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ARTICLE INFO ABSTRACT

Handling Editor: Shoji Nakayama The plasticizer di(2-ethylhexyl) phthalate (DEHP) is known to have endocrine-disrupting properties mediated by
its many metabolites that form upon exposure in biological systems. In a previous study, we reported an inverse
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follicles to controlled ovarian stimulation during in vitro fertilization (IVF) treatments. Here, we explored this
association further through molecular analysis of the ovarian FF samples.

Follicular fluid Ninety-six IVF patients from Swedish (N = 48) and Estonian (N = 48) infertility clinics were selected from the
Reproductive health previous cohort (N = 333) based on the molar sum of DEHP metabolites in their FF samples to arrive at “high”
Inflammation (mean 7.7 + SD 2.3 nM, N = 48) and “low” (0.8 & 0.4 nM, N = 48) exposure groups. Extracellular miRNA levels
and concentrations of 15 steroid hormones were measured across FF samples. In addition, FF somatic cells,
available for the Estonian patients, were used for RNA sequencing.

Differential expression (DE) and interactions between miRNA and mRNA networks revealed that the
expression levels of genes in the cholesterol biosynthesis and steroidogenesis pathways were significantly
decreased in the high compared to the low DEHP group. In addition, the DE miRNAs were predicted to target key
enzymes within these pathways (FDR < 0.05). A decreased 17-OH-progesterone to progesterone ratio was
observed in the FF of the high DEHP group (p < 0.05). Additionally, the expression levels of genes associated
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with inflammatory processes were elevated in the FF somatic cells, and a computational cell-type deconvolution
analysis suggested an increased immune cell infiltration into the high DEHP follicles (p < 0.05).

In conclusion, elevated DEHP levels in FF were associated with a significantly altered follicular milieu within
human ovaries, involving a pro-inflammatory environment and reduced cholesterol metabolism, including ste-
roid synthesis. These results contribute to our understanding of the molecular mechanisms of female reprotoxic

effects of DEHP.

1. Introduction

Endocrine disrupting chemicals (EDCs) can pose a risk to human
health by interfering with the endocrine system by, for instance, dis-
rupting hormone synthesis, transport, secretion, activity, and elimina-
tion (Schug et al, 2011). Among the many classes of chemicals
harboring endocrine disrupting activities are phthalates, commonly
used as plasticizers or additives in personal care products and cosmetics
(David et al., 2012). Di(2-ethylhexyl) phthalate (DEHP), one of the most
commonly used phthalates, has long been a component of various plastic
products, including but not limited to food and beverage packaging,
medical devices, toys, flooring, cosmetics, and personal care products
(Koniecki et al., 2011). DEHP is known to leach from plastics due to its
non-covalent association with polymers, and can enter the human body
through ingestion, inhalation, or dermal absorption (Andersen et al.,
2018; Schettler, 2006). Once in the body, DEHP undergoes rapid
metabolism, resulting in the formation of metabolites such as mono(2-
ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl) phtha-
late (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and
mono(2-ethyl-5-carboxypentyl) phthalate (MECPP). These metabolites
are subsequently eliminated primarily through the urine (Koch et al.,
2006). Despite being classified as a non-persistent chemical, the wide-
spread presence of DEHP in everyday products with long half-lives
causes continuous exposure to humans. Consequently, DEHP metabo-
lites have been routinely detected in different human matrices,
including urine, serum, breast milk, amniotic fluid, and follicular fluid
(FF) (Bellavia et al., 2023; Frederiksen et al., 2010; Hogberg et al., 2008;
Katsikantami et al., 2020; Paoli et al., 2020).

The widespread use of, and exposure to, phthalates has raised con-
cerns over potential adverse health effects, particularly on reproduction.
For example, DEHP has been classified as an endocrine disruptor and
toxic to reproduction by the European Chemicals Agency based pri-
marily on data from males (European Chemicals Agency, 2024). There
is, however, emerging evidence also suggesting effects on female
reproductive health (Basso et al., 2022). For instance, DEHP can impact
adult mouse ovarian health by inhibiting antral follicle growth, inducing
follicle atresia, and disturbing steroidogenesis and granulosa cell pro-
liferation (Hannon et al., 2023; Liu et al., 2021). Moreover, recent
findings also suggests DEHP reducing the maturation and fertilization
capacity of mouse oocytes through DNA damage and oxidative stress (Lu
et al., 2019; Machtinger et al., 2018).

A limited number of human studies suggest an association between
elevated DEHP levels and disrupted folliculogenesis, irrespective of
exposure taking place during development or adulthood. The primary
metabolite MEHP can induce the expression of genes controlling
cholesterol and lipid synthesis in human fetal ovaries in vitro, potentially
impacting ovarian development (Muczynski et al., 2012). Also, several
epidemiological studies have demonstrated that high levels of DEHP
metabolites in urine are linked to a significant decrease in antral follicle
count, a lower number of mature and fertilized oocytes, and reduced
quantity of top-quality embryos, suggesting that DEHP may impair in
vitro fertilization (IVF) outcomes (Hauser et al., 2016; Messerlian et al.,
2016). Coupled with our recent findings that increased concentrations of
DEHP metabolites in FF are inversely correlated with the ovarian
sensitivity index (OSI) — a measure of ovarian competence that links the
dosage of recombinant follicle stimulating hormone (rFSH) to the
number of retrieved oocytes in IVF treatment (Bellavia et al., 2023) —

heightens the concern over the potential for DEHP to negatively impact
human ovarian function. OSI is a major predictor of IVF treatment
success and, although it also correlates with known ovarian reserve
markers like anti-Miillerian hormone (AMH), it more accurately predicts
live birth rates. This is likely because OSI provides a more functional
measure of follicles than AMH levels (Revelli et al., 2020; Vaegter et al.,
2019; Weghofer et al., 2020). Thus, our earlier findings imply that the
functionality of the follicles may be modified by phthalates in the FF,
potentially leading to a lower number of oocytes retrieved during IVF
treatments.

Exactly how DEHP or its metabolites affect ovarian follicle growth in
humans at the molecular level remains largely unknown. However, such
evidence is needed to provide a causal link between initial chemical
perturbation and adverse health outcomes. Such knowledge will also aid
with developing better alternative test methods to assess female repro-
ductive toxicity. To address this knowledge gap, we aimed to elucidate
the molecular pathways by which DEHP metabolites may alter ovarian
sensitivity. For this purpose, we generated RNA sequencing datasets
from cell-free FF and the corresponding follicular somatic cells collected
from IVF patients at infertility clinics in Sweden and Estonia. The pa-
tients were stratified into high and low DEHP groups based on previ-
ously measured DEHP metabolite levels in their FF. In addition, we
assessed a panel of 15 steroid hormones from the same FF samples. By
assessing the molecular signatures that differ between FF samples with
high and low DEHP, a deeper understanding of how DEHP exposure may
influence female fertility is gained.

2. Materials and methods
2.1. Ethical statement

The study was conducted in accordance with the Declaration of
Helsinki. Both oral and written information was provided to the study
participants after which they signed an informed consent form. Samples
and data were pseudonymized with random codes and processed by
relevant regulations (the Swedish data protection law PUL, the Swedish
law on biobanking in healthcare, the European General Data Protection
Regulation, and the Estonian Data Protection Act). The Swedish study
was approved by the Swedish Ethical Review Authority (original license
No. 2015/798-31/2, amendments 2016/360-32 and 2016/1523-32).
The Estonian study was approved by the Research Ethics Committee of
the University of Tartu (approval No. 356/M-4).

2.2. The patient cohort and previously measured variables

This study is based on the previously described merged cohort of 333
women recruited from Carl von Linnékliniken in Sweden and Nova Vita
Clinic in Estonia (Bellavia et al., 2023). All patients underwent
controlled ovarian stimulation (COST) and ovum pick-up procedure as
described previously (Bellavia et al., 2023). Shortly, Swedish patients
were stimulated according to the gonadotropin-releasing hormone
(GnRH) agonist protocol (77 % of patients) using Suprecur (Chepla-
pharm Arzneimittel GmbH, Greifswald, Germany) or Synarela (Pfizer,
New York City, New York, USA) where the pituitary was desensitized
starting the luteal phase, or GnRH antagonist protocol (23 % of patients)
where GnRH antagonist Orgalutran (N.V. Organon, Oss, The
Netherlands) was given on day 6 of menses. rFSH (Gonal-F or Fostimon,
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Bemfola, Gedeon Richter Plc., Budapest, Hungary) alone or with human
menopausal gonadotropin (Menopur, Ferring Pharmaceuticals Ltd,
Saint-Prex, Switzerland) were administered from day 3 of menses. Once
>3 follicles with a diameter of >17 mm were detected, human chorionic
gonadotropin (hCG) was given. After 36-37 h, oocytes were retrieved
through the transvaginal ultrasound-guided ovarian puncture. For the
Estonian patients, COST was conducted according to the GnRH antag-
onist (Cetrotide, Merck, Darmstadt, Germany) protocol with the
administration of rFSH (Gonal-F®, Merck; Bemfola, Gedeon Richter
Plc). All patients underwent oocyte retrieval 36 h after hCG injection
(Ovitrelle®, Merck) if at least two follicles were observed with a diam-
eter of >18 mm.

Once all cumulus-oocytes-complexes had been collected for the IVF
procedure of the patient, the remaining FF was donated for research.
Samples collected in Sweden (N = 48) contained FF from multiple fol-
licles and were pooled for each patient, thereafter centrifugation was
performed at 500 x g for 15 min. FF samples from the Estonian clinic (N
= 48) were collected from a single leading follicle. The somatic cells
from the follicular aspirate were pelleted by centrifugation at 300 x g
for 10 min. Cell debris was removed from FF by an additional centri-
fugation at 2000 x g for 10 min. The cell-free FF samples were aliquoted
and stored at —80 °C until further analysis. In addition, somatic cells
were collected from the Estonian patients. Follicular cell pellets from the
first round of centrifugation were lysed in 700 pL of QIAzol Lysis Re-
agent (QIAGEN, Hilden, Germany) and stored at —80 °C.

As described in our previous study, the concentrations of 59 EDCs
were quantified in the FF samples using isotope dilution liquid chro-
matography with tandem mass spectrometry (LC-MS/MS) (Bellavia
et al., 2023), and OSI was calculated for each patient according to the
previously published formula(Huber et al., 2013): OSI = In((number of
oocytes retrieved)/(total rFSH dose (IU)) x 1000).

2.3. Selection of high and low DEHP samples for the present study

According to the power analyses described in the Supplementary
Method, at least 90 participants are needed to achieve adequate statis-
tical power for this study. Therefore, a sub cohort of 96 women from the
original merged cohort of 333 women was selected based on the pre-
viously obtained concentrations of DEHP metabolites in the FF samples
(Bellavia et al., 2023). Data on four DEHP metabolites, MEHP, MECPP,
MEHHP, and MEOHP, were used. The concentrations for each com-
pound were divided by their molar weight and summed to a variable
referred to as ZDEHP hereafter. Women were ranked by their XDEHP
value, and samples were chosen from the top and bottom quartile with
the following criteria: there should be equally many patients from
Sweden and Estonia in both 1st and 4th DEHP quartiles. To ensure
comparability of two groups, we also considered the distribution of
typical confounding factors in fertility studies: age, body-mass index
(BMI), OSI, parity, and existence of experience with previous IVF cycles.
The mean XDEHP concentration in the high and low groups (4th and 1st
quartile, respectively) were 8 + 2 nM (SD) and 0.9 + 0.6 nM, respec-
tively. The study design is depicted in Supplementary Fig. 1.

2.4. Quantification of steroids from follicular fluid

Steroid hormone levels were measured in selected FF samples by LC-
MS/MS as previously described for plasma samples, with minor modi-
fications (Draskau et al., 2019). All samples from Sweden (N = 48) were
analyzed, while 23 and 17 samples from the low and high XDEHP
groups, respectively, were available for analysis from the Estonian pa-
tients due to the more limited sample volume (Supplementary Fig. 1). A
100 pL of FF sample was added to a microcentrifuge tube containing
300 pL 2 % formic acid in acetonitrile with 3.33 ng/mL internal standard
(deoxycortisol-d8 and cortisol-d4 from Cerilliant Corporation, Round
Rock, TX, USA; methyltestosterone-d3, beta-testosterone-d2, beta-
estradiol-d3 and progesterone-c2 from RIKILT, Wageningen,
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Netherlands), and then vortexed for 5 s. The vial was then placed in a
freezer (—18 °C) for 20 min and centrifuged at 10,000 g for 7 min at 4 °C.
The supernatant was subsequently transferred to a tube containing
approximately 50 mg Supel™ QuE Z-Sep powder (Supelco, Bellefonte,
PA, USA, #55418-U) and shaken for 60 s, before centrifugation for 3 min
at 3,500 g. The supernatant was transferred to a centrifuge glass and
dried using a nitrogen evaporator at 50 °C after which it was recon-
stituted in 50 pl acetonitrile, vortexed briefly, and mixed with 450 pl of
MilliQ water.

Steroid hormones were separated, detected, and quantified using on-
line-SPE LC-MS/MS using an Oasis HLB column (2.1 x 20 mm, 15 um).
For 17p-estradiol and estrone analysis, a Kinetex C18 column (2.1 x 100
mm, 2.6 um) was used with an injection volume of 100 pl, measuring in
negative ESI-mode using methanol, and 0.2 mM ammonium fluoride in
water as the mobile phases (gradient flow rate was 0.4 mL/min). For the
other hormones, an Ascentis Express C8 column (2.1 x 100 mm, 2.7 pm)
was used with an injection volume of 100 pl, measuring in positive and
negative ESI-mode with acetonitrile and 0.1 % formic acid in water as
the mobile phases (gradient flow rate was 0.25 mL/min).

Fifteen hormones were assessed: aldosterone, testosterone (TES),
epitestosterone, androstenedione (ASD), dehydroepiandrosterone
(DHEA), dihydrotestosterone (DHT), corticosterone, cortisol, hydrox-
ycortisol, deoxycortisol, pregnenolone, progesterone (PRO), 17a-OH-
progesterone (HPR), beta-estradiol, and estrone. All hormones were
detected, except for aldosterone, DHEA and DHT.

Limit of quantification (LOQ) was estimated as the concentration
corresponding to 10 times the signal to noise ratio of FF spiked with
analyte. LOQs were estimated to be 0.05 ng/mL for hydroxycortisol, 0.1
ng/mL for ASD, cortisol, PRO, TES, beta-estradiol and estrone, 0.2 ng/
mL for deoxycortisol and epitestosterone, 0.3 ng/mL for corticosterone,
HPR and aldosterone, 1.0 ng/mL for DHEA and DHT, and 2.0 ng/mL for
pregnenolone. For quantification, external calibration standards were
run before and after the samples at concentrations of 0.02, 0.05, 0.1, 0.2,
0.5, 1.0, 2.0, and 5.0 ng/mL, with 2.0 ng/mL internal standard. Blank FF
were spiked with an analyte at three concentration levels: 0.0 (blank
sample), 0.5, and 2.0 ng/mL and run for quality control. The mass
spectrometer was an EVOQ Elite Triple Quadrupole Instrument from
Bruker (Bremen, Germany) and the UPLC system was an Ultimate 3000
system with a DGP-3600RS dual-gradient pump. Data handling was
performed with MS Workstation v. 8.2.1 software.

2.5. RNA extraction

The extraction of cell-free RNA from FF was performed with miR-
Neasy Micro kit (QIAGEN) with some modifications to the user manual.
Shortly, 5 volumes of QIAzol Lysis Reagent (QIAGEN) was added to 500
pL of FF sample. After incubation, 500 pL chloroform and 5 pg of
glycogen (Thermo Scientific) were added to the tube, followed by steps
according to the miRNeasy Micro kit (QIAGEN) user manual. RNA
concentration was measured using the Qubit small RNA assay kit on the
Qubit 4.0 instrument (Thermo Fisher Scientific). All samples, 48 for low
and 48 for high XDEHP group, were used (Supplementary Fig. 1).

RNA from FF somatic cells was extracted with miRNeasy Micro kit
(QIAGEN) according to the kit protocol. The quality of RNA was assessed
with the Bioanalyzer RNA 6000 Pico kit on Agilent 2100 Bioanalyzer
instrument (Agilent Technologies, Waldbronn, Germany). RNA integrity
number (RIN) > 7 was the accepted quality threshold for downstream
analyses and 24 samples passed the threshold (13 and 11 samples in the
high and low =DEHP groups, respectively) (Supplementary Fig. 1). RNA
concentration was measured with the Qubit 4.0 instrument and Qubit
RNA HS assay kit (Thermo Fisher Scientific).

2.6. Small RNA library preparation and sequencing

Small RNA libraries were prepared with QIAseq miRNA Library Kit
(QIAGEN) according to the manufacturer’s protocol. Libraries were
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prepared from 5 pl of RNA extracted from FF samples. Final libraries
were separated and excised from 5 % TBE gels (Bio-Rad Laboratories)
after staining with 1X SYBR Gold stain (Thermo Fisher Scientific). Gel
pieces containing the small RNA libraries were crushed with pellet
pestles (Fisher Scientific). Then, 300 pL of RNase free water (Thermo
Fisher Scientific) was added to the gel debris and the tubes were rotated
for 2 h at room temperature to elute miRNA libraries. Eluate and gel
debris were transferred to the Spin X centrifuge tube filter (Merck,
Darmstadt, Germany) and centrifuged for 2 min at 16,000 g. Thereafter
10 ug of glycogen (Thermo Fisher Scientific), 30 pL 3 M NaOAc
(Thermo Fisher Scientific), 1 pL 0.1X Pellet Paint (Merck) and 975 pL of
cold 100 % ethanol (Naxo, Tartu, Estonia) were added to the eluate, and
centrifuged for 20 min at 20,000 g at 4 °C. Pellet was washed with 500
pL of 70 % ethanol and centrifuged for 2 min at 20,000 g. The final li-
braries were resuspended in 7 pL of Resuspension buffer (PerkinElmer,
Massachusetts, USA). The size of the libraries was estimated with Agi-
lent DNA High Sensitivity chips on the Agilent 2100 Bioanalyzer system
(Agilent Technologies). Library concentrations were measured using
Qubit High Sensitivity DNA Assay kit (Thermo Fisher Scientific) before
pooling in equimolar amounts. Single-end sequencing of 76 bp length
was performed on NextSeq 500 platform with NextSeq 500/550 High
Output Kit v2.5 (Illumina, San Diego, CA, USA) with 32 libraries per
flow cell.

2.7. mRNA library preparation and sequencing

RNA with sufficient quality and concentration was available for 24
Estonian samples (N = 13 in the high ¥DEHP and N = 11 in the low
¥DEHP group) (Supplementary Fig. 1). Libraries of RNA extracted from
FF somatic cells were prepared according to the Smart-seq2 protocol
(Picelli et al., 2014) with small modifications. Ten ng of total RNA was
used for cDNA synthesis and ten cycles of PCR for pre-amplification,
instead of using single cells as described by the original Smart-seq2
protocol. KAPA HiFi DNA polymerase was replaced with Phusion
High-Fidelity DNA Polymerase (Thermo Scientific) compatible with the
original protocol. The protocol selects for polyadenylated RNA mole-
cules and provides full coverage. The size and concentration of the final
libraries were measured as described above for small RNA sequencing.
Single-end sequencing of 122 bp length was performed on NextSeq 2000
platform on the P2 flow cell with NextSeq2000 P2 100 cycles kit (Illu-
mina, San Diego, CA, USA).

2.8. Small RNA-seq data analysis

The raw data analysis was performed in the My QIAGEN GeneGlobe
environment using the QIAseq miRNA Library Kit analysis workflow
(QIAGEN). Briefly, the raw reads were trimmed of adapter sequences,
quality-filtered and sequences with identical unique molecular identi-
fiers were collapsed. The remaining reads of 15-55 nucleotides in length
were annotated according to the miRBase v22 (Kozomara et al., 2019).
The list of unique molecular counts of each miRNA was used as input for
differential expression (DE) analysis in DESeq2 v1.40.2 (Love et al.,
2014) in Rv4.3.1 (R Core Team, 2023). MiRNAs expressed at low levels,
determined as below 2 counts per million (cpm) in <25 % of samples
were removed from the analysis.

Principal component analysis (PCA) was performed within the
DESeq2 package for all detected miRNAs (N = 465). Variance stabilizing
transformation was performed with option blind = FALSE for the
normalized count table before drawing the PCA plot. Because PCA
detected 3 outliers, 93 samples were ultimately included in the miRNA
analysis. The country of origin (i.e. Sweden or Estonia) was used as a
covariate in all DE analyses. The statistical significance cut-off for
differentially expressed (DE) miRNAs in DESeq2 analysis was set at
Benjamini-Hochberg (BH) false discovery rate (FDR) <0.1.

For predicting mRNA targets for the DE miRNAs, miRWalk (Sticht
et al., 2018) prediction tool was used. Only genes with target sites in
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their 3UTR mRNA region with a binding score of 1 are reported.

In addition, the list of statistically significant DE miRNAs was used as
input to miRNA Enrichment Analysis and Annotation Tool (miEAA),
which performs miRNA target prediction and over-representation
analysis of gene ontology terms simultaneously by combining linked
external databases (Aparicio-Puerta et al., 2023). Over-representation
analysis was performed for WikiPathways (Agrawal et al., 2024) via
miRPathDB (Kehl et al., 2020). Pathways targeted by >3 miRNAs with
BH FDR < 0.05 are reported. The network between miRNAs and their
targeted pathways was visualized in Cytoscape v3.9.1 (Shannon et al.,
2003).

2.9. mRNA-seq data analysis

Raw FASTQ files were quality filtered using Trimmomatic v0.39 with
the options LEADING:3 SLIDINGWINDOW:3:20 (Bolger et al., 2014).
Reads below 36 nucleotides in length were discarded and all adapter
sequences provided by Illumina were removed from the reads. The
remaining reads were aligned to the primary assembly of human
genome GRCh38 retrieved from GENCODE using STAR aligner v2.7.1
with standard settings (Dobin et al., 2013). Annotation of reads to genes
was performed with htseq-count algorithm (Anders et al., 2015) (HTSeq
v 0.11.2, Python v3.6.4) by using the primary assembly annotation GTF
file v104 from Ensembl. The intersection nonempty option was used in
htseq-count for annotating reads that overlapped with multiple features.

The count file produced by htseq-counts was used as input for
DeSeq2 for DE analysis between high and low EDEHP groups with
standard options. Genes expressed at low levels (<10 cpm across 50 % of
samples) were removed from the analysis. The statistical significance
cut-off for DE mRNAs in DESeq2 analysis was set at BH FDR <0.05.
Volcano plot was created with the R package EnhancedVolcano v1.22.0.

The enrichment of DE genes in Reactome pathways was analyzed by
g:Profiler (Kolberg et al., 2023) and results with BH FDR <0.05 are re-
ported. The enriched pathways were visualized using publicly available
web application ShinyGO (Ge et al., 2020).

2.10. Cell-type deconvolution analysis

CIBERSORTx (Newman et al., 2019) was used to estimate the pro-
portion of different cell types in the FF somatic cell pool used in RNA-
seq. To predict the cell types, we used our previously published single
cell RNA-seq dataset describing cell types in human ovarian follicles as a
reference (Roos et al., 2022). Importantly, the stimulation and sample
collection protocols for the single-cell RNA-seq study (Roos et al., 2022)
matched those of the current study as the patients were recruited from
the same infertility clinic. A signature single-cell expression matrix of
each cell type was generated with S-batch correction. The permutation
value was set to 100. The relative abundance of cell type fractions was
calculated as an average of three runs. Cell type proportion differences
between the high and low EDEHP groups were compared using the
Student’s t-test.

2.11. Statistical analysis

Mann-Whitney U test was used to analyze the differences in patient
baseline characteristics for continuous variables and chi-squared test
was used for categorical variables. Spearman correlation was used to
determine associations between XDEHP and other EDCs with p < 0.05
suggesting statistical significance. In case of Mann-Whitney U tests and
correlation analyses, the statistical significance is noted in figures as
follows: * p < 0.05, **p < 0.01, *** p < 0.001. For all genome-wide
sequencing analyses, the statistical significance of the results has been
corrected for multiple testing by using the BH FDR and the cut-off (FDR
< 0.1 or FDR < 0.05) has been specified for each analysis.
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3. Results
3.1. Description of patients and XDEHP groups

IVF patients from Sweden and Estonia were recruited to study the
links between FF EDCs and the outcomes of infertility treatment. The
analysis of 59 EDCs in FF and their associations with OSI in the merged
cohort of 333 women were reported previously (Bellavia et al., 2023).
Here, a sub cohort of these women was analyzed further to reveal mo-
lecular alterations underlying the negative association between XDEHP
and ovarian function.

The FF samples were selected for the molecular analysis based on
their concentrations of X DEHP while keeping confounders similar. The
low XDEHP group was composed of samples from the 1st and high
SDEHP group from the 4th quartile of measured concentrations, without
any overlap, resulting in a high statistical significance of the concen-
tration differences (p < 0.001, Table 1 and Supplementary Fig. 2A).
Patients from both countries were equally represented (N = 48 + 48).
Attention was given to maintaining comparable average OSI across the
patient groups, ensuring the ability to draw conclusions about the
impact of XDEHP on the ovarian microenvironment, uninfluenced by
ovarian sensitivity (Table 1 and Supplementary Fig. 2B). In addition,
general patient characteristics, were evenly distributed between two
groups (Table 1), including typical confounding factors in fertility
studies (BMI, age, parity, and previous IVF treatments).

Exposure to mixtures of EDCs is widespread, and the exposure levels
may vary among individuals due to factors like the local use of chem-
icals, lifestyle, diet, age, and parity. Consequently, the concentrations of
other EDCs, apart from ZDEHP, may also differ between the patients in
our study. Therefore, we analyzed correlations between DEHP and the
other previously measured EDCs (Bellavia et al., 2023). We found
country-specific differences in correlations between chemicals: namely,
>DEHP concentrations demonstrated a statistically significant positive
correlation (p < 0.05) with methylparaben and PFHxS only in the
Estonian women, while MEP and cxMiNP correlated with ZDEHP in the
combined cohort (Table 2). As these chemicals may possess independent
molecular effects on ovarian function, we have normalized all subse-
quent analyses to the country of sample origin.

3.2. ZDEHP levels correlate with altered FF miRNA profile

We aimed to analyze miRNAs in the FF, the liquid that makes up
most of the volume of the preovulatory follicle, because of the suggested
role of miRNAs in intercellular signaling (Valadi et al., 2007). Among
the 465 miRNAs present in >25 % of the samples with expression level
of >2 cpm, the country of origin explained most of the variance of
miRNA expression (p = 1.768*10'! of the difference between PCA
scores), while the XDEHP group separated the samples across the second
principal component (p = 0.0077, Fig. 1A and Supplementary Fig. 3).
This result again justified the use of the country of origin as a covariate

Table 1
Descriptive statistics of study groups.
Characteristic Low EDEHP (N = High ZDEHP (N = p-
48) 48) value
Age (years) 34.8 (4.2) 33.6 (4.7) 0.19
BMI (kg/m2) 22.4 (3.2) 23.8(3.4) 0.05
OsI 0.6 (0.4) 0.7 (0.4) 0.51
S>"DEHP (nM) 0.9 (0.6) 8(2) <0.001
Parity (>1) 24 (50 %) 20 (42 %) 0.54
Previous IVF treatment 20 (42 %) 21 (44 %) 0.84
(Yes)

Statistics are presented in mean (SD) or number (percentage); t-test, Man-
n-Whitney U test, or chi-square test was performed for between-group com-
parison. Abbreviations: EDEHP, sum of di(2-ethylhexyl) phthalate metabolites;
BMI, body mass index; OSI, ovarian sensitivity index; IVF, in vitro fertilization.
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in downstream DE analyses.

In total, 16 miRNAs were differentially expressed between the high
and low EDEHP groups (FDR < 0.1) with the most robust differences
observed for hsa-miR-203a-3p (FDR = 0.0001), hsa-miR-150-5p (FDR =
0.0382) and hsa-miR-28-3p (FDR = 0.0410) that were all more abun-
dantly expressed in the high XDEHP group (Fig. 1B and Supplementary
Table 1). To understand their potential function in the ovary, the target
genes for the DE miRNAs were predicted and their interactions with
signaling pathways were modeled. We identified 51,697 regions in total
in the human transcriptome targeted by the 16 DE miRNAs
(Supplementary Table 2). This high number is not surprising as multiple
mRNA isoforms may be transcribed from one gene, and each transcript
isoform may have multiple predicted miRNA target sites. The identified
targets represented 10,998 unique genes. We aimed to understand
which signaling pathways are potentially co-targeted by multiple DE
miRNAs, and carried out a gene enrichment analysis together with
miRNA target prediction. Adipogenesis, RAC1/PAK1/p38/MMP2,
androgen receptor (AR) signaling, and AGE/RAGE pathways were each
targeted by > 5 DE miRNAs (FDR < 0.05, Fig. 1C). Three different
pathways involving the Bone Morphogenetic Protein (BMP) signaling
are targeted by 3 miRNAs each (FDR < 0.05, Supplementary Table 3).

Next, we examined if any of the DE miRNAs correlate with OSI that
may explain the negative association between XDEHP concentration and
OSI reported in our previous study'. Indeed, the most up-regulated
miRNA in the high DEHP group, hsa-miR-203a-3p, correlated nega-
tively with OSI (age-adjusted R = —0.27, p < 0.05, Fig. 1D). None of the
other DE miRNA showed statistically significant correlations.

3.3. Gene expression changes in follicular fluid cells indicate XDEHP-
linked disturbances in the immune system and steroidogenesis pathways

The FF somatic cells consist mainly of mural granulosa cells (Roos
et al., 2022) responsible for producing steroid hormones necessary for
the feedback within the hypothalamus-pituitary-ovarian axis and
endometrial maturation. Our samples were collected after the hCG
trigger, which initiates the luteinization of the cells and switches the
steroid production from estradiol to PRO. While extracellular miRNAs
may be involved in modulating gene expression in the cells, SDEHP in FF
could also directly influence the functionality and differentiation of the
somatic cells.

To understand the overall effect of XDEHP to the cellular gene
expression in the preovulatory follicle, we carried out RNA-seq from the
follicular somatic cells corresponding to the same FF samples analyzed
for XDEHP concentration and miRNA levels. Such cellular samples were
available for a subset of the Estonian patients (Supplementary Fig. 1).

We detected 14,820 genes expressed at > 10 cpm in > 50 % of
samples, out of which 2,454 were DE between the high and low ZDEHP
groups (FDR < 0.05, Fig. 2A, Supplementary Table 4). We carried out
signaling pathway enrichment analyses to understand what processes
were upregulated in the presence of high or low =DEHP, and found
striking differences. Follicles with high *DEHP showed enrichment in
processes related to immune system pathways (Fig. 2B, Supplementary
Table 5). In contrast, follicles with low DEHP demonstrated enrich-
ment of different metabolic processes: for instance, cholesterol biosyn-
thesis as well as lipid and steroid hormone metabolism were among the
top 10 enriched Reactome pathways. In addition, follicles with low
YDEHP showed enrichment in pathways involving mitochondria:
tricarboxylic acid (TCA) cycle, gluconeogenesis, respiratory electron
transport, and mitochondrial translation (Fig. 2C, Supplementary
Table 6), meaning that these crucial metabolic pathways were down-
regulated in follicles containing high *DEHP.

Cytokine signaling is an important mechanism of cellular commu-
nication in the ovarian follicle. However, the upregulated immune sys-
tem pathways in the high XDEHP group may also indicate a
disproportionate number of leukocytes among the somatic cell pool. To
study this further, we performed a cell population deconvolution
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Table 2
Spearman correlation between the molar concentration of EDEHP and concentrations of other endocrine-disrupting chemicals detected in >90 % of subjects (N = 96).
Cohort MEP cxMiNP MOHIiBP MePAR PFHxS PFOA PFOS PFNA PFDA PFunDA Sum”
All >DEHP 0.22* 0.40* 0.15 0.04 0.15 0.18 0.12 0.16 0.16 0.09 0.13
Swedish 0.31* 0.21 0.10 -0.19 -0.11 0.19 —0.09 0.12 0.10 0.11 -0.01
Estonian 0.07 0.62* 0.19 0.48* 0.36* 0.17 0.24 0.11 0.16 0.001 0.51*
* p <0.05.

# Sum refers to the sum of molar concentrations of all chemicals except SDEHP. Abbreviations: MEP, monoethyl phthalate; cxMiNP, mono-(4-methyl-7-carbox-
yheptyl)phthalate; MOHiBP, mono(2-hydroxyisobutyl)phthalate; MePAR, methyl paraben; PFHxS, perfluoro-1-hexanesulfonate; PFOA, perfluoro-n-octanoic acid;
PFOS, perfluoro-octanesulfonate (sum); PFNA, perfluoro-n-nonanoic acid; PFDA, perfluoro-n-decanoic acid; PFunDA, perfluoro-n-undecanoic acid.
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Fig. 1. Differential expression of miRNAs between high vs low EDEHP groups. A: Principal component (PC) analysis segregating the analyzed samples ac-
cording to the expression of 465 detected miRNAs. B: Differentially expressed (DE) miRNAs between high vs low EDEHP group (FDR < 0.1). C: Interaction map of DE
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pathway. D: Negative correlation between the expression of miRNA hsa-miR-203a-3p and ovarian sensitivity index (OSI).

analysis by merging the current bulk mRNA sequencing data with our
previous single-cell RNA-seq data on FF cells from fertile women with
normal ovarian response to COST (Roos et al., 2022). Interesting find-
ings were observed for the leukocyte proportions: the marker genes for
T-cells, M1 and M2 macrophages as well as neutrophils were all
expressed at increased levels in the high *DEHP group suggesting higher
proportions of these cell types in the follicle (p < 0.05 for neutrophils
and p < 0.01 for other leukocytes, Fig. 2D). At the same time, the
analysis results suggested a reduced proportion of granulosa cells in the
samples (p < 0.001) (Fig. 2D).

3.4. Coding and non-coding gene expression differences associated with
XDEHP concentrations interfere with the cholesterol metabolism and
steroidogenesis pathways

As the genes involved in cholesterol biosynthesis and steroidogenesis

pathways were the most robustly down-regulated in the high *DEHP
group (Supplementary Table 6), we aimed to further focus on the
miRNA:mRNA interactions in these pathways.

Cholesterol is the precursor molecule for the steroid hormones pro-
duced by the somatic cell populations in the follicle. Its synthesis starts
with multiple steps converting Acetyl-CoA to lanosterol. Thereafter two
pathways exist: the Bloch pathway and Kandutsch-Russell pathway both
produce cholesterol. Multiple genes from both pathways were expressed
at lower levels in the FF cells derived from the high DEHP group
(Table 3A). Additionally, the low-density lipoprotein receptor (LDLR),
essential for the import of cholesterol from circulating lipoproteins into
cells (Miller and Bose, 2011), was downregulated in the high SDEHP
group (logoFC = —1.65, FDR = 0.013), suggesting a potential disruption
in cholesterol acquisition (Supplementary Table 4). Multiple DE miRNAs
target the mRNAs of genes involved in both pathways as well as in the
fatty acid biosynthesis pathway that uses cholesterol levels as a sensor
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Fig. 2. Gene expression changes in the follicular fluid somatic cells in the high EDEHP group. A: Volcano plot depicting the distribution of differentially
expressed genes in the high XDEHP group compared to low ZDEHP group. B: Enriched Reactome pathways associated with upregulated genes in the high SDEHP
group. C: Enriched Reactome pathways associated with downregulated genes in the high SDEHP group. D: Computationally predicted cell type proportions in the
high and low ZDEHP groups. Cell types according to Roos et al 2022. * p < 0.05, **p < 0.01, *** p < 0.001. NS — not significant, FC — fold change, FDR — false

discovery rate.
<
«

Table 3

miRNA:mRNA interactions in the cholesterol metabolism (A) and steroidogenesis (B) pathways. Differentially expressed (DE) genes between high vs low
~DEHP group (FDR < 0.05) and the corresponding DE miRNAs predicted to target them according to miRWalk are displayed. Text in brackets indicates the number of

binding sites of the miRNA to the corresponding mRNA.

A Cholesterol metabolism

Gene symbol log,FoldChange FDR Targeting DE miRNA

MVD -1.96 1.52E-04 none

HMGCS1 —2.16 1.52E-04 hsa-miR-150-5p, hsa-miR-205-5p (2x), hsa-miR28-3p (2x), hsa-miR-425-3p, hsa-miR-675-3p (2x)
ACAT2 —2.22 1.62E-04 none

FDPS —2.27 1.72E-04 none

IDI1 -1.61 2.14E-04 hsa-miR-106b-3p, hsa-miR-122-5p, hsa-miR-203b-5p

FDFT1 —1.42 4.30E-04 none

MSMO1 —2.50 5.23E-04 hsa-miR-1307-5p (2x)

DHCR7 —2.65 5.23E-04 hsa-miR-199b-3p (2x), hsa-miR-425-3p

FASN —2.63 6.43E-04 none

FADS1 -1.77 7.06E-04 hsa-miR-205-5p (2x), hsa-miR-4324

LSS —-2.32 7.65E-04 hsa-miR-106b-3p (3x), hsamiR-10b-5p (3x), hsa-miR-132-3p (3x)

SCD —-2.71 7.77E-04 none

MVK -2.17 0.0011 hsa-miR-10b-5p (2x), hsa-miR-675-3p (2x)

SQLE —2.00 0.0011 none

SC5D —-1.23 0.0015 hsa-miR-106b-3p

FADS2 —2.23 0.0015 hsa-miR-4324 (3x), hsa-miR-675-3p (3x)

CYP51A1 —2.04 0.0017 none

NSDHL -1.87 0.0024 none

CYP27A1 2.66 0.0025 none

EBP -1.95 0.0026 hsa-miR-122-5p

HMGCR —1.45 0.0032 hsa-miR-4324 (4x)

HSD17B7 —-1.13 0.0054 hsa-miR-675-3p

ELOVL5 -1.73 0.0063 hsa-miR-150-5p, hsa-miR-191-5p, hsa-miR-203b-5p, hsa-miR-28-3p (3x), hsa-miR-425-3p, hsa-miR-675-3p (2x)
SREBF1 -1.22 0.0085 hsa-miR-132-3p (3x), hsa-miR-199b-3p

PMVK -0.83 0.0086 hsa-miR-205-5p

ABCG1 2.33 0.0110 hsa-miR-27a-3p, hsa-miR-4324 (2x), hsa-miR-106b-3p, hsa-miR-122-5p, hsa-miR-1307-5p, hsa-miR-191-5p
B Steroidogenesis

Gene symbol log,FoldChange FDR Targeting DE miRNA

CYP11A1/P450scc —2.68 0.0049 none

CYB5A/cytochrome b5 —2.24 0.0087 hsa-miR-106-3p (2x), hsa-miR-132-3p, hsa-miR-27a-3p (2x), hsa-miR-675-3p
CYP17A1/P450c17 —2.34 0.0217 none

POR —0.85 0.0342 none

STAR -1.99 0.0348 hsa-miR-28-3p, hsa-miR-675-3p

CYP19A1/P450Aro —1.62 0.0407 hsa-miR-132-3p (x2), hsa-miR-150-5p (x2), hsa-miR-199b-3p (x2), hsa-miR-205-5p (x3), hsa-miR-28-3p (x2)

(Ye and DeBose-Boyd, 2011) (Fig. 3A, Table 3A).

In the steroidogenesis pathway, the expression of STAR mRNAs, a
transporter of cholesterol from the mitochondrial outer to the inner
membrane (Miller, 2007) was lower in the high ZDEHP group (log2FC =
-1.99, FDR = 0.035) (Table 3B). Additionally, the key steroidogenic
enzymes CYP11A1, CYP17A1 and CYPI9A1 as well as steroidogenesis
regulators POR and CYB5A were all downregulated in the high XDEHP
group (FDR < 0.05). Furthermore, we observed that STAR, CYB5A and
CYP19A1 are potential targets for the DE miRNAs present in the FF of
the same follicles (Fig. 3B, Table 3B).

It must be emphasized that most miRNA-regulated mRNAs in Fig. 3
were predicted to be targeted by either multiple DE miRNAs or by
miRNAs with multiple target sites on a particular mRNA sequence
(Tables 3A and B) indicating strong targeting evidence (Sztrom et al.,
2007).

3.5. Differences in the follicular fluid steroid levels between high and low
2XDEHP groups

Lastly, the concentrations of 12 steroid hormones were analyzed in
the same FF samples with available ZDEHP measurements and were

compared between the high and low EDEHP groups adjusting for the
country of origin. Although ASD and TES levels were lower in the high
EDEHP group, the difference was not statistically significant (p > 0.05,
Fig. 4A). To account for the individual variations in the FF steroid levels,
we next considered the ratios between steroids as indicators of the
associated enzyme activities. The analysis of the product-to-precursor
ratios revealed that PRO to HPR ratio was lower in the high XDEHP
group (p = 0.046, Fig. 4B). As mentioned above, the expression level of
the mRNA of the enzyme in P450c17 (encoded by the CYP17A1 gene)
performing the conversion of PRO to HPR was 5 times lower in the
follicular cells of the high XDEHP group (log2FC = —2.33, FDR = 0.022,
Fig. 3B, Supplementary Table 4).

4. Discussion

DEHP metabolites have been detected in human FF and linked to
altered ovarian function: women with higher levels of 4 main DEHP
metabolites (XDEHP) in their FF demonstrated diminished response to
rFSH in COST (Bellavia et al., 2023). However, the underlying mecha-
nisms for this association remain poorly understood. In this study, we
sought to characterize the impact of ZDEHP on the miRNA profile and
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the levels of steroid hormones of FF, as well as on mRNA expression in
granulosa cells. To our knowledge, this is the first human cohort-based
study to investigate the impact of the presence of EDEHP in follicles
on human granulosa cell transcriptome and steroidogenesis, and to link
the results with extracellular miRNA levels in the FF. Importantly, all
measurements were performed from the same follicles, which allowed
us to better scrutinize potential associations between different layers of
information.

Our study presents compelling evidence for XDEHP-associated al-
terations in extracellular miRNA levels within FF. A total of 465 miRNAs
were identified, 16 of which exhibited differential expression between
high and low DEHP groups. Changes in ovarian miRNA expression due
to DEHP exposure have been observed in several animal studies (Liu
et al., 2018; Patino-Garcia et al., 2020; Zhang et al., 2019). Culturing
neonatal rodent ovaries with DEHP upregulates miR-28a-3p (Zhang
et al., 2019), which suggests a causal connection between DEHP expo-
sure and miRNA expression. Similarly, we observed an upregulation of
miR-28a-3p in human FF in the presence of high *DEHP. Such an
analogous response could suggest that miR-28a-3p modulation occurs
across various organisms in response to DEHP, thus indicating a com-
mon molecular mechanism. While studies exploring the changes in
miRNA profiles related to increased DEHP levels in human ovaries are
limited, a negative correlation between urinary MEHP levels and miR-
106b expression in FF extracellular vesicles (EV) has been reported
(Martinez et al., 2019). In line with this, we observed a downregulation
of miR-106b-3p in the FF of the high XDEHP group. However, another
study exploring the association between FF phthalate concentration and
EV miRNA expression did not find overlapping miRNAs with our study
(Barnett-Itzhaki et al., 2021). This can be explained by partly distinct
profiles between the cell-free and EV-packed miRNA sequences (Rooda
et al., 2020). Secondly, the measured phthalate metabolites were
different from those of our study. In addition, the absence of common

10

miRNAs may be attributed to differences in patient cohorts, inclusion
criteria, material collection and stimulation protocols as well as
geographical differences in EDC exposure.

Our study revealed DE miRNAs associated with various reproductive
conditions. Specifically, the upregulation of miR-27a-3p, miR-28a-3p,
miR-122-5p and miR-199b-3p, and downregulation of miR-1307 in the
high XDEHP group align with the expression patterns observed in pa-
tients with diminished ovarian reserve (Rapani et al., 2021; Xie et al.,
2024). Additionally, the expression patterns of miR-122-5p and miR-
132-3p in ovarian exosomes of mice with primary ovarian insuffi-
ciency was mirrored in our observations from the FF of the high ZDEHP
group (Zhang et al., 2022). A downregulation of miR-132-3p in FF has
been linked with the generation of low-quality IVF embryos (Feng et al.,
2015; Machtinger et al., 2017). The upregulation of miR-122-5p and
miR-10b-5p, known to induce human granulosa cell apoptosis (Jiajie
et al.,, 2017; Zhang et al., 2022), indicates that high *DEHP levels may
contribute to altered granulosa cell dynamics. The upregulation of miR-
203a-3p, previously observed in MII oocytes in older women and
considered an indication for ovarian aging (Battaglia et al., 2016), is
striking. Our results not only confirm the upregulation of miR-203a-3p
in the high XDEHP group but also reveal a negative correlation with
the OSL. This is noteworthy as decreased ovarian sensitivity is widely
recognized as an indication of ovarian aging, and as a predictor for
worse outcome in IVF treatments (Weghofer et al., 2020). Our findings
thus suggest the possibility that S DEHP, by altering miR-203a-3p levels,
may accelerate ovarian aging, contributing to the observed decline in
ovarian sensitivity.

One of the mechanisms by which ZDEHP may increase ovarian aging
is by affecting AR signaling. Computational structural binding analysis
suggests that DEHP metabolites have the potential to disrupt the AR
function, as these metabolites closely resemble TES (Beg and Sheikh,
2020). However, direct binding of the DEHP metabolite MEHP has not
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been confirmed in either yeast AR assays (Kim et al., 2019) nor in the
human AR in vitro binding tests, even at supraphysiological concentra-
tions (Parks et al., 2000). Our data shows that 6 of the DE miRNAs be-
tween the high and low ~DEHP group target the AR signaling pathway
that, in addition to the receptor, involves a plethora of AR-dependent
transcription co-factors. The importance for AR signaling in the ovary
has been established in model organisms and monogenic disorders
(Panagiotou et al., 2022). The granulosa cell-specific AR knock-out
mouse exhibits the signs of premature ovarian failure leading to sub-
fertility (Sen and Hammes, 2010). Women suffering from androgen
insensitivity syndrome-like monogenic disorders also exhibit poor
ovarian response to gonadotrophins (Lissaman et al., 2023). Therefore,
the potential disruption of AR signaling by £DEHP via miRNAs could
have adverse consequences for the follicular development and function.

Molecular pathway enrichment analysis of DE miRNAs in FF
revealed their involvement in adipogenesis, AGE/RAGE and RAC1/
PAK1/p38/MMP2 pathways. Notably, rodent studies have demon-
strated that DEHP acts as an obesogen, causing a substantial increase in
body weight, food intake, and visceral adipose tissue compared to
controls (Schmidt et al., 2012). These findings have been further sup-
ported by human studies, establishing an association between DEHP
metabolites and obesity in adult females (Buser et al., 2014). The impact
of DEHP and its metabolites on adipogenesis primarily occurs through
the activation of peroxisome proliferator-activated receptors (PPARs)
(Feige et al., 2007). Despite the absence of adipocytes in the ovarian
follicle, the dysregulation of miRNAs targeting adipogenesis may signify
potential alterations in fatty acid metabolism. Indeed, our results from
RNA-seq of granulosa cells revealed the enrichment of downregulated
genes in lipid and fatty acid metabolism pathways. Therefore, we hy-
pothesize that differentially regulated miRNAs in the ovaries with high
>DEHP levels could contribute to disturbances in fatty acid metabolism
by targeting several genes, such as FADS1, FADS2 and SC5D, within this
pathway.

Advanced glycation end products (AGEs) are highly reactive mole-
cules formed through lipid and protein glycation which exert their ef-
fects via receptor RAGEs. The accumulation of AGEs into the ovarian
follicle has been proposed to trigger premature ovarian aging by pro-
moting pro-inflammatory conditions (Tatone et al., 2008). Treatment of
human cumulus cells with glycated albumin (a precursor for AGEs) has
been shown to induce the expression of key steroidogenic genes
(CYP11A1, 3-pHSD, STAR, CYP17A1 and LHR), highlighting the pivotal
role of AGEs in regulating steroidogenesis (Merhi, 2014). We hypothe-
size that dysregulation of the AGE/RAGE pathway through miRNAs in
granulosa cells could be one of the mechanisms by which DEHP alters
the expression of steroidogenic enzymes and induces a pro-
inflammatory environment within the follicle.

While the involvement of the RAC1/PAK1/p38/MMP2 pathway in
normal ovarian function is not well-established, its implication in
ovarian cancer is noteworthy (Gonzalez-Villasana et al., 2015). Matrix
metalloproteinases, including MMP2, play crucial roles in follicle for-
mation and rupture (Vos et al., 2014). Therefore, any disruptions in this
signaling pathway that lead to MMP2 dysregulation could prove detri-
mental to these essential ovarian processes.

We identified 2,454 DE genes in granulosa cells between high and
low XDEHP groups. Particularly interesting is the observation that the
upregulated genes in high DEHP follicles predominantly belong to
immune system pathways. This finding is further substantiated by
cellular deconvolution of our RNA-seq data, which revealed an
increased presence of T-cells, neutrophils and macrophage markers
within the ovarian follicle. This provides a potential explanation for the
observed immune system related gene expression changes. These results
also align with previous findings demonstrating the upregulation of
immune response-associated genes in the ovaries of prepubertal mice
exposed to DEHP (Lai et al., 2017). Moreover, phthalate metabolites or
their mixtures have been shown to alter inflammatory cytokine levels in
human FF (Wang et al., 2023). The enhanced presence of immune cells
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may indicate increased inflammation within the ovarian follicles,
potentially compromising the microenvironment essential for successful
ovulation. While further research is needed to clarify the immune
mechanisms integral to ovarian function, our findings suggest that
higher ZDEHP levels may influence these processes.

Regulation of ovarian steroidogenesis is vital for the normal devel-
opment and function of the ovarian follicles. In our study, higher con-
centration of EDEHP was associated with the reduced mRNA levels of
genes encoding essential components of the steroidogenic pathway,
including CYP11A1, CYP17A1, CYP19A1 and STAR. Similar results have
been observed in rodent studies, where CYP17A1 and STAR were
downregulated in rodent ovaries, and CYP11A1, CYP19A1 and STAR
expression levels were inhibited in rat granulosa cells upon DEHP
exposure, accompanied by lower levels of PRO and estradiol in both
studies (Lai et al., 2017; Tripathi et al., 2019). Our results also agree
with experiments performed using primary human granulosa cells (Jin
et al., 2019), cumulus cells (Tesic et al., 2023) and the granulosa-like
tumor cell-line KGN (Jin et al.,, 2019). In these studies, DEHP
decreased the expression of the same key steroidogenic enzymes (Guerra
et al., 2016) accompanied by reduced PRO and estradiol production
(Guerra et al., 2016; Tesic et al., 2023). Additionally, DEHP has been
associated with reduced PRO levels in human FF (Du et al., 2019).
Although we did not observe significant changes in FF steroid hormone
levels between high and low ZDEHP groups, we observed an altered
ratio between PRO and HPR, which could be attributed to lower
CYP17A1 mRNA levels in the ovarian somatic cells of the high ZDEHP
group. Considering the predominantly luteinized state of the studied
somatic cells, alterations in PRO conversion could negatively affect the
developing corpus luteum and the maintenance of pregnancy. HPR
serves as a precursor for ASD and cortisol production (Chakraborty
et al., 2021; Honour, 2014), suggesting a potential influence on the
synthesis of these hormones. Although a trend toward lower ASD and
TES levels was observed between the study groups, we cannot confirm
that the main mechanism of XDEHP action in the adult ovary is the in-
hibition of androgen synthesis as has been described for the testis
(Desdoits-Lethimonier et al., 2012; Parks et al., 2000). Instead, our
findings propose that CYP19A1 and STAR mRNAs are targeted by mul-
tiple DE FF miRNAs, and the expression of CYP17A1 is significantly
reduced in the ovaries with high ¥DEHP. These results are indicative of
decreased PRO metabolism.

Our transcriptional analyses revealed downregulation of 17 key
genes involved in cholesterol, lipid and fatty acid metabolism pathways.
mRNAs of 11 of these genes are potentially targeted by the DE FF
miRNAs. Furthermore, considering that granulosa cells predominantly
rely on cholesterol import from circulating lipoproteins (Miller and
Bose, 2011), the downregulation of LDLR implies a potential imbalance
in cellular cholesterol homeostasis. Given that cholesterol serves as a
crucial precursor for the synthesis of steroid hormones, this down-
regulation could explain the observed decrease in steroidogenesis-
related genes. Notably, the reduction in the expression of cholesterol
metabolism genes IDI1, FDFT1, CYP51A1 and STARD1 has been impli-
cated in granulosa cells of individuals with diminished ovarian reserve
(Yang et al., 2022). Downregulation of genes involved in lipid and fatty
acid metabolism could be detrimental for the maintenance of energy
supplies in the granulosa cells (Zhang et al., 2023). Reduced utilization
of fatty acids can lead to their accumulation in granulosa cells which can
induce ovarian inflammation (Lai et al., 2022). This collective evidence
strengthens the growing body of evidence connecting DEHP to dis-
ruptions in ovarian function.

As a limitation of the current study we acknowledge that using
samples from two heterogeneous populations might lead to fewer sta-
tistically significant results. Population heterogeneity can be attributed
to differences not only in individual lifestyles, potentially influencing
EDC levels, but also in stimulation protocols and sample collection
routines between the clinics. However, this aspect effectively demon-
strates the complexity of human studies and explains the frequent
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discordances between different papers. As a strength, the current study
stresses the robustness of the presented results as these have been vali-
dated in two patient sub cohorts covering the expected variability be-
tween lifestyle and fertility treatment standards between IVF patients
from different countries.

5. Conclusions

In summary, our comprehensive analysis - spanning cell-free miRNA,
cellular mRNA expression and steroid hormone measurements - reveals
that high ZDEHP level in human FF is linked with disrupted cholesterol
and steroid hormone biosynthesis, altered PRO to HPR ratio, as well as
with a pro-inflammatory environment within the ovarian follicle.
Notably, some of these perturbations can be attributed to interrupted
inter-cellular molecular communication via extracellular miRNAs. Our
study suggests different mechanisms of action for XDEHP disruption in
the adult ovaries to what has been previously described in the testis. This
further demonstrates that EDCs such as XDEHP may have multiple
mechanisms of action contributing to adverse outcomes, including in the
ovaries. Overall, many of the changes reported here are associated with
ovarian aging in other studies, indicating that EDCs like DEHP may
accelerate reproductive senescence. There are still unresolved issues
that warrant further scrutiny based on our findings, not least investi-
gating in more detail how lipid metabolism, steroidogenesis, and
inflammation is affected by ZDEHP exposure in ovaries. However, our
findings help explain the impact of EDC exposure on increasing female
fertility problems.
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