prior to hCG treatment. Following
48 h, the cells were treated with or without hCG and with or without PHTmix. Cells were collected at multiple time-points following hCG treatment and
were subjected to qPCR to measure the mRNA levels of ADAMTS1 (A), CXCR4 (B), PTX3 (C), and RGS2 (D). All values were normalized to GAPDH and
are presented as a percent fold-change relative to the hCG alone control group for each time-point collected. Graphs represent mean ± SEM. Bars that
do not share a letter designation are significantly different (n = 9–12 patients/group, p ≤ 0.05).

to DMSO. However, the increase in STAR was inhibited by
hCG + PHTmix at the 10, 100, and 500 μg/ml concentrations
at 6 and 12 h and at all concentrations tested at 36 h when
compared to hCG (Figure 4A). Contrary to the many changes
in STAR, exposure to hCG + PHTmix decreased the levels of
CYP11A1 only at the 12-h time-point by the 1 μg/ml concen-
tration compared to hCG (Figure 4B). HSD3B2 was induced
by hCG at the 6 and 24 h time-points when compared to
DMSO, but these increases were inhibited by hCG + PHTmix
at the 10 (6 h) and 500 μg/ml (6 and 24 h) concentrations
when compared to hCG (Figure 4C).

Effect of PHTmix exposure on cAMP levels and PKA
activity

Activation of the LH/hCG receptor (LHCGR; a G-protein
coupled receptor) by the ovulatory stimulus results in an
immediate and abundant increase in intracellular cAMP
leading to PKA activation and ultimately induction of
PGR [28]. To elucidate the mechanism by which exposure
to the PHTmix decreased PGR levels, cAMP levels and
PKA activity were measured. The 100 and 500 μg/ml
concentrations were selected for analysis because these were
the concentrations with decreased PGR levels (Figure 2B).
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Figure 4. Effect of phthalate mixture exposure on the mRNA levels of steroidogenic proteins/enzymes. Human granulosa cells from in vitro fertilization
patients were treated with DMSO (vehicle control) or phthalate mixture (PHTmix; 1–500 μg/ml) for 48 h prior to hCG treatment. Following 48 h, the cells
were treated with or without hCG and with or without PHTmix. Cells were collected at multiple time-points following hCG treatment and were
subjected to qPCR to measure the mRNA levels of STAR (A), CYP11A1 (B), and HSD3B2 (C). All values were normalized to GAPDH and are presented as
a percent fold-change relative to the hCG alone control group for each time-point collected. Graphs represent mean ± SEM. Bars that do not share a
letter designation are significantly different (n = 9–12 patients/group, p ≤ 0.05).

In both assays, hCG increased the levels of cAMP and PKA
activity following 30 min of treatment when compared to
DMSO (Figure 5A and B). The increases in cAMP and PKA
activity were inhibited by hCG + PHTmix at the 500 μg/ml
concentration compared to hCG (Figure 5A and B).

Effect of progestin supplementation on the rescue
of PHTmix toxicity

Exposure to hCG + PHTmix resulted in inhibition of the
hCG-induced increases in P4 production during the periovula-
tory period (Figure 2A). Therefore, progestin supplementation
to the cells was conducted to investigate whether a PGR
agonist could rescue PHTmix toxicity. Promegestone (R5020)
was selected because it is a stable PGR agonist that cannot be
aromatized or metabolized. The 500 μg/ml concentration was
selected for these experiments because this concentration con-
sistently decreased P4 levels across the periovulatory period.
Preliminary analysis of the effects of R5020 supplementation
on RGS2 levels was selected because RGS2 was the most
abundantly induced gene by hCG in the present study and
was consistently decreased by the 500 μg/ml concentration
(Figure 3D). As expected, hCG increased P4 levels compared
to DMSO, and hCG + PHTmix decreased P4 levels compared
to hCG (Figure 6A and B), as observed in previous experi-
ments (Figure 2A). Supplementation with R5020 did not alter
the levels of P4 at 12 and 24 h in any treatment group or at any
concentration of R5020 selected (Figure 6A and B), and the
levels of P4 are comparable to the respective treatment groups

that did not receive R5020. Thus, R5020 treatment does not
cross-react with P4 in the Immulite assay. In a similar fashion,
supplementation with R5020 did not alter the levels of PGR at
12 h in any treatment group or at any concentration of R5020
selected when compared to the respective treatment groups
that did not receive R5020 (Figure 6C). The expected changes
of increased PGR levels in the hCG group compared to
DMSO and the decreased PGR levels in the hCG + PHTmix
group compared to hCG was observed, as was the case in
previous experiments (Figure 2B). The only observed change
in R5020 treatment was in the levels of RGS2 at 12 h where
treatment with hCG + R5020 at 100 ng/ml decreased the
levels of RGS2 when compared to the hCG alone group
(Figure 6D). In all other cases, supplementation with R5020
did not alter the levels of RGS2 at 12 and 24 h in any treat-
ment group or at any concentration of R5020 selected when
compared to the respective treatment groups that did not
receive R5020 (Figure 6D and E). The anticipated changes of
increased RGS2 levels in the hCG group compared to DMSO
and the decreased RGS2 levels in the hCG + PHTmix group
compared to hCG was observed (Figure 6D and E), as was
noted in previous experiments (Figure 3D).

Effect of cAMP supplementation on the rescue of
PHTmix-induced decreases in P4 and PGR levels

Exposure to hCG + PHTmix at the 500 μg/ml concentra-
tion inhibited the hCG-induced increases in PGR levels
(Figure 2B), cAMP levels (Figure 5A), and PKA activity
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Figure 5. Effect of phthalate mixture exposure on cAMP levels and PKA activity. Human granulosa cells from in vitro fertilization patients were treated
with DMSO (vehicle control) or phthalate mixture (PHTmix; 100–500 μg/ml) for 48 h prior to hCG treatment. Following 48 h, the cells were treated with
or without hCG and with or without PHTmix. Cells were collected 30 min following hCG treatment to measure cAMP levels (A) and PKA activity (B) via
ELISAs. Values are presented as a percent change relative to the hCG alone control group. Graphs represent mean ± SEM. Bars that do not share a
letter designation are significantly different (n = 5–8 patients/group, p ≤ 0.05).

Figure 6. Effect of progestin supplementation on phthalate mixture-induced toxicity. Human granulosa cells from in vitro fertilization patients were
treated with DMSO (vehicle control) or phthalate mixture (PHTmix; 500 μg/ml) for 48 h prior to hCG and progestin (R5020) treatment. Following 48 h,
the cells were treated with or without hCG, with or without PHTmix, and with or without R5020 (100–1000 ng/ml). Media were collected at multiple
time-points following hCG treatment and were subjected to progesterone measurements via an Immulite kit (A, B). Cells were collected at multiple
time-points following hCG treatment and were subjected to qPCR to measure the mRNA levels of PGR (C) and RGS2 (D, E) that were normalized to
GAPDH. Values are presented as a percent fold-change relative to the hCG alone control group for each time-point collected. Graphs represent
mean ± SEM. Bars that do not share a letter designation are significantly different (n = 4–8 patients/group, p ≤ 0.05).

(Figure 5B). Thus, a stable cAMP analogue was supplemented
to the cells to investigate if this treatment could rescue
PHTmix toxicity at the 500 μg/ml concentration. As shown
previously, hCG increased P4 levels at each time-point
tested (Figure 7A) and PGR levels at the 6- and 12-h time-
points (Figure 7B) when compared to DMSO. Likewise, these
increases where inhibited by hCG + PHTmix when compared
to hCG. Supplementation with cAMP increased the levels of
P4 in each treatment group at each time-point when compared
to the respective treatment groups that did not receive cAMP
(Figure 7A). Although cAMP supplementation in the PHTmix

group did not completely restore P4 levels to DMSO + cAMP,
hCG + cAMP, and hCG alone levels, it did increase P4 levels
when compared to the hCG + PHTmix group (Figure 7A).

Supplementation with cAMP increased PGR levels in
each treatment group at the 6- and 12-h time-points when
compared to the respective treatment groups that did not
receive cAMP, and the levels in the PHTmix + cAMP groups
at these time-points were comparable to the DMSO + cAMP
and hCG + cAMP groups (Figure 7B). As expected, hCG
decreased PGR levels late during the periovulatory period
(24 and 36 h) when compared to DMSO, but cAMP
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Figure 7. Effect of cAMP supplementation on phthalate mixture-induced decreases in P4 levels and PGR mRNA levels. Human granulosa cells from in
vitro fertilization patients were treated with DMSO (vehicle control) or phthalate mixture (PHTmix; 500 μg/ml) for 48 h prior to hCG and 8-Br-cAMP
(cAMP) treatment. Following 48 h, the cells were treated with or without hCG, with or without PHTmix, and with or without cAMP (1.5 mM). Media
were collected at multiple time-points following hCG treatment and were subjected to progesterone measurements via an Immulite kit (A). Cells were
collected at multiple time-points following hCG treatment and were subjected to qPCR to measure PGR mRNA levels that were normalized to GAPDH
(B). Values are presented as a percent fold-change relative to the hCG alone control group for each time-point collected. Graphs represent mean ± SEM.
Bars that do not share a letter designation are significantly different (n = 4–8 patients/group, p ≤ 0.05).

supplementation in each treatment group had comparable
PGR levels to that of the DMSO alone group at 24 h and that
of the hCG alone group at 36 h (Figure 7B).

Supplementation with cAMP had minimal effects on
the PHTmix-induced alterations in steroidogenic mRNA
levels. Briefly, cAMP supplementation in the PHTmix group
increased the mRNA levels of STAR at each time-point
relative to the hCG + PHTmix group, and levels were
comparable (12 h) or increased (6, 24, and 36 h) relative
to hCG alone (Supplementary Figure S1A). Interestingly,
cAMP supplementation in the PHTmix group increased
CYP11A1 levels at 6 h relative to hCG; however, levels
were comparable to the hCG + PHTmix group, which did
not differ significantly compared to hCG alone (Supple-
mentary Figure S1B). Supplementation with cAMP in the
PHTmix group restored the levels of HSD3B2 to hCG levels
at the 6-h time-point, but it decreased levels relative to hCG
alone and the hCG + PHTmix group at the 12-h time-point
(Supplementary Figure S1C).

Effect of cAMP supplementation on the rescue of
PHTmix-induced decreases in downstream P4/PGR
ovulatory mediators

Supplementation with cAMP appeared to partially restore
P4 levels (Figure 7A) and fully restore PGR levels in the
PHTmix group (Figure 7B). Therefore, downstream P4/PGR
ovulatory mediators were measured to assess if cAMP sup-
plementation rescued the defects in P4/PGR signaling caused
by PHTmix exposure. As previously shown, hCG increased
the levels of ADAMTS1 and PTX3 at the 6-, 12-, and 24-
h time-points (Figure 8A and C) and CXCR4 and RGS2 at
all time-points tested (Figure 8B and D) when compared to
DMSO, and exposure to PHTmix at the 500 μg/ml con-
centration inhibited these increases. Supplementation with
cAMP predominantly increased the levels of each gene in
each treatment group at each time-point when compared to
the respective treatment groups that did not receive cAMP,
except with ADAMTS1 at 6 and 36 h where the levels were
comparable to the hCG alone and DMSO alone groups,
respectively (Figure 8A). Supplementation with cAMP also
did not have an effect of increasing PTX3 levels at the early
6-h time-point (Figure 8C). Aside from these findings, cAMP
supplementation in the 500 μg/ml group increased the levels

of each gene when compared to PHTmix alone, and the levels
were comparable to the DMSO + cAMP and hCG + cAMP
groups (Figure 8A–D).

Discussion

The present study characterized the effects of a phthalate
mixture on ovulatory P4/PGR action using primary human
granulosa cells. The main findings suggest that exposure
to the PHTmix decreased the production of P4, decreased
PGR levels, and dysregulated P4/PGR action by decreasing
ADAMTS1, CXCR4, PTX3, and RGS2 levels, all of which
are essential for successful ovulation and fertility [27–32].
Furthermore, these defects appeared to be driven by the
decrease in PGR levels, and less by the decrease in P4 levels.
Specifically, supplementing the granulosa cells treated with
the highest concentration of the PHTmix with a stable cAMP
analogue, shown to increase PGR levels in this model, restored
the levels of the downstream P4/PGR ovulatory mediators,
while supplementation with a stable progestin failed to rescue
phthalate-induced toxicity. As such, these findings suggest
that the mechanism by which the PHTmix inhibits ovulatory
P4/PGR signaling is via disruptions in the cAMP/PKA path-
way, and that this pathway may be a targetable approach at
the cellular level for intervention on phthalate toxicity in the
ovary during the ovulatory period.

By using human granulosa cells and a phthalate mixture,
this study was a novel approach for investigating phtha-
late action in the ovary. The majority of phthalate ovarian
toxicology studies are conducted in rodent species [1, 5];
therefore, it is presently unknown if phthalates directly impair
the functions of the human ovary, an organ known to be
directly exposed to phthalates [6, 7]. Epidemiological evidence
suggests that increased phthalate exposure is associated with
poor in vitro fertilization outcomes, including decreased num-
bers of oocytes retrieved, decreased number of mature/fertil-
izable oocytes retrieved, and decreased incidence of clinical
pregnancy and live births [5, 24, 25]. These data suggest that
phthalate exposure may hinder ovarian function and the ovu-
latory process, even in the presence of exogenous hormones
used in the IVF procedure. Therefore, this study utilized an in
vitro primary human granulosa cell model that recapitulates
ovulatory outcomes observed in normally cycling women in

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad091#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad091#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad091#supplementary-data
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Figure 8. Effect of cAMP supplementation on phthalate mixture-induced decreases in the mRNA levels of downstream P4/PGR ovulatory mediators.
Human granulosa cells from in vitro fertilization patients were treated with DMSO (vehicle control) or phthalate mixture (PHTmix; 500 μg/ml) for 48 h
prior to hCG and cAMP treatment. Following 48 h, the cells were treated with or without hCG, with or without PHTmix, and with or without cAMP. Cells
were collected at multiple time-points following hCG treatment and were subjected to qPCR to measure the mRNA levels of ADAMTS1 (A), CXCR4 (B),
PTX3 (C), and RGS2 (D). All values were normalized to GAPDH and are presented as a percent fold-change relative to the hCG alone control group for
each time-point collected. Graphs represent mean ± SEM. Bars that do not share a letter designation are significantly different (n = 5–12 patients/group,
p ≤ 0.05).

vivo [44–47] to investigate the direct effects of phthalates on
human periovulatory granulosa cells.

While the use of primary human samples is a strength of
these studies, the source of the samples being from patients
undergoing IVF complicates interpretation. The present study
used granulosa cell samples collected from women that are
fertile (male factor infertility, oocyte preservation, and oocyte
donors), have non-ovarian infertility diagnoses (endometrio-
sis and tubal factor infertility), and have ovarian disorders
(polycystic ovary syndrome). Presently, we are not able to
stratify samples based on their fertility/infertility status, in
part due to the limited patient availability and cell number
collected from each patient. Correlating these diagnoses with
the measurable outcomes in our model is an area of future
investigation. Furthermore, measurements of phthalates in the
follicular fluid aspirates at the time of oocyte collection will
allow us to determine if higher baseline phthalate exposure
predisposes the granulosa cells to greater phthalate-induced
ovulatory toxicities in our model, which will also be the focus
of future work.

An additional limitation to the literature investigating the
effects of phthalates on the ovary is that the majority of studies
focus on single phthalate exposures [1]. To combat this, the
present study utilized a phthalate mixture that was derived
from urinary phthalate levels in pregnant women [19–21].
However, a limitation to this study is that parent phthalates
were used in the PHTmix instead of phthalate metabolites.
Phthalates are rapidly metabolized to monoester metabolites
and oxidative derivatives, and it is these metabolites that
are thought to be bioactive and act on human tissues [16,
51]. To better increase environmental relevance and mimic
human exposure to phthalates, future studies should incor-
porate phthalate metabolite mixtures at concentrations found

in women’s follicular fluid in their in vitro toxicology studies.
These are currently active areas of investigation in our labora-
tory with manuscripts on human and mouse ovulatory models
forthcoming.

While use of parent phthalates in the PHTmix is considered
a limitation to the present in vitro study, our findings still
provide novel mechanistic evidence of the impact of phthalate
exposure on human health. High exposure levels of phtha-
lates, such as those during certain intravenous medical proce-
dures, can introduce parent phthalates into the ovarian unit,
and mature follicles within the ovary can metabolize parent
phthalates rendering them bioactive [52–55]. Significant find-
ings were also observed at the 1 μg/ml concentration, which
includes levels of individual phthalates below the highest
levels found in women’s follicular fluid [35]. At this lower
concentration, the PHTmix decreased ovulatory P4 levels and
the mRNA levels of PTX3, RGS2, STAR, and CYP11A1.
Thus, our findings are the first, to our knowledge, to charac-
terize the effects and to elucidate a direct mechanism by which
phthalate mixture exposure inhibits ovulatory outcomes in
human granulosa cells obtained from a primary source.

In order to observe if the PHTmix or the concentrations
selected caused cytotoxicity, we first measured cell viabil-
ity/metabolism prior to and after hCG treatment using a
commercial MTS assay. At all time-points tested, exposure
to the PHTmix did not alter cell viability/metabolism when
compared to the DMSO group (prior to hCG administra-
tion) and the hCG alone group (after hCG administration).
These results are similar to those from a previous study
using the same PHTmix and concentrations, where PHT-
mix exposure did not cause ovarian follicle death or induce
apoptosis in cultured mouse antral follicles [19]. Thus, the
observed effects on P4/PGR action in this study are not due to
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PHTmix-induced granulosa cell death, but are rather due to
toxicity downstream of hCG action.

We selected to investigate the effects of the PHTmix on
ovulatory P4/PGR action because it has been widely estab-
lished that P4 and PGR are critical for ovulation and fer-
tility across species [27–29]. During the ovulatory period,
LH and hCG bind to their receptor (LHCGR) on granulosa
cells, which increases P4 levels via increases in steroidogenic
proteins and enzymes [29, 32, 50]. Activation of LHCGR, a G-
protein coupled receptor, simultaneously increases PGR levels
in granulosa cells via upregulated cAMP/PKA signaling [28].
The increases in P4, PGR, and subsequent P4/PGR signaling
in periovulatory granulosa cells across species, including in
women, is paramount for ovulation and fertility because
inhibiting P4 synthesis, blocking PGR with an antagonist, or
knocking out Pgr results in complete ovulatory failure [28, 29,
33]. PGR is a nuclear transcription factor that when activated
by P4 binding results in the upregulation of additional key
ovulatory mediators, including ADAMTS1, CXCR4, PTX3,
and RGS2 [29–32]. These P4/PGR-induced ovulatory media-
tors are involved in the proteolytic degradation of the follicle
wall, infiltration of leukocytes to the periovulatory follicle,
expansion of the cumulus oocyte complex, and continued
intracellular signaling during the periovulatory period, all of
which are processes required for successful ovulation [27–
32]. Even knocking out several of these P4/PGR downstream
mediators in mice (Adamts1, Ptx3, Rgs2) results in reduced
ovulation and subfertility [56–58], thus outlining their impor-
tance in the ovulatory process.

In support of phthalate-induced disrupted P4/PGR signal-
ing in human granulosa cells, we first observed decreases
in P4 and PGR levels following exposure to the PHTmix.
Decreases in P4 levels were largely attributed to the PHTmix-
induced decreases in STAR and, to a lesser extent, CYP11A1
and HSD3B2. This is evident as STAR levels were decreased
by each concentration of the PHTmix depending on time-
point, and these decreases predominantly correspond to the
time-point-dependent decreases in P4 levels. The decreases
in PGR were only observed at the highest concentrations
tested, and the decrease at the 500 μg/ml concentration was
via a mechanism involving decreased cAMP levels and PKA
activity. Interestingly, we did not observe decreases in cAMP
levels and PKA activity in the 100 μg/ml group. Therefore,
additional LHCGR-dependent signaling molecules, includ-
ing extracellular signal-regulated kinase 1/2 (ERK1/2), p38
mitogen-activated protein kinase (p38 MAPK), protein kinase
B (AKT), and protein kinase C [27, 59, 60], may be responsible
for the 100 μg/ml-induced decreases in PGR levels, and this
will be explored in future studies. These pathways will also be
further explored at the 500 μg/ml concentration as a potential
combined toxic mechanism because a slight but significant
decrease in PKA activity was reported in the current study
(Figure 5B).

The decreases in ligand (P4) and receptor (PGR), either
individually or in combination, led to impaired ovulatory
P4/PGR signaling, as demonstrated by the PHTmix-induced
decreases in the mRNA levels of ADAMTS1, CXCR4, PTX3,
and RGS2. Decreases in these P4/PGR downstream ovulatory
mediators can potentially lead to phthalate-induced ovulatory
dysfunction given their known induction and potential roles in
the ovulatory process [29–32]. Decreases in these downstream
mediators at the 1 and 10 μg/ml concentrations appear to
be due to decreased P4 production, as PGR levels are not

affected at these concentrations. Meanwhile, the combined
decreases in P4 production and PGR levels at the 100 and
500 μg/ml concentrations may contribute to the disrupted
P4/PGR signaling. To further elucidate the mechanism of
P4/PGR signaling disruption and to identify potential thera-
peutic targets for phthalate toxicity, rescue experiments were
conducted using a stable ligand (R5020, non-metabolizable
progestin and PGR agonist) and a stable LHCGR activated
downstream signaling molecule (8-Br-cAMP, cAMP is known
to increase PGR levels [28]). These rescue experiments were
conducted at the 500 μg/ml concentration as it consistently
decreased the levels of P4, PGR, cAMP/PKA, and downstream
P4/PGR ovulatory mediators.

R5020 supplementation at multiple concentrations failed
to rescue the phthalate toxicity on downstream P4/PGR
signaling. This was evident by the levels of RGS2 in the
hCG + PHTmix group and the hCG + PHTmix + R5020
group, which were both comparable to each other and
decreased relative to hCG alone. Meanwhile, R5020 sup-
plementation did not cross-react with the P4 measurement
assay and did not restore PGR levels to hCG controls. These
data suggest that the PHTmix-induced decreases in P4 are
not solely responsible for the disrupted P4/PGR signaling
at the highest concentration, because a ligand mimicking
P4 is unable to rescue phthalate toxicity. An alternative
explanation is that the granulosa cells are still producing
sufficient functional levels of P4 in this PHTmix group.
Specifically, P4 levels are the highest at the 36-h time-point
where the hCG alone group produced 750 ng/ml and the
hCG + PHTmix 500 μg/ml group produced 372 ng/ml.
Although this represents a 50% decrease in P4 levels
(Figure 2A), perhaps sufficient P4 is still being produced to be
functional, and therefore further supplementation may not be
able to override the toxicity at the decreased PGR level.

In support of the hypothesis that PHTmix actions are at
the level of PGR, cAMP supplementation restored PHTmix
toxicity. Specifically, cAMP supplementation in the PHTmix
500 μg/ml group completely restored PGR levels beyond
hCG controls and comparable to hCG + cAMP levels. Sup-
plementation in the PHTmix group even partially restored
P4 levels beyond hCG + PHTmix levels, albeit still at levels
below the hCG controls. This is partially explained by the
modest rescue of STAR levels in the hCG + PHTmix + cAMP
group, without significant increases to the other P4 synthetic
enzymes, CYP11A1 and HSD3B2. With functional levels of
PGR restored, cAMP supplementation in the PHTmix group
further restored the levels of ADAMTS1, CXCR4, PTX3, and
RGS2 at multiple time-points beyond hCG alone levels and
comparable to levels in cells treated with hCG + cAMP. While
the partially restored P4 levels cannot be entirely discounted,
the cAMP supplementation data, in combination with the lack
of rescue in the R5020 experiments, suggest that the decreases
in PGR levels are likely responsible for the impaired P4/PGR
signaling by the PHTmix at the highest concentration. In
addition to decreasing PGR levels, DEHP and its metabolites
have been shown to directly bind to PGR, which can be an
additional mechanism of disrupted PGR signaling [61].

A concerted effort has been made recently to investigate
exposure to phthalate mixtures in mouse models to determine
the impact on ovarian function and fertility, and several of
these studies used the same PHTmix utilized in this study [5,
62]. These findings in mice suggest that phthalate mixtures
disrupt folliculogenesis and antral follicle growth, follicle
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health, steroid hormone production, estrous cyclicity, and fer-
tility and breeding indices in in vivo dosing and in vitro follicle
culture models [19–21, 26, 63]. Several of these impacted
parameters suggest that oocyte release may be a direct tar-
get of phthalate toxicity. In support of this hypothesis, our
previous published study identified that the same PHTmix at
the same concentrations tested in the present study directly
decreased ovulation rates in mouse antral follicles in vitro via
a mechanism involving alterations in P4 levels, Pgr levels, and
downstream P4/PGR signaling [26].

In summary, findings from the present study demonstrate
for the first time that PHTmix exposure directly impairs the
crucial P4/PGR signaling pathway for ovulation in a primary
human ovarian cell model known to recapitulate ovulatory
outcomes [44–47]. These findings support observations in the
mouse and provide a shared mechanism of phthalate-induced
ovulatory dysfunction between human granulosa cells and the
mouse follicles exposed to the PHTmix. Importantly, the cur-
rent observations in granulosa cells from women contribute to
the growing literature suggesting that exposure to phthalates
may impair women’s fertility and reproductive health.
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