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Abstract

Background Endocrine-disrupting compounds (EDCs) disrupt homeostasis via the dysregulation of hormone synthesis
and metabolism. Bisphenol A (BPA) is widely used in consumer products, such as thermal receipts, water bottles, and baby
bottles. However, BPA is also an EDC that acts as an estrogen agonist, and human exposure to BPA can lead to estrogenic
effects. Consequently, manufacturers have started investigating the properties and effects of alternatives to BPA, molecules
such as bisphenol F (BPF) and bisphenol S (BPS).

Objective Although multiple studies have demonstrated the adverse effect of bisphenols, it remains unknown whether bis-
phenols affect human lung fibroblast cells. In this study, we investigated the cytotoxic effects of BPA, BPF, and BPS on the
MRCS human lung fibroblast cell line.

Results We examined and compared the effects of BPA and its alternatives on cell proliferation, cell cycle progression, and
apoptosis.

Conclusion Brief exposures to low concentrations of BPA, BPF, and BPS had no effects on cell viability, cell cycle progres-
sion, or apoptosis among MRC5 human lung fibroblast cells.

Keywords Bisphenol A - Bisphenol F - Bisphenol S - Human lung fibroblast cell - MRC5

Introduction

Endocrine-disrupting compounds (EDCs) are environmental
agents that inhibit hormone synthesis, secretion, transport,
and metabolism, resulting in disrupted endocrine homeosta-
sis (Diamanti-Kandarakis et al. 2009). EDCs can be found
in various materials, including pesticides, cosmetics, metals,
personal care products, and food additives or contaminants
(Caserta et al. 2011). Continuous human exposure to EDCs,
such as phenols, pesticides, paraben, and phthalates, causes
adverse biological effects. For example, paraben and phenols
increase the incidence of breast cancer, obesity, and altered
reproductive functions (Darbre 2017; Darbre and Harvey
2008). Moreover, EDCs have been demonstrated to cause
lower sperm counts in men (Crews and McLachlan 2006).
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Human exposure to EDCs occurs through the consumption
of tainted foods, contaminated water and soil, and breathing
polluted air (Muncke 2011).

Among the various EDCs, bisphenol A (BPA) is a car-
bon-based chemical with a structure characterized by two
hydroxyphenyl groups, typical of diphenylmethane deriva-
tives and bisphenols. BPA is well known as an EDC and is
widely used in consumer products, such as epoxy resins,
baby bottles, water bottles, and thermal receipts (Im and Lof-
fler 2016; Peretz et al. 2014). Human BPA exposure gener-
ally occurs via oral consumption (Le et al. 2008; Vandenberg
et al. 2007). Moreover, high temperatures cause the release
of higher concentrations of BPA into beverages, foods, and
the environment (Sakurai and Mori 2000). Recently, many
studies have revealed BPA as a xenoestrogen or an estrogen
agonist. BPA interacts with estrogen receptors in the same
manner as estradiol, leading to estrogenic effects (Dairkee
et al. 2008). For this reason, the European Union restricted
or prohibited the use of BPA in many daily-use consumer
products, such as baby bottles and foods. This has prompted
several global manufacturers to seek alternatives to BPA
with two hydroxyphenyl groups, including bisphenol B
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(BPB), bisphenol F (BPF), and bisphenol S (BPS) (Ullah
et al. 2019). However, recent studies have demonstrated that
BPA alternatives can be ingested or inhaled by humans and
still cause adverse effects on the reproductive system (Ullah
et al. 2019).

Bisphenols promote cell proliferation, invasion, and
migration, leading to cancer development and progression.
For example, BPA treatment affects transforming growth
factor beta and the PI3K signaling pathway, which is asso-
ciated with ovarian cancer progression (Ptak and Grego-
raszczuk 2012). BPS induces cell migration in the epithe-
lial-mesenchymal transition of breast cancer (Deng et al.
2018). Additionally, BPF activates GPER 1-mediated signal-
ing, which causes DNA damage and cell cycle inhibition in
breast cancer cells (Lei et al. 2018). Although several studies
have demonstrated bisphenols to have adverse and cancer-
causing effects, it remains unknown whether bisphenols
cause physiological changes in human lung fibroblast cells.

In this study, we investigated the cytotoxic effects of
BPA, BPF, and BPS on the MRC5 human lung fibroblast
cell line. We examined and compared the effects of BPA and
its alternatives on cell proliferation, cell cycle progression,
and apoptosis.

Material and methods
Chemicals and reagents

BPA (cat. no. 47889), BPF (cat. no. 51453), and BPS (cat.
no. 43034) were purchased from Sigma-Aldrich (Oakville,
Ontario, Canada). A 1 M stock solution of BPA, BPF and
BPS were prepared and diluted in 100% dimethyl sulfox-
ide (DMSO) or ethanol (EtOH). We used 20, 40, 80, and
100 pM of BPA, BPF and BPS in DMEM containing 10%
fetal bovine serum (FBS). MTS assay kit (Cell Titer 96®
AQcous One Solution cell proliferation assay kit) was pur-
chased from Promega (cat. no. G3581, Madison, USA), and
the LIVE/DEAD kit (cat. no. L3224, CA, USA) was pur-
chased from Invitrogen. Apoptosis Detection kit (Cat. No.
556547, CA, USA) was purchased from BD Pharmingen™.
The Ki-67 antibody (Cat. No. ab15580), cyclins B1 (Cat.
No. ab32053, CA, USA) and cyclin D1 (Cat. No. 29788,
Beverly, MA, USA) were obtained from Abcam, Santa Cruz
Biotechnology, Cell Signaling, respectively. The second-
ary goat anti-rabbit antibody was purchased from Jackson
ImmunoResearch (Cat. No. 111-095-144, West Grove, PA,
USA).

Cell culture

All reagents for cell culture were obtained from Welgene
(Seoul, South Korea). The human lung fibroblast cell line,
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MRC5, was purchased from the Korean Cell Line Bank
(KCLB) (Seoul, South Korea). MRCS5 cells were grown in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin at 37 °C in an incubator in an atmosphere of
5% CO,. At first, 0.1 mg/ml of poly-D lysine was placed on
coverslips for 6 h at 23 °C, then MRCS5 cells were seeded in
100 mm culture dishes at a density of 2.5 x 10° cells/dish.
After 24 h, various concentrations of 20, 40, 80, and 100 pM
BPA, BPF, and BPS was treated for 24 h and 48 h. The cells
on coverslips were used for the live/dead cell assay. The cells
in the 10-cm culture dishes were washed with Dulbecco’s
phosphate-buffered saline (DPBS) without calcium and
magnesium and processed for further experimental analy-
ses. For each assay, 0.1% DMSO or 0.6% EtOH was used as
the negative control.

MTS assay

MRCS cells were seeded at a density of 2 x 10* cells/well in
48-well plates and were subsequently treated with 20, 40, 80,
and 100 uM BPA, BPF, and BPS in 100 pl DMEM supple-
mented with 10% FBS for 24 or 48 h. The BeWo cells were
treated with 10% MTS (3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
and incubated for 1 h at 37 °C. Cell viability was determined
by measuring the absorbance at 490 nm using a Multiskan
GO microplate reader (Waltham, MA).

Morphological change and live/dead cell assay

MRCS5 cells were seeded on coated coverslips and treated
with 100 pM BPA, BPF, and BPS at different concentra-
tions for 24 and 48 h. The morphological changes were
observed using an inverted microscope. For live/dead cell
assay, MRCS5 cells were double-stained with 3 pM ethidium
homodimer-1 (EthD-1) and 0.3 pM calcein-AM mixture
(Life Technologies, CA, USA) for 30 min in the dark condi-
tion; the morphology of the unwashed cells was observed
using Nikon Eclipse TE300 inverted fluorescence micro-
scope (Nikon Corp., Tokyo, Japan).

Cell cycle analysis

MRCS cells were collected and were fixed with 70% ethanol
for 1 h at 4 °C. Cell pellets were resuspended in 1X PBS
containing 0.25 pg/pl RNase A and incubated for 1 h at
37 °C. The cells were treated with 10 pg/ml PI and incu-
bated for 15 min in the dark at 23 °C. PI-stained cells were
added 300 pl 1X PBS and subsequently subjected to analysis
using a BD Accuri™ C6 Plus flow cytometer (BD FACS,
CA, USA). A minimum of 10,000 cells were considered
per sample and the results are represented as histograms
for analyzing cell distribution in the different phases of the
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cell cycle. The cell cycle profile was analyzed using BD
Accuri™ C6 Plus software.

Annexin V-FITC/propidium iodide (PI) apoptosis
assay

An FITC Annexin-V Apoptosis Detection Kit I was used for
determining cellular apoptosis according to the manufac-
turer’s instructions. Briefly, cells were collected and washed
with 1X PBS and resuspended in 1X Annexin-V binding
buffer [140 mM NaCl, 2.5 mM CaCl,, and 10 mM HEPES/
NaOH (pH 7.4)]. Next, they were stained with 5 pl PI and/
or 5 pl Annexin-V Alexa Fluor 488 and incubated for 15 min
in the dark and were washed with 1X Annexin-V binding
buffer. At least 10,000 cells were considered per sample and
apoptosis was measured using the BD Accuri™ C6 Plus
flow cytometer (BD FACS, San Jose, CA).

Immunostaining for fluorescence-activated cell
sorting (FACS) analysis

BPA, BPF, and BPS-treated MRC5 cells were fixed in 1%
paraformaldehyde for 5 h on a rotator at 4 °C and centri-
fuged at 3000 rpm for 3 min. Each sample was resuspended
with solution A (75 mM sodium acetate, 0.1% saponin, 0.1%
BSA, and 25 mM HEPES, pH 7.2) and was incubated in
the diluted indicated antibodies against cyclin B1 (1: 200),
cyclin D1 (1:200), and Ki-67 (1:400) for 1 h at 23 °C. After
washing with 1X PBS, cells were incubated with FITC-
labeled goat anti-rabbit secondary antibody (1:200) for
30 min in the dark at 23 °C. The expression of the target
proteins was measured using a BD Accuri™ C6 Plus flow
cytometer (BD FACS, CA, USA). A minimum of 10,000
cells were considered per sample and the results are repre-
sented as histograms for analyzing cell distribution in the

different phases of the cell cycle. The cell cycle profile was
analyzed using BD Accuri™ C6 Plus software.

Statistical analyses

Data are presented as the mean + standard error of the mean
(SEM); experiments were performed in triplicate. Data
were analyzed using two-way ANOVA followed by Tukey’s
multiple comparison test using GraphPad Prism5 software
(California, USA). Differences between the groups were
considered to be significant at p <0.05.

Results

Bisphenols did not affect the viability of MRC5
human lung fibroblast cells

We first investigated the viability of MRCS5 cells in asso-
ciation with exposure to BPA, BPF, and BPS at various
concentrations (Fig. 1). MRCS5 cells were treated with
20-100 pM of BPA and its alternatives, and the MTS assay
was performed after treatment for 24 and 48 h. BPA had
no effect on human lung fibroblast cell viability (Fig. 1a).
Similarly to BPA, BPF and BPS also did not affect the
proliferation of MRCS5 cells (Fig. 1b and c¢). Based on the
MTS results, the MRCS5 cells were treated with 100 pM
of bisphenol for subsequent experiments. Next, we exam-
ined the morphological changes in the MRCS5 cells using
phase-contrast microscopy (Fig. 2a). Consistent with the
MTS assay findings, treatment with BPA and its alterna-
tives did not induce morphological changes. We further
examined the MRCS5 cell viability in association with the
administration of BPA, BPF, and BPS using the live/dead
assay (Fig. 2b). Unlike with the untreated group, dead cells
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Fig. 1 Effect of bisphenols on the viability of human lung fibroblast
MRCS5 cells. MRCS5 cell viability was quantified using the MTS
assay. Cells were treated with 20-100 pM of BPA (a), BPF (b),
and BPS (c) for 24 or 48 h. Data are presented as the percentage of
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the values obtained for the solvent-treated cells used as the control.
DMSO was used as BPA solvent control, and EtOH was used as BPF
and BPS solvent control
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Fig. 2 Effect of bisphenols on the morphology and viability of MRC5
cells. a The morphology of MRCS5 cells was observed by phase-con-
trast microscopy after treatment with 100 uM of BPA, BPF, and BPS
for 24 or 48 h. b MRCS5 cells were stained with calcein-AM (repre-

were not observed among bisphenol-treated MRC5 cells
(Fig. 2b), suggesting that, below 100 uM, BPA had no
cytotoxic effects on MRC5 human lung fibroblast cells.

Bisphenols did not alter the proliferation of MRC5
cells

Ki-67 is a well-known marker of cell proliferation, and
it can be used to determine the proportion of dividing
cells in a population of cells (Sun and Kaufman 2018). To
investigate the cytotoxicity of MRCS5 cells, we measured
Ki-67 protein expression using flow cytometry in associa-
tion with the administration of BPA and its alternatives
for 24 or 48 h. Relative to the control group, the BPA
and BPS groups did not exhibit any significant change in
the number of Ki-67-positive cells following 24 or 48 h
of exposure, respectively. BPF treatment was associated
with slightly decreased Ki-67 expression levels after 24 h
treatment, but this difference ceased to exist after longer
exposure (Fig. 3).
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senting live cells, green) and ethidium homodimer (representing dead
cells, red) in the live/dead assay. DMSO or EtOH were used as nega-
tive controls. Images are representative of three independent experi-
ments. Scale bars represent 200 pm

Effect of bisphenols on cell cycle progression

Recent studies have shown that BPA increases cell cycle
arrest in various cell types (Can et al. 2005; Chen et al.
2002). To demonstrate whether BPA, BPF, and BPS affected
cell cycle progression, human lung fibroblast MRCS5 cells
were treated with each for 24 or 48 h. Relative to the control
group (0.4%), the proportion of cells in the sub-G1 phase
slightly increased in association with BPA (2.6%), BPF
(3.4%), and BPS (5.2%) treatment, but this difference was
not significant (Fig. 4). Moreover, the number of cells in the
Gy/G, and G,/M phases did not change after bisphenol treat-
ment of MRCS5 cells. These results suggested that BPA and
its alternatives did not affect cell cycle progression.

The expression of cyclin B1 and cyclin D1
in bisphenol-treated MRC5 cells

To further determine the molecular mechanisms of the cell
cycle, the expression of cell cycle markers, cyclin B1 and
cyclin D1, was analyzed by flow cytometry. MRC5 cells
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Fig.3 Effect of bisphenol treatment on MRCS5 cell proliferation.
a The 100 pM of BPA-, BPF-, and BPS-treated MRCS5 cells were
immunostained with anti-Ki-67 antibodies. The cells were quantified

were treated with BPA and its alternatives for 24 or 48 h.
The cells were immunostained with anti-cyclin B1 and cyc-
lin D1, which are well-known markers of the GO/G1 and
G2/M phase, respectively, then quantified using FACS. Con-
sistent with the cell cycle analysis, cyclin B1 and cyclin D1
levels did not change upon BPA and BPS treatment (Figs. 5
and 6). Although the expression of cyclin B1 and cyclin D1
was slightly increased in MRCS5 cells treated with 100 uM
BPF for 24 h, this change was not statistically significant
(Figs. 5 and 6). These results indicate that BPA and its alter-
natives were not involved in cell cycle regulation.

Effect of bisphenols on apoptotic cell death
in human lung fibroblast cells

Cellular growth is modulated by two key events: cell cycle
progression and apoptosis (Vermeulen et al. 2003). Since
we observed that cell cycle progression did not change
upon bisphenols treatment (Fig. 4), we next investigated

by flow cytometry. b The percentages of Ki-67-positive cells are rep-
resented as the mean + SEM of three independent experiments (n=06)

whether BPA and its alternatives could induce apoptosis
among MRCS5 cells. We performed an apoptosis assay using
Annexin V/propidium iodide (PI) staining, and then we
analyzed the apoptotic population by flow cytometry. BPA,
BPF, and BPS treatment did not affect early apoptotic cells
(double-positive for Annexin V and PI) or late apoptotic
cells (Annexin V-positive and PI-negative) (Fig. 7). These
results showed that, among MRCS cells, brief exposures to
low concentrations of BPA, BPF, and BPS had no effect on
apoptosis.

Discussion

In this study, we investigated the adverse effects of BPA,
BPF, and BPS on human lung fibroblast MRCS cells using
cell viability assays. Although BPA has cytotoxic effects
on various cancer cells, it is unclear whether BPA and its
alternatives have cytotoxic effects on lung fibroblast cells.
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Fig.4 Cell cycle progression among MRCS5 cells upon bisphenol
treatment. a MRCS cells were treated with 100 pM of BPA, BPF, and
BPS for 24 or 48 h. The cell cycle was quantified by flow cytometry

Surprisingly, we observed that treatment with BPA, BPF,
and BPS in MRCS5 cells did not affect cell proliferation, cell
cycle progression, or apoptosis. We used 20—100 pM of BPA
and its alternatives, and we observed no significant differ-
ences between the bisphenol groups and the control. These
results indicated that low concentrations of BPA, BPF, and
BPS had no adverse effects on human lung fibroblast cells.

BPA is widely used in products, such as infant bottles,
plastic storage containers, food, and beverages (Aljadeff
et al. 2018). BPA has been shown to have estrogenic and
androgenic properties, and it is associated with human repro-
ductive diseases (Dairkee et al. 2008). Consequently, some
countries have restricted the use of BPA in food and bever-
age packages. Due to regulations on BPA usage, manufactur-
ers have tried to develop interchangeable BPA alternatives,
such as the structurally similar bisphenols, BPB, BPF, BPS
(Ullah et al. 2019). Although BPF and BPS are commonly
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with PI staining. b The percentages of cells in the sub-G1, G0O/G1, S,
and G2/M-phases are represented as the mean+SEM of three inde-
pendent experiments (n=06)

used in thermal paper receipts, canned food, and electro-
plating solvents, recent studies have shown that these BPA
substitutes still have adverse effects on the endocrine system
(Liao et al. 2012b; Liao and Kannan 2013, 2014).

It has been shown that the atmosphere has been exposed
to over 100 tons of bisphenols (Vandenberg et al. 2012).
BPA, BPF, and BPS are detectable at concentrations of
about 1.33, 0.054, and 0.34 pg/g, respectively, in indoor
house dust (Liao et al. 2012a). Even though lung exposure
to BPA and its alternatives occurs through inhalation, the
effects of BPA on the lungs remain poorly understood. BPA
has been shown to induce rapid upregulation of ERK1/2
via the estrogenic receptor GPER, resulting in the activa-
tion and migration of A549 lung cancer cells (Zhang et al.
2014). Moreover, BPS also can stimulate the migration of
non-small-cell lung cancer cells through the activation of
the TGF-f/Smad-2/3 pathway (Song et al. 2019). However,
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Fig.5 Cyclin B1 expression in bisphenol-treated MRCS5 cells. a Cells
were treated with BPA, BPF, and BPS for 24 or 48 h. Cells were fixed
with 1% PFA and stained with anti-cyclin B1 antibody. Expression
levels of cyclin B1 were analyzed by flow cytometry. b The percent-

there is little evidence regarding the adverse effects of bis-
phenols in lung fibroblast or lung cancer cells, compared
to the numerous studies linking bisphenols to various other
cancer types. Therefore, we demonstrated the mode of action
of BPA, BPF, and BPS in human lung fibroblast MRCS cells.
Based on our MTS results, we decided to use 100 mM of
each of the bisphenols, and this had no effect on cell prolif-
eration. We found that low concentrations of BPA, BPF, and
BPS had no significant effects on MRCS5 cell viability, cell
cycle progression, or apoptosis.

ages of cyclin B1-positive cells are represented as the mean+SEM of
three independent experiments (n=6). DMSO or EtOH was used as
the negative control

Conclusion

To our knowledge, this was the first study to suggest possible
effects of BPA, BPF, and BPS on the human lung fibroblast
cells and demonstrate that BPA and its alternatives have
no cytotoxic effects on human lung fibroblast cells. Even
though we did not observe any changes in MRCS5 cell viabil-
ity in association with the administration of BPA and BPA
alternatives, further experiments are warranted, including
transcriptome profiling by mRNA-seq. This will allow for
the prediction of adverse bisphenol effects via the regulation
of gene sets.
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Fig.6 Cyclin D1 expression in bisphenol-treated MRCS5 cells. a Cells
were treated with BPA, BPF, and BPS for 24 or 48 h. Cells were fixed
with 1% PFA and stained with anti-cyclin D1 antibody. Expression
levels of cyclin D1 were analyzed by flow cytometry. b The percent-
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ages of cyclin D1-positive cells are represented as the mean + SEM of
three independent experiments (n=6). DMSO or EtOH was used as

the negative control
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Fig. 7 Effect of bisphenol treatment on apoptosis among MRCS5 cells.
a Cells were treated with 100 pM of BPA, BPF, and BPS for 24 h
or 48 h and double-stained with Annexin V-FITC and PI. The pro-
portion of apoptotic cells was assessed by flow cytometry. The scat-
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