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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Bal-Price Anna Phthalate monoesters have been identified as endocrine disruptors in a variety of models, yet understanding of
their exact mechanisms of action and molecular targets in cells remains incomplete. Here, we set to determine
whether epidemiologically relevant mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) can affect biological
processes by altering cell plasma membrane fluidity or formation of cell-cell contacts. As a model system, we
chose endometrial stromal cell lines, one of which was previously used in a transcriptomic study with MEHHP or
MEHHP-containing mixtures. A short-term exposure (1 h) of membrane preparations to endocrine disruptors was
sufficient to induce changes in membrane fluidity/rigidity, whereas different mixtures showed different effects at
various depths of the bilayer. A longer exposure (96 h) affected the ability of cells to form spheroids and
highlighted issues with membrane integrity in loosely assembled spheroids. Finally, in spheroids assembled from
T-HESC cells, MEHHP interfered with the formation of cell-cell contacts as indicated by the immunostaining of
zonula occludens 1 protein. Overall, this study emphasized the need to consider plasma membrane, membrane-
bound organelles, and secretory vesicles as possible biological targets of endocrine disruptors and offered an
explanation for a multitude of endocrine disruptor roles documented earlier.
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1. Introduction

Endocrine disruptors are individual chemicals or chemical mixtures
that mimic hormones (especially steroid hormones) and thus affect
endocrine signalling in organisms leading to adverse health outcomes
[1]. This term covers a broad range of chemical scaffolds featuring
different ADME-Tox properties [2]. One of the well-known classes of
endocrine disruptors is represented by phthalic acid esters which are
widely used as plastic constituents in a variety of industrial products [3]
but also as additives and fixatives in cosmetics [4]. In organisms,
phthalates are relatively quickly metabolized to phthalic acid mono-
esters [5] which have been shown to be endocrine disruptors in a wide
choice of model systems, especially those related to reproductive health.

Less data are available on mixtures of phthalates, although organisms
are usually exposed to a variety of different endocrine disruptors during
the lifetime [6].

The studies in simplified models have so far not pinpointed a single
target or a group of biological targets affected by phthalates [7,8]. Given
their physicochemical properties (e.g., low molecular weight,
semi-volatility, limited solubility, variable hydrophobicity, incorpora-
tion of a small aromatic system and side-chain functional groups that
can be oxidation-prone) [9,10], it is not surprising that phthalates can
bind multiple targets within a physiologically meaningful range of af-
finities, thus obscuring the interpretation of omics data. Our recent
publications focusing on the effects of epidemiologically relevant
phthalate mixtures at the transcriptome level reported cell
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model-dependent mode of action in the case of human and mouse
ovaries [11,12], as well as involvement of phthalates in processes
related to mitochondrial and cytoskeleton functioning in the case of
human endometrium [13]. These observations motivate further studies
of phthalate effects on cell adhesion and cytoskeleton changes in
endometrial cells, where extensive morphological alterations need to
take place every month as a part of the menstrual cycle [14].

In principle, the range of putative targets of endocrine disruptors in
general and phthalates in particular are not limited to receptors, en-
zymes, and transcription factors. Endocrine disruptors can also affect
biological membranes by intercalating into the bilayer [15] and altering
membrane fluidity and formation of lipid rafts [16,17]. Previous studies
on the membrane-related effects of endocrine disruptors and similar
compounds are available mainly for bisphenol A [18], azelaic acid esters
[19] and some steroid derivatives [16]. Phthalate monoesters have been
experimentally examined in the context of bacterial membranes [20]
and artificially assembled lipid layers [21]; additionally, molecular dy-
namics simulations have indicated that phthalates and phthalate
monoesters might significantly alter physical properties of lipid bilayers
[22]. Furthermore, in the context of both reproduction-related and other
models, phthalates and their metabolites have been previously reported
to activate peroxisome proliferator-activated receptors (PPAR) [23-25].
As PPAR family is involved in cholesterol and triglyceride transport [26]
and membrane fluidity regulation [27], it can add another dimension to
the mode of action of phthalates. Still, given the structural similarities of
phthalate monoesters and major components of the mammalian plasma
membrane (phospholipids and cholesterol), it is likely that phthalates
can also be incorporated into the bilayer structure and affect the
membrane properties.

Importantly, the composition and fluidity of biological membranes
(i.e., not only plasma membrane, but also mitochondrial or endoplasmic
reticulum membranes) are connected to a multitude of outcomes on the
cellular level - such as cell surface receptor-initiated signalling [28],
steroidogenesis [29] and other metabolic processes [30], cell cycle [31],
secretion [32] and cell-cell signalling [33], etc. The clinical evidence
regarding the role of membrane fluidity perturbations in disease origi-
nates from the aberrant levels of endogenously produced compounds
that alter membrane bilayer composition and dynamics — such as
cholesterol. In the age- and obesity-driven conditions such as athero-
sclerosis, accumulation of cholesterol in the vascular wall leads to
alteration in secretion of chemokines and expression of adhesion mol-
ecules, contributing to inflammation [34,35]. In arterial endothelium
and other tissues, hypercholesterolemia affects the number and density
of caveolae on the cell plasma membrane [36,37]; this impacts endo-
cytosis and recycling rates of several receptors and transporters
(including insulin receptor or glucose transporter [38]) as well as re-
ceptor compartmentalization and downstream signaling (e.g., in case of
al-adrenoreceptor [39]). In addition, high levels of circulating low
density lipoprotein have been shown to increase plasma membrane ri-
gidity of granulocytes (leading to alterations in the intracellular
Ca%"-mediated pathways [40]) and erythrocytes (increasing oxidative
stress of the cells, which disrupts their normal function and decreases
tissue oxygenation on the level of organism [41]). Furthermore, evi-
dence suggests that perturbations of membrane dynamics are linked to
central nervous system disorders and neural damage. For instance,
amyloid beta — a well-known molecular player in the Alzheimer’s dis-
ease — has been shown to reduce plasma membrane fluidity, which in
turn contributes to increase in production of pathogenic amyloid spe-
cies, enhancement of fibril formation rate, and decrease in acetylcholine
receptor function (reviewed in [42,43]). The perturbations of mito-
chondrial membrane integrity, on the other hand, have been linked to
oxidative damage in a variety of tissues (reviewed in [44,45]); e.g.,
bilirubin-induced increase in mitochondrial membrane fluidity and
permeability in neurons precedes the apoptotic changes induced by the
impaired mitochondrial metabolism [46].

Interestingly, according to some of the recent studies, exposure to
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phthalates has been associated with altered cholesterol metabolism
[47-50] as well as with neurodevelopmental and neurological disorders
[51-53]. Thus, it is especially relevant to assess possible effects of
phthalate monoesters on membranes. We hypothesize that effects of
phthalates on membrane fluidity explain the reported involvement of
these chemicals in a variety of biological processes, including those
directly related to cell adhesion.

Here, we set out to determine whether phthalate monoesters can
affect biological systems by inducing changes in membrane fluidity and
cell-cell contacts. For our research, we chose mono(2-ethyl-5-
hydroxyhexyl) phthalate and phthalate mixtures that we used in two
previous studies exploring short-term exposure effects at the tran-
scriptome level [11,12]. In the current study, we utilized both
short-term and longer exposures (1h vs 96h), which were adjusted
according to the model system of choice (biological membranes versus
cell spheroids). Due to the requirement for a large amount of cells in
membrane fluidity assays, we conducted the experiments in endometrial
stromal cell lines rather than primary cells.

2. Materials and methods
2.1. Apparatuses and reagents

The 1000x stock solution of mono(2-ethyl-5-hydroxyhexyl) phtha-
late (MEHHP) and mixtures of phthalate monoesters in DMSO (Sigma-
Aldrich, USA) were prepared and validated as previously reported [11].
The epidemiological mixture (EPIDEM) and the equimolar mixture
(EQUI) contained MEHHP, mono(ethylhexyl) phthalate (MEHP), mono
(2-ethyl-5-oxyhexyl) phthalate (MEOHP), mono(5-carboxy-2ethylpentyl)
phthalate (MECPP), monoisobutyl phthalate (MiBP), monobenzyl
phthalate (MBzP), mono(3-carboxypropyl) phthalate (MCPP), mono-
ethyl phthalate (MEP), and monobutyl phthalate (MBP). The weighted
quantile sum-based mixture (WQS) contained MEHHP, MiBP, MBzP and
MEDP (see Supplementary Table S1 for details). Mixtures were distributed
into 10 uL aliquots and stored at —20 °C.

The telomerase reverse transcriptase-immortalized human endome-
trial stromal cell line T-HESC was purchased from the American Type
Culture Collection (ATCC CRL-4003). The immortalized human endo-
metrial stromal cell line St-T1b was a kind gift from Dr. Martin Gotte
(University of Miinster, Germany) [54]. The cell lines were cultured at
37 °Cin a5 % CO3 humidified atmosphere incubator (Sanyo, Japan). As
the growth medium, phenol red-containing Dulbecco’s Modified Eagle’s
medium (DMEM) / Ham’s F12 medium (1:1; Corning, USA) supple-
mented with 10 % fetal bovine serum (FBS; Capricorn, Germany), in-
sulin (Sigma-Aldrich, USA) and a mixture of penicillin, streptomycin,
and amphotericin B (Capricorn, Germany) was utilized. Prior to mem-
brane preparation, the cells were scaled up at the usual growth condi-
tions using the phenol-red free DMEM/Ham’s F12 (Sigma-Aldrich,
Germany).

For preparation of membrane homogenates, the following lysis
buffer components were used: phosphate buffered saline (PBS) supple-
mented with Ca?" and Mg?* (Corning, USA), phenylmethylsulfonyl
fluoride from AppliChem (Germany), and cOmplete™ protease inhibitor
cocktail supplemented with EDTA from Roche (Switzerland). Homoge-
nization was conducted using the ultra-turrax (Cole-Palmer 3771, Ger-
many); a refrigerated high-speed centrifuge (Sigma 3-30 KS, Germany)
together with rotor 12154-H was used for pelleting and washes. The
membrane fluidity measurements were carried out in 384-well black
round-bottom low volume plates (Corning 4514, USA) using phosphate
buffered saline (PBS) supplemented with Ca®* and MgZJr (Corning, USA)
as the working buffer and 1,6-diphenyl-1,3,5-hexatriene (DPH) and N, N,
N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium p-tol-
uenesulfonate (TMA-DPH) as the probes (both from Sigma, USA). As the
positive controls, sodium dodecyl sulphate (SDS; Sigma, USA) and
Triton X-100 (Ferak, Germany) were utilized. The anisotropy was
measured at 30 °C using PHERAstar multi-mode reader (BMG Labtech,
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Germany) with the filter block FP608B (excitation at 360 nm, emission
at 430(10) nm, 200 flashes).

The spheroid formation was conducted on 96-well black ultra-low
attachment (ULA) spheroid microplates with clear round bottom
(Corning 4515, USA). For staining of cell population with weakened
membrane integrity, propidium iodide (PI; Acros Organics, Switzerland)
was used. Live imaging of spheroids was performed in an automated
focusing mode with Cytation 5 multi-mode reader at 37 °Cina 5 % CO,
humidified atmosphere, using 4x air objective (1.613 um/pixel) and
bright-field (LED intensity 5, integration time 100, detector gain 3) or
RFP channel (LED intensity 5, integration time 350, detector gain 15).

For fixation and permeabilization of spheroids prior to immuno-
staining, 4 % paraformaldehyde (PFA; Thermo Scientific, USA) and
Triton X-100 (Naxo, Estonia) in PBS (Thermo Scientific, USA) were
utilized, respectively. The immunostaining of proteins was conducted
using rabbit monoclonal antibody against human Zonula Occludens 1
protein (ZO-1; Abcam ab221547, UK), rabbit monoclonal antibody
against human Occludin (Abcam ab222691, UK), or rabbit monoclonal
antibody against human Claudin 1 (Abcam, ab15098, UK). Goat anti-
rabbit antibody conjugated with Alexa Fluor 488 (Thermo Scientific,
USA) was used as the secondary antibody and Hoechst 33342 (Molecular
Probes, USA) was applied for staining of nuclei. The spheroids were
mounted onto the specimen slides with 10 reaction wells (Marienfeld,
Germany) using Fluoromount G mounting media (Thermo Scientific,
USA).

The imaging of fixed spheroids was conducted with the microscopy
setup as described previously [55]. Briefly, widefield epifluorescence
and TIRF were conducted using an inverted microscope built around a
Till iMIC body (Till Photonics/FEI, Germany), equipped with UPlanFLN
10x air (numerical aperture 0.30) objective lens (Olympus Corp.,
Japan). The samples were sequentially excited with 405 nm (150 mW)
and 488 nm (100 mW) PhoxX laser diodes combined in the SOLE-6 light
engine (Omicron-Laserage, Germany). Excitation light was launched
into Yanus scan head, which along with a Polytrope galvanometric
mirror (Till Photonics/FEI, Germany) was used to position the laser for
widefield epifluorescence. Excitation and emission light were spectrally
separated using imaging filter cubes with the following parameters: for
Hoechst 33342 staining (excited with 405 nm laser), a 390/40 Bright-
Line exciter filter (Semrock, USA), a zt 405 rdc 2 mm thick beamsplitter
and a ET 460/50 emission filter (Chroma Technology Corp, USA); for
secondary antibody staining (excited with 488 nm laser), a zt 491rdc
2 mm thick beamsplitter (Chroma Technology Corp, USA) and a 525/45
BrightLine bandpass emission filter (Semrock, USA). The
electron-multiplying charge-coupled device Ultra 897 camera (Andor
Technology, UK) was mounted to a microscope through a TuCam
adapter with 2x magnification (Andor Technology, UK). The camera
was cooled down to —100 °C with the assistance of a liquid recirculating
chiller Oasis 160 (Solid State Cooling Systems, USA).

2.2. Membrane fluidity assay in T-HESC and St-T1b membrane
homogenates

For a single preparation of membrane homogenates, T-HESC or St-
T1b cells from three confluent 10cm Petri dishes were pooled
following the trypsinization. The cells were pelleted by centrifugation
(800 rcf, 5min) at room temperature (RT), washed twice with PBS,
pelleted again and kept on ice in the subsequent steps. To the cell pellet,
1.5 mL of ice-cold lysis buffer was added; the cells were resuspended and
homogenized mechanically (5x 30 second cycles). The membranes were
then pelleted by centrifugation (27,000 rcf, 40 min, 4 °C) and the su-
pernatant was discarded. The pellet was resuspended in ice-cold lysis
buffer and homogenized on ice as described above; the centrifugation,
resuspension and homogenization steps were then repeated. The ob-
tained membrane homogenate was then stored at —80 °C until further
usage.

On the day of membrane fluidity measurement, the membrane
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homogenates were thawed on ice. The measurement was carried out
according to the previously reported [56] adjusted protocol by using
probes DPH and TMA-DPH. In previous studies by us [56] and other
groups [57,58], it was shown that the fluorescence polar-
ization/anisotropy value (FA) of these probes is strongly dependent on
the viscosity of the membrane. Namely, the latter affects the rotational
freedom of the probes and hence their ability to emit light that is
polarized in the analogous way as the light used for excitation of the
probes. Importantly, the two probes incorporate themselves into the
membrane bilayer at different depths, with non-charged DPH residing
deeper than the positively charged TMA-DPH that can interact with the
negatively charged phospholipid heads on the outer part of the bilayer
[58,59]. Due to potentially high non-specific binding and low excitation
wavelength, the probes cannot be used in measurements with live cells;
therefore, a simplified model system represented by the membrane
preparations must be utilized.

The total working volume was 20 uL. (10 uL. of a compound or a
mixture of interest or assay buffer in the case of negative control, 5 pL of
membrane homogenate and 5 uL of probe solution). The following final
total concentrations were used: 16 nM DPH or 40 nM TMA-DPH; 1:1000
dilution of MEHHP stock (21.6 pM), 1:1000 dilution of phthalate mix-
tures’ stocks (net phthalate concentration of 280 pM for EPIDEM, 330
pM for EQUIL, or 220 pM for WQS), 20 mM SDS, or 10 mM Triton X-100.
The system was preincubated at 30 °C for 60 min before the measure-
ment. In each experiment, the anisotropy values were adjusted by the
well containing membrane homogenates and 16 nM DPH (in the absence
of detergents; value set to 250 mP units).

In a single pilot experiment for optimization of workflow
(Supplementary Figure S1), 2-fold dilution series of SDS in PBS (final
total concentration starting from 20 mM) were also tested according to
the same measurement protocol. The anisotropy was measured as
mentioned above after 30 min or 60 min preincubation.

2.3. Spheroid formation assay in T-HESC and St-T1b cell lines

T-HESC or St-T1b cells were seeded in a growth medium onto the 96-
well ULA plate with the density of 4000-7500 cells per well (different
seeding densities were used for different experiments; N = 5). At the
same time, 1:1000 stock dilutions of MEHHP (final concentration of 21.6
pM), phthalate mixtures (net phthalate concentration of 280 pM for
EPIDEM, 330 pM for EQUI, or 220 pM for WQS), DMSO (final concen-
tration of 0.1 %, negative control) or SDS (final concentration of 350 uM,
positive control) in the growth medium were added to the wells. The
total working volume was 200 pL per well. The plates were incubated for
48h at 37 °C in a 5% CO, humidified atmosphere; next, half of the
medium was replaced with the fresh one (not supplemented with phenol
red but containing the same final concentrations of the compounds as
outlined above) and the incubation was continued. The switch to phenol
red-free medium was required to minimize the background in the PI
imaging in the next step. Following the 95-h incubation post-seeding, a
concentrated solution of PI in PBS was added to all wells (final total
concentration of 2 pg/mL). The plates were incubated for 1 h at 37 °C in
a 5% COy humidified atmosphere and then imaged (at 96h post-
seeding).

In a single pilot experiment for optimization of the workflow
(Supplementary Figure S2), bright-field imaging (without the preceding
PI treatment) was also performed at 48 h and 72 h after seeding of cells
onto ULA plates. No treatment with compounds of interest was used (i.e.,
only growth medium was added to the cell suspension during the cell
seeding and medium exchange steps).

2.4. Immunostaining of ZO-1 in fixed T-HESC spheroids
T-HESC cells were seeded in growth medium onto the 96-well ULA

plate with the density of 7500 cells per well. At the same time, 1:1000
dilutions of MEHHP (final concentration of 21.6 pM) or DMSO (final



D. Lavogina et al.

concentration of 0.1 %, negative control) in the phenol red-containing
growth medium were added to the wells; the total working volume
was 200 pL per well. The plates were incubated for 48 h at 37 °Cina 5%
CO9 humidified atmosphere; next, half of the medium was replaced with
the fresh one (containing the same final concentrations of the com-
pounds as outlined above) and the incubation was continued. The
exposure time was reduced by 24 h compared to the spheroid formation
assay as the MEHHP-exposed spheroids were too fragile to handle
following the longer exposure.

Following the 72-h incubation post-seeding, the spheroids were fixed
in 4% PFA for 30 minutes (min) and washed 2x 5min with PBS. For
permeabilization, the samples were incubated in 0.1 % solution of Triton
X-100 in PBS for 10 min. For non-specific blocking, 30 min treatment
with 10 % normal goat serum was used, followed by the overnight in-
cubation with primary antibody against ZO-1 (1:100 dilution) at 4 °C.
Subsequently, the spheroids were incubated with goat anti-rabbit Alexa
Fluor 488 secondary antibody (1:1000 dilution) for 1 h at RT in the dark.
The cell nuclei were counterstained by Hoechst 33342 for 3 min in the
dark. Finally, the spheroids were transferred one by one to the wells of
the specimen slide wells and mounted using Fluoromount G mounting
medium. The mounted spheroids were stored at 4 °C until imaging.

In a single pilot experiment for optimization of the workflow
(Supplementary Figure S3), non-treated T-HESC and St-T1b spheroids
were generated and fixed according to the same protocol and immu-
nostaining of claudin and occludin (1:500 dilution of primary antibody)
was additionally performed. The data on the secondary antibody
selectivity (spheroid staining in the presence vs absence of primary
antibody) is provided in the Supplementary Figure S4.

2.5. Data analysis and software

For general data analysis, GraphPad Prism 6 (USA) and Excel 2016
(Microsoft Office 365, USA) were used.

In membrane fluidity assays, the anisotropy values in each inde-
pendent experiment were normalized separately for DPH and TMA-DPH:
the negative control (wells with the corresponding probe and membrane
homogenate) signal was set to 100 %, and the positive control (wells
with the corresponding probe, membrane homogenate and 20 mM SDS)
signal was set to 0%. The normalized data were then pooled for all
replicates in all independent experiments (N > 3 for each compound in
each cell line). The statistical significance of pairwise comparisons for
the same probe (negative control versus compound-treated membranes
from the same cell line) was established using the unpaired two-tailed t-
test with Welch’s correction: *** indicates P < 0.001, ** indicates P <
0.01, * indicates P < 0.05, ns indicates not significant.

In spheroid formation assays, ImageJ software (Fiji package) [60]
was used for the image analysis. The quantification was performed with
minor modifications to the previously reported protocol [61] due to
differences in spheroid morphology in the two cell lines. In the case of
T-HESCs, all dark area occupied by the cells was assumed to represent
the spheroid surface, whereas in the case of St-T1b, the well-defined
border between the spheroid and the surrounding liquid was used.
The spheroid contour was denoted manually using the freehand selec-
tions tool and the area and circularity of the spheroid were quantified.
For the RFP channel images, the average signal intensity of PI per unit of
spheroid area was also established. The measured parameters were
normalized to the negative control in the given cell line (set to 100 %) in
each independent experiment (N = 5), and the data for the identically
treated spheroids within the same cell line (at least 9 spheroids per
compound) were then pooled for all independent experiments. The
statistical significance of pairwise comparisons (negative control versus
compound-treated spheroids from the same cell line) was established
using the unpaired two-tailed t-test with Welch’s correction: *** in-
dicates P < 0.001, ** indicates P < 0.01, * indicates P < 0.05, ns in-
dicates not significant.

The microscopic images of fixed spheroids were captured as 16-bit
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OME-TIFF multicolor Z-stacks (100 frames, with 1 um focusing incre-
ment), using 100 ms exposure time and EM gain 300. Prior to the im-
aging, the brightfield channel was used for the determination of the
spheroid exact location in the well. The widefield epifluorescence Z-
stacks were deconvolved with the EpiDEMIC plugin [62] in an ICY
platform [63].

For establishing the MEHHP effect on the ZO-1 staining in spheroids,
ImageJ software was used. The average intensity of immunostaining in
the secondary antibody channel was quantified in raw non-deconvolved
images (a single focal plane with the highest total intensity within the Z-
stack) by drawing an oval according to the minimal inner diameter of
the spheroid. The measured intensity was normalized to the negative
control (set to 100 %) in each independent experiment (N = 3), and the
data was then pooled for all independent experiments. The statistical
significance of pairwise comparisons (negative control versus MEHHP-
treated spheroids) was established using the unpaired two-tailed t-test
with Welch’s correction: ** indicates P < 0.01.

3. Results

3.1. Phthalate monoester mixtures affect differently fluidity of
endometrial stromal cell membranes

We started our study by examining the effects of phthalates on the
fluidity of membranes isolated from the endometrial stroma-based
immortalized cell lines T-HESC and St-T1b. For that, we utilized
probes DPH and TMA-DPH that become fluorescent when incorporated
into the membrane bilayer.

Initially, we established the effect of a well-known detergent SDS on
the DPH and TMA-DPH FA signal in membrane preparations and
confirmed the SDS concentration-dependent decrease in membrane ri-
gidity (Supplementary Figure S1). Consistently with the previously re-
ported data [64] and the higher molecular weight of the probe, in the
case of TMA-DPH, the measured absolute anisotropy values were sys-
tematically higher than in the case of DPH. Next, we performed mem-
brane fluidity measurements in the presence or absence of MEHHP or
MEHHP-containing mixtures (EQUIL, EPIDEM, or WQS). The normal-
ized results pooled from three or more independent experiments are
shown in Fig. 1.

Overall, all tested compounds affected membrane fluidity according
to measurements with at least one probe in one cell line samples,
whereas the differences between the different treatments were more
pronounced than the differences between the cell lines. Still, the sta-
tistical significance of the compound effect as compared to the non-
treated membranes was more readily observed in St-T1b rather than
in T-HESC samples. In contrast to classical detergents such as SDS or
Triton X that reduced fluorescence anisotropy in the case of both probes
(P < 0.05), thus indicating membrane-fluidifying effects at different
depths in the bilayer, the effect of phthalates was also depth-dependent.
Both EQUI and WQS fluidified the outer part of the membrane (P < 0.05)
layer yet rigidified the inner part (P < 0.01) in St-T1b samples; in the
case of EPIDEM, only rigidifying effect was observed in the inner part of
membranes derived from both cell lines (P < 0.05). MEHHP, on the
other hand, showed only fluidifying effect in the outer part of mem-
branes derived from both cell lines (P < 0.05).

The characteristic effects of different treatments in membranes of
endometrial stromal cells were visualized after pooling the normalized
signal for identically treated membrane preparations from both cell lines
in the case of the same probe. The data are presented in Fig. 2. The
pooling of data highlighted the differences in phthalate monoester
treatment as compared to the classical detergents and indicated that
while MEHHP and WQS mixture had similar effects, the EQUI mixture
was the most different from the other treatments.
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Fig. 1. Membrane fluidity assay illustrates changes in fluorescence anisotropy of membrane-intercalating probes in the presence of compounds of interest in
endometrial stromal cell membrane preparations. Average normalized anisotropy = SEM is shown (N > 3 for each compound of interest in each cell line). The
compounds of interest are listed below each graph; net concentrations of phthalates: MEHHP — 21.6 yM, EPIDEM - 280 pM, EQUI - 330 pM, WQS — 220 pM. Probes:
A-B, TMA-DPH (binds closer to bilayer surface), C-D, DPH (buried deeper inside bilayer). Cell lines: A and C, St-T1b; B and D, T-HESC. The dashed grey line indicates
normalized probe signal in the presence of membranes but in the absence of a compound of interest. The asterisks indicate the statistical significance of difference

between the normalized probe signal in the absence vs presence of the compound of interest; *** indicates P < 0.001, ** indicates P < 0.01, * indicates P < 0.05, and
ns indicates not significant.

Membrane rigidity (St-T1b and T-HESC data pooled) EPIDEM

M, P+ EPIDEM

M, P+SDS M, P+EQUI

M, P + Triton X

M, P+ MEHHP

——Negctrl (M, P)  -@+DPH  =4=TMA-DPH MEHHP

Fig. 2. Characteristic fingerprint of different phthalate monoesters in the context of biological membranes. A, Radar map based on membrane fluidity assay data
pooled for two cell lines used. The higher is the probe signal, the lower is membrane fluidity and the higher is membrane rigidity. Each data point represents
normalized mean probe signal in the case of a given treatment (used mixtures and individual compounds listed on the diagram periphery); the error bars were
omitted for the purpose of better readability. M stands for membrane homogenate and P for probe, the probes are listed below the graph. B, Working model of
MEHHP and MEHHP-containing mixture effects in the context of biological membranes. The model is based on the data shown in part A. The location of arrow ends

indicates different depths in the lipid bilayer (according to the data measured using DPH and TMA-DPH); blue arrows indicate rigidifying effect and orange arrows
fluidifying effect.
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3.2. Phthalate monoesters affect spheroid formation from live endometrial
stromal cells

Next, we tested whether the effects of phthalates observed in a
simplified cell-free system represented by the membrane preparations
are reflected at the level of live cells. As alterations in membrane fluidity
or rigidity are known to affect assembly of cells into spheroids [65,66],
we performed spheroid formation assay where the freshly trypsinized
suspension of St-T1b or T-HESC cells was mixed with a compound of
interest and immediately seeded onto the ULA plate. In a pilot experi-
ment, the compounds of interest were represented by the 0.1 % DMSO
(negative control) and 350 pM SDS (positive control); the forming
spheroids were imaged at 48 h, 72 h, and 96 h post-seeding. In subse-
quent experiments, in addition to the control treatments, MEHHP and
the phthalate mixtures were explored as the compounds of interest;
following the 95-h incubation, the spheroids were stained with PI and
then imaged using bright-field microscopy (to measure the area and
circularity of the formed spheroid) and in parallel with fluorescent mi-
croscopy (to measure the intensity of PI staining).

The pilot experiment indicated that the morphology of non-treated
spheroids formed by cells of two different cell lines varied remarkably
already after 48 h post-seeding and even more upon prolonged incu-
bation (Supplementary Figure S2). The St-T1b cells formed compact
spheroids with a well-outlined surface, whereas the T-HESC cells formed
less compact and less circular spheroids. Therefore, two different image
analysis approaches were used for the St-T1b and the T-HESC spheroids
in the subsequent experiments. For St-T1b, the area of the spheroid was
contoured along the well-defined borderline (except in the case of SDS
treatment where no clear surface was formed), whereas for T-HESC, all
dark area occupied by the spheroid-forming cells (including the pro-
trusions) was quantified. For better comparison of independent experi-
ments (N > 3 for each compound in each cell line), the values of
parameters measured in each experiment were normalized by the
negative control.

The data on the normalized spheroid area, circularity and average
intensity of PI staining per area unit are presented in Fig. 3; the repre-
sentative images of live spheroids are shown in Fig. 4. Interestingly, the
effects of different phthalate monoester mixtures (EQUI, EPIDEM, WQS)
and MEHHP alone were similar in the spheroid formation assay. In the
case of St-T1b cell line, the area of the well-defined spheroid was slightly
yet significantly reduced by EQUI, WQS, and MEHHP (P < 0.01),
whereas the circularity of the spheroid was not affected by any tested
compounds except SDS (which resulted in full disassembly of spheroid
as mentioned above). No change in PI staining was observed for any
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treatment in St-T1b within the well-defined spheroid area, although
local variations in PI intensity could be visually observed from the im-
ages for the cells protruding from the spheroid core (Fig. 4). In the case
of T-HESC spheroids, the compactness of the spheroid was significantly
decreased in all treatments, as indicated by the apparent increase in the
area occupied by the spheroid-forming cells (P < 0.001) and reduction
of the spheroid circularity (P < 0.01) as compared to the negative
control. Furthermore, the PI signal was significantly increased in T-
HESC spheroids formed in the presence of either phthalate monoesters
or SDS (P < 0.05), indicating compromised membrane integrity of the
cells.

3.3. MEHHP interferes with cell-cell contact formation in T-HESC
spheroids

Finally, we examined whether treatment of spheroids with phthalate
monoesters can alter the amount or localization pattern of proteins
involved in cell-cell contacts. For that, we conducted 72-h spheroid
formation as described above, followed by fixation and immunostaining;
the nuclei were stained using Hoechst 33342. In a pilot experiment, we
utilized both St-T1b and T-HESC cell lines and tried antibodies against
three different proteins [67]: claudin, occludin, and ZO-1. Although
these proteins are typically associated with tight junction assembly
characteristic for epithelial cells, those have been found also outside the
tight junction context [68-73], e.g. at the cell-cell contact sites in fi-
broblasts and other non-epithelial cells. According to the imaging data
presented in Supplementary Figure S3, ZO-1 yielded the highest signal
in both cell lines and featured characteristic staining [74].

For the following experiments with phthalate monoester-treated
spheroids, only T-HESC cell line was used as it yielded more statisti-
cally significant comparisons in the spheroid formation assay (Fig. 3). In
addition to the negative control (0.1 % DMSO), as the compound of
interest, only MEHHP was utilized, as the effects of all phthalate
monoester-containing solutions were similar according to the spheroid
formation assay (Fig. 3). The characteristic microscopy images following
72-h treatment and immunostaining are presented in Fig. 5A,B and
Supplementary Figure S5, and the data on normalized ZO-1 signal in-
tensity in 0.1 % DMSO- vs MEHHP-treated spheroids is presented in
Fig. 5C (pooled data from three independent experiments). Overall,
MEHHP treatment resulted in a significant reduction of ZO-1 signal (P <
0.01) and the formation of spotted rather than ridged ZO-1 localization
pattern, thus confirming that phthalate monoesters can interfere with
the formation of cell-cell contacts.
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Fig. 3. The presence of phthalate monoesters changes the phenotype of the spheroids formed from live T-HESC or St-T1b cells. A, normalized area; B, normalized
circularity; C, normalized average intensity of PI staining. The average value of the indicated parameter + SEM is shown (N > 3 for each compound of interest in each
cell line). The compounds of interest and the cell lines are listed below each graph. Net concentrations of phthalates: MEHHP — 21.6 pM, EPIDEM - 280 pM, EQUI —
330 pM, WQS - 220 pM. The dashed grey line indicates phenotype characteristic for the negative control (treatment with 0.1 % DMSO). The asterisks indicate the
statistical significance of difference between the phenotype in the absence vs presence of the compound of interest (only statistically significant comparisons are
annotated); *** indicates P < 0.001, ** indicates P < 0.01, * indicates P < 0.05.
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Fig. 4. Imaging of spheroid formation in the presence of compounds of interest at 96 h after seeding of cells on to the ultra-low attachment plate. Data from a single
representative experiment is shown. Cell lines are listed on the left: A-J, T-HESC; K-T, St-T1b. The compounds of interest are listed above the images: A, F, K and P,
0.1 % DMSO (control); B, G, L and Q, EPIDEM; C, H, M and R, EQUL D, I, N and S, WQS; E, J, O and T, MEHHP. Bright-field (BF) images are shown in A-E and K-O
and propidium iodide staining (PI) in F-J and P-T. The scale bar is shown in the upper right corner in image A.

4. Discussion

According to the Endocrine Society’s recent statement summarizing
research on endocrine-disrupting chemicals performed during the years
2009-2014, phthalates are detectable in human urine, serum, and milk
samples, and the estimated daily exposure to one major phthalate, di(2-
ethylhexyl)phthalate (DEHP), ranges from 3 to 30 pg/kg [1]. MEHHP is
one of the major metabolites of DEHP, and MEHHP levels in urine or
blood serum have been used as biomarkers for DEHP exposure assess-
ment [75,76].

The current study served as a follow-up to the previously published
efforts characterizing the short-term effect of MEHHP and MEHHP-
containing epidemiologically relevant mixtures on the transcriptome
of cell lines and primary cells representing human endometrium [13], or
human and mouse ovaries [11,12]. The latter reports indicated that
phthalate monoesters are involved in multiple cellular pathways in both
explored systems, with major differentially expressed genes related to
cell adhesion, cytoskeleton and mitochondria in case of endometrium
[13] and trans-membrane transport, metabolism, differentiation,
chemotaxis, cell adhesion and kinase signalling in case of ovaries [11,

12]. Here, our aim was to find the most general and intuitive common
“denominator” explaining the versatility of MEHHP-affected cellular
pathways observed by us and other research groups. We hypothesized
that MEHHP can alter the fluidity of membranes in live cells — due to the
structural similarity of MEHHP and some of the plasma membrane
constituents and data from previous studies showing that endocrine
disruptors can intercalate into the lipid bilayer [15-17]. Alteration of
membrane fluidity can, in turn, be propagated on the level of both
cell-cell signalling and intracellular processes [28-33].

According to the literature, in an artificially assembled phospholipid
bilayer, 10-min treatment with DEHP but not its monoester reduced the
bilayer rigidity at 5 pM or higher concentrations and increased the
vesicle size at 50 pM or higher concentrations [21]. In bacterial cultures
(P. aeruginosa H103), DEHP significantly increased membrane fluidity at
1 mM concentration following 24-h incubation [20]. None of the
aforementioned systems, however, contained cholesterol, which is a
crucial component of the mammalian cell plasma membrane and has
been shown to modulate effects of endocrine disruptors as indicated by
studies with bisphenol A [17,77]. Using fluorescence anisotropy assay
with probes that intercalate into the natural mammalian-derived lipid
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Fig. 5. ZO-1 immunostaining in T-HESC spheroids reveals that MEHHP interferes with tight junction assembly. A and B, deconvolved fluorescence microscopy
images from a single representative experiment showing the overlay of ZO-1 in the green channel and nuclear stain in the blue channel (10x objective). The
compounds used for 72-h treatment are indicated in the top right (A: 0.1 % DMSO, B: 21.6 yM MEHHP) and the scale bar is shown in the bottom left corner in A. C,
quantification of ZO-1 average immunostaining intensity per spheroid area unit (pooled data, 2-3 spheroids per experiment, N = 3); circles denote individual
spheroids, the middle line shows the median, and the whiskers protrude from the second to the third quartile. To compensate for the variation in staining conditions
between the experiments, for each independent experiment, the ZO-1 signal was normalized to the mean signal observed in spheroids treated with 0.1 % DMSO. The
asterisks indicate the statistical significance of difference between the ZO-1 signal in the absence vs presence of MEHHP; ** corresponds to P < 0.01.

bilayer at different depths and report on changes in membrane fluid-
ity/rigidity, we found that even a short-term exposure of membranes to
MEHHP or MEHHP-containing mixtures is sufficient for statistically
significant alteration in probe signal (Fig. 1). Interestingly, different
mixtures altered fluidity at different depths (Fig. 2). This suggests that
the presence of “shorter” phthalate monoesters (i.e., those incorporating
substituents shorter than 8-carbon containing branched chain) in the
incubation mixture modulates the MEHHP effect. This observation is
highly relevant, given exposure of population to mixtures of endocrine
disruptors rather than individual compounds. As the previous studies
showed the phthalate structure-dependent activation of PPAR [23,25],
the effect of phthalate monoesters on membrane fluidity can be
augmented by the PPAR-mediated pathways — yet this is unlikely in the
case of short-term incubations in simplified model systems, such as
membrane preparations used in this study.

The evaluation of compounds of interest in a physiologically more
relevant system represented by T-HESC and St-T1b spheroids indicated
that the size and morphology of the forming spheroid were affected by
the presence of phthalate monoesters. The outcomes of the spheroid
formation assay were more dependent on the intrinsic tendency of the
cell lines to form tight cell-cell contacts than on the treatment mixture
(Fig. 3): tightly packed spheroids tended to have smaller size upon 72-h
treatment with phthalate monoesters, whereas loose spheroids tended to
disintegrate. In our earlier research in the context of a very different
model system (cancerous spheroids treated with a targeted drug), we
have observed before that the readout of the assay is strongly dependent
on the adhesion properties of the cell line used [61]. The fact that
MEHHP and various MEHHP-containing mixtures showed (within a
single cell line) different impacts in the membrane fluidity study yet
similar effect in the spheroid formation assay may indicate that either
abnormal increase or reduction in membrane fluidity perturbs the for-
mation of cell-cell contacts. While the available literature on the
importance of membrane fluidity for cell-cell contacts is limited, it has
been demonstrated by several studies that abnormal fluidification of
plasma membrane due to cholesterol depletion impairs the adhesive
properties on cells [78-80]. On the other hand, in the context of
spheroid assembly, the plasticity of membrane is important for forma-
tion of cell-cell contacts [65] — and some cells tend to downregulate
cholesterol biosynthesis to avoid excessive rigidification of the mem-
brane [81].

The perturbation of spheroid formation (Fig. 3) and the reduction of
Z0-1 immunostaining in MEHHP-treated spheroids confirmed in this
work (Fig. 5) are in line with the morphological changes reported in
literature. Previous studies unveiled DEHP-induced increase of

migratory properties and epithelial-mesenchymal transition (EMT) in
human endometrial and endometriotic epithelial cells [82] and in breast
cancer cell lines [83], whereas both increased migration and EMT are
associated with loss of cell-cell contacts and drop in cellular adhesion. In
a wider context, our findings might also explain the reported positive
correlation between the phthalate exposure and endometriosis [84,85],
as the latter pathological condition is linked to the abnormal migratory
properties of endometrial cells, as well as association of the phthalate
exposure with adverse IVF outcomes [86,87], as cell-cell adhesion is
crucial for embryo implantation.

The current study has several limitations, including the use of a
single concentration of compounds of interest and exploring the effects
of compounds in cell lines instead of primary cells. These methodolog-
ical choices were made due to the characteristics of the membrane
fluidity assay, which requires a large amount of biological material to
achieve a sufficient measurement window. Different assays also required
different exposure times, as biological stability and homogeneity of the
membrane preparations does not enable long incubations, while
spheroids are formed on the scale of days rather than hours. Further-
more, the conclusions regarding interference of MEHHP with formation
of cell-cell contacts were made based on immunostaining of a single
protein in a single cell line. The reason for such experimental design was
that immunostaining of spheroids is technically substantially more
demanding than immunostaining of adherent cultures, and a limited set
of parameters had to be chosen for performing a sufficient number of
independent experiments. Still, we demonstrated successfully that
phthalate monoesters can affect membrane fluidity and cell-cell con-
tacts, which explains versatile downstream effects uncovered in a
multitude of previous studies. Given the recent advances in the tech-
niques suitable for the examination of lipid ensembles, functions, and
trafficking, more attention must be paid to the role of endocrine dis-
ruptors as chemicals that can affect lipidome.
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