Environmental Research 279 (2025) 121797

Contents lists available at ScienceDirect

Environmental Research

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/envres

L))

Check for

Effects of phthalate exposure on human ovarian extracellular matrix | e
composition: insights from a 3D spheroid model

Saba Nikanfar“, Ellen C.R. Leonel b¢ Ppauliina Damdimopoulou "¢, Jodi A. Flaws,
Christiani A. Amorim

@ Pole de Recherche en Physiopathologie de la Reproduction, Institut de Recherche Expérimentale et Clinique, Université Catholique de Louvain, Brussels, Belgium

Y Animal Molecular and Cellular Biology Group, Louvain Institute of Biomolecular Science and Technology, Université catholique de Louvain, Louvain-la-Neuve, Belgium
¢ Institute of Biological Sciences, Federal University of Goids, Goiania, Brazil

d Division of Obstetrics and Gynecology, Department of Clinical Science, Intervention and Technology, Karolinska Institutet and Karolinska University Hospital,
Stockholm, Sweden

€ Department of Gynecology and Reproductive Medicine, Karolinska University Hospital, Stockholm, Sweden

f Department of Comparative Biosciences, University of Illinois at Urbana-Champaign, United States

ARTICLE INFO ABSTRACT

Keywords:
Extracellular matrix
Ovarian ECM toxicity
Phthalate exposure
Spheroids

Phthalates, widely used as plasticizers in consumer products, have become a significant public health concern
due to their toxic effects on reproductive and endocrine systems. However, the specific mechanisms by which
phthalates affect ovarian function remain poorly understood. To address this knowledge gap, we employed 3D
spheroids derived from human ovarian stromal cells, which mimic the ovarian tissue. Since remodeling the
ovarian extracellular matrix (ECM) is centrally involved in follicle growth, ovulation, and ovarian aging, we
decided to study the impact of environmentally relevant phthalate mixtures (PM) on ECM components. Spheroids
were generated from both reproductive-aged and menopausal ovarian tissues, then treated with PM for four days.
Collagen deposition was assessed using picrosirius red staining, while immunofluorescence was used to evaluate
the proliferation and deposition of collagen type VI, elastin, fibrillin-1, and elastin microfibril interfacer 1
(EMILIN-1). Our results revealed that PM exposure significantly increased collagen deposition (p < 0.0001) in
spheroids from reproductive-aged ovaries, while reducing collagen VI levels (p < 0.05), potentially compro-
mising the structural and functional integrity of the ovarian ECM. In contrast, spheroids from menopausal ovaries
exhibited a decrease in EMILIN-1 (p < 0.05) and fibrillin-1 (p < 0.001), both crucial for maintaining tissue
elasticity. These findings underscore the detrimental effects of phthalates on ovarian ECM across different age
groups, with a particular emphasis on ECM elastisity. Additionally, this study highlights the utility of 3D
spheroids as a reliable in vitro model for mechanistic research, drug screening and toxicology testing.

1. Introduction

Phthalates, widely used as plasticizers to improve polymer flexibility
in various consumer products, have become a significant public health
concern because of their well-documented toxic effects on reproductive
and endocrine systems (Kavlock et al., 2002). Given the weak molecular
bonds between phthalates and polymers, these chemicals are easily
released into the environment, entering the human body through mul-
tiple routes such as inhalation, ingestion, and skin absorption (Bergé
et al., 2013; Hongjun et al., 2013; Martine et al., 2013). Additionally, as
integral components of plastics, phthalates can enter our bodies through

nano- and microplastics (Hong et al., 2023). While extensive research
has focused on the effects of single phthalates, human exposure often
involves mixtures of these chemicals, making it crucial to study phtha-
late mixtures (PM) to better understand their combined impact, partic-
ularly on female reproductive health. Additionally, the precise
mechanisms through which phthalates exert their adverse effects on
reproductive function remain poorly understood, despite recent efforts
to identify these mechanisms via transcriptomics (Mattson and Warner,
2025; Tarvainen et al., 2023; Visser et al., 2024). The dynamic role of
the extracellular matrix (ECM) in the ovary is crucial for folliculogenesis
as it undergoes significant changes to support and regulate intricate
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cellular reorganization within developing follicles. Recent studies have
highlighted that ovary is a mechano-responsive organ, with crosstalk
between the ECM, follicles, and ovarian cells being vital for successful
folliculogenesis and oogenesis (Ouni et al., 2021).

During human follicle activation, a decrease in the ratio of thicker to
thinner collagen fibers has been observed. As follicles grow, there is a
reduction in elastin content, along with decreased levels of fibrillin-1
and EMILIN-1 (Ouni et al., 2020). Besides these changes, the aging
process also leads to a denser and more compact ECM structure. Colla-
gens I and I1I levels increase, while elastin content declines (Dipali et al.,
2023). Furthermore, downregulation of fibrillin-2 has been observed
with aging in the mouse ovary, further emphasizing the impact of aging
on ECM composition and its implications for ovarian function.

Evidence has shown that exposure to phthalate mixtures can impair
antral follicle growth, cause oocyte fragmentation, and disrupt ste-
roidogenic enzyme activity (Tarvainen et al., 2023). Numerous studies
have investigated the effects of individual phthalates, particularly di
(2-ethylhexyl) phthalate (DEHP), on ovarian cells, often using
short-term in vitro models and relatively high concentrations (1-50,000
pM) (Evangelinakis et al., 2024; Varik et al., 2024). These studies
consistently report reduced cell viability, increased apoptosis, and in
some cases, elevated oxidative stress, suggesting a direct cytotoxic
impact on ovarian cells (Adir et al., 2017; Chang et al., 2017; Chen et al.,
2012). More recent research has shifted toward evaluating phthalate
mixtures, which more accurately reflect real-life environmental expo-
sures. These mixture-based studies, conducted across a wide concen-
tration range (0.065-1000 pg/mL) and over longer exposure durations,
have demonstrated oxidative stress induction, impaired antral follicle
development, increased follicular atresia, and reduced ovulation rates
(Land et al., 2021; Meling et al., 2020; Rasmussen et al., 2017; Zhou and
Flaws, 2017). In vivo animal models corroborate these findings, showing
phthalate-induced apoptosis, altered follicle dynamics, and disruptions
in ovarian steroidogenesis, including altered levels of FSH, LH, and
testosterone (Safar et al., 2023). Additionally, phthalate mixtures have
been shown to affect gene and microRNA expression patterns involved
in cell cycle regulation, steroid biosynthesis, and oocyte maturation
(Barnett-Itzhaki et al., 2021). Of particular concern are prenatal and
gestational exposures, which have been linked to impaired folliculo-
genesis, an increase in primordial and atretic follicles, and disruptions in
hormonal signaling (Repouskou et al., 2019). These developmental ex-
posures can have long-lasting effects, as evidenced by multigenerational
rodent studies demonstrating impaired folliculogenesis and steroido-
genesis in both F1 and F2 generations (Gonsioroski et al., 2022).

These findings suggest that phthalate exposures, whether individual,
combined, or occurring during critical windows of development, pose a
significant risk to ovarian function and may contribute to reproductive
disorders, including polycystic ovary syndrome (Zhang et al., 2023).

However, the exact cellular processes and pathways affected by these
exposures remain insufficiently understood. Given the widespread use of
phthalates, which have been detected in numerous biological samples
such as urine, serum, saliva, breast milk, and follicular fluid (FF) (Du
et al., 2016; Krotz et al., 2012; Bellavia et al., 2023), there is an urgent
need for sensitive and validated in vitro models for reproductive toxi-
cology studies.

In this study, we bridged these knowledge gaps by employing
spheroids as 3D models to investigate the effects of environmentally
relevant PMs on ovarian ECM components, which are essential for
ovarian function and fertility. By focusing on mixtures, using advanced
3D models, and examining less-studied effects on ECM components, our
research seeks to provide a more comprehensive understanding of
phthalate-induced reproductive toxicity in females, contributing to
improved regulatory and safety assessment protocols for these ubiqui-
tous environmental contaminants.
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2. Materials and methods
2.1. Ovarian tissue collection

Ovarian tissue biopsies were obtained from two groups including
four healthy reproductive-aged (21-49 years old) and four menopausal
women (64-68 years old). The study was approved by the Institutional
Review Board of the Université Catholique de Louvain (IRB reference
2018/19DEC/475 for menopausal multi-organ donors and IRB reference
2012/23MAR/125 and 2018/19DEC/475 for reproductive-aged
women). Upon collection, both types of tissue were immediately trans-
ported to the laboratory in Dulbecco’s phosphate-buffered saline (DPBS)
(Gibco, Thermo Fisher Scientific, Merelbeke, Belgium) at 4 °C. The
medullary part of the ovary was then removed, and the cortical region
was selected for subsequent experiments, as it contains the majority of
follicles and is the primary site of stromal remodeling in response to
environmental exposures. Then cortex was cut into 5x5x1 mm sections
and frozen following standard procedures (Gallardo et al., 2018).

Fig. 8 provides an overview of the workflow and summarizes the
different experiments performed throughout the study.

2.2. Ovarian stromal cell isolation

After thawing, ovarian stromal cells were isolated using a protocol
that involved both mechanical and enzymatic methods (Chiti et al.,
2017). The tissue was first mechanically minced using a tissue chopper
(Mickel Laboratory, Guildford, UK) and then enzymatically digested
with Liberase DH (Sigma-Aldrich, Darmstadt, Germany) and DNase I
(Sigma-Aldrich) at 37 °C for 75 min. The enzymatic reaction was
stopped by adding DPBS supplemented with 10 % heat-inactivated fetal
bovine serum (FBS) (Gibco). The resulting cell suspension was filtered
through 80 pm and 20 pm nylon net filters (Millipore, Overijse, Belgium)
and centrifuged at 500 g for 10 min. The pellet was resuspended in
Dulbecco’s modified Eagle’s medium F-12 (DMEM/F12; Gibco) sup-
plemented with 10 % FBS and 1 % antibiotic-antimycotic (Gibco).

2.3. Spheroid formation

After cell counting, 100,000 stromal cells isolated from the ovarian
cortex of each individual donor were seeded into separate agarose-based
microwell molds (MicroTissues, Inc., Providence, RI, USA) in DMEM/
F12 supplemented with 10 % FBS and 1 % antibiotic-antimycotic,
allowing the formation of up to 98 spheroids per mold. To ensure
spatial representation of the ovarian tissue, stromal cells were extracted
from three distinct regions of the cortex for each donor, pooled into a
single-cell suspension, and used for spheroid formation. Importantly,
cells from different donors were not pooled at any stage. All spheroids
derived from a single donor were treated and analyzed independently,
with experimental groups composed of four biological replicates (n = 4
per group). While multiple spheroids were generated per donor, these
were considered technical replicates and used to ensure reproducibility
within each individual sample. Statistical analysis was conducted using
the donor (ovary) as the experimental unit. The cultures were incubated
at 37 °C with 5 % CO for three days, after which the culture medium
was replaced every other day for another three days.

2.4. Treatments

Treatments began on day 6 and continued for four days. The PM was
formulated based on the concentrations of different phthalate compo-
nents, including mono(2-ethyl-5-hydroxyhexyl) phthalate 8.1 %,
racemic mono(ethylhexyl) phthalate 1.3 %, mono(2-ethyl-5-oxyhexyl)
phthalate 3.1 %, racemic mono(5-carboxy-2ethylpentyl) phthalate 6.4
%, monoisobutyl phthalate 5.3 %, monobenzyl phthalate 2.6 %, mono
(3-carboxypropyl) phthalate 0.8 %, monoethyl phthalate 65.6 %, and
monobutyl phthalate 6.7 % as measured in urine samples from the
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Fig. 1. Microscopic images (A) and morphological analysis (B) of spheroids derived from reproductive-aged ovaries following treatment for four days with a
phthalate mixture (PM) compared to the control group. All values are presented as the median =+ interquartile range (IQR) of 60 spheroids per group.
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Fig. 2. Microscopic images (A) and morphological analysis (B) of spheroids derived from menopausal ovaries following treatment for four days with a phthalate
mixture (PM) compared to the control group. All values are presented as the median + interquartile range (IQR) of 60 spheroids per group.

midlife woman’s health cohort study (MWHS) (Tarvainen et al., 2023).
Previous studies showed no cytotoxicity induced by the 1x and 100x PM
in human and mouse ovarian cell models (Tarvainen et al., 2023).
Therefore, the 100x concentration was selected to capture the full range
of potential effects. Spheroids generated from each patient were divided
into two experimental groups: one group was treated with PM, added to
the medium at a concentration of 0.75 pL/ml of the mixture stock to
reach a final concentration of 200 pM while the other served as the
control group consisting of DMSO (0.075 %). The medium was renewed
daily. Morphological features of the spheroids were measured on days 6

(start of treatment) and 10 (end of treatment) using an inverted mi-
croscope to assess development. After generating binary masks to
separate the spheroid mass from the image background, morphological
analysis was conducted using the Analyze Particles function in Image-
J/Fiji software (ImageJ 1.54f; National Institutes of Health, USA). This
function was used to quantify various morphological features of the
spheroids, including diameter, perimeter, area, solidity (area/convex
area), and roundness (4 x area/(n x major axis))z.

On day 10, the spheroids were fixed in 4 % paraformaldehyde
overnight at 4 °C and then embedded in HistoGel (Thermo Scientific),
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Fig. 3. Ki67 immunofluorescence staining images and quantification of Ki67-positive cells of spheroids isolated from reproductive-age (A) and menopausal ovaries
(B) treated with PM for four days. The quantification of Ki67-positive cells is presented as box plots, with median values indicated by lines. Altogether 131 spheroids

were quantified. White bars indicate 25 pm.
before being dehydrated and embedded in paraffin blocks.

2.5. Immunofluorescence staining

Immunofluorescence analysis was conducted on consecutive 5-pm-
thick tissue sections to assess proliferation activity and ECM components
of the spheroids, using antibodies against collagen type VI, elastin
microfibril interfacer 1 (EMILIN-1), and fibrillin-1. Paraffin sections
were first deparaffinized, followed by quenching of autofluorescence
with a 10-min incubation in 50 mM NH4Cl in PBS. Antigen retrieval was
performed in a water bath containing 10 mM citrate buffer and 0.1 %
Triton X-100. To block non-specific antigen-binding sites, the sections
were treated with Tris-buffered saline/Tween containing 10 % normal
goat serum and 1 % bovine serum albumin (BSA). The sections were
then incubated overnight at 4 °C in a humid chamber with the following
primary antibodies diluted in TBS containing 1 % BSA and 0.1 % Tween-
20 %: monoclonal antibody of anti-Ki67 (1:90, M7240; Dako, Glostrup,
Denmark), polyclonal antibodies of anti-collagen VI a3 (1:100, PAS-
49914; Thermo Fisher Scientific), anti-EMILIN-1 (1:200, HPA002822;
Sigma-Aldrich), and anti-fibrillin-1 (1:100, HPA017759; Sigma-
Aldrich). The next day, the sections were incubated for 1 h at room
temperature with Alexa Fluor 488 goat anti-mouse (1:250) for Ki67 and
Alexa Fluor 488 goat anti-rabbit (1:500) for collagen VI, EMILIN-1, and
fibrillin-1. Nuclei were counterstained with Hoechst 33342 (1:500,
Thermo Fisher Scientific) and sections were mounted using Fluo-
romount™ Aqueous Mounting Medium (Sigma-Aldrich).

Human ovarian cortex was used for positive controls of tested anti-
bodies and negative controls were prepared by omitting the primary

antibodies (Supplementary Fig. S1). The stained slides were digitized
using a confocal microscope (LSM800; Zeiss) equipped with a 488 nm
laser line.

2.6. Picrosirius red staining

Picrosirius red staining (PSR) was used to quantify collagen content
in the spheroids. For this, 5 pm-thick paraffin sections were used. These
sections were deparaffinized using Histosafe (Yvsolab SA, Beerse,
Belgium) and ethanol, rehydrated, and then immersed in a 3 % phos-
phomolybdic acid solution for 5 min to acclimate to the pH and provide
yellow counterstaining. After rinsing with water, the sections were
incubated for 2 h at room temperature in saturated aqueous picric acid
solution containing 0.1 % Direct Red 80 (Sigma-Aldrich). The sections
were then briefly washed in 0.01 N HCI for 2 min, rinsed with water,
dehydrated, and mounted using a Tissue-Tek film coverslipper (Sakura,
Antwerp, Belgium). Finally, images were captured using the Zeiss Axio
Imager Apo Tome microscope.

2.7. Statistical analysis

Data are presented as mean + SEM for normally distributed data and
as median + IQR for non-normally distributed data. Distributions and
outliers were visualized using Tukey’s box plots. For cases where the
median served as the primary measure of central tendency in graphical
representations, the mean was also reported for comparison purposes.
All statistical calculations were performed using GraphPad Prism soft-
ware package (version 8.0; San Diego, CA, USA). The distribution of
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Fig. 4. Collagen VI (Col-VI) immunofluorescence staining images and quantification of Col-VI expression in spheroids isolated from reproductive-aged (A) and
menopausal ovaries (B) exposed to PM for four days. Fluorescence intensities are presented as histograms (mean + SEM) for normally distributed data and box plots
(median + IQR) for non-normally distributed data. A total of 139 spheroids were analyzed across all donors and treatment conditions. Each dot represents a single
spheroid (technical replicate). Statistical analyses were performed using the average value per donor (biological replicate, n = 4 per group). The white bars indicate
25 pm * shows p < 0.05. Note: Due to the compact and three-dimensional structure of the spheroids, some Col-VI staining may appear perinuclear or intracellular.
This is likely the result of sectioning artifacts and spatial overlap between adjacent cells, rather than true nuclear localization.

quantitative data was assessed using the Shapiro-Wilk test. The multiple
Student’s t-test or Mann-Whitney test was used to compare differences
between the phthalate-treated and control groups. Differences were
considered statistically significant at a p value < 0.05.

Each dot shown in the graphs represents a single spheroid (technical
replicate). However, statistical analyses were conducted using the donor
(ovary) as the experimental unit (n = 4 per group). For each donor and
condition, the values from all analyzed spheroids were averaged, and
these per-donor means or medians were used in statistical comparisons.
This approach preserves biological independence while accounting for
intra-donor variability.

3. Results
3.1. PM treatment does not affect spheroid morphology and proliferation

Figs. 1 and 2 show images of the spheroids after PM treatment for
four days. In the reproductive-age group, the evaluation of spheroid
diameter showed comparable sizes on day 6 between spheroids desig-
nated for PM treatment (121.6 + 2.4 ym) and control (128.6 + 2.6 ym)
group. As illustrated in Fig. 1, by day 10, no significant differences were
observed in the spheroid diameter (128.1 + 4.217 vs. 130.7 £ 2.941 in
the control), perimeter (0.539 + 0.028 vs. 0.544 + 0.015 in the control),
area (0.0142 £ 0.0009+ 0.0148 + 0.0006 in the control), roundness

(0.827 + 0.014 vs. 0.866 + 0.013 in the control), or solidity (0.947 +
0.003 vs. 0.938 + 0.002 in the control). In the menopausal group, the
spheroid morphology analysis (Fig. 2) indicated that the sizes were
comparable on day 6 between the spheroids designated for PM treat-
ment (112.5 + 1.1 pm) and control (109 + 1.3 pm) groups. By day 10,
no significant differences in spheroid size were observed between the
PM-treated (107.2 + 1.2 pm) and control (104 + 1.2 pm) groups.
Similarly, other parameters, including perimeter, area, roundness, and
solidity, did not exhibit any significant changes following the treatment.
Moreover, the expression of Ki67-positive cells did not demonstrate any
significant difference in either the reproductive age or menopausal
groups (Fig. 3).

3.2. Effects of PM treatment on ECM components

To investigate the effects of PM on ECM components, we first
assessed the protein levels of collagen VI in spheroids from both
experimental groups and compared them to the corresponding control
groups. The results showed a significant decrease in collagen VI levels in
spheroids from reproductive-aged ovaries (10.59 + 0.30 in PM vs. 11.66
+ 0.32 in control, p < 0.05), while no significant changes were observed
in the menopausal group (Fig. 4).

We also measured collagen levels (types I and III) by PSR staining.
Interestingly, the results showed a significant increase in these collagen
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days. All the values are shown as median + IQR. A total of 245 spheroids were analyzed across all donors and treatment conditions. Each dot represents a single
spheroid (technical replicate). Statistical analyses were performed using the average value per donor (biological replicate, n = 4 per group). The scale bars indicate
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types in spheroids from reproductive-aged ovaries after PM treatment
compared to control (22.59 + 2.49 vs. 8.75 + 1.53 in control, p <
0.0001). In contrast, collagen levels in spheroids from menopausal
ovaries were not affected by PM exposure (Fig. 5).

Immunofluorescence results revealed no notable differences in
EMILIN-1 levels in spheroids from reproductive-aged ovaries following
PM treatment compared to control spheroids from reproductive-aged
ovaries. However, PM significantly decreased EMILIN-1 levels in
spheroids from menopausal ovaries compared to control spheroids from
menopausal ovaries (37.93 + 1.66 vs. 43.71 + 1.64 in control, p < 0.05)
(Fig. 6) .

Similarly, fibrillin-1 levels followed a pattern comparable to that of
EMILIN-1 in both groups. No significant changes were observed in
fibrillin-1 levels in spheroids from reproductive-aged ovaries after PM
treatment compared to control spheroids from reproductive-aged
women. In contrast, fibrillin-1 levels decreased significantly in spher-
oids from menopausal ovaries compared to control spheroids from
menopausal ovaries (11.03 + 0.48 vs. 15.00 & 0.82, p < 0.001) (Fig. 7).

4. Discussion

Morphological analysis of ovarian spheroids derived from cortical
cells indicated that tissue responses to PM exposure vary depending on
the reproductive stage of the ovaries in the woman’s life. Specifically,
spheroids from reproductive-aged ovaries exhibited alterations in the
ECM composition, particularly collagen types I, IIl, and VI, which
showed significant differences between the exposed and non-exposed
spheroids within the reproductive-aged group.

Previous research has emphasized the detrimental effects of phtha-
lates on ovarian function, including impaired follicle growth, oocyte
fragmentation, and disrupted steroidogenesis (Niermann et al., 2015;
Moyer and Hixon, 2012). Although the precise mechanisms by which
phthalates influence ovarian function remain unclear, recent RNA-seq

research on human ovarian stromal cells has revealed several enriched
gene ontologies (GOs) related to the ECM, including regulation of ECM
constituent secretion, ECM assembly and organization, ECM structural
constituents, and collagen-containing ECM following phthalates treat-
ment (Visser et al., 2024). ECM plays a crucial role in regulating ovarian
function, particularly in follicle activation and oocyte maturation
(Nagyova et al., 2021; Berkholtz et al., 2006). Over the past decade, the
mechanobiology of the human ovary has received increasing attention,
emphasizing the dynamic interplay between ovarian cells and their
surrounding microenvironment (Woodruff and Shea, 2011; Thorne
etal., 2015). The evidence regarding the adverse effects of phthalates on
ovarian function, combined with the crucial role of ECM in folliculo-
genesis, led us to hypothesize that phthalates may exert their detri-
mental effects by disrupting ECM composition and function.

Investigating the effects of toxic substances such as PM poses sig-
nificant challenges and requires careful experimental design. To address
these challenges, the development of in vitro models that closely mimic
the in vivo environment is essential for generating valuable insights. In
this study, we utilized a 3D spheroid model that replicates the ovarian
ECM (Ouni et al., 2020) to explore the toxic effects of PM. Specifically,
we examined the impact of a PM on spheroids derived from cortical
stromal cells of both reproductive-aged and menopausal ovaries,
providing a valuable model for representation of the environmental
exposures encountered by women. To our knowledge, this is the first
study to investigate the toxic effects of PM on ECM components in
human ovaries, with a particular focus on age-related differences.

Our primary findings revealed that PM exposure affects ECM com-
ponents in the ovaries differently, depending on the reproductive stage
of the ovaries. In the reproductive-aged group, PM treatment resulted in
a marked increase in collagen types I and III, accompanied by a decrease
in collagen VI.

Collagen type I, composed of rigid fibrils, is the most abundant
collagen in the body and provides tensile strength to tissues (Hurme
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Fig. 6. EMILIN-1 immunofluorescence staining images and quantification of EMILIN-1 expression in spheroids isolated from reproductive-aged (A) and menopausal
ovaries (B) exposed to PM for four days. Fluorescence intensities are presented as histograms (mean + SEM) for normally distributed data and box plots (median +
IQR) for non-normally distributed data. A total of 135 spheroids were analyzed across all donors and treatment conditions. Each dot represents a single spheroid
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et al.,, 1991). In contrast, collagen type III, which is commonly found
during the early stages of wound healing, is made up of thinner fibrils
and is generally considered less mature and structurally weaker
(Stadelmann et al., 1998). Evidence indicates that elevated collagen
levels are linked to a shift in the ECM toward a more rigid, fibrotic state,
which is closely associated with ovarian stiffness (Briley et al., 2016;
Mara et al., 2020). Therefore, we hypothesize that the increase in
collagen types I and III, without concurrent changes in EMILIN-1 or
fibrillin-1 levels, suggests that phthalates may be driving the ECM to-
ward a pro-fibrotic state. This shift could potentially impact ovarian
function by increasing ECM stiffness. However, the lack of changes in
EMILIN-1 and fibrillin-1 levels implies that the elastic properties of the
ECM remain somewhat intact. Thus, the ECM may be stiffened but not
yet fully fibrotic, and the tissue elasticity is likely preserved to a degree.

The observed PM-induced reduction in collagen VI in spheroids from
reproductive-aged ovaries suggests that the structural and protective
integrity of the ECM has been compromised. Collagen VI, the most
abundant collagen type in the human ovary (Ouni et al., 2020, 2021),
plays a role in protecting cells from stress and maintaining the me-
chanical stability of the ECM. Its reduction could lead to vulnerability of
the ECM structure, making it less capable of responding to mechanical
stress. Collagen VI also has cytoprotective functions, such as preventing
apoptosis, reducing oxidative stress, regulating cellular differentiation,
and interacting with membrane receptors (Berge et al.,, 2013). Its
reduction could impair cell-ECM signaling, contributing to a mechanical
imbalance in the tissue even without significant changes in proliferation.
While their impact on ovarian ECM remains inadequately examined,

phthalates have been demonstrated to cause significant alterations in
collagen levels in different tissues. Fibrosis is characterized by disrupted
tissue architecture and excessive accumulation of ECM components,
primarily collagen (Niermann et al., 2015). Numerous studies have
investigated the role of phthalates in fibrosis development (Lee et al.,
2024; Zhiwen et al., 2023), suggesting that exposure to these chemicals
may contribute to pathological processes leading to fibrotic changes in
diverse tissues. For instance, analysis of collagen I in human fibroid
tissues implanted in mice revealed increased expression of this protein in
those fed DEHP (Kim et al., 2021). Moreover, in mice exposed to PM for
six months, upregulation of collagen types III and IV was observed in the
uterus, with PSR staining revealing higher overall collagen levels and
disorganized collagen fibers, resulting in increased uterine tissue stiff-
ness (Shukla et al., 2023). Treatment with DEHP was also found to
elevate collagen I expression in myometrial and leiomyomal cells (Kim
et al., 2017) and to promote the expression of collagen I and III in the
liver (Zhao et al., 2019). These findings, along with our results,
emphasize the potential of phthalates to induce fibrotic and ageing-like
changes in ovarian ECM, thereby impairing ovarian function.

The concentration of PM used in our study (100x) is based on the
levels found in urine as phthalates undergo rapid metabolism in the
body and are efficiently excreted in urine. Reliable exposure estimates
are therefore often based on repeated urine sampling rather than serum,
where levels fluctuate. Nevertheless, the presence of these phthalate
metabolites has also been reported in ovaries and FF. For instance,
higher levels of DEHP metabolites in FF, around 8 nM, have been
associated with reduced steroid synthesis and a pro-inflammatory



S. Nikanfar et al.

A

Fibrilin

Hoechst

Control PM-treated Control

PM-treated

Environmental Research 279 (2025) 121797

Fibrillin

40

30

20—

10

Fluorescence intensity

0 T T
Control PM

N
a

Fibrillin
%k %k Xk

——

- - N
o (3] o
1 1 1

a
1

Fluorescence intensity

0 T T
Control PM

Fig. 7. Fibrillin-1 immunofluorescence staining images and quantification of fibrillin-1 expression in spheroids isolated from reproductively aged (A) and meno-
pausal ovaries (B) exposed to PM for four days. Fluorescence intensities are presented as histograms (mean + SEM) for normally distributed data and box plots
(median + IQR) for non-normally distributed data. A total of 109 spheroids were analyzed across all donors and treatment conditions. Each dot represents a single
spheroid (technical replicate). Statistical analyses were performed using the average value per donor (biological replicate, n = 4 per group). White bars represent 25

pm *** Indicates p < 0.001.

environment (Varik et al., 2024). The lack of differences in spheroid size
or shape may be attributed to the short duration (four days) of treatment
in our study, whereas real-life exposure is lifelong and semi-persistent,
meaning constant despite rapid metabolism. This observation warrants
further investigation through longer-term studies.

In our study, the combined effects of increased collagen I and III and
decreased collagen VI suggest that PM is promoting ECM remodeling in
a way that is likely harmful to normal ovarian function. This could be
due to phthalate-induced alterations in signaling pathways that regulate
ECM composition, possibly through oxidative stress or altered matrix
metalloproteinase (MMP) activity, which could lead to imbalanced
collagen synthesis and degradation. This could have significant impli-
cations for ovarian function, particularly in folliculogenesis and oocyte
maturation, as the mechanical properties of the ECM play a vital role in
these processes.

Interestingly, the alterations in ECM components observed in our
study differed between spheroids generated from reproductive-aged and
menopausal ovaries. This variation may be attributed to different fac-
tors, such as ECM composition and functionality, hormonal status, and
fibrotic nature of menopausal ovaries.

Reproductive-aged ovaries have a more dynamic and adaptable ECM
that supports ongoing folliculogenesis than menopausal ovaries, which
is crucial for maintaining ovarian function. The changes in collagen
levels after PM exposure suggest that the ECM is actively remodeling,
possibly in an attempt to repair or adapt to damage caused by the

phthalates. On the other hand, in menopausal ovaries, ECM turnover is
reduced, and the ECM composition has already shifted toward a more
stable, fibrotic state due to natural aging processes. The absence of
changes in spheroid size or collagen levels following PM exposure sug-
gests that the ECM in menopausal ovaries may be less responsive to
external damage, likely due to age-related stiffening. Since menopausal
ovaries are already predisposed to fibrotic alterations, it is possible that
they are already in a pro-fibrotic state. This pre-existing condition could
explain why no further increases in collagen types I and III were
observed after PM exposure.

The primary impact of PM exposure in spheroids from menopausal
ovaries appears to target the elastic components of the ECM, as evi-
denced by the reduction in both EMILIN-1 and fibrillin-1 levels. These
findings suggest that phthalates selectively affect key elastic compo-
nents of the ECM, compromising tissue elasticity and structural integ-
rity, even in the absence of major changes in overall ECM structure. Ouni
et al. (Moyer and Hixon, 2012) previously demonstrated that fibrillin-1
availability progressively declines from prepuberty to menopause,
contributing to the loss of tissue elasticity commonly associated with
aging. As a result, phthalate-induced disruption of elastic components
like fibrillin-1 could have significant implications for ovarian function,
potentially accelerating the decline in elasticity and accelerating the
onset of early menopause.

The distinct impact of phthalates on the ECM components of
reproductive-aged and menopausal ovaries also highlights the influence
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of hormonal factors on tissue response. In contrast to menopausal
ovaries, the reproductive-aged ovaries are influenced by active hor-
monal regulation (e.g., estrogen, progesterone), which may make the
ECM more sensitive to PM exposure and remodeling. Estrogen plays a
crucial role in collagen cross-linking and deposition, primarily through
activation of lysyl oxidase and lysyl oxidase-like 1. In addition, phtha-
lates have been suggested to exhibit estrogenic effects (Kambia et al.,
2019), and a positive association has been observed between urinary

Environmental Research 279 (2025) 121797

levels of DEHP and serum estradiol levels (Fong et al., 2015). Contrarily,
the absence of hormonal influence in post-menopausal ovaries could
reduce the ECM’s responsiveness to external toxicants such as phtha-
lates, as hormonal signals that typically regulate ECM turnover are
diminished. These findings underscore the importance of understanding
the interactions between phthalates and ECM, particularly in the context
of aging, to better assess the risks posed by environmental toxins to
reproductive health.

While our primary objective was to assess ECM remodeling in
response to phthalate mixture exposure, we recognize that a deeper
characterization of the spheroid cellular composition would provide
additional insight into the biological context of the observed changes.
Ovarian stromal tissue is inherently heterogeneous, and future studies
should incorporate immunostaining or transcriptomic profiling with
specific markers (e.g., for fibroblasts, endothelial cells, immune and
theca cells) to better define the identity and spatial distribution of cell
types within the 3D constructs. Similarly, including markers of apoptosis
or necrosis would complement the proliferation data and contribute to a
more comprehensive understanding of spheroid viability under toxicant
exposure.

In addition, while the use of DMSO-matched controls ensured that
PM-specific effects could be discerned, the absence of a medium-only
group limits our ability to fully assess potential DMSO-related effects
on spheroid behavior. Future experimental designs should incorporate
both vehicle and untreated controls to strengthen mechanistic
interpretation.

Finally, we note that staining and imaging for reproductive-age and
menopausal cohorts were performed independently, precluding direct
quantitative comparisons between age groups. Although this design
allowed us to focus on intra-group responses to PM exposure, future
studies would benefit from harmonized processing to enable robust
cross-cohort analyses and further explore age-related ECM changes.

5. Conclusion

In this study, we demonstrated that PM exposure had distinct,
reproductive stage-specific effects on ECM composition in ovarian
spheroids. In spheroids derived from reproductive-aged ovaries, PM
exposure led to increased collagen deposition, potentially disrupting the
delicate ECM balance, which is essential for normal ovarian function
and cyclic remodeling. Conversely, after PM treatment, spheroids from
menopausal ovaries exhibited a reduction in EMILIN-1 and fibrillin-1,
key proteins essential for maintaining tissue elasticity, highlighting a
different vulnerability in aging ovarian tissue. These findings underscore
the utility of 3D spheroid models as reliable in vitro tools for investi-
gating the impact of toxicants on ovarian function, allowing for the
study of tissue structure and function in a controlled environment.
Additionally, spheroids offer significant advantages by reducing reliance
on animal models while providing a more accurate representation of
human tissue architecture, paving the way for more ethical and relevant
toxicological research.
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