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A B S T R A C T

Background: Phenols and phthalates are potential endocrine disrupting chemicals (EDCs) that are associated
with adverse health outcomes. These EDCs dysregulate a number of biomolecules and pathways, including
microRNAs. MicroRNAs can be carried in transport systems called extracellular vesicles (EVs) that are present in
most biofluids. EVs in the follicular fluid, which fills the ovarian follicle and influences oocyte developmental
competency, carry microRNAs (EV-miRNAs) that have been associated with In Vitro Fertilization (IVF) outcomes.
However, it remains unclear whether EDCs affect EV-miRNAs in follicular fluid.
Objectives: This study sought to determine whether urinary concentrations of phenols and phthalates biomarkers
are associated with EV-miRNAs expression in follicular fluid collected from women undergoing IVF treatment.
Methods: This cross-sectional study included 130 women recruited between January 2014 and August 2016 in a
tertiary university-affiliated hospital. Participants provided urine samples during ovarian stimulation and on the
day of oocyte retrieval. We assessed urinary concentrations of five phenols, eight phthalate metabolites, and one
phthalate alternative metabolite. EV-miRNAs were isolated from follicular fluid and their expression profiles
were measured using the TaqMan Open Array® Human microRNA panel. We fitted multivariable linear re-
gression models and principal component analysis to examine associations between individual and molar sums
of exposure biomarkers and EV-miRNAs.
Results: Of 754 miRNAs tested, we detected 133 EV-miRNAs in the microRNA array which expressed in at least
50% of the follicular fluid samples. After adjusting for multiple testing, we identified eight EV-miRNAs asso-
ciated with individual phenols and phthalate metabolites, as well as molar ΣDEHP that met a q < 0.10 false-
discovery rate (FDR) threshold. Hsa-miR-125b, hsa-miR-106b, hsa-miR-374a, and hsa-miR15b was associated
with mono(2-ethylhexyl) phthalate concentrations, hsa-let-7c with concentrations mono-2-ethyl-5-hydroxyhexyl
phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate (MEOHP), mono-2-ethyl-5-carboxypentyl phthalate
(MECPP), and the sum of metabolites of di(2-ethylhexyl) phthalate, hsa-miR-24 with mono-n-butyl phthalate
concentrations, hsa-miR-19a with cyclohexane-1,2-dicarboxylic acid monohydroxy isononyl ester (MHiNCH),
and hsa-miR-375 with ethyl paraben concentrations. Using Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses, gene targets and pathways of these EV-miRNAs were predicted in silico and 17 KEGG FDR-
significant pathways related to follicular development and oocyte competence were identified.
Conclusions: Our results show that urinary concentrations of select phenol and phthalate metabolites are cor-
related with altered EV-miRNAs expression in follicular fluid. These findings may provide insight regarding the
molecular mechanisms underlying adverse effects of phenol and phthalate exposure on female fertility.
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1. Introduction

Phthalates and phenols are two classes of potential endocrine dis-
rupting chemicals (EDCs) present in the environment, food, and ev-
eryday consumer products (Baccarelli et al., 2000; Diamanti-
Kandarakis et al., 2009). These ubiquitous compounds are associated
with adverse health outcomes in humans (Bornehag et al., 2004; Feige
et al., 2007; Gore et al., 2015; Miodovnik et al., 2011; Philippat et al.,
2012). Human exposure to phthalates and phenols occurs through
several routes, including ingestion, inhalation, and dermal contact
(Hauser and Calafat, 2005). The most common sources of exposure to
these chemicals include personal care products (cosmetics, shampoos,
perfumes), solvents, medical devices (like IV tubing), thermal receipts,
and food packaging materials (Carwile et al., 2011; Guo and Kannan,
2013; Hauser and Calafat, 2005). Previous epidemiologic studies have
shown that some phthalates and phenols are associated with adverse
female fertility outcomes (Ehrlich et al., 2012; Hauser et al., 2016;
Jukic et al., 2016; Machtinger et al., 2018; Meeker and Ferguson, 2014;
Mínguez-Alarcón et al., 2016; Toft et al., 2012).

There is increasing interest in molecular markers, such as
microRNAs, and how they might act as an intermediate between en-
vironmental exposures like EDCs and the development of diseases and
disorders (Casati et al., 2015; Derghal et al., 2016; Fleisch et al., 2012).
MicroRNAs are short, non-coding RNA molecules that can post-tran-
scriptionally regulate gene expression (Li et al., 2007; Lim et al., 2005;
Sætrom et al., 2007) and can be free-floating or packaged in extra-
cellular vesicles (EV-miRNAs). Extracellular vesicles (exosomes, micro-
vesicles, and other membrane-bound vesicles) have been detected in
almost every biofluid, including follicular fluid (Weber et al., 2010),
and can act as a vehicle carrying proteins, messenger RNAs (mRNAs),
and microRNAs (miRNAs) (Raposo and Stoorvogel, 2013). These EV-
miRNAs are microRNAs packaged in extracellular vesicles and are
stable compared to their free-floating counterparts. They are actively
released by viable cells and likely represent an active means of com-
munication between cells and tissues (Machtinger et al., 2016; Yáñez-
Mó et al., 2015). EV-miRNAs expression has been associated with
concentrations of phenols and phthalate metabolites, with resultant
downstream alterations in gene expression in testicular tissue from
zebrafish (Lee et al., 2018), in vitro mouse Sertoli cells (Cho et al.,
2010), ovarian tissue from rodents (Liu et al., 2018b), hippocampal
tissue from rodents (Luu et al., 2017), and human placental cells
(Avissar-Whiting et al., 2010; De Felice et al., 2015b; Larocca et al.,
2016; Meruvu et al., 2016). However, to the best of our knowledge, the
relationship between EV-miRNAs expression in follicular fluid and
ubiquitous environmental chemicals known to have reproductive toxi-
city is unstudied.

The ovarian follicle not only houses the oocyte itself, but as the
follicle matures, it induces cellular differentiation occurs, creating cel-
lular layers of thecal, granulosa, and cumulus cells. Thecal and granu-
losa cells make up the membrane of the follicle itself, while cumulus
cells surround the encapsulated oocyte (Hennet and Combelles, 2012;
Rimon-Dahari et al., 2016). The granulosa cells that embed the ovarian
follicle secret hyaluronan and chondroitin sulfate that generates an
osmotic gradient in the follicle. This gradient pulls in fluid derived from
the vasculature of the theca cells that surround the granulosa cells in
the ovarian follicle (Rodgers and Irving-Rodgers, 2010). The follicular
fluid, a critical microenvironment for the development of oocytes
(Rodgers and Irving-Rodgers, 2010; Zuccotti et al., 2011), contains a
mixture of proteins, metabolites, ions, plasma components, numerous
other molecules, including EV-miRNAs. Thus, the objective of this study
was to determine whether urinary concentrations of phenols and
phthalate metabolites are correlated with the expression of EV-miRNAs
isolated from follicular fluid in women undergoing in vitro fertilization
(IVF). The ability to quantify biomarkers of exposure to phthalates and
phenols and how they impact EV-miRNAs in follicular fluid may pro-
vide insight into the potential influence of EDCs on female

reproduction.

2. Methods

2.1. Ethics

This study was approved by the Sheba Medical Center institutional
review board (IRB) in accordance with the Declaration of Helsinki.
Authors confirm that all methods were in accordance with the relevant
guidelines and regulations. All participants provided written informed
consent upon enrollment.

2.2. Study population

Between January 2014 and August 2016, women aged 19 to
38 years with six or fewer previous IVF attempts were recruited in a
tertiary care university-affiliated hospital in Israel. To increase gen-
eralizability, we included in the study both fertile and infertile women.
Fertile women were those who had conceived spontaneously in the past
and underwent IVF for pre-gestational diagnosis of autosomal recessive
diseases. Participants were excluded from the cohort before the EV-
miRNAs analysis if they had a diagnosis of polycystic ovarian syndrome
(PCOS), endometriosis, were poor responders according to Bologna
criteria (Ferraretti et al., 2011), and/or had a male partner with severe
male factor infertility. Only women using one regimen (antagonist
protocol) were included to avoid potential confounding by the stimu-
lation protocol. All women participated during a single IVF cycle.

2.3. Exposure assessment

Study participants provided up to two spot urine samples in a sterile
polypropylene cup. Specimens were pooled before further analysis for
participants providing more than one urine sample. Collection occurred
during stimulation (days 1–7 of gonadotropin injection) and/or on the
day of oocyte retrieval. In cases that 2 urine samples were collected,
they were pooled before the chemical analysis to save costs. Specific
gravity (SG), which is used to correct concentrations for urine dilution,
was measured (Comber test strips, Roche, Switzerland), and samples
were aliquoted and frozen at −80 °C. Frozen samples were shipped to
the CDC (Atlanta, GA, USA) for quantification of biomarkers of 11
phenols: 2,4-dichlorophenol, 2,5-dichlorophenol, benzophenone-3,
BPA, BPF, BPS, methyl paraben, propyl paraben, ethyl paraben, butyl
paraben and triclosan; 17 phthalates metabolites: monoethyl phthalate
(MEP), mono-n-butyl phthalate (MnBP), mono-hydroxybutyl phthalate
(MHBP), mono-isobutyl phthalate (MiBP), mono-hydroxyisobutyl
phthalate (MHiBP), monobenzyl phthalate (MBzP), mono-3-carbox-
ypropyl phthalate (MCPP), mono-2-ethylhexyl phthalate (MEHP),
mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-ox-
ohexyl phthalate (MEOHP), mono-2-ethyl-5-carboxypentyl phthalate
(MECPP), mono-2-ethyl-5-hydroxyhexyl terephthalate (MEHHTP),
mono-2-ethyl-5-carboxypentyl terephthalate (MECPTP), mono-isononyl
phthalate (MNP), monooxononyl phthalate (MONP), mono(carboxy-
isooctyl) phthalate (MCOP), mono(carboxy-isononyl) phthalate
(MCNP), and two metabolites of the phthalate althernative DINCH
(Cyclohexane-1,2-dicarboxylic acid diisonoyl ether): cyclohexane-1,2-
dicarboxylic acid monohydroxy isononyl ester (MHiNCH), and cyclo-
hexane-1,2-dicarboxylic acid monocarboxyisooctyl ester (MCOCH).
Due to our smaller sample size, we analyzed metabolites that were
detectable in 85% of the participants with the except of ethyl-paraben
that was present in (78.5%) but was part of the ∑paraben. Methods for
quantifying biomarkers concentrations used online solid phase extrac-
tion coupled with high performance liquid chromatography-isotope
dilution tandem mass spectrometry following standard quality assur-
ance/quality control procedures as previously described (Silva et al.,
2013; Silva et al., 2017; Ye et al., 2005). The biomarkers included in
this analysis were Mono-2-ethyl-5-carboxypentyl phthalate (MECPP),
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Mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), Mono-2-ethyl-5-ox-
ohexyl phthalate (MEOHP), Mono-2-ethylhexyl phthalate (MEHP),
Mono-n-butyl phthalate (MBP), Mono-hydroxybutyl phthalate (MHBP),
Mono-isobutyl phthalate (MiBP), Mono-hydroxy-isobutyl phthalate
(MHiBP), Cyclohexane-1,2-dicarboxylic acid, monohydroxy isononyl
ester (MHiNCH), bisphenol A (BPA), methyl-paraben, ethyl-paraben,
propyl-paraben, and butyl-paraben. Instrumental reading values were
used for concentrations below the limit of detection (LOD). Biomarker
concentrations were all adjusted for urinary specific gravity using the
following formula: Pc=P[(1.014− 1)/(SG− 1)], where Pc is the SG-
corrected biomarker concentration (ng/mL), P is the instrument mea-
sured biomarker concentration (ng/mL), and 1.014 is the median SG
level in our study population. All analyses used SG-adjusted biomarker
concentrations.

2.4. Outcome assessment

2.4.1. RNA extraction from follicular fluid
Follicular fluid (otherwise discarded material) was collected during

oocyte retrieval from follicles> 18mm, centrifuged at 1500×g for
15min. Samples were pre-cleaned using a 0.80 um pore-size poly-
ethersulfone filter (StericupRVP, Merck Millipore) to remove larger
proteins and debris and aliquoted into 500 uL for immediate storage at
−80 °C (Witwer et al., 2013). Only mature (MII) oocytes were ex-
amined for RNA analysis. Methods for RNA extraction from biological
fluids have been previously described (Pergoli et al., 2017). In short,
samples were thawed, centrifuged for 15min at 1200×g at room
temperature and then centrifuged three times at 1000, 2000, and
3000×g, respectively, for 15min at 4 °C Following this steps, samples
were ultracentrifuged (Beckman Coulter Optima-MAX-XP) at
110,000×g for 75min at 4 °C for the extraction of EV, as ultra-
centrifugation is considered the standard according to International
Society for Extracellular Vesicle recommendations (Gardiner et al.,
2016). The pellets obtained were kept at −80 °C until use. EV-miRNAs
were extracted from the ultracentrifuged pellets using the miRNAeasy
Kit and RNeasy CleanUp Kit per the manufacturer (Qiagen, Valencia,
CA, USA). The final purified EV-miRNA-enriched RNA was eluted into
20 uL of RNAse-free water and stored at −80 °C until further use.

2.4.2. Expression analysis of EV-miRNAs in follicular fluid
We screened for 754 microRNAs in our EV-miRNA aliquot using the

TaqMan Open Array® system. We obtained 758 Crt values for each
follicular fluid sample, which included 754 unique miRNAs and four
internal controls (ath-miR159a, RNU48, RNU44 and U6). Methods of
Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) for
screening EV-miRNAs using the microRNA array in biological fluids are
published elsewhere (Pergoli et al., 2017). QuantStudio™ 12 K Flex is a
fixed-content panel containing validated human TaqMan® MicroRNA
Assays derived from Sanger miRBase release v.14. All 754 assays have
been functionally validated with miRNA artificial templates. The panel
is specifically designed to provide specificity for only the mature
miRNA targets. TaqMan MicroRNA Assays (spotted in the panel) in-
corporate a target-specific stem-loop reverse transcription primer al-
lowing to work despite the short length of mature miRNAs (~22 nu-
cleotides) which prohibits conventional design of primers. Briefly, we
prepared 3.3 uL of each RNA sample and then reverse-transcribed to
cDNA (complementary DNA) and pre-amplified. Pre-amplified samples
were mixed with the TaqMan Open Array® Real Time PCR Master Mix
(Life Technologies, Foster City, CA) and loaded onto a TaqMan™
OpenArray® Human miRNA panel with the QuantStudio™ AccuFill
System Robot (Life Technologies, Foster City, CA). RT-qPCR was per-
formed on the QuantStudio™ 12 K Flex Real-Time PCR System with the
OpenArray® Platform [QS12KFLEX] (Life Technologies, Carlsbad, CA)
according to the manufacturer's instructions. Expression levels were
calculated in relative cycle threshold values (Crt), estimating the am-
plification cycle at which the fluorescence levels for each of the

analyzed EV-miRNAs exceed the background fluorescence threshold
(Enderle et al., 2015).

2.5. Covariate assessment

Participant's height and weight, measured at the beginning of the
IVF cycle, were used to calculate body mass index (BMI) (kg/m2). Age,
fertility diagnosis [male factor, PGD (pre-gestational diagnosis), un-
explained, mechanical, sexual dysfunction, or egg donor], smoking
status, number of previous IVF attempts, and number of oocytes re-
trieved at the start of the IVF cycle were extracted from participants'
medical charts and questionnaire. The batch of EV-miRNAs expression
was determined based on the year the samples were sent from Israel to
the lab for EV-miRNAs analysis (batch 1 vs batch 2).

2.6. Statistical analysis

2.6.1. EV-miRNA-by-EV-miRNA regression analysis
To extract the EV-miRNAs qPCR data, we used Thermo Fisher Cloud

Relative Quantification software. To ensure accuracy of in our nor-
malization methods of the EV-miRNAs, as discussed previously
(Marabita et al., 2016; Mestdagh et al., 2009; Zeka et al., 2015), we ran
algorithms to identify the best normalization strategy. We first applied
the NormFinder and geNorm algorithms to select the best normalization
strategy among global mean (arithmetic and geometric), RNU48,
RNU6, or the average of the four miRNAs with the lowest standard
deviation (SD) among subjects. Based on these algorithms, we found
that global mean was the best method to normalize the data. EV-
miRNAs data was normalized using the global mean (GM) method
(ΔCrt_EV-miRNAi = (Crt_EV-miRNAi− Crt_EV-miRNAi_global_mean)) as suggested
by Pergoli et al. (Pergoli et al., 2017). All the EV-miRNAs with a Crt
value> 28 and/or an amplification score ≤1.24 were identified as
unexpressed. For the global mean, we coded all those EV-miRNAs that
were unexpressed as 28. We calculated the delta Crt based on the global
mean across all the miRNAs within that subject and dividing it by the
total miRNAs (N=754). All subsequent analyses were performed on
only those EV-miRNAs that had expressed values. Standard descriptive
statistics were used to explore the characteristics of the study partici-
pants and exposure data. Spearman's correlation coefficients were used
to examine correlations between phenols and phthalate metabolites.
Adjusted linear regression models were applied to uncover top hit EV-
miRNAs. All models were adjusted for a priori covariates: age, body
mass index (BMI, calculated from patient height and weight), smoking
status, pre-IVF fertility status (fertile vs infertile), and batch number.
SG-adjusted biomarker concentrations were log10 transformed and EV-
miRNA outcomes were inverse normally transformed to ensure nor-
mality with a standard deviation of one. Regression analyses were
further adjusted for any unwanted variation within our high-
throughput assay by applying the SVA (surrogate variable analysis)
package (Leek et al., 2017). The SVA package can help identify and
remove any batch effects or unwanted sources of variation, seasonal,
meteorological, exposure, or technical variables, which are unknown
but might be differently distributed in the two batches of samples. It
creates surrogate variables, accounting for the unmeasured variation,
that act as covariates in our models that would account for any un-
known, un-modeled, or other sources of noise (Leek et al., 2012). To
account for multiple-testing, we applied the Benjamini-Hochberg FDR
“p. adjust” function in R (Benjamini and Hochberg, 1995). All statistical
analyses were performed in R-version 3.4.0 (R-Core-Team, 2017). Sta-
tistical significance was set at a p-value<0.05. For multiple compar-
isons we chose a less conservative threshold of q-value<0.10, due to
our sample size.

2.6.2. Mixtures of phenols and phthalates
Molar sums were calculated for metabolites of di 2-(ethyl hexyl)

phthalate (ΣDEHP), the dibutyl phthalate metabolites (ΣDBP), and
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parabens biomarkers (Σparabens) by dividing the concentration of each
metabolite by its molecular weight and then summing, e.g.
ΣDEHP= [(mEHP× (1/278.34))+ (mEHHP× (1/
294.34))+ (mEOHP× (1/292.33))+ (mECPP× (1/308.33))]. We
adjusted the molar sums for urinary specific gravity as previously de-
scribed (Machtinger et al., 2018) and log10 transformed for the analysis.
We ran multivariable linear regression models adjusting for a priori
covariates: age, BMI, smoking status, fertility status, and batch number,
as well as SVA surrogate variables.

2.7. In silico KEGG enrichment pathway analysis

We performed an in-silico analysis using a web-based tool
miRWalk2.0 (http://mirwalk.umm.uni-heidelberg.de/) to investigate
gene targets of EV-miRNAs (Dweep et al., 2011). Target predictions
included a comparative analysis of seven prediction programs, DIA-
NAmT, miRanda, miRDB, miRWalk, PICTAR5, RNA22, and Targetscan.
Only those targets that validated in Target scan and at least five of the
other prediction programs were further investigated. The predicted
target search examined promoter, 5′-untranslated regions, 3′-un-
translated regions, and coding sequences and included a minimum seed
length of seven nucleotides (Dweep et al., 2011). Using the genes se-
lected by miRWalk, we ran a Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway enrichment analysis in the web-based tool
WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) (Wang et al.,
2017; Zhang et al., 2005) and restricted our results to only those with
10 or more genes listed in the in silico predicted targets and an FDR q-
value<0.05.

3. Results

3.1. Study population

The women in our study were 31 ± 3.7 years of age (mean ±
standard deviation), had a BMI of 23.5 ± 4.7 kg/m2, and a mean of
9 ± 5 oocytes retrieved during the IVF cycle (Table 1). Most women
were on their first IVF attempt (66%).

3.2. Urinary biomarkers

All analyses were run on 130 samples that had exposure biomarkers,
demographic, and EV-miRNA data from mature oocytes Supplementary
Fig. S1. A majority of our participants (73%) provided two spot urine
samples (n=99/136). Most biomarkers were detected in ≥85% of the
samples, except for ethyl paraben (78.5% > LOD). Specific gravity-
adjusted medians, IQRs (interquartile ranges), LOD, and percent of the
samples with concentrations above the LOD are shown in Table 2. The
correlations between SG-adjusted biomarkers are shown in Supple-
mentary Fig. S2.

3.3. Profile of EV-miRNAs in follicular fluid

We screened for EV-miRNAs in a panel of 754 miRNAs and detected
320 in at least one of the 130 samples analyzed. For our analyses, we
chose to restrict the EV-miRNAs we analyzed to those that were de-
tected in at least 50% of our samples, resulting in 133 EV-miRNAs. This
cut-off was chosen to maximize the number of EV-miRNAs examined
while retaining a large enough sample to assess the associations. A list
of the selected EV-miRNAs with their detectable levels are provided in
Supplemental Table S1. Additionally, a heatmap of the normalized EV-
miRNAs used in our analysis for each individual is provided as
Supplementary Fig. S3.

3.4. Associations between individual biomarker measures and EV-miRNA
expression in follicular fluid

To examine the association between the follicular fluid EV-miRNAs
and the exposure biomarkers, we ran EV-miRNA-by- EV-miRNA linear
regression models for each of our biomarkers. All our models adjusted
for age, BMI, smoking status, fertility status, batch, and SVA surrogate
variables, which were biomarker specific. The SVA variables accounted
for any unmeasured variation within our dataset. After adjusting for
multiple testing for the EV-miRNAs, we identified eight EV-miRNAs
associated with individual biomarkers concentrations (Table 3; see also
Supplemental Tables S2 and S3 for full regression results). We found
that a log10 increase (ng/mL) in MBP was associated with a 0.37 [95%
CI: −0.57, −0.17] standard deviation decrease of hsa-miR-24 ΔCt,
where a lower ΔCt indicates higher relative expression. Additionally,
MEHP was significantly associated with hsa-miR-125b (ΔCt effect size:
−0.32; 95%CI: −0.50, −0.15), hsa-miR-106b (ΔCt effect size: 0.29;
95%CI: 0.11, 0.46), hsa-miR-374a (ΔCt effect size: 0.30; 95%CI: 0.11,
0.49), and hsa-miR-15b (ΔCt effect size: 0.28; 95%CI: 0.10, 0.47). Ethyl
paraben was significantly associated with hsa-miR-375 (ΔCt effect size:
0.28; 95%CI: 0.13, 0.44). Hsa-let-7c was significantly associated with
MEOHP (ΔCt effect size: −0.51; 95%CI: −0.79, −0.23), MEHHP (ΔCt
effect size: −0.50; 95%CI: −0.79, −0.22), and MECPP (ΔCt effect size:
−0.47; 95%CI: −0.74, −0.21). Phthalate alternative MHINCH was
significantly associated with hsa-miR-19a (ΔCt effect size: −0.39;
95%CI: −0.60, −0.17) (Table 3).

3.5. Associations of molar sums of phenol and phthalate biomarkers

We ran separate linear regression models with each of our three
molar sums and found that molar ΣDEHP was significantly associated
with hsa-let-7c. We found a one unit increase in log10 molar ΣDEHP
(umol/L) was associated with a 0.55 (95%CI: −0.85, −0.26) standard
deviation decrease in hsa-let-7c ΔCt (Table 3). While we found several
significant EV-miRNAs with molar ΣDBP and molar ΣParabens, none
were significant after FDR adjustments (Supplemental Table S4).

3.6. In silico KEGG pathway analyses

We ran KEGG analyses for the eight FDR-adjusted significant EV-
miRNAs, hsa-miR-375, hsa-miR-24, hsa-miR-125b, hsa-miR-106b, hsa-
miR-374a, hsa-miR-15b, hsa-miR-19a, and hsa-let-7c. The miRWalk tool
identified 600 unique genes associated with these EV-miRNAs in the
Targetscan database and at least three different EV-miRNA prediction
programs. Our in silico analysis using WebGestalt identified 36 enriched
KEGG pathways. Each contained at least ten genes identified by the
miRWalk tool and had a FDR q-value<0.05 (Supplemental Table S5).
Genes involved with the significant pathways can be identified in
Supplemental Table S5 and Supplemental Table S6. Of the 36 KEGG
pathways, 17 were associated with follicular development and oocyte
maturation and function: TGF-beta signaling, endocrine resistance,
PI3K-Akt signaling, focal adhesion, FoxO signaling, cell cycle, MAPK
signaling, EGFR tyrosine kinase inhibitor resistance, prolactin

Table 1
Descriptive statistics of study participants.

Age, years (mean ± SD) 31 ± 3.7

BMI, kg/m2 (mean ± SD) 23.5 ± 4.7
Number of oocytes retrieved (mean ± SD) 9 ± 5
Current smoking status (%) No 96 (74%)

Yes 34 (26%)
IVF attempt (%) First attempt 86 (66%)

Attempt > 1 44 (34%)
Fertility status (%) Fertile 56 (43%)

Infertile 74 (57%)

Abbreviations: BMI: body mass index, SD: standard deviation, IVF: in vitro
fertilization.
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signaling, p53 signaling, HIF-1 signaling, ErbB signaling, cAMP sig-
naling, oocyte meiosis, progesterone-mediated oocyte maturation,
ubiquitin mediated proteolysis, and Jak-STAT signaling pathways.
(Fig. 1). The most common of these significant genes, that played a role
in identifying these pathways, include mapk1, akt3, map2k1, pik3r3, and
raf1 (Supplemental Table S7).

4. Discussion

In the present study, we identified significant correlations between
phenol and phthalate biomarker urinary concentrations and EV-miRNA
profiles in follicular fluid. Among these women undergoing IVF, hsa-
miR-125b and hsa-miR-15b were positively associated with DEHP,
while hsa-miR-106b, and hsa-miR-374a had an inverse association with
DEHP (increased DEHP with decreased expression). Concentrations of
MBP were positively associated with levels of hsa-miR-24. Hsa-let-7c
was positively associated with urinary concentrations of MEOHP,
MEHHP, MECPP, and ΣDEHP. Additionally, phthalate alternative
MHINCH was positively associated with hsa-miR-19a. Among the
phenols examined, increased urinary concentration of ethyl paraben
was associated with decreased expression hsa-miR-375. These associa-
tions remained significant after FDR adjustment.

To our knowledge, this is the first study to identify correlations
between select potential EDCs and EV-miRNA expression in follicular

fluid. EV-miRNAs play a role in intra- and inter- cellular communica-
tion within the ovarian follicle. Follicular fluid EVs can originate from
the oocyte, cumulus or mural granulosa cells in the ovarian follicle. As
the field of EVs and reproduction is evolving, the origin of these folli-
cular fluid EVs, their production and their turnover rate remains largely
unexplored. Recent studies suggest that EV-miRNAs can impact gran-
ulosa cell function and can alter follicular development and oocyte
maturation (Di Pietro, 2016; Machtinger et al., 2016) and several of the
significant EV-miRNAs that were associated with phthalates and phe-
nols biomarkers in our study play key roles in the ovarian follicle. MiR-
375 is expressed in both granulosa cells and oocytes and mediates the
effect of genes that regulate follicular growth with downstream pro-
liferation, spread, and apoptosis of cumulus cells (Chen et al., 2017; Liu
et al., 2018a). Overexpression of miR-375 blocked the proliferation
ability and increased the rate of apoptosis of bovine cumulus cells
(Chen et al., 2017; Liu et al., 2018a) and suppressed estradiol produc-
tion and follicular development in porcine granulosa cells (Yu et al.,
2017). In rodents, overexpression of a miR-125b mimic in oocytes and
mouse embryonic stem cells could target and block expression of spe-
cific genes required for embryo progress beyond the two-cell stage (Kim
et al., 2016). In another study, higher levels of miR-24 in bovine culture
media was associated with embryos that failed to undergo differentia-
tion. Moreover, when adding more miR-24 to the functional blastocyst
containing media, development was significantly altered (Kropp and

Table 2
Exposure distribution of individual urinary metabolites and molar sum for 130 women undergoing IVF treatment.

SG-adjusteda

Parent compound Biomarker Units LOD % Detected Median IQR Max

1,2-cyclohexane dicarboxylic acid, diisononyl ester (DINCH) MHINCH ug/L 0.4 93.80% 1.18 (0.75, 2.50) 74.8
Di(2-ethylhexyl) phthalate (DEHP) MEHP ug/L 0.8 91.5% 3.69 (2.24, 7.64) 70.6

MEOHP ug/L 0.2 100% 9.71 (6.48, 16.2) 145
MEHHP ug/L 0.4 100% 13.49 (8.72, 22.3) 215
MECPP ug/L 0.4 100% 20.16 (13.6, 33.7) 371
ΣDEHP umol/L – – 0.16 (0.11, 0.27) 2.65

Di-isobutyl phthalate (DiBP) MiBP ug/L 0.8 99.2% 24.13 (16.0, 38.5) 188
MHiBP ug/L 0.4 100% 7.49 (4.74, 13.2) 75.0

Di-n-butyl phthalate (DnBP) MBP ug/L 0.4 98.5% 19.01 (11.8, 32.2) 148
MHBP ug/L 0.4 88.5% 1.37 (0.77, 2.39) 17.1
ΣDBP umol/L – – 0.24 (0.15, 0.39) 1.50

Bisphenol-A (BPA) – ug/L 0.2 98.5% 3.20 (1.96, 5.25) 31.9
Butyl paraben – ug/L 0.1 94.6% 2.73 (0.44, 14.2) 297
Ethyl paraben – ug/L 1 78.5% 7.14 (1.45, 14.23 441
Methyl paraben – ug/L 1 98.5% 99.65 (20.7, 277) 1901
Propyl paraben – ug/L 0.1 100% 9.10 (1.68, 43.2) 581
ΣParabens – umol/L – – 0.86 (0.19, 2.34) 19.3

LOD= limit of detection, SG= specific gravity, IQR= Inter quartile range.
a Instrumental reading values were used for biomarker concentrations below the LOD. To adjust for urinary dilution, we used the following formula: Pc=P

[(1.014− 1)/SG− 1], where Pc is the SG-corrected biomarker concentration (μg/L), P is the measured biomarker concentration (μg/L), and 1.014 is the mean SG
level in our study population.

Table 3
Number of significant EV-miRNAs for individual exposures and ∑DEHP biomarkers and effect sizes of FDR top hits.

Compound EV-miRNA name Percent expressed in study samples Beta coefficientb 95% CI Unadjusted p-value FDR q-valuea

Ethyl-paraben hsa-miR-375 90% 0.28 0.13 0.44 < 0.001 0.049
MBP hsa-miR-24 98% −0.37 −0.57 −0.17 < 0.001 0.041
MHINCH hsa-miR-19a 91% −0.39 −0.60 −0.17 0.001 0.081
MEHP hsa-miR-125b 98% −0.32 −0.50 −0.15 < 0.001 0.062

hsa-miR-106b 100% 0.29 0.11 0.46 0.001 0.099
hsa-miR-374a 97% 0.30 0.11 0.49 0.002 0.099
hsa-miR-15b 98% 0.28 0.10 0.47 0.003 0.099

MEOHP hsa-let-7c 98% −0.51 −0.79 −0.23 < 0.001 0.060
MEHHP hsa-let-7c 98% −0.50 −0.79 −0.22 0.001 0.093
MECPP hsa-let-7c 98% −0.47 −0.74 −0.21 0.001 0.078
∑DEHP hsa-let-7c 98% −0.55 −0.85 −0.26 < 0.001 0.035

a FDR q-value adjusted for multiple testing for the 133 EV-miRNAs but not for the number of biomarkers.
b For every one unit increase in log10 of exposure, there is an effect size increase/decrease in standard deviation of EV-miRNA ΔCt.
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Khatib, 2015). This suggests that over-expression of hsa-miR-375, hsa-
miR-24, and hsa-miR-125b in follicular fluid is influenced by environ-
mental exposures and could impact ovarian function through me-
chanistic pathways yet to be elucidated.

There is growing concern regarding the underlying pathways or
mechanisms by which EDCs, such as some phenols and phthalates,
impact ovarian reserve, fertility, and pregnancy rates. In rodents, DEHP
and its metabolites negatively affect follicular growth and estrogen
synthesis (Craig et al., 2014; Gupta et al., 2010). However, in humans,
the adverse effects of DEHP on female fertility and pregnancy are not as
clear. Epidemiologic studies suggest that higher urinary concentrations
of ΣDEHP significantly decreased the antral follicle count among sub-
fertile women (Messerlian et al., 2016). Furthermore, an increase in
urinary concentrations of DEHP metabolites was associated with a
lower number of oocytes retrieved, mature oocytes, fertilized oocytes,
and poor embryo quality (Machtinger et al., 2018) along with lower
clinical pregnancy rates and live birth rates following fertility treatment
(Hauser et al., 2016). Higher urinary DEHP metabolite concentrations
were also associated with a higher risk of biochemical pregnancy loss
(Messerlian et al., 2016). Another study examining the same population
as our current study found associations between urinary concentrations
of MBP, ΣDEHP, and DEHP metabolites and the number of oocytes
(total yield, mature, and/or fertilized) and top quality embryos
(Machtinger et al., 2018). Similarly, in our study, we identified sig-
nificant associations of EV-miRNAs with urinary concentrations of MBP
and ΣDEHP, and individual DEHP metabolites MEHP, MEOHP,
MEHHP, and MECPP. The urinary concentration of MHiNCH, a
phthalate alternative, was not associated with adverse clinical IVF
outcomes (Machtinger et al., 2018), however, we identified one sig-
nificant EV-miRNA with MHiNCH in this current study. The agreement
between our study and the previous epidemiology studies implies the
existence of pathways through which certain phenols and phthalates
may affect IVF outcomes. Despite evolving evidence of the negative
effects of DEHP on female reproduction, little is known about the
possible underlying mechanisms. Our results suggest that exposure to
certain phthalates and phenols may affect biological pathways that are
associated with follicular development and oocyte maturation by al-
tering the expression of EV-miRNAs in follicular fluid.

We ran KEGG analyses for the eight FDR-adjusted significant EV-
miRNAs and identified 17 pathways that were associated with follicular
development and oocyte maturation. Additionally, we found five genes

that appeared in>10 of these KEGG pathways, mapk1, akt3, map2k1,
pik3r3, and raf1. MapK1 and map2K1 are mitogen activated protein
kinases and are both involved in the meiotic regulation and oocyte
maturation, as well as key genes involved in the MAPK signaling
pathway (Dupre et al., 2011). Akt3, involved in spindle formation and
meiotic maturation (Hoshino and Sato, 2008), is also a player in the
PI3K-Akt and MAPK pathways. Pik3r3, a gene that is involved in the
PI3K-Akt and MAPK pathways, has also been associated with ovarian
cancer (Zhang et al., 2007). All five of these genes were identified in the
EGFR tyrosine kinase inhibitor, endocrine resistance, ErbB signaling,
focal adhesion, FoxO signaling, progesterone-mediated oocyte ma-
turation, prolactin signaling, and PI3K-Akt signaling pathways.

The PI3K-Akt signaling pathway is of great relevance. PI3K-Akt has
been associated with recruitment of primordial follicles, a dynamic and
tightly controlled process that initiates folliculogenesis (Lopez-Cardona
et al., 2017; Sánchez and Smitz, 2012), with granulosa proliferation and
with ovarian function (Andrade et al., 2017). It is also involved in cell
proliferation, apoptosis, DNA repair and protein synthesis. In rodents,
exposure to DEHP decreased primordial follicle recruitment by dysre-
gulation of the PI3K signaling pathway (Hannon et al., 2014). In hu-
mans, an in vitro study showed that DEHP exposed Hep3B cells induced
oxidative stress and oxidative DNA damage (Chen et al., 2013). When a
Pl3K-Akt inhibitor was added, reactive oxygen species levels were
lower compared to those cells that were exposed to DEHP alone. The
oxidative DNA damage persisted, even in the presence of the Pl3K-Akt
inhibitor. Additionally, DEHP increased DNA replication rates, but this
change was abated by the addition of the Pl3K-Akt inhibitor. The au-
thors concluded that DEHP induced increased cellular proliferation and
oxidative damage by activating the Pl3K-Akt pathway (Chen et al.,
2013). The Pl3K-Akt pathway also activates the mTOR and FoxO
pathways, both which are regulated in the oocyte (Makker et al., 2014).
In mice, dysregulation of FoxO can lead to stunted oocyte growth and
follicle development, as well as luteinization of ruptured follicles (Liu
et al., 2007). Deletion of mTOR genes in rodents causes early activation
of all primordial follicles and leads to premature ovarian failure (Wang
et al., 2014).

While EV-miRNAs have been identified in different tissue types
(Ludwig et al., 2016), relatively few studies have examined the asso-
ciations with phenol and phthalate exposures (Avissar-Whiting et al.,
2010; Chou et al., 2017; De Felice et al., 2015a; Larocca et al., 2016; Liu
et al., 2018b; Meruvu et al., 2016; Tilghman et al., 2012). In rodents,

Fig. 1. KEGG pathway enrichment.
Enriched KEGG pathways involved in ovary and follicle development, maturation, and fertilization associated with the eight FDR-significant EV-miRNAs. The red
dashed line represents the statistically significant FDR threshold (q < 0.05) and the small numbers within each bar indicate number of predicted genes associated
with that KEGG pathway. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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exposure to DEHP was associated with increased expression of let-7b,
miR-17, miR-181a, and miR-151 (Liu et al., 2018b). In our present
study, we did not find similar associations; however, we did observe a
positive association between expression miR-151-3p and urinary con-
centrations of MiBP (p=0.04). Two studies measured BPA and EV-
miRNA in placental tissue and found significant increases in miR-146a
(Avissar-Whiting et al., 2010; De Felice et al., 2015a). However, we did
not identify a signal with BPA or our parabens. Additionally, an in vitro
placental cell line exposed to MEHP increased expression of miR-16
(Meruvu et al., 2016). A recent epidemiology study found decreased
expression of free-floating miR-142 in placenta to be associated with
urinary phthalate metabolite concentrations (Larocca et al., 2016).
Furthermore, an inverse association was identified between free-
floating miR-15a and miR-185 in placenta and urinary phenols (Larocca
et al., 2016). In our current study, we found associations between miR-
15a and propyl paraben (p=0.01), however we did not identify any
associations with miR-142 or miR-185. Inconsistencies observed be-
tween these prior studies and ours are likely the result of differences in
species (human vs rodent) or type of study (in vitro), measurement of
microRNAs (free floating vs EV packaged), underlying study popula-
tions (USA vs Israel), and exposure type (induced in vitro exposures vs
urinary biomarkers capturing environmental exposure). Most of the
differences, however, are likely due to differences in the type of tissue
used to measure EV-miRNAs. EV-miRNAs are tissue specific and certain
EV-miRNAs are present in placental tissues that are not present in fol-
licular fluid (Landgraf et al., 2007).

This study has several limitations. First, our exposure and outcome
measurements were not taken in the same tissue type. Although urinary
concentrations of phthalates, phenols and DINCH are the gold standard
biomarker of exposure, it is unknown how representative urinary con-
centrations are of concentrations within the follicle. Second, we ran our
GO and KEGG pathway analyses on a relatively small number of EV-
miRNAs. To minimize that our results may be subject to overfitting of
the selected pathways by the software, we set our inclusion of genes to
those found by at least six separate miRNA-to-gene prediction soft-
wares. Third, we only quantified EV-miRNA profiles from one follicle
and it is unknown whether this represents EV-miRNAs within a wo-
man's cohort of follicles. Additionally, we present our results as FDR
adjustments for the 133 EV-miRNA and not for the FDR adjustments by
EV-miRNA and biomarker. Our results, therefore, may be subject to
spurious associations and false positives. As it was beyond the scope of
our study, we did not collect serum samples in the current studies and
could not look adjust to patient hormonal levels as FSH, LH or estradiol.
Including only young patients with normal ovarian response, we as-
sume that all of those were in the normal range. We are also limited by
the current methods of extracting EV-miRNAs. We can assure we have a
pellet enriched in EVs, however, we cannot assume that it is a pure EV
fraction. It is possible that miRNAs in the pellet were derived both from
necrotic cells, bound to proteins, or packaged in EVs (Endzelins et al.,
2017). However, our protocol has been optimized by running thousands
of samples from a lab that has a strong experience in large epidemio-
logical studies investigating EV-miRNAs and random samples were
checked by Nanosight in order to evaluate EV size distribution. As it
was beyond the scope of this study to assess what was the origin of
these EV-miRNA in the ovarian follicle, we encourage further studies to
test the origin of these EV-miRNA as it may add important information
regarding the cell types that are more vulnerable to EDCs. Last, only
internal controls were present in replicate reactions and miRNAs were
analyzes in a single reaction, as required by the standard protocol of
this technique. Addition of technical replicates might help to monitor
intra- and inter-assay variability. Despite these limitations, our study
has several strengths. This is the first study, to our knowledge, to ex-
amine any environmental exposure with EV-miRNA profiles in folli-
cular fluid. In the current study, It is also one of the largest studies to
examine EV-miRNAs in follicular fluid, a target sample for IVF out-
comes. This study may provide potential mechanistic information

which could support previous animal and epidemiological studies on
phthalate and phenol exposure and adverse reproductive outcomes
such as reduced antral follicle counts, pregnancy loss, and reduced live
birth rates.

5. Conclusion

Our findings suggest that select urinary phenol and phthalate bio-
markers are associated with altered expression of eight EV-miRNAs in
follicular fluid, hsa-let-7c, hsa-miR-375, hsa-miR-24, hsa-miR-19a, hsa-
miR-125b, hsa-miR-106b, hsa-miR-374a, and hsa-miR-15b.
Understanding how environmental stimuli might alter the function of
EV-miRNAs, especially in follicular fluid, will help elucidate how ex-
posures to these environmental chemicals might affect biological
pathways associated with female fertility.
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