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ABSTRACT

Concerns about the potential adverse effects of bisphenol A (BPA) have led to an increase in the use of replacements, yet the
toxicity data for several of these chemicals are limited. Using high-content imaging, we compared the effects of BPA, BPAF,
BPF, BPS, BPM, and BPTMC in germ (C18-4 spermatogonial) and steroidogenic (MA-10 Leydig and KGN granulosa) cell lines.
Effects on cell viability and phenotypic markers were analyzed to determine benchmark concentrations (BMCs) and
estimate administered equivalent doses (AEDs). In all 3 cell lines, BPA was one of the least cytotoxic bisphenol compounds
tested, whereas BPM and BPTMC were the most cytotoxic. Interestingly, BPF and BPS were cytotoxic only in MA-10 cells.
Effects on phenotypic parameters, including mitochondria, lysosomes, lipid droplets, and oxidative stress, were both
bisphenol- and cell-line specific. BPA exposure affected mitochondria (BMC: 1.2 uM; AED: 0.09 mg/kg/day) in C18-4 cells.
Lysosome numbers were increased in MA-10 cells exposed to BPA or BPAF but decreased in KGN cells exposed to BPAF or
BPM. Lipid droplets were decreased in C18-4 cells exposed to BPF and in MA-10 cells exposed to BPTMC but increased in BPF,
BPM, and BPTMC-exposed KGN cells. BPA and BPM exposure induced oxidative stress in MA-10 and KGN cells, respectively.
In summary, structurally similar bisphenols displayed clear cell-line-specific differences in BMC and AED values for effects
on cell viability and phenotypic endpoints. This approach, together with additional data on human exposure, may aid in
the selection and prioritization of responsible replacements for BPA.

Key words: Bisphenol A; BPA replacements; bisphenols; benchmark concentration; high-content imaging; endocrine disrupt-
ing chemical.

Bisphenol A (BPA), a high production volume chemical, has out of consumer products occurs via the diet, dust inhalation,
been used extensively as an additive in the manufacture of and dermal absorption (Vandenberg, 2011). Extensive in vitro
polycarbonate plastics, epoxy resins, and thermal receipts and in vivo studies have linked BPA exposure to a variety of ad-
(Health Canada, 2018). Human exposure to the BPA that leaches verse health effects that include adverse effects on reproduction
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and neurotoxicity (Ahsan et al., 2018; Camacho et al., 2019; Chen
et al., 2016; Ge et al., 2014; Gonzalez-Rojo et al., 2019; Heindel
et al., 2020; Jiang et al., 2018; Liu et al.,, 2013; Lépez-Rodriguez
et al., 2019; Lv et al., 2019; Qi et al., 2014; Rubin, 2011; Santoro
et al., 2019); further, many of these studies have provided evi-
dence that BPA may act as an endocrine disrupting chemical.
Scientific evidence for the detrimental health effects of BPA
have led to regulatory restrictions to its use in Canada, since
2010, and in other countries (Boudalia and Oudir, 2016). While
the concentrations of BPA found in Canadians have decreased
over time, exposure remains widespread. BPA was detected in
most of the urine samples collected from Canadians and
Americans between the ages of 3-79 from 2009 and 2017
(LaKind et al., 2012; Statistics Canada, 2013); indeed, the last
Canadian Health Measures Survey cycle reported that the aver-
age urinary concentration of BPA among Canadians was 0.81
micrograms per liter (ug/l).

Regulatory restrictions on the uses of BPA and public pres-
sure together have led to its replacement in products such as
polycarbonate bottles and thermal receipts. These products are
often labeled as “BPA-free” but there is usually little information
available on the chemicals used as substitutes for BPA; fre-
quently, these are BPA analogs. Consequently, a wide variety of
bisphenols have been detected in drinking water, serum, and
human milk (Deceuninck et al., 2015; Owczarek et al., 2018;
Zhang et al., 2019).

The National Toxicology Program published an extensive re-
port in 2017 on the biological activity of BPA and several of its
structural analogs based on their review of the literature up un-
til 2015 (Pelch et al., 2017). A follow-up review captured studies
that were published prior to January 2019 (Pelch et al., 2019);
these reviews summarized extensive studies reporting on the
health-related effects of BPA analogs, including a number
reporting mammalian reproductive toxicity for Bisphenol S
(BPS), Bisphenol F (BPF), and Bisphenol AF (BPAF). The endpoints
affected in rodent studies have included a reduction in intrates-
ticular/plasma testosterone levels and effects on spermatogene-
sis in males (Feng et al., 2012; Shi et al., 2018; Ullah et al., 2018,
2019) and effects on puberty, estrous cyclicity, and ovarian folli-
culogenesis in females ([jaz et al., 2020; Yamasaki et al., 2004). It
is important to note that equivalent data are not available on
the possible effects of exposure to many of the bisphenols
detected in our environment (Fan et al., 2021).

In silico and in vitro studies have revealed that BPS, BPF, and
BPAF have many of the biological activities of BPA, often at the
same or lower concentrations (Pelch et al., 2017, 2019). These ac-
tivities include actions as an agonist or antagonist to estrogen
receptor (ER)-related proteins (ERa, ERB, GPER, ERRs), as an an-
drogen receptor (AR) antagonist, a peroxisome proliferator-
activated receptor (PPAR) o or y antagonist, or a glucocorticoid
receptor antagonist (Ahmed and Atlas, 2016; Amar et al., 2020;
Chen et al., 2020; Dvoiakova et al., 2018; Feng et al., 2018; Ji et al.,
2013; Le Fol et al., 2017; Roelofs et al., 2015; Téteau et al., 2020).
Alterations in progesterone, 17-p estradiol, and testosterone
production were noted in H295R adrenocortical cells exposed to
BPA, BPAF, or BPS (Feng et al., 2016). Additionally, thyroid hor-
mone dysregulation via altered gene expression and cellular
proliferation has been reported in in vitro studies following ex-
posure of cell lines, such as GH3 rat pituitary and FRTL-5 thyroid
follicular cells, to BPAF, BPF, or BPS (Lee et al., 2017, 2018). In vitro
studies on cell lines related to reproduction are limited. In MA-
10 Leydig cells, BPA and BPF were reported to act as AR antago-
nists, whereas BPS had no effect on receptor activity (Roelofs
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et al., 2015). Interestingly, exposure to BPA, BPF, or BPS altered
steroidogenesis in these cells (Roelofs et al., 2015).

Despite the rapidly growing literature on specific bisphenols,
to date there is little information on the effects of the broad
group of emerging BPA analogs, such as Bisphenol M (BPM) and
Bisphenol TMC (BPTMC). This is of concern as the detection fre-
quencies for BPM and BPTMC in Canadian house dust were 77%
and 47%, respectively (Fan et al., 2021). In addition, BPTMC has
been found in surface and river water, both in Europe and China
(Huang et al., 2020; Sauer et al., 2021). Data from a Saccharomyces
cerevisiae recombinant reporter gene assay for human estrogen
(hERo) and androgen (hAR) receptors demonstrated that BPM
and BPTMC have potential ER binding and agonistic effects
(Dvordkova et al., 2018). In addition, BPTMC was reported to
have greater antiprogesterone activity than BPA in a transgenic
human bone cancer U2-0S cell in vitro reporter gene bioassay
(anti-PR-CALUX) (Sauer et al., 2021). Thus, these data suggest
that BPM and BPTMC not only are present in the environment
but also may share some of the biological activities of other,
more extensively studied, bisphenols.

The goal of this study was to explore the utility of a rapid,
high content imaging approach to assess the biological activi-
ties of BPA and 5 bisphenol structural analogs in established cell
lines representing key endocrine functions in relation to devel-
opmental and reproductive toxicology: C18-4 mouse spermato-
gonial cells, MA-10 mouse Leydig tumor cells, and KGN human
granulosa cells. We used single cell high-content imaging to de-
termine the effects of BPA and its analogs on cell viability and
on phenotypic markers of cell morphology or function. Each
chemical was tested at a range of concentrations designed to re-
flect levels to which humans may be exposed (Heinala et al.,
2017; Hines et al., 2017; Statistics Canada, 2013). Benchmark con-
centrations (BMCs) were calculated to rank bisphenols based on
their bioactivity. In vitro to in vivo extrapolation (IVIVE) modeling
was done to estimate administered equivalent doses (AEDs),
predictive of the in vivo doses that may have an impact on hu-
man health, to provide a parallel to the effect levels used in risk
assessment. Overall, this high-content image approach, coupled
with BMC and IVIVE analyses, provides a novel methodology to
support the effect identification and potency evaluation of po-
tential BPA chemical substitutes.

MATERIALS AND METHODS

Chemicals. Information on the specific bisphenols tested is pro-
vided in Table 1. We are grateful to Dr Nicole Kleinstreuer from
NTP NICEATM for providing us with BPA, BPAF, BPF, and BPS.
BPM and BPTMC were purchased from Toronto Research
Chemicals (Toronto, Ontario, Canada).

Cell cultures. The C18-4 spermatogonial cell line was a gift from
Dr Marie-Claude Hofmann (MD Anderson Cancer Center,
Houston, Texas) (Braydich-Stolle et al., 2005; Hofmann et al.,
2005). MA-10 mouse Leydig tumor cells were a gift from Dr
Mario Ascoli (University of Iowa) (Ascoli, 1981). KGN human
ovarian granulosa-like tumor cells were a gift from Dr
Christopher Price and Dr Bruce Murphy (Université de
Montréal); authorization to use KGN cells was obtained from Dr
Toshihiko Yanase (Fukuoka University, Fukuoka, Japan) (Nishi
et al., 2001). All cell lines were cultured in 75 cm? virgin polysty-
rene cell culture flasks in phenol red-free medium at 37°C with
5% CO,. C18-4 cells were cultured in 87.5% Dulbecco-modified
Eagle medium (DMEM), 10% fetal bovine serum, 1mM sodium
pyruvate, 0.5% penicillin/streptomycin  100x, and 1%
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nonessential amino acids 100x (Wisent Inc., St-Bruno, Quebec,
Canada). MA-10 Leydig cells were cultured in DMEM/F-12 cul-
ture medium (15mM HEPES; Gibco, Thermo-Fisher, Ottawa,
Ontario, Canada), supplemented with 5% fetal bovine serum
(Wisent Inc.), 2.5% horse serum (Wisent Inc.), 20mM HEPES
(Wisent Inc.), and 0.5% penicillin-streptomycin (Wisent Inc.).
KGN cells were cultured in DMEM/F-12 (15mM HEPES; Gibco)
and 10% charcoal-stripped fetal bovine serum (Wisent Inc.).

Cultured cells were seeded in 96-well sterile black opaque
plates (Perkin Elmer, Waltham, Massachusetts, product no.
6005660) and incubated for 24 h prior to chemical treatment at a
seeding density of 2000 cells/well for C18-4 and MA-10 cells. A
seeding density of 6000 cells/well was used for KGN cells. The
cells were exposed to the specified concentrations of each
chemical (control/vehicle, 0.001, 0.01, 0.1, 1, 5, 10, 20, 50, and
100 uM in 0.5% DMSO) for 48 h. Each experiment was done with
technical triplicates for each concentration and all experiments
were repeated 5 or 6 times.

High-content imaging. Morphometric and functional parameters
were determined using cell-permeable fluorescent dyes. Four
different dye combinations were used to optimize fluorescent
color output and minimize color bleeding; the dyes, the combi-
nations used, and their dilutions are shown in Supplementary
Table 1. The dyes were diluted in serum-free medium and ap-
plied to the cells for 30min. All plates were read using the
Perkin Elmer Operetta High-Content imaging system (Perkin
Elmer) at 40x magnification. Images were analyzed using the
Columbus (Perkin Elmer) image data management and analysis
system. Prior to analysis, images were selected for advanced
flatfield correction with standard coloring. The image acquisi-
tion and processing for each dye combination are described in
the Supplementary data file. All assays were done for each
bisphenol in all 3 cell lines.

Analyses of ICso and benchmark concentrations for cytotoxicity.
Hoechst stained nuclei were counted to determine cytotoxicity,
defined as <70% viable cells. One-way ANOVA with Dunnett’s
multiple comparison was conducted to determine this cytotox-
icity by comparing all concentrations to the lowest concentra-
tion tested, 0.001 uM (GraphPad, San Diego, California). The ICso
values for the cytotoxic concentrations of each chemical, rela-
tive to the vehicle control (0.5% DMSO), were determined using
a nonlinear dose response regression model where concentra-
tions were plotted as log folds.

To calculate BMCs for each of the bisphenols studied, unad-
justed (raw) cell counts were analyzed using the PROAST 65.5
software package in R version 3.5.3. The f.proast package func-
tion was used to model a benchmark response (BMR) of 10%, us-
ing the continuous data sets with the chemical as a covariate.
The best fit of either model 3 or 5 from the nested exponential
family of models was used. BMC values were only documented
if estimated values were less than the highest concentration
tested. Data are reported as BMC values with the upper (BMCU)
and lower (BMCL) limit values based on the 90% confidence
intervals.

Analyses of the benchmark concentrations at which phenotypic end-
points were affected. BMD Express 2.2 (SciOne, Research Triangle
Park, North Carolina) was used to analyze the concentrations at
which exposure to bisphenols affected cell phenotypic endpoints. All
concentrations at which cytotoxicity was not observed were com-
pared to the lowest concentration tested, 0.001 uM. First, concentra-
tions at which changes in phenotypic endpoints were observed were
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analyzed using 1-way ANOVA with Dunnett’s multiple comparison
(GraphPad 8). BMCs were determined for models that were found to
be significant (p <.05) with multiple testing correction (Benjamini
and Hochberg-FDR) for data sets in which concentration response
curves were monotonic.

All possible models were selected (Exp 2, 3, 4 and 5; Linear;
Poly 2, 3 and 4; Hill; Power) Factor (10%), with selection for the
best poly model test (nested chi square test), to determine the
BMCs in various 1-way analyses for BMR assessment.
Recommended models by analyses based on low Akaike
Information Criterion (AIC) and the best fit model were selected
for BMC value determinations. In the case of a flagged Hill
model (ie, if the Hill model returned a BMC < 1/3 of the lowest
nonsolvent concentration), the next best fit model (fit p >.05)
and lowest AIC was selected.

IVIVE modeling. IVIVE modeling estimates the AED, in units of
mg/kg body weight/day from each BMC. IVIVE was done using
the high-throughput toxicokinetics (HTTK) library v1.10 in R
(Pearce et al., 2017). The 3-compartment steady-state model
(“3compartmentss”) was used to calculate the steady-state con-
centration in the plasma (Css) at a constant dose rate of 1 mg/kg
body weight/day. Following a linear assumption, the AED re-
quired to produce a Css equal to the measured BMC was esti-
mated using the equation AED = BMC x (1 mg/kg bw/day/Css)
(Paul Friedman et al., 2020). Specifically, the calc_mc_css() func-
tion was used, with output.units=“uM” and
well.stirred.correction=TRUE, in order to model the Css. The
parameters required to model the Css were supplemented using
in silico tools (Supplementary Table 2). Specifically, ADMET v9.5
provided estimates of the fraction unbound in plasma and in-
trinsic clearance, with units converted to ul/min/10° cells (Sipes
et al., 2017). The OpenBabel C++ project (O’Boyle et al., 2011),
interfaced through the ChemmineOB R library v1.20 (Horan and
Girke, 2020), provided estimates of octanol-water partition coef-
ficient and molecular weight. These parameters were incorpo-
rated into the HTTK chemical physical and in vitro dataset
using the add_chemtable() function with overwrite=FALSE.

RESULTS

Cytotoxicity of Bisphenol Compounds to C18-4, MA-10 and KGN
Cells

To assess and compare the cytotoxicity of BPA, BPAF, BPF, BPS,
BPM, and BPTMC in spermatogonial and steroidogenic cell lines,
ICso values were obtained by testing for cell toxicity across a
range of concentrations (Figure 1). BPA, BPF, and BPS were only
weakly cytotoxic in C18-4 mouse spermatogonial cells, with ICsg
values exceeding 100uM, the highest concentration tested
(Figs. 1A and 1D); in contrast, the ICso values for BPAF, BPM, and
BPTMC were equal to or less than 30uM in these cells. All
bisphenol analogs tested were cytotoxic to MA-10 Leydig cells
(Figs. 1B and 1E); BPAF, BPM, and BPTMC were the most cyto-
toxic analogs, with ICsq values less than or equal to 25 uM, fol-
lowed by BPF and BPS. BPF was the only bisphenol analog that
was less cytotoxic than BPA in MA-10 cells. BPA, BPF, and BPS
were not cytotoxic in KGN cells at the highest concentration
tested (Figs. 1C and 1F); these cells were most sensitive to
BPTMC (ICs: 26.7 uM), followed by BPM and BPAF.

We used a BMC analysis approach, mathematical modeling our
concentration response data, to compare the cytotoxicity of bisphe-
nol analogs in C18-4, MA-10, and KGN cells (Figure 2; Table 2). These
data are depicted as the BMC values (BMR = 10%) and the upper



228 | EFFECTS OF BISPHENOLS ON C18-4, MA-10, AND KGN CELLS
A 150 B 1= C 1304 =
— BPAF
— BPF
| — 3
21007 1 EWD- Z0 I
k-1 F B
K = a2 BPTMC
> > >
K] 3 =
8 i 8
R s CE R L ot TR P e o s # 50
T T . i T T ; ] T L} - 1
2 ] 2 2 0 2 2 0 2
log[Bisphenal compound M) log[Bisphanal compound uM] log[Bisphenol compound uM]
D 300 E 300 F 300
250 250 250
200 200 200
5 i 2 10 s 150
] 8 8
2 o0 € 100 8 100
50 50 50
5 o 8 3
% & o el .3 o
& éé‘ & & & Q,\@‘* F& & & ng"\é,\v!‘ S & & & & é\@‘
R

Figure 1. Comparison of nonlinear regression cell viability curves and ICs, values for the cytotoxicity of BPA and bisphenol analogs in: C18-4 mouse spermatogonial
cells (A and D), MA-10 mouse tumor Leydig cells (B and E), and KGN human granulosa cell lines (C and F). Cells were exposed to the chemical for 48 h followed by fluo-
rescence microscopy using the Operetta High Content imaging system (40x magnification). Hoechst stained nuclei were counted to determine cytotoxicity, defined as
<70% viable cells. Cytotoxicity was quantitated by comparing all concentrations to the lowest concentration tested, 0.001 uM, using 1-way ANOVA with Dunnett’s mul-
tiple comparison. N=5 or 6 replicates. Colors are used to identify each bisphenol (BPA—black lines and bars; BPAF—red; BPF—green; BPS—purple; BPM—violet;
BPTMC—turquoise). Numbers in the ICso graphs indicate the estimated values in those instances when these exceeded the highest concentration tested.
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Figure 2. Benchmark concentration (BMC) analyses of the cytotoxicity of bisphe-
nols in C18-4, MA-10, and KGN cells: BMC values (uM) at which a 10% change
was observed in the number of nuclei in comparison to control. Data points rep-
resent the BMC values, whereas * bars represent the upper (BMCU) and lower
(BMCL) values, respectively.

(BMCU) and lower (BMCL) limit values. The BMC values for the cyto-
toxicities of BPA, BPAF, BPM, and BPTMC in C-18-4, MA-10, and KGN
cells were all below 80 uM. BPAF was most cytotoxic in MA-10 cells
(BMC: 13.5uM), followed by C18-4 and KGN. In contrast, although
both BPF and BPS were cytotoxic to MA-10 cells, they were not cyto-
toxic to C18-4 or KGN cells. BPM was cytotoxic in all 3 cell lines, with
the highest sensitivity observed in MA-10 cells (BMC: 7.1 uM). BPTMC
was also highly cytotoxic in all 3 cell lines, with BMC values ranging
from 4.5 to 14.7 uM.

To enable a comparison with in vivo data, AEDs (expressed
as mg/kg body weight/day) were calculated based on the BMC
values for cell cytotoxicity (Table 2). The AEDs for bisphenols
that displayed cytotoxicity ranged from 0.3mg/kg/day for
BPTMC or BPS in MA-10 cells up to 6.8 mg/kg/day for BPAF in
KGN cells. In C18-4 cells, the AEDs for BPAF, BPM, and BPTMC
were lower than that for BPA (3.6 mg/kg/day). In MA-10 cells,
BPS and BPTMC had lower AEDs for cytotoxicity than BPA
(2.3mg/kg/day). Interestingly, with the exception of BPTMC
(AED: 0.8mg/kg/day), the AEDs for bisphenol analogs were
higher than that for BPA (5.2mg/kg/day) in KGN cells; AEDs
were not calculated for BPF and BPS in these cells.

Overall, BPTMC was the most toxic bisphenol compound
studied, based on both the BMCs (from 4.5 to 14.7 M) and the
AEDs (0.3-0.8mg/kg/day). In contrast, the rank order for the
other chemicals differed depending on whether BMC or AED
estimations were used due to modeled differences in chemical
disposition of each compound. This was particularly true in
MA-10 cells in which the BMC values were: BPTMC < BPM <
BPAF < BPA < BPS <BPF, whereas the AED estimations were:
BPTMC = BPS < BPM < BPA < BPAF < BPF. Notably, BPS ranking
was most affected by the application of toxicokinetics modeling,
as the Css for BPS was 7-30 times higher than that for the other
bisphenols (Supplementary Table 2).

Effects of BPA and Bisphenol Analogs on Morphology and Function in
C18-4, MA-10, and KGN Cells

Exposure to increasing concentrations of BPA and BPF affected
phenotypic markers in C18-4 mouse spermatogonial cells
(Figure 3). Specifically, BPA exposure resulted in an increase in
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Table 2. Comparison of Bisphenol Cytotoxicity in C18-4, MA-10, and KGN Cells Using Benchmark Concentration (BMC) Analyses and

Administered Equivalent Doses (AED) Estimation

Chemical Cell Line BMR = 10%(BMC; BMCL; BMCU) AED(AED; AEDL; AEDU)
BPA C18-4 49.3 (38.3-66.2) 3.6 (2.8-4.8)

MA-10 32.3(22.8-44.3) 2.3(1.7-3.2)

KGN 70.8 (59.7-92.8) 5.2 (4.3-6.7)
BPAF C18-4 17.0 (11.8-25.7) 3.0 (2.1-4.6)

MA-10 13.5 (9.1-19.3) 2.4 (1.6-3.5)

KGN 38.1 (31.7-44.4) 6.8 (5.7-8.0)
BPF C18-4 N/A (not cytotoxic) N/A (not cytotoxic)

MA-10 46.3 (33.8- 62.8) 4.0(2.9-5.4)

KGN N/A (not cytotoxic) N/A (not cytotoxic)
BPS C18-4 N/A (not cytotoxic) N/A (not cytotoxic)

MA-10 37.7 (27.0-50.8) 0.3 (0.21-0.40)

KGN N/A (not cytotoxic) N/A (not cytotoxic)
BPM C18-4 16.2 (11.7-24.3) 3.8(2.7-5.7)

MA-10 7.1(5.1-9.7) 1.7 (1.2-2.3)

KGN 22.7 (19.4-26.3) 5.3 (4.5-6.2)
BPTMC C18-4 7.9 (5.6-11.5) 0.4 (0.3-0.7)

MA-10 45(2.9-6.7) 0.3 (0.2-0.4)

KGN 14.7 (11.9-18.1) 0.8 (0.7-1.0)

BMCL, benchmark concentration lower limit; BMCU, benchmark concentration upper limit; Benchmark concentrations are yM. AEDL, administered equivalent dose
lower limit; AEDU, administered equivalent dose upper limit; AED values are expressed as mg/kg bw/day.

the total number of mitochondria (Figs. 3A and 3C); significant
effects were noted at BPA concentrations of 5pM and higher. The
BMC for this endpoint was 1.2 pM; the calculated AED was 0.09 mg/
kg/day (Figure 6; Table 3). A significant decrease in the ratio of active
to total mitochondria was observed after exposure to 5 or 10 uM BPA
(Figs. 3A and 3C). Calcein intensity was decreased in C18-4 cells after
exposure to 50 uM BPA (Figs. 3A and 3D); the BMC for this endpoint
was 39.2uM and the calculated AED was 2.9 mg/kg/day (Figure 6;
Table 3). Exposure of C18-4 cells to the highest concentration of BPF
tested (100 uM) decreased the number and area of lipid droplets
(Figs. 3B, E, and F). The BMCs for the effects of BPF on lipid droplet
number and area were 70.2uM and 96.5 uM, respectively; the AEDs
were 6.0mg/kg/day and 83mg/kg/day, respectively (Figure 6;
Table 3).

Exposure to BPA, BPAF, BPS, or BPTMC all affected lysosome
numbers in MA-10 cells (Figs. 4A-D, and F). Increasing concen-
trations of BPA (Figure 4A) or BPAF (Figure 4B) increased lyso-
some numbers but to different extents (Figure 4F). The BMC for
the increase in lysosomes induced by BPA was 4.1uM, with an
AED of 0.3mg/kg/day, whereas the BMC for BPAF was 9.8 uM,
with an AED of 1.8 mg/kg/day (Figure 7; Table 3). An increase in
lysosome numbers was also observed after exposure to 10 M
BPS, whereas exposure to BPTMC resulted in a decrease at 1 and
10uM (Figs. 4C, D, and F). The exposure of MA-10 cells to BPA
also increased Calcein intensity (indicative of an effect on cell
viability, intracellular pH, mitochondrial permeability, oxidative
stress, or cell proliferation), and CellRox staining (indicative of
oxidative stress) (Figs. 4A, E, and G). The BMC and AED for BPA
for oxidative stress were 44.2 M and 3.2 mg/kg/day, respectively
(Figs. 6 and 7; Table 3); no significant BMC model was generated
for Calcein intensity data due to poor fit. Exposure to low con-
centrations of BPTMC affected the area and number of lipid
droplets in MA-10 cells (Figs. 4D, H, and I) with a BMCs of 2.4 uM
and 3.2uM, respectively; the AEDs for these parameters were
0.2mg/kg/day and 0.1mg/kg/day, respectively (Figs. 6 and 7;
Table 3).

Exposure to bisphenols affected a variety of morphological
and functional endpoints in KGN cells (Figure 5). Specifically,

exposure to increasing concentrations of BPA (Figure 5A), BPM
(Figure 5B), BPF (Figure 5C), and BPTMC (Figure 5E) increased
lipid droplet numbers and areas (Figs. 5F and 5G). The lowest
BMCs for effects on lipid droplet numbers and area in KGN cells
were for BPM (11.1 and 10.2 uM, respectively; Figure 6, Table 3).
The corresponding AED values for these endpoints for BPM
were 2.6 and 2.4 mg/kg/day (Figure 7; Table 3). Furthermore, ex-
posure to increasing concentrations of BPM (Figure 5B), BPAF
(Figure 5D), and BPTMC (Figure 5E) decreased lysosome numbers
(Figure 5]). The BMCs for BPAF and BPM for this endpoint were
both 6 uM, while the BMC value for BPTMC was 9.4 uM (Figure 6).
The AEDs were for 1.1mg/kg/day for BPAF, 1.4mg/kg/day for
BPM and 0.5 mg/kg/day for BPTMC (Figure 7; Table 3). The expo-
sure of KGN cells to BPM also increased Calcein and CellRox
staining (Figs. 5B, H, and I); the AEDs for BPM for these stress
responses were 1.6 mg/kg/day and 2.4 mg/kg/day, respectively
(Figure 7; Table 3). A significant decrease in active mitochondria
was observed only in KGN cells exposed to 10pM BPTMC
(Figs. 5E and 5K).

An overall comparison of the BMCs and AEDs for the cyto-
toxicity and cell-type specific phenotypic changes observed in
C18-4, MA-10, and KGN cells after exposure to BPA and its ana-
logs is provided in Figure 7. BPS was cytotoxic only in MA-10
cells and did not significantly affect phenotypic markers in any
of the cell lines. It is noteworthy that the effects of the other
bisphenols on morphological and functional endpoints were
generally observed at BMCs and AEDs lower than those associ-
ated with cytotoxicity. The lowest BMC we observed was for the
increase in mitochondrial numbers in C18-4 cells exposed to
BPA. Lipid droplets were the endpoint that was most affected;
effects on lipid droplets were observed after exposure to BPA,
BPF, BPM, and BPTMC in all 3 cell lines.

DISCUSSION

In this study, we used a live cell high-content imaging approach
to demonstrate that six bisphenols, BPA and five structural ana-
logs, induced distinct cellular phenotypic responses in
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Figure 3. Effects of bisphenols on C18-4 mouse spermatogonial cells. Cells were exposed for 48h to each chemical followed by fluorescence microscopy using the
Operetta High Content imaging system (40x magnification). (A) Images illustrating the effects of BPA on mitochondrial numbers and calcein intensity in C18-4 cells.
Total mitochondrial numbers and the ratios of active: total mitochondria were determined using Mitotracker Green and Red dye staining. Calcein intensity was deter-
mined using Calcein dye staining. Control versus 10, 20, and 50 uM, at which effects were observed, are displayed (N=5). (B) Images illustrating the effects of BPF on
lipid droplet numbers in C18-4 cells. Lipid droplet numbers were determined using Nilered dye staining. Control versus 10, 20, 50, and 100 pM, at which effects were
seen, are displayed (N =5). (C) Graph illustrating the effects of BPA on total mitochondrial numbers and the ratio of active: total mitochondria, and (D) graph represent-
ing the effect of BPA on calcein intensity, an indication of cell membrane integrity. (E and F) Graphs illustrating the effects of BPF on the total number of lipid droplets
(E) and lipid droplet areas (F) in C18-4 cells. One-way ANOVA was conducted to determine concentrations where there were significant effects *p <.05. Values represent

the mean * SEM, N =5 replicates.

established cell lines, C18-4 male spermatogonial cells, MA-10
Leydig cells, and KGN granulosa cells, representing major
aspects of the male and female reproductive system. These cell
lines have been used in previous studies to assess endocrine
disrupting activity for other chemical families, such as the
phthalates (Boisvert et al., 2016; Ernst et al., 2014; Jones et al,,
2016; Piché et al., 2012). Our data provide evidence that this ap-
proach can be used to sensitively, more rapidly, and more reli-
ably assess and compare the potential effects of bisphenols on
targets related to reproduction.

Effects of Bisphenols on C18-4, MA-10, and KGN Cell Viability

Clear cell-line-specific differences among bisphenol analogs with re-
spect to effects on cell viability were observed (Figs. 1 and 2; Table 2);
a comparison of the BMC and AED estimates for cytotoxicity is pre-
sented in Figure 7. In terms of cell-line-specific effects, BPF and BPS
were cytotoxic in MA-10 Leydig cells, but not (at the highest concen-
trations tested) in C18-4 spermatogonial or KGN cells. In comparing
the six bisphenols studied, we found that BPM and BPTMC displayed
the highest cytotoxicity in all 3 cell lines, based on ICso, BMC, and
AED estimations (Figs. 1 and 2, Table 2); the latter measure is

considered to be reflective of an in vivo equivalent dose. This is inter-
esting since there are very few studies available on the potential
effects of BPM and BPTMC, despite evidence for their presence in
the environment, in house dust in Canada (Fan et al,, 2021) and in
surface water in Europe and China (Huang et al., 2020; Sauer et al,,
2021).

A previous study demonstrated that BPAF was more cyto-
toxic to C18-4 cells then either BPA or BPS (Liang et al., 2017).
Here, we show that both BPA and BPAF were cytotoxic to C18-4
cells, whereas BPS was not. In these cells, BPAF cytotoxicity was
observed at a BMC (17.0 uM) similar to that for BPM (16.2 uM).
The lowest BMC observed (7.9 uM) in these cells was for BPTMC.
The estimated AED for BPTMC (0.4 mg/kg/day) was also lower
than that for either BPAF (3.0 mg/kg/day) or BPM (3.8 mg/kg/day).
Together, these data suggest that in C18-4 cells, BPTMC is more
cytotoxic than the other bisphenols we studied.

Exposure to all the bisphenols tested decreased MA-10
Leydig cell viability. Previous studies with MA-10 cells (Lan et al.,
2017; Roelofs et al., 2015) reported that BPS concentrations
greater than 30puM induced cytotoxicity, whereas concentra-
tions greater than 100pM were required for BPA or BPF
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Figure 4. Effects of bisphenols on MA-10 mouse tumor Leydig cells. Cells were exposed for 48h to each chemical followed by fluorescence microscopy using the
Operetta High Content imaging system (40x magnification). Images illustrating the effects of: (A) BPA on lysosome numbers, calcein intensity, and cellular oxidative
stress in MA-10 cells; (B) BPAF on lysosome numbers in MA-10 cells; (C) BPS on lysosome numbers in MA-10 cells; and (D) BPTMC on lipid droplet numbers in MA-10
cells. Concentrations at which significant changes were seen are displayed. Lysosome numbers, calcein intensity, and cellular oxidative stress were determined using
Lysored, Calcein, and Cellrox dye staining, respectively. Lipid droplet numbers were determined using Nilered dye staining (N =5). Graphs illustrate the results for the
effects of BPA on calcein intensity (E), BPA, BPAF, and BPS on lysosome numbers (F), BPA on oxidative stress (G), BPM and BPTMC on lipid droplet area (H), and BPTMC
on lipid droplet numbers (I). Values represent the means + SEM. One-way ANOVA was conducted to determine concentrations where there were significant effects
*p<.05 N=5.
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Table 3. Comparison of the Effects of Bisphenols on Phenotypic Parameters in C18-4, MA-10, and KGN Cells Using Benchmark Concentration
(BMC) Analyses and AED Estimation

Phenotypic Parameter Chemical Cell Line BMR = 10% (BMC; BMCL; BMCU) AED (AED; AEDL;
AEDU)

Calcein BPA C18-4 39.2 (26.1-78.7) 9(1.9-5.7)
BPM KGN 7.0 (5.6-9.3) 1.6 (1.3-2.2)
Lysosome BPA MA-10 4.1(1.9-9.6) 3(0.1-0.7)
BPAF MA-10 9.8 (7.9-13.3) 1.8 (1.4- 2.38)
KGN O (4.4-8.9) 1.1 (0.8-1.6)
BPM KGN 0 (4.2-9.5) 1.4 (1.0-2.2)
BPTMC KGN 4 (6.4-16.0) 0.5 (0.4-0.9)

Total mitochondria BPA C18-4 .2 (N/A*-10.3) 0.09 (N/A*-0.75)
No. of lipid droplets BPA KGN 71 1 (51.0-96.8) 5.2 (3.7-7.0)
BPF C18-4 70.2 (56.2-81.2) 0 (4.8-6.9)
KGN 77.5 (59.8-91.3) 6(5.1-7.8)
BPM KGN 11 1(9.3-14.4) 6 (2.2-3.4)
BPTMC MA-10 0(2.4-4.9) 2(0.1-0.3)
Lipid BPA KGN 62 4 (45.3-95.4) 5(3.3-6.9)
droplet area BPF C18-4 96.5 (73.1-98.8) 3(6.3-8.5)
KGN 78.0 (55.9-97.5) 7 (4.8-8.3)
BPM KGN 10 2 (84-13.2) 4(2.0-3.1)
BPTMC MA-10 6(2.8-4.9) 2(0.1-0.3)
KGN 17.7 (14.2-21.2) 0(0.8-1.2)
Oxidative stress BPA MA-10 44.2 (35.3-52.6) 3.2 (2.6-3.8)
BPM KGN 10.4 (7.6-16.3) 4(1.8-3.8)

BMCL, benchmark concentration lower limit; BMCU, benchmark concentration upper limit; benchmark concentrations are expressed in yM. AEDL, administered equiv-
alent dose lower limit; AEDU, administered equivalent dose upper; AED values are expressed as mg/kg bw/day.

*N/ A: the estimated BMC value was below the lowest concentration tested.

cytotoxicity. Here, MA-10 cells were most sensitive to BPM and
BPTMC, with BMC values of 7.1uM and 4.5uM, respectively.
Previous experiments with a testicular coculture system
reported that BPA and BPAF were cytotoxic only at high

concentrations (Yin et al., 2020). Interestingly, MA-10 cell viabil-
ity was decreased by exposure to BPF and BPS (BMCs: BFF,
46.3 uM; BPS, 37.7 uM); in contrast, no cytotoxicity was observed
with these chemicals in C18-4 or KGN cells.
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reported that BPA, BPF, and BPS (at 100 uM), and BPAF (10 uM) all
reduced KGN cell viability. The other 4 bisphenols we tested did
reduce KGN cell viability; specifically, BPAF, BPM, and BPTMC
(BMCs ranging from 14.7 to 38.1uM) were all more cytotoxic
than BPA (BMC, 70.8 uM).

BMC values calculated from our data for each cell line (in tri-
angles) are compared with data from the literature reporting
the lowest bisphenol concentrations at which significant
decreases in cell viability were observed (in circles) in
Supplemental Figure 3. The BMC values that we obtained for the
cytotoxicity of BPA, BPS, BPF, and BPAF are generally consistent
with the lowest concentrations at which significant decreases
in cell viability was observed previously. To the best of our
knowledge, no equivalent data are available for BPM and
BPTMC.

Effects of Bisphenols on Morphological and Functional Endpoints in
C18-4, MA-10, and KGN Cells

The key advantage of live cell high-content imaging is that it is
possible to query the effects of a chemical exposure on cell
organelles and their functions; this allows a comparison of the
effects of chemicals at a “sub-cellular” level and may provide
some information on their modes of action. Using fluorescent
dye combinations, we assessed the effects of BPA and five ana-
logs on mitochondria, lysosomes, lipid droplets, and oxidative
stress. Interestingly, the 6 bisphenols studied induced distinct

An increase in “total” mitochondria was observed only in
BPA-exposed C18-4 spermatogonial cells, in the absence of a
significant effect on the number of active mitochondria or on
the ratio of active to total mitochondria. A previous study
reported that BPA exposure (100 pM) produced a decrease in the
number of active mitochondria in TM3 Leydig cells (Gongalves
et al., 2018). However, in hippocampal neuronal stem cells, BPA
treatment increased mitochondrial fragmentation (Agarwal
et al., 2016), leading these authors to conclude that BPA-induced
neurotoxicity was associated with impairments in mitochon-
drial dynamics. Dysregulation of mitochondria fission and fu-
sion may occur in response to cellular stress (reviewed by Youle
and van der Bliek, 2012). Ultrastructural analyses of mitochon-
dria would help to determine if BPA exposure dysregulates mi-
tochondrial fission in C18-4 cells.

Lysosomes are involved in recycling organelles and proteins
during autophagy. They also play a crucial role in cholesterol
uptake from LDL, an important source of cholesterol for ste-
roidogenic cells. Interestingly, exposure to bisphenols produced
opposite effects on lysosome numbers in 2 steroidogenic cell
lines, MA-10 and KGN cells. Lysosome numbers were increased
after exposure to BPA or BPAF in MA-10 cells (Figure 4). In con-
trast, exposure to BPAF, BPM, or BPTMC decreased the number
of lysosomes in KGN cells (Figure 5). Previous studies have
shown that Leydig cells have high frequencies of autophagy in
comparison to other cell types (Tang, 1988; Tang et al., 1988,
1992). Further, autophagy promoted cholesterol uptake in



Leydig cells by eliminating Na+/H+ exchanger regulatory factor
2 (NHERF2) accumulation in the cells, thus preventing decreases
in steroidogenesis (Gao et al., 2018). Autophagy and cholesterol
uptake from LDL are also important in the regulation of ste-
roidogenesis in ovarian granulosa cells; hence, further investi-
gations would be needed to explain the differences we observed
in the responses of MA-10 and KGN cells to bisphenols.

Lipid droplets play key roles in cell energy metabolism and
function. In C18-4 cells, exposure to BPF (100 pM) decreased the
number and total area of lipid droplets (Figure 3). A decrease in
lipid droplets was also observed in MA-10 cells exposed to
BPTMC (1 uM) (Figure 4). In contrast to these findings, the expo-
sure of KGN cells to BPA (100 uM), BPM (20 M), or BPF (100 uM)
increased lipid droplet numbers (Figure 5). Lipid droplet accu-
mulation may be due to a disruption in cholesterol transport
out of cells due to hindrance in enzymes, such as hormone sen-
sitive lipases (LIPE) (Kraemer and Shen, 2002) or to a defect in
the fusion of the autophagosome to the lysosome (Song et al.,
2019). A previous study reported that the exposure of KGN cells
to BPA resulted in an increase in PPARy expression, a known
regulator of fatty acid biosynthesis and storage (Kwintkiewicz
et al.,, 2010). A better understanding of lipid droplet dynamics
and their composition is needed to determine the impact of in-
creased or decreased droplets on energy metabolism or, in the
case of MA-10 or KGN cells, on steroidogenesis.

An increase in cellular oxidative stress was observed in C18-
4 and MA-10 cells exposed to increasing concentrations of BPA
and in KGN cells exposed to increasing concentrations of BPM.
Previous studies have associated BPA-induced oxidative toxicity
with male reproductive toxicity (Kabuto et al., 2004; Othman
et al., 2016). Further studies are needed to elucidate the impact
of the increase in oxidative stress induced by BPM on cell
dynamics.

Conclusions

Our data reveal that phenotypic endpoints may be more sensi-
tive measures of chemical-induced cellular insult than cytotox-
icity. Using a single cell imaging approach, we have shown that
the six bisphenols tested have effects that are both chemical
and cell-line specific. Overall, BPTMC was the most potent
bisphenol studied, whereas BPS induced the lowest in vitro tox-
icity across the endpoints and cell-lines tested. Importantly,
some of the chemicals that are replacing BPA in commerce to-
day may be similar to or more potent than BPA.

Together, these data illustrate the value of using a set of tar-
get cell lines and phenotypic markers to compare the effects of
a regulated (legacy) substance, such as BPA, with chemicals
analogs that are in use or under consideration as substitutes.
Estimated BMC values and AED doses, together with additional
data on human exposure, can be a useful line of evidence for
screening chemicals to identify those with a higher potential for
concern in downstream risk assessment applications.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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