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ABSTRACT

Emerging data indicate that structural analogs of bisphenol A (BPA) such as bisphenol S (BPS), tetrabromobisphenol A
(TBBPA), and bisphenol AF (BPAF) have been introduced into the market as substitutes for BPA. Our previous study
compared in vitro testicular toxicity using murine C18-4 spermatogonial cells and found that BPAF and TBBPA exhibited
higher spermatogonial toxicities as compared with BPA and BPS. Recently, we developed a novel in vitro three-dimensional
(3D) testicular cell co-culture model, enabling the classification of reproductive toxic substances. In this study, we applied
the testicular cell co-culture model and employed a high-content image (HCA)-based single-cell analysis to further compare
the testicular toxicities of BPA and its analogs. We also developed a machine learning (ML)-based HCA pipeline to examine
the complex phenotypic changes associated with testicular toxicities. We found dose- and time-dependent changes in a
wide spectrum of adverse endpoints, including nuclear morphology, DNA synthesis, DNA damage, and cytoskeletal
structure in a single-cell-based analysis. The co-cultured testicular cells were more sensitive than the C18 spermatogonial
cells in response to BPA and its analogs. Unlike conventional population-averaged assays, single-cell-based assays not only
showed the levels of the averaged population, but also revealed changes in the sub-population. Machine learning-based
phenotypic analysis revealed that treatment of BPA and its analogs resulted in the loss of spatial cytoskeletal structure, and
an accumulation of M phase cells in a dose- and time-dependent manner. Furthermore, treatment of BPAF-induced
multinucleated cells, which were associated with altered DNA damage response and impaired cellular F-actin filaments.
Overall, we demonstrated a new and effective means to evaluate multiple toxic endpoints in the testicular co-culture model
through the combination of ML and high-content image-based single-cell analysis. This approach provided an in-depth
analysis of the multi-dimensional HCA data and provided an unbiased quantitative analysis of the phenotypes of interest.
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Bisphenol A (BPA) is a high production-volume chemical widely
used in consumer products, thermal papers, medical devices,
and dental sealants (Rochester, 2013). Exposure to BPA is ubiqui-
tous and occurs mainly through ingestion, inhalation, and der-
mal contact (Kang et al., 2006; Vandenberg et al., 2007).
Bisphenol A was detected in 90% of the United States popula-
tion in urine samples (Calafat et al., 2008; Lakind and Naiman,
2011). As a known endocrine disruptor, BPA has been shown to
interfere with hormonal and homeostatic systems (Braun et al.,
2011; Carwile and Michels, 2011; Ehrlich et al., 2012; Lang et al.,
2008; Lassen et al., 2014). Bisphenol A exposure has also been as-
sociated with reproductive dysfunctions, including reduction of
testicular weight and sperm count, alteration of hormone levels,
and impairment of spermatogenesis (Jin et al., 2013; Pacchierotti
et al., 2008; Sakaue et al., 2001; Tiwari and Vanage, 2013; Wang
et al., 2016). Structural analogs of BPA have since been intro-
duced into the market as BPA substitutes, sharing similar
manufacturing applications to BPA. Emerging evidence indi-
cates that BPA analogs had been found in food products and in
human urine samples and these chemicals interacted with vari-
ous physiological receptors (Driffield et al., 2008; Kitamura et al.,
2005; Liao and Kannan, 2013; Liao et al., 2012; Stossi et al., 2014).
However, the toxicological data concerning BPA analogs are still
limited. In our previous study, we compared the spermatogonial
toxicities of BPA with its analogs: bisphenol S (BPS), bisphenol
AF (BPAF), and tetrabromobisphenol A (TBBPA) using the mu-
rine spermatogonial C18-4 cell line. We found that BPAF and
TBBPA exhibited higher spermatogonial toxicities compared
with BPA and BPS, including alterations in nuclear morphology,
cell cycle, DNA damage response, and perturbation of the cyto-
skeleton (Liang et al., 2017). Although using a spermatogonial
cell line provided mechanistic insights into the testicular toxic-
ities of BPA and its analogs, it lacked the multicellular complex-
ity and organ-like structures needed to mimic the physiological
conditions as observed in vivo. Recently, we developed an
in vitro testicular cell co-culture model, which exhibited a
unique three-dimensional (3D) structure when compared with
single-cell culture models (Yin et al., 2017). This testicular cell
co-culture model was able to recapitulate the multicellular com-
plexity and organ-like structure observed in vivo. It enabled the
classification of reproductive toxic substances with high specif-
icity and sensitivity (Yin et al., 2017). Therefore, the purpose of
this study was to apply the testicular cell co-culture model to
further examine the testicular toxicities of BPA and its analogs.

With the recent advances in automated fluorescence mi-
croscopy and quantitative image analysis, high-content analy-
sis (HCA) enables the measurements of unbiased phenotypic
multi-parametric endpoints at a single-cell level, and provides
both temporal and spatial measurements of cellular biological
phenotypes associated with adverse health outcomes (Buchser
et al., 2004; Mattiazzi Usaj et al., 2016; Zanella et al., 2010). This
approach has been used to characterize adverse outcome path-
ways and develop predictive models for toxicity evaluation
(Elmore et al., 2014; Merrick et al., 2015; Ramm et al., 2019; Shukla
et al., 2010). High-content analysis provides large-scale image-
based data; however, the analysis of these image datasets
becomes a major hindrance, as the quantification of these cellu-
lar phenotypes of interest has created a time- and labor-
intensive environment with low reproducibility (Sommer and
Gerlich, 2013). In addition, the variability of cell response is al-
ways present to some degree in any population of cells, and the
endpoint response may not reflect the behaviors of any individ-
ual cell. This can especially occur when the population contains
several phenotypically distinct subpopulations. Therefore,

demand is increasing for an advanced computational approach
to explore the inherent structure of multi-dimensional data and
provide unbiased assessments of a variety of phenotypes. In re-
sponse to this need, supervised machine learning (ML) has
emerged as a powerful approach in classifying cellular hetero-
geneity using nonlinear multi-parametric algorithms on HCA
data (Altschuler and Wu, 2010; Bray and Carpenter, 2018;
Hennig et al., 2017; Sommer and Gerlich, 2013). These algorithms
are able to learn from the trained datasets labeled with pre-
defined phenotypic classes and automatically infer the rules
used to classify the full dataset. This type of ML has been ap-
plied to examine the dynamic changes of the genome and pro-
teome in single-cell imaging (Chong et al., 2015; Neumann et al.,
2010); however, its applications in toxicology have not fully
been explored. In this study, we applied the testicular cell co-
culture model and employed an HCA-based single-cell analysis
to compare the testicular toxicities of BPA and its analogs. We
developed a ML-based HCA pipeline to examine the complex
phenotypic changes associated with testicular toxicities. We
found the dose- and time-dependent changes in a wide spec-
trum of adverse endpoints, including nuclear morphology, DNA
synthesis, DNA damage, and cytoskeletal structure in a single-
cell-based analysis. The co-cultured testicular cells were more
sensitive than the C18-4 spermatogonial cells in response to
BPA and its analogs (Liang et al., 2017). Unlike conventional
population-averaged readouts such as the BrdU assay, the
single-cell-based assay not only showed the overall changes of
the averaged population, but also revealed changes in the sub-
population. Machine learning-based phenotypic analysis
revealed that treatment of BPA and its analogs resulted in the
loss of spatial cytoskeletal structure, and an accumulation of M
phase cells in a dose- and time-dependent manner. Treatment
of BPAF induced multinucleated cells, which were associated
with altered DNA damage response and impaired cellular actin
filaments. Overall, we demonstrated a new and effective means
to evaluate multiple toxic endpoints in the testicular cell co-
culture model through the combination of ML and high-content
phenotypic-based single-cell analysis, which can provide a
rapid and objective high-throughput screening platform for fu-
ture environmental toxicity testing.

MATERIALS AND METHODS

Chemicals. Dulbecco’s Modified Eagle Medium (DMEM), Modified
Eagle’s Medium/Nutrient Mixture F-12 (DME/F12), horse serum,
and penicillin-streptomycin were purchased from GE
Healthcare Life Sciences (Logan, Utah). Fetal bovine serum
(FBS), 4, 40-(propane-2, 2-diyl) diphenol (BPA, �99%), 4, 40-sulfo-
nyldiphenol (BPS, 98%), 2, 20, 6, 60-Tetrabromo-4, 40-isopropylide-
nediphenol (TBBPA, 97%), and neutral red (NR) were purchased
from Sigma-Aldrich (St Louis, Missouri). Nu-Serum was pur-
chased from BD BioScience (Redford, Massachusetts). 4-[1, 1, 1,
3, 3, 3-Hexafluoro-2-(4-hydroxyphenyl) propan-2-yl]phenol
(BPAF, 98%) was purchased from Alfa Aesar (Ward Hill,
Massachusetts). 5-Bromo-20-deoxyuridine (BrdU, 99%) was pur-
chased from Thermo Scientific (Waltham, Massachusetts).
Paraformaldehyde (4%) was purchased from Boston Bioproducts
(Ashland, Massachusetts).

Establishment of testicular cell co-culture model and treatment. The
testicular cell co-culture model was established as reported pre-
viously (Yin et al., 2017). Mouse spermatogonial cell line C18 was
established via germ cells isolated from the testes of 6-day-old
Balb/c mice (Hofmann et al., 2005a,b). This cell line was selected
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as it showed morphological features of type A spermatogonia;
expressed testicular germ cell-specific genes such as GFRA1,
Dazl, and Ret and stem cell-specific genes such as Piwi12 and
Prame11 (Hofmann et al., 2005a). Mouse Leydig (TM3) and Sertoli
(TM4) cell lines were purchased from ATCC, and these cells
were isolated from prepubertal mouse gonads. C18 cells were
maintained in DMEM composed of 5% FBS, and 100 U/ml strep-
tomycin and penicillin in a 33�C, 5% CO2 humidified environ-
ment in a sub-confluent condition, and were passaged every 3–
4 days; TM3 and TM4 cells were cultured in DME/F12 composed
of 1.25% FBS, 2.5% horse serum, and 100 U/ml streptomycin and
penicillin at 37�C, 5% CO2 in a sub-confluent condition, and
were passaged every 2–3 days. When the cells reached 70%–80%
confluency, a total of 1.5� 104 cells per well were inoculated
into a 96-well plate. The percentages of spermatogonial, Sertoli,
and Leydig cells in the co-culture model were 80%, 15%, and 5%,
respectively. The co-cultures were maintained in DMEM com-
posed of 2.5% Nu-serum, in a 33�C, 5% CO2 humidified environ-
ment. After overnight incubation, the co-cultures reached 100%
confluency and were then treated with BPA, BPS, BPAF, and
TBBPA at the indicated doses and time-periods.

Cell viability with NR uptake assay. Cell viability was determined
with the NR uptake assay to find the suitable dose range for the
HCA. The NR uptake assay is based on the ability of viable cells
to incorporate NR dye into their lysosomes, whereas leaving the
dead cells unstained (Repetto et al., 2008). The co-cultured cells
were treated with various doses of BPA or BPS (25, 50, 100, 200,
and 400 lM) and BPAF or TBBPA (2.5, 5, 10, 25, and 50 lM) for 24,
48, and 72 h; 0.01% DMSO was set as the vehicle control. About
3 h prior to the indicated treatment time, the culture medium
was replaced by fresh medium containing NR (50 lg/ml) fol-
lowed by washing with phosphate-buffered saline (PBS). The NR
dye was eluted with 100 ll of a 0.5% acetic acid/50% ethanol so-
lution. The plate was then gently shaken, and absorbance val-
ues were measured at 540 nm with a Synergy HT microplate
reader (Tecan, Sunrise). Cell viability was presented as a per-
centage of the mean of vehicle controls after subtracting back-
ground readings.

High-content assays. High-content assays, including nuclear mor-
phology, cell cycle, DNA damage responses, and perturbation of
the cytoskeleton were established as previously described
(Liang et al., 2017). Co-cultures were treated with various doses
of BPA or BPS (5, 10, 25, 50, and 100 lM) and BPAF or TBBPA
(1, 2.5, 5, 10, and 15 lM) for 24, 48, and 72 h. The cells were then
permeabilized by a 0.1% Triton X-100/PBS and blocked and then
incubated with a mouse anti-phospho-histone H2AX (Ser139)
(c-H2AX) overnight at 4�C. After the cells were washed with PBS,
they were then incubated with goat anti-mouse Dylight 650 and
Hoechst 33342. Prior to image acquisition, the cells were stained
with Alexa Fluor 488 Phalloidin for 30 min to highlight F-actin
filaments (Liang et al., 2017). Multi-channel images were then
automatically acquired using an ArrayScan VTI HCS reader
upgraded with LED Light Engine Module and the HCS Studio 2.0
software (Thermo Scientific). About 36 fields (images) per well
per channel were acquired at �20 magnification using a
Hamamatsu ROCA-ER digital camera in combination with a
�0.63 coupler and Carl Zeiss microscope optics in auto-focus
mode. Channel 1 (Ch1) was used to detect Hoechst (BGRFR
384_15), channel 2 (Ch2; BGRFR 485_20) was used to detect F-ac-
tin, and channel 3 (Ch3; BGRFR 650_13) was used to detect the c-
H2AX. For DNA synthesis high-content assay, we employed the
thymidine analog BrdU incorporation assay to evaluate the

DNA synthesis. BrdU staining procedure followed the previous
protocol (Liang et al., 2017). Two-channel staining for the BrdU
assay was applied, Ch1 was used to detect Hoechst (BGRFR
384_15) and Ch2 (BGRFR 549_15) was used to detect the BrdU.

High-content image analysis. Multi-channel images were analyzed
using HCS Studio 2.0 Target Activation BioApplication. Using
the Hoechst staining channel (Ch1), the nuclear boundary of
each cell was defined by segmentation (Figure 3B).
Segmentation uses local changes in pixel intensity, as well as
the shape of the object, to find the border region. Then primary
object identification used a smoothing uniform value of 1, and a
thresholding isodat value at �0.87. Objects located on the bor-
der were excluded. The resulting definition of the border and
object contained within is called a mask. The mask for the
Hoechst channel was designated as a region of interest.
Channel 2 applied BGRFR 485_20 to identify the F-actin staining
with a primary object mask modification factor of 12. BGRFR
650_13 was applied in Ch3 and identified the c-H2AX staining
with a primary object mask modification factor of 0. Multiple
parameters of nuclei were quantified for each cell, including nu-
clei number, nuclear area, shape, and total intensity. Nuclear
shape measurements included: nuclear smoothness, P2A, a
parameter defined as the ratio of nuclear perimeter squared to
4p � nuclear area (perimeter2/4p � nuclear area) and nuclear
roundness, LWR, a parameter defined as the ratio of nuclear
length to width. For a fairly round and smooth object, the values
for P2A and LWR were around 1.0. The total intensity was de-
fined as the total pixel intensity within a cell in the respective
channel. The total and average intensities of BrdU, c-H2AX, and
F-actin of the individual cells were quantified. With 36 images
per well, at least 5000 cells were analyzed, and single-cell-based
data were extracted for further nuclear morphology, DNA syn-
thesis, DNA damage response, and cytoskeletal analysis. The
experiments were performed with at least 4 biological replicates
and repeated twice.

ML-based HCA. Quantification of large-scale image data and
analysis of cellular phenotypes used to depend on manual pa-
rameter adjustment, which is time and labor intensive with low
reproducibility among different experiments (Sommer and
Gerlich, 2013). In addition to the use of the HCS Studio 2.0 soft-
ware for quantification, we utilized an open-source software
CellProfiler and CellProfiler Analyst (Broad Institute, Cambridge,
Massachusetts) (Bray and Carpenter, 2018; Carpenter et al., 2006;
McQuin et al., 2018) and developed a ML-based HCA pipeline to
examine the morphological, phenotypic alterations in the cyto-
skeleton and nucleus (Figure 1). The multi-channel images ac-
quired from the ArrayScan VTI HCS reader were imported into
CellProfiler. Our processing pipeline included object identifica-
tion and segmentation on multi-channel images (nuclei, cyto-
skeleton, and c-H2AX). This pipeline identified the nuclei from
the Hoechst 33342 (nuclei) channel and used the nuclei as a pri-
mary object to assist in the identification of secondary objects,
which included F-actin and c-H2AX of each cell. This pipeline
measured over 200 cellular features, including the size, shape,
intensity, texture of the nuclei, intensity, and texture of F-actin
and c-H2AX in each cell (Figure 1). These quantified data, along
with the images, were imported into the CellProfiler Analyst,
and a supervised ML was performed via the “Random Forest
Classifier” algorithm (Broad Institute) (Breiman, 2001; Jones
et al., 2008). The supervised training with specific phenotypes,
including cytoskeletal changes, multi-nucleation, and mitosis,
was conducted until the values of positive and negative
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recognition for each phenotype reached 99% and 0.01%, respec-
tively. Finally, these classification rules inferred from the train-
ing set were applied to score all cells in the experiment.

Both image processing workflows were executed on a desktop
Windows 10 workstation installed with GeForce GTX 1080 Ti
Graphics Cards and 32 GB RAM. Software versions used were
CellProfiler version 2.1.2 v2015_08_05, CellProfiler Analyst 2.0
v2014_04_01. Links to Windows binary versions of these are pro-
vided here: http://www.cellprofiler.org/published_pipelines.shtml)

Statistical analysis. The data obtained from the HCS Studio 2.0
Target Activation BioApplication, CellProfiler, and CellProfiler
Analyst were exported and further analyzed using the JMP sta-
tistical analysis package (SAS Institute, Cary, North Carolina). In
order to remove the cell clumps, nuclei with areas larger than
1000 lm2 were excluded. In each plate, the vehicle controls
showed consistent measurements for all endpoints examined.
To account for intra-plate normalization, data were normalized
to the overall scaling factors, which were calculated by obtain-
ing the geometric mean of the vehicle controls in each plate.
The data extracted from the single-cell-based image repre-
sented the phenotype of a single cell, and were geometrically
averaged for each well for a traditional well-based statistical
analysis. BrdU-positive cells were identified as having a total in-
tensity of BrdU over 20 000 pixels. c-H2AX positive cells were
identified in the control cells by the total intensity of c-H2AX
over 120 000 pixels. The median lethal concentrations (LC50)
were calculated using a nonlinear regression curve fit on
GraphPad Prism 5 (San Diego, California). A Spearman correla-
tion analysis was conducted in order to examine the correlation
between the cytoskeleton perturbations and DNA damage
responses in multinucleated cells, as well as to examine any re-
lationship between the total intensity of F-actin and c-H2AX for
24, 48, and 72 h using single-cell-based data. The data were pre-
sented as mean 6 standard deviation (SD). One-way analysis of
variance (ANOVA) followed by Tukey-Kramer all pairs

comparisons were conducted to assess statistical significance.
A p-value of less than .05 denoted a significant difference com-
pared with vehicle control (*).

RESULTS

BPA and Its Analogs Induced Time- and Dose-Dependent
Cytotoxicity in the Testicular Cell Co-culture Model
Cell viability was measured by the NR uptake assay to obtain
the appropriate concentrations of BPA and its analogs to be
used for HCA in the co-culture model. Figures 2A–C show a
time- and dose-dependent decrease in cell viability in the co-
culture model after treatment of BPA or its analogs for 24 (A), 48
(B), and 72 h (C). Bisphenol A and BPS treatments significantly
decreased cell viability starting at doses of 200 and 400 lM for
24 h, and at 100 lM for 48 and 72 h, respectively. Bisphenol AF
and TBBPA significantly reduced cell viability at concentrations
of 5 and 25 lM, respectively, across the 3 time-points. The LC50
values calculated at 72 h were 8.5, 16.8, 150.2, and 625.8 lM for
BPAF, TBBPA, BPA, and BPS, respectively. Therefore, 100 lM was
selected as the highest treatment dose for BPA and BPS, and
15 lM was selected as the highest treatment dose for BPAF and
TBBPA to be used in the HCA experiments that followed.

Applying HCA analysis, the total number of cells in each well
was quantified by nuclear staining with Hoechst dye in the 36
fields captured at �20 magnification. As depicted in Figures 2D–
F, BPA and BPS treatments significantly reduced cell number at
a dose of 100 lM at 24 h and doses of 50 and 100 lM at 48 and
72 h, respectively. Bisphenol AF treatment decreased cell num-
ber starting at a concentration of 2.5 lM across the 3 time-
points, whereas TBBPA reduced cell number at 10 lM for all 3
time-points. The LC50 values calculated at 72 h were 4.9, 12.5,
104.2, and 550.4 lM for BPAF, TBBPA, BPA, and BPS, respectively.
As compared with the dose- and time-dependent responses in
the NR uptake assay, the cell number obtained through the HCA

Figure 1. Machine learning-based high-content and phenotypic analysis in the testicular cell co-culture. The diagram illustrates the 4 steps of the ML process. First, ob-

ject identification and segmentation were conducted on multi-channel images (nuclei, cytoskeleton, and c-H2AX) using CellProfiler. Second, these quantified data,

along with the images, were imported into the CellProfiler Analyst and a supervised ML was performed via the “Random Forest Classifier” algorithm (Broad Institute;

Breiman, 2001; Jones, et al., 2008). The supervised training with specific phenotypes, including cytoskeletal changes, multi-nucleation, and mitosis was conducted until

the values of positive and negative recognition for each phenotype reached 99% and 0.01%, respectively. Finally, these classification rules inferred from the training-

set were applied to score all cells in the experiment.
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assay was more sensitive than the traditional NR uptake cyto-
toxicity assay.

BPA and Its Analogs Altered Nuclear Morphology in the Testicular
Cell Co-culture Model
Figure 3A shows representative 3-channel HCA images at �40
magnification, including nuclear morphology, cytoskeletal F-ac-
tin, and DNA damage marker cH2AX at 72 h. Noticeable
decreases of cell density, disruption of the cytoskeleton, and in-
duction of cH2AX were observed in the higher doses of BPA or
its analogs.

The shape and size of the nucleus varied between the con-
trol and treatment groups (Figure 3A). One noticeable change
was the multinucleation (denoted by an arrow) in BPAF-
treated cells; this was mainly observed at a dose of 5 lM
(Figure 3A, arrowhead). The geometry of the nucleus influen-
ces the DNA organization and has a significant influence on
cell proliferation, gene expression, and protein synthesis
(Jevtic et al., 2014; Mukherjee et al., 2016). Nuclear morphology
was found to be a sensitive endpoint for the detection of

chemical toxicity in HCA assays (Martin et al., 2014; O’Brien
et al., 2006; Ramm et al., 2019). Using HCS Studio 2.0
TargetActivation BioApplication, multiple parameters of the
nuclei including number, nuclear area, shape (P2A and LWR),
total DNA intensity, cytoskeletal F-actin, and DNA damage
marker cH2AX were quantified for each cell (Figure 3).
Figures 3B–C illustrate the segmentation and identification of
the primary object nucleus in Ch1, secondary objects F-actin
cytoskeleton in Ch2, and cH2AX in Ch3 using the
TargetActivation BioApplication in control (Figure 3B) and
BPAF-treated cells (Figure 3C) at 48 h. Nuclear number, shape
(P2A, LWR), total and average intensity of DNA, DNA intensity
variance per cell in Ch1, total or average intensity, and the var-
iance of the intensity of F-actin and cH2AX in Ch2 and Ch3
were quantified. The right sides of Figures 3B–C show the dis-
tribution of the nuclear area, along with the total intensity of
F-actin and cH2AX in 1 field image. Cells with a nuclear area
larger than 350 mm2 in control are highlighted. Irregular shape
of nuclei in the BPAF-treated cells at 5 mM (Figure 3C), along
with the larger size of these nuclei (highlighted), was

Figure 2. Cell viability determined by NR uptake assay (A–C) and cell number determined by the HCA (D–F) in the testicular cell co-cultures treated with BPA, BPS, BPAF,

and TBBPA. Testicular cells co-cultures were treated with various concentrations of BPA and BPS (25, 50, 100, 200, and 400 lM), and BPAF and TBBPA (2.5, 5, 10, 25, and

50 lM) for 24 (A, D), 48 (B, E), and 72 h (C, F). Cells treated with the vehicle (0.05% DMSO) were used as vehicle controls (0 lM). Neutral red assay and HCA-based quantifi-

cation of cell viability and cell number were described in Materials and Methods. Data were expressed as mean 6 SD, n¼ 8. Four replicates in 2 independent experi-

ments were included. Statistical analysis was conducted by 2-way ANOVA followed by Tukey-Kramer multiple comparisons (*p< .05, ** p< .01). Abbreviations: BPA,

bisphenol A; BPAF, bisphenol AF; BPS, bisphenol S; TBBPA, tetrabromobisphenol A; HCA, high-content analysis.
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Figure 3. Bisphenol A and its analogs altered nuclear morphology, perturbed F-actin cytoskeleton, and induced DNA damage marker c-H2AX in the testicular cell co-

culture model. Representative images from 3-channel high-content (A) and quantification of nuclear morphology, cytoskeletal F-actin, and DNA damage marker

cH2AX in control (B) and BPAF- (5 mM) treated cells (C) at 72 h (�40). The co-cultures were treated with various concentrations of BPA and BPS (5, 10, 25, 50, and 100 lM)

and BPAF and TBBPA (1, 2.5, 5, 10, and 15 lM) for 24, 48, and 72 h. Cells treated with vehicle (0.01% DMSO) were used as controls (0 lM). The nuclei were stained with

Hoechst 33342, F-actin cytoskeleton stained with Alexa Fluor 488 Phalloidin, and DNA damage marker with phosphor-histone cH2AX (Ser139, c-H2AX). Images were au-

tomatically acquired using ArrayScan VTI HCS with �40 objective lenses and 49 fields per well were obtained. Using the HCS Studio 2.0 TargetActivation

BioApplication, segmentation, and primary object identification were conducted in Ch1. Images in Ch2 were used to identify the F-actin staining with a primary object

mask modification factor of 12. Images in Ch3 were used to identify c-H2AX staining with a primary object mask modification factor of 0. Multiple parameters of nuclei,

F-actin, and c-H2AX were quantified, including nuclei number, nuclear area, shape (P2A, LWR), and total or average intensity of DNA, F-actin, and c-H2AX for each cell.

Cells with nuclear area larger than 350 mm2 were selected in Ch1 (red bar and yellow outline), and these cells were also highlighted in Ch2 (red bar and yellow outline),

and 3 (yellow bar and yellow outline). Arrows indicated the multinucleated cells. Scale bar ¼ 50 lm. Abbreviations: BPA, bisphenol A; BPAF, bisphenol AF; BPS, bisphe-

nol S; TBBPA, tetrabromobisphenol A.
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observed. These irregular multi-nucleated cells had less stain-
ing of F-actin surrounding them, and also had low levels of
cH2AX.

Figure 4A shows a scatterplot of the nuclear area versus the
total intensity of nuclear DNA in the control cells, cells treated
with BPA and BPS at 100 mM, and cells treated with BPAF and
TBBPA at 5 mM at 24, 48, and 72 h. Heterogenicity of these cells
regarding size and intensity in control and treatments was ob-
served (Figure 4A). Treatment of all 4 chemicals induced notable
decreases in cell number and changes of the cell population at
the highest concentrations tested (Figure 4A). The single-cell-
based data extracted from the 36 images per well were averaged
for a traditional well-based statistical analysis. Due to the non-
normal distribution of these individual parameters from the in-
dividual cells, fields, and wells, we calculated the well-based
geometric mean and used ANOVA to compare the statistical dif-
ference among the treatments and doses. Figures 4B and 4C

show the geometric mean of the nuclear morphological param-
eters in the co-culture treated with BPA and its analogs across
the 3 time-points. Treatment of BPA at 25 lM or over signifi-
cantly decreased the nuclear area at 24 h, and increased the nu-
clear area at 100 mM at 48 h, and at 50 and 100 mM at 72 h.
Bisphenol S treatment at a dose of 100 lM increased the nuclear
area only at 72 h. Bisphenol A treatment significantly increased
the LWR at 100 lM and reduced P2A at doses of 50 and 100 lM
for all 3 time-points. Treatment with 100 lM BPS significantly
decreased LWR and P2A across all 3 time-points. Significant
increases in the nuclear area were observed in the cells treated
with BPAF at 10 and 15 lM at 24 h, and 5–15 lM at 48 h and 72 h.
Bisphenol AF induced significant increases in LWR and P2A at
5 lM at all time-points whereas inducing decreased LWR and
P2A at 10 and 15 lM at all time-points. Tetrabromobisphenol A
induced significant increases in the nuclear area at 15 lM at 24
and 48 h, and at 10 and 15 lM at 72 h. Tetrabromobisphenol A

Figure 3. continued
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treatment was observed to significantly increase P2A at 10 lM at
24 and 48 h, whereas LWR decreased at 15 lM at 72 h (Figure 4B).
As shown in Figure 4C, dose- and time-dependent changes of
nuclear DNA intensity, including average or total DNA intensity
and variance of DNA intensity at 24, 48, and 72 h were observed
after exposure to BPA, BPAF, and TBBPA, but no change in BPS
treatment. Treatment of BPA at 25 lM or more significantly in-
creased the average nuclear DNA intensity at 24 h, and in-
creased the average nuclear DNA intensity at 100 mM at 48 h,
and at 25, 50, and 100 mM at 72 h. Significant increases in the av-
erage, total, and variance of nuclear DNA intensity were ob-
served in the cells treated with BPAF at 10 mM at 24 and 48 h. At
72 h treatment with BPAF, significant increases in the average,
total, and variance of nuclear DNA intensity were observed at 5
and 10 mM (Figure 4C).

BPA and Its Analogs Perturbed F-actin Cytoskeleton and Induced
DNA Damage Marker c-H2AX in the Testicular Cell Co-culture Model
Cytoskeletal structures are involved in various cellular pro-
cesses, including the remodeling of germ cell nuclei, reduction
of the cytoplasm, and cell movement during spermatogenesis
(Niedenberger et al., 2013). In Sertoli cells, parallel F-actin bun-
dles form the ectoplasmic specialization (ES), providing an im-
munological barrier for germ cells, regulating the orientation of
the elongated spermatids, and helping spermatozoa release
(Cheng and Mruk, 2002; Setchell, 2008; Wong et al., 2008). As
illustrated in Figure 5A, F-actin filaments in the untreated co-
culture exhibited 2 typical patterns: stretched cortical actin fila-
ments adjacent to the cell edge, and thicker stress fiber bundles
located throughout the cytosol. Cells with stretching F-actin
bundles in their cytoplasm formed unique cord-like structures

Figure 3. continued
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throughout the co-culture model in control (Figure 5A).
Treatments of BPA, BPAF, and TBBPA perturbed these structures
and induced a gel-like network of cross-branched F-actin fila-
ments, whereas treatment of BPS induced no notable changes
of cytoskeletal structure (Figure 5A). Figure 5B illustrated the
quantification of a well-based analysis of the total intensity of
F-actin derived from individual cells. Significant increases in
the total intensity of F-actin were observed in the co-culture
treated with 50 lM BPA at 24 h, and 100 lM BPA at 48 and 72 h;
100 lM BPS at 24 and 48 h; 5, 10, and 15 lM BPAF at 24, 48, and
72 h; 10 and 15 lM TBBPA for 24 and 48 h, and 5–15 lM TBBPA at

72 h. An early DNA damage response marker, c-H2AX, was also
measured to assess the genotoxicity of BPA and its analogs in
the co-culture. Figure 5C depicts the percentages of c-H2AX pos-
itive cells. We observed a significant increase of c-H2AX positive
cells after BPAF treatment at doses of 10 and 15 lM for 24 h, and
5–15 lM for 48 and 72 h; TBBPA exhibited similar effects at 15 lM
across the 3 time-points. Bisphenol A and BPS treatment elicited
no notable changes in the percentages of c-H2AX positive cells.

However, the intensity-based measurement of F-actin could not
reflect all changes observed, such as the diminishment of inter-
cellular stretching cytoskeletal structures in the BPAF-treated cells.

Figure 4. High-content image-based quantification of nuclear morphology. Scatterplot of the nuclear area and total DNA intensity (A). Dose- and time-dependent

changes of nuclear area, nuclear roundness LWRCh1, and nuclear smoothness P2ACh1 at 24, 48, and 72 h after exposure were shown in (B). Dose- and time-dependent

changes of DNA contents, including total DNA intensity and variance of DNA intensity at 24, 48, and 72 h after exposure were shown in (C). Data were presented as geo-

metric mean 6 SD of the well, n¼8. Four replicates in 2 independent experiments were included. Statistical analysis was conducted by 2-way ANOVA followed by

Tukey-Kramer multiple comparisons (*p< .05, ** p< .01).
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In order to quantify this morphological, phenotypic alteration of
the co-culture, and evaluate these phenotypic cytoskeletal changes,
we applied a supervised ML approach with CellProfiler Analyst
(Figs. 6A–C). Using the RandomForest algorithm, a random sam-
pling of cells from the pool of all data were classified into 2 catego-
ries—cells with stretching F-actin were labeled as positive, and cells
without stretching F-actin were labeled as negative—and repeated
supervised training was conducted until the values of positive and
negative recognition reached 99% and 0.01%, respectively
(Figure 6A). As depicted in Figure 6B, time-dependent increases of

inter-cellular stretching F-actin were observed in controls from 24
to 72 h, indicating that the formation of the 3D F-actin
structure from 24 to 72 h was evident in our co-culture model. As il-
lustrated in Figure 6D, significant decreases of this F-actin structural
phenotype were observed in the co-culture treated with BPA at a
dose of 100lM at 24 h, and 50 and 100lM at 48 and 72 h; BPS at a
dose of 100lM at 72 h; BPAF at doses of 2.5, 5, 10, and 15lM at 24
and 48 h, and 5, 10, and 15lM at 72 h. Tetrabromobisphenol A in-
duced these decreases at doses of 10 and 15lM across all 3 time-
points.

Figure 5. Characteristic changes of cytoskeletal F-actin and DNA damage marker c-H2AX in the testicular cell co-culture treated with BPA, BPS, BPAF, and TBBPA. Co-

cultures were treated with various concentrations of BPA and BPS (5, 10, 25, 50, and 100 lM) and BPAF and TBBPA (1, 2.5, 5, 10, and 15 lM) for 24, 48, and 72 h. Cells

treated with vehicle (0.01% DMSO) were used as negative controls (0 lM). The nuclei were stained with Hoechst 33342 (blue), F-actin with Phalloidin staining (green),

and c-H2AX with a combination of primary anti-c-H2AX and secondary Dylight 650 conjugated antibody (red). Representative images (�40) of co-culture treated with

BPA and BPS (100 lM), BPAF (5 and 15 lM), and TBBPA (15 lM) for 48 h were shown in A. The quantification of log-transformed F-actin total intensity and percentage of

positive c-H2AX were shown in (B) and (C), respectively. Data were presented as geometric mean 6 SD of the well, n¼8. Four replicates in 2 independent experiments

were included. Statistical analysis was conducted by 2-way ANOVA followed by Tukey-Kramer multiple comparisons (*p< .05, ** p< .01). Scale bar ¼ 50 lm.

Abbreviations: BPA, bisphenol A; BPAF, bisphenol AF; BPS, bisphenol S; TBBPA, tetrabromobisphenol A.
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BPA and Its Analogs Induced Mitotic M Phase Arrest, Disrupted
DNA Synthesis, and Induced DNA Damage in the Testicular Cell
Co-culture Model
Morphological observation revealed that BPAF treatment-in-
duced multinucleated cells (Figure 3A). We applied a supervised
ML approach to quantify multinucleated cells (Figure 7). Using
the RandomForest algorithm, a random sample of cells were
classified into 2 categories, positive being multi-nucleated cells
and negative being a single nucleated cell (Figure 7A), and then
the classification rules inferred from the training set were ap-
plied to score all cells in the experiment (Figure 7B). As shown
in Figure 7C, BPAF treatment significantly induced multi-
nucleated cells at 5 lM at 24, 48, and 72 h, whereas BPA, BPS,

and TBBPA treatments did not induce significant increases of
multinucleated cells. Using Spearman correlation analysis, we
examined the association of multinucleation with DNA damage
responses and F-actin (Figure 7D). Figure 7D showed a higher
positive correlation between total F-actin and c-H2AX intensity
observed in the multinucleated cells, as compared with those in
non-multinucleated cells treated with BPAF at 5 lM at 24, 48,
and 72 h. Thus, this data suggested that cytoskeleton perturba-
tion might co-occur with DNA damage in the multinucleated
cells.

In order to examine the effects of BPA and its analogs on pro-
liferation and mitotic progression, we further applied a super-
vised ML approach to evaluate various phenotypic features

Figure 6. Supervised ML-based approach to quantify cells with stretching F-actin filaments in the testicular cell co-culture after treatment with BPA, BPS, BPAF, and

TBBPA. Using the RandomForest algorithm in the CellProfiler Analyst, the cells were classified into 2 categories, cells with stretching F-actin as positive and cells with-

out stretching F-actin as negative. Repeated supervised training was conducted until the values of positive and negative recognition reached 99% and 0.01%, respec-

tively (A). Finally, these classification rules inferred from the training set were applied to score all cells in the experiment. Cells with stretching F-actin filaments were

automatically recognized and labeled with blue coloring (B). Cells without stretching F-actin filaments are labeled with orange coloring. The percentage change of cells

with stretching F-actin filaments in testicular cell co-culture from 24 to 72 h was shown in (C). Linear regression fit across multiple doses was performed. The shaded

area indicates 95% confidence. The dose-time dependent changes of cells with or without stretching F-actin filaments were shown in (D). Data were presented as mean

6 SD, n¼8. Four replicates in 2 independent experiments were included. Statistical analysis was conducted by 2-way ANOVA followed by Tukey-Kramer multiple com-

parisons (*p< .05, **p< .01). Abbreviations: BPA, bisphenol A; BPAF, bisphenol AF; BPS, bisphenol S; TBBPA, tetrabromobisphenol A; ML, machine learning.
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associated with M phase (Figure 8). These mitotic phenotypic
features, including nuclei in pro-metaphase (pro meta), meta-
phase (meta), anaphase (ana), telophase (telo), and late-
telophase (late-telo), were categorized as positive in the ML
training. As shown in Figure 8C, BPA and BPS induced signifi-
cant increases of cells in M phase starting at 100 lM at 48 and
72 h; BPAF at 10 lM at 24 and 48 h, and 15 lM at 72 h; and TBBPA
at 15 lM across all 3 time-points. These data suggest that BPA
and its analogs induced M-phase arrest in the testicular cell co-
culture model.

We developed a HCA-based single-cell BrdU assay to exam-
ine whether BPA or its analogs affected newly synthesized DNA.
Figure 9 shows representative images of BrdU incorporation and

quantitative segmentation using HCS Studio 2.0
TargetActivation BioApplication in control (A) and BPAF-treated
cells (B) in the co-culture system. Segmentation and identifica-
tion of the primary object nucleus in Ch1 and secondary objects
BrdU in Ch2 were shown at 48 h (Figs. 9A and 9B). The distribu-
tion of the nuclear area and the total intensity of BrdU in 1 rep-
resentative field was shown on the right side (Figure 9A, a3 and
b3). The highlighted cells were unsuccessfully segmented nuclei
in control (larger than 350 mm2) and about half of the cells had
different levels of BrdU staining. A significant number of cells
with large and irregular shapes were observed in the BPAF-
treated cells at 5 mM (Figure 9B), and about 50% of these
highlighted cells with larger nuclei were BrdU-positive cells.

Figure 7. Supervised ML-based approach to quantify multinucleated cells in the testicular cell co-culture after treatment with BPA, BPS, BPAF, and TBBPA. Using the

RandomForest algorithm in Cellprofiler Analyst, the cells classified into 2 categories, multi-nucleated cells as positive and single nucleated cell as negative (A).

Repeated supervised training was conducted until the values of positive and negative recognition reached 99% and 0.01%, respectively. Finally, these classification

rules inferred from the training set were applied to score all cells in the experiment and multi-nucleated cells were automatically recognized and labeled with blue col-

oring and nonmultinucleation cells were labeled with orange coloring (B). Dose and temporal changes of the percentage changes of multinucleated cells in testicular

cell co-cultures were shown in (C). Comparison between multinucleated cells and nonmultinucleated cells on the total intensity of cH2Ax and total intensity of F-actin

was shown in (D). Spearman correlation analysis was used to examine correlations between DNA damage marker cH2AX and F-actin. Data were presented as mean 6

SD, n¼ 8. Four replicates in 2 independent experiments were included. Statistical analysis was conducted by 2-way ANOVA followed by Tukey-Kramer multiple com-

parisons (*p< .05, **p< .01). Abbreviations: BPA, bisphenol A; BPAF, bisphenol AF; BPS, bisphenol S; TBBPA, tetrabromobisphenol A; ML, machine learning.
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Figure 10A shows a scatterplot of the nuclear area versus the to-
tal intensity of BrdU in control cells and cells treated with BPA
and BPS (100 mM), BPAF (5 mM), and TBPA (10mM) at 24, 48, and
72 h. With the increase of culture time, the levels of BrdU were
decreased in control (Figure 10A). Notable shape changes of
these plots were observed in the co-culture cells treated with
BPA and its analogs. Each compound formed a unique pattern
in the scatterplot. Bisphenol A treatment at 100 mM reduced the
level of BrdU; however, there was an increase in the sub-
population with high levels of BrdU at 48 and 72 h (right side).
Bisphenol AF treatment at 5 mM resulted in an increase of cells
with a large nuclear area, and most of these cells exhibited
higher BrdU levels. We calculated both the total number and
percentage of BrdU-positive cells in control and treatment
(Figure 10B), and observed significant decreases in total number
and percentage of BrdU-positive cells after treatment of BPA at
50 and 100 lM at 24 and 48 h, BPS at 100 lM at 24 h and 48 h. A
significant decrease in the total number of BrdU-positive cells
in the BPA treatment at 72 h was observed, but there was no
change in the percentage of BrdU-positive cells. A significant
decrease of the total number of BrdU-positive cells was ob-
served in BPAF treatment at concentrations of 5, 10, and 15 lM
at 24, 48, and 72 h; however, the changes in the percentage of

BrdU-positive cells were different from the total number of
BrdU-positive cells. A significant decrease of BrdU-positive cells
was observed only in the BPAF treatment at 15 lM at 24 and
72 h, and 10 and 15 lM at 48 h. Significant decreases in the total
number and percentage of BrdU-positive cells in TBBPA at 10
and 15 lM at 24 and 48 h, and 15 lM at 72 h, were observed.
Figure 10C shows the well-based geometric mean and 90%
quantiles of the total intensity of BrdU per cell. Significant
decreases in the geometric mean of the total intensity of BrdU
in BPA treatment at 100 lM, but a significant increase in the
mean of the 90% quantiles of the total intensity of BrdU at
100 lM, were observed at all time-points. Bisphenol S (100 mM)
induced a significant decrease in the geometric mean of the to-
tal intensity of BrdU at 48 h and increase of the 90% quantiles in
the total intensity of BrdU at 24 h. Bisphenol AF induced a signif-
icant decrease in the geometric mean of the total intensity of
BrdU at 5, 10, and 15 mM at 24 and 48 h, but significant increases
of the 90% quantiles of the total intensity of BrdU at 10 and
15 mM at 24 h, 5 and 10 mM at 48 and 72 h. Significant decreases
of the 90% quantiles of the total intensity of BrdU were observed
in TBBPA at 15 mM at 48 and 72 h. These data suggest that the
DNA synthesis inhibition in response to BPA and its analogs
was heterogeneic and dynamically different, and there were

Figure 7. Contined.
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several phenotypically distinct sub-populations that responded
differently as compared with the population-averaged
measurements.

DISCUSSION

In our previous study, we compared the spermatogonial toxic-
ities of BPA and its analogs using the murine spermatogonial
C18 cell line, and found that BPAF and TBBPA exhibited higher
spermatogonial toxicities, including alterations in nuclear mor-
phology, cell cycle, DNA damage responses, and perturbation of

the cytoskeleton compared with BPA and BPS (Liang et al., 2017).
Although using spermatogonial cells provided mechanistic
insights into the testicular toxicities, it lacks the multicellular
complexity and organ-like structure needed to mimic the physi-
ological conditions observed in vivo. In this study, we applied
the testicular cell co-culture model (Yin et al., 2017) to further
examine the testicular toxicities of BPA and its analogs. As
reported previously (Yin et al., 2017), the testicular co-culture
model showed distinct differential F-actin cytoskeletal struc-
tures compared with the single culture, and the incorporation
of Sertoli and Leydig cells with C18 spermatogonia cells

Figure 8. Supervised ML-based approach to evaluate various phenotypic features associated with M phase in the testicular cell co-culture after treatment with BPA,

BPS, BPAF, and TBBPA. Using CellProfiler Analyst, these mitotic phenotypic features including nuclei in pro-metaphase (pro meta), metaphase (meta), anaphase (ana),

telophase (telo), and late-telophase (late-telo) were categorized as positive in the ML training (A). Repeated supervised training was conducted until the values of posi-

tive and negative recognition reached 99% and 0.01%, respectively. Finally, these classification rules inferred from the training set were applied to score all cells in the

experiment and cells in M phase were automatically recognized and labeled with blue coloring and non-M phase cells were labeled with orange coloring (B). Dose and

temporal changes of the percentage changes of M phase cells were shown in (C). Data were presented as mean 6 SD, n¼8. Four replicates in 2 independent experi-

ments were included. Statistical analysis was conducted by 2-way ANOVA followed by Tukey-Kramer multiple comparisons (*p< .05, **p< .01). Abbreviations: BPA,

bisphenol A; BPAF, bisphenol AF; BPS, bisphenol S; TBBPA, tetrabromobisphenol A; ML, machine learning.
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significantly altered in vitro cellular structures, such as higher
order actin filaments, formation of actin bundles or mesh-like
assemblies, and thicker bundles of F-actin filaments across
multiple cell types (Yin et al., 2017). Through the comparison of
the cytotoxicity of 32 compounds among the co-culture and
single-cell culture models, we found the testicular cell co-
culture model was able to recapitulate the multicellular com-
plexity, enabling the cell-cell communication among various
cell types, suggesting that the co-culture model might be a bet-
ter model for representing the in vivo testicular toxicities.
Overall, we have observed a similar toxicity ranking of BPA and
its selected analogs in the co-culture model compared with the
spermatogonial cell culture (Liang et al., 2017; Yin et al., 2017),
with BPAF exerting the highest toxicity, followed by TBBPA,
BPA, and BPS. Moreover, the testicular cell co-culture model was
more sensitive than the C18 spermatogonial cells in response to
BPA and its analogs. Our in vitro finding using the co-culture
model was supported by an in vivo study that demonstrated
that BPAF exposure uniquely impaired the pregnancies and sex-
ual development in rats at doses of approximately 80 and ap-
proximately 280 mg/kg, whereas BPA did not (Sutherland et al.,
2017). Future studies will be critical to elucidating the

differential mechanisms of action between BPA and its analogs,
such as BPAF and TBBPA.

Nuclear morphological features have been suggested as useful
biomarkers in various adverse cellular events (Eidet et al., 2014;
Ikeguchi et al., 1999). Most eukaryotic cellular nuclei are generally
round, oval-shaped and smooth, and the changes in nuclear mor-
phology are observed in diverse developmental processes such as
the nuclei of spermatocytes (Gan et al., 2013) as well as in patholog-
ical conditions such as aging and cancers (Haithcock et al., 2005;
Nandakumar et al., 2016; Zink et al., 2004). Recent studies have
found that HCA-based quantitative assessment of multiple nuclear
parameters was found to be a sensitive marker for detecting early
cytotoxic effects (Ramm et al., 2019). High-content analysis enables
the measurements of unbiased multi-parametric data at the
single-cell level and provides both temporal and spatial measure-
ments of cell biological phenotypes associated with adverse health
outcomes (Buchser et al., 2004; Mattiazzi Usaj et al., 2016; Zanella
et al., 2010). In the present study, the quantification of nuclear mor-
phology revealed that BPA treatment significantly altered the nu-
clear area at a nonlethal dose, which is consistent with prior in vivo
studies in which BPA exposure induced abnormal nuclear mor-
phology in rat mammary glands and mice testes (Ibrahim et al.,

Figure 9. Characteristic changes of DNA synthesis using BrdU assay in the testicular cell co-culture after treatment with BPA, BPS, BPAF, and TBBPA. Co-culture were

treated with various concentrations of BPA and BPS (5, 10, 25, 50, and 100 lM) and BPAF and TBBPA (1, 2.5, 5, 10, and 15 lM) for 24, 48, and 72 h. Cells treated with vehicle

(0.01% DMSO) were used as controls (0 lM). The nuclei were stained with Hoechst 33342 (blue). Cells were incubated with 5-bromo-20-deoxyuridine (BrdU, 40 lM) for 3 h

prior to fixation, and then stained with mouse anti-BrdU antibody and anti-mouse DyLight 488 for detection of BrdU incorporation (green). The representative images

(�20) and identification of the primary object of nuclear of the controls were shown in (A) and the cells treated with BPAF at 5 lM for 72 h were shown in (B). Cells with

nuclear area larger than 350 mm2 were selected in Ch1 (red bar and yellow outline) and these cells were also highlighted in Ch2 (red bar and yellow outline). Arrowhead

indicated multinucleated cells with active DNA synthesis. Scale bar ¼ 100 lm. Abbreviations: BPA, bisphenol A; BPAF, bisphenol AF; BPS, bisphenol S; TBBPA, tetrabro-

mobisphenol A.
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2016; Takao et al., 1999). Additionally, treatment with BPA and BPS
induced significant changes to nuclear shape (P2A and LWR) at
lower doses in the co-culture model. The data suggest that altera-
tions to nuclear morphology in the testicular co-culture model
could be sensitive endpoints in the detection of a chemical’s toxic-
ity. In addition, our study observed that BPAF induced unique mul-
tinucleated germ cells (MNGs), and the percentage of MNGs was
increased in a time- and dose-dependent manner in the co-culture
model. Multinucleated cells are defined as eukaryotic cells that
have 2 or more nuclei within 1 cytoplasm, and can be divided into
syncytium and plasmodium, resulting from abnormal cytokinesis,
spindle assembly checkpoint defects, acytokinetic cell division, or
defective DNA repair. It has been reported that MNGs occurred in
cryptorchidism and may be linked to testicular neoplasms and de-
creased sperm count (Cortes et al., 2003; Spade et al., 2014). The in-
duction of multinucleated gonocytes was reported as a
reproductive toxicity hallmark in animal models and in humans in
response to environmental chemicals, including di-(N-butyl)
phthalate (DBP), BPA, andrographolide, and aflatoxin (Akbarsha
and Murugaian, 2000; Barlow et al., 2004; Faridha et al., 2007;
Gallegos-Avila et al., 2010; Mylchreest et al., 2002; Takao et al., 1999).
Having anti-androgenic effects, DBP and bis(2-ethylhexyl) phthal-
ate were found to induce high levels of MNG in correlation with
the decrease of testosterone production in fetal rat testis and hu-
man fetal testis xenograft (Kleymenova et al., 2005; Parks et al.,
2000; Spade et al., 2015). The single-cell analysis demonstrated that
multinucleated cells exhibited higher correlations between cyto-
skeletal perturbations and DNA damage response compared with
non-multinucleated cells in the same treatment conditions. These
phenomena could be attributed to DNA damage-induced altera-
tions in perinuclear actin networks or others (Chen et al., 2015).

Future studies should elucidate the underlying mechanisms of
BPAF-induced multinucleation.

Although current HCA has emerged as a powerful tool for ana-
lyzing multiparametric data for toxicity profiling, the data explo-
ration of these methods lags behind. High-content analysis has
generally focused on 1 or 2 image-related features to generate a
population-averaged readout that simply reflects the alterations
of the morphological features in each condition (Singh et al.,
2014). Additionally, the aggregation of the single-cell level data
usually masks the phenotypic heterogeneity within the cells, es-
pecially when the phenotypic change only occurred in a small
specific subpopulation (Altschuler and Wu, 2010). The
population-averaged measurement limited the discovery power
and can mask the information contained in the subpopulation
(Heynen-Genel et al., 2012). Therefore, it was essential to employ
an advanced computational approach that integrated the multi-
dimensional HCA data at the single-cell level to precisely quan-
tify the complex phenotypes of interest (Bakal et al., 2007; Conrad
and Gerlich, 2010; Fuchs et al., 2010; Fuller et al., 2016; Jones et al.,
2009; Leonard et al., 2015; Loo et al., 2007; Mata et al., 2016;
Neumann et al., 2006; Schmitz et al., 2010). The ML classification
algorithm was derived from the manual annotation of represen-
tative images from our training sets according to the predefined
classes, and was considered acceptable once each parameter was
measured at 95% sensitivity and specificity (Sommer and Gerlich,
2013; Tarca et al., 2007). In this study, we applied the ML approach
and examined the phenotypic changes of M phase nuclei, multi-
nucleation, and F-actin cytoskeletal structure.

Mitotic cell cycle phase (M phase) is one of the most impor-
tant events for successful cell division (Nurse, 1990), the identi-
fication and quantification of cell populations in M phase

Figure 9. Continued.
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Figure 10. Quantitative comparison of BrdU incorporation in the testicular cell co-culture treated with BPA, BPS, BPAF, and TBBPA. Co-cultures were treated with vari-

ous concentrations of BPA and BPS (5, 10, 25, 50, and 100 lM) and BPAF and TBBPA (1, 2.5, 5, 10, and 15 lM) for 24, 48, and 72 h. Cells treated with vehicle (0.05% DMSO)

were used as controls (0 lM). Representative scatterplot of nuclear area (mm2) and total intensity of BrdU were shown in (A). BrdU-positive cells were identified as hav-

ing a total intensity of BrdU over 20 000 pixels. Absolute BrdU-positive cell number and percentage of BrdU-positive cells were shown in (B). Geometric mean (GMean)

and 90% quantiles of total intensity were calculated (C). Data were presented as mean 6 SD, n¼8. Four replicates in 2 independent experiments were included.

Statistical analysis was conducted by 2-way ANOVA followed by Tukey-Kramer multiple comparisons (*p< .05, **p< .01). Abbreviations: BPA, bisphenol A; BPAF, bisphe-

nol AF; BPS, bisphenol S; TBBPA, tetrabromobisphenol A.
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Figure 10. Continued.
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usually requires additional staining, such as mitotic-specific
marker anti-phosphorylated (ser10) H3 (Lyman et al., 2011). Blasi
et al. (2016) recently utilized a label-free approach for quantify-
ing M phase cells in multi-dimensional data with a supervised
ML algorithm. In our study, we have established a ML pipeline
to recognize and quantify cells in M phase based on the mor-
phological, textural, and intensity features extracted from the
multi-channel fluorescence staining. We have shown the induc-
tion of M phase arrest in the co-culture treated with BPA and its
analogs in a dose- and time-dependent manner, reflecting the
chemical-specific effect on cell cycle progression. The results
are consistent with previous findings, which showed that BPA
exposure significantly perturbed spermatogenesis in animal
models and inhibited cell proliferation in Sertoli and Leydig cell
lines (Ali et al., 2014; Chen et al., 2016b; Liu et al., 2013; Pereira
et al., 2014).

Incorporation of the thymidine analog BrdU has been estab-
lished as a traditional assay for determining cell proliferation
(Boulanger et al., 2016; Cecchini et al., 2012). Thus, we developed
an HCA-based BrdU assay to examine whether newly DNA syn-
thesis was affected by the treatment of BPA or its analogs at a
single-cell level. As compared with the conventional BrdU incor-
poration assay, an advantage of this HCA assay was able to ex-
tract a subpopulation of cells with positive BrdU staining based
on ML algorithms, and multiplex with other cellular features,
such as nuclear area or cH2AX response in an automated and ro-
bust manner. High-content analysis-based BrdU assay revealed
that a small cell subpopulation increased DNA synthesis in re-
sponse to BPA and BPAF that was associated with an increase of
nuclear area, but a population-averaged level significantly de-
creased DNA synthesis was observed. It is first reported that the
sub-population of BPAF-induced MNGs was positively correlated
with cell proliferation (BrdU-positive staining), but its long-term
impact on the testes function needs to be further studied.

Actin, one of the major components of the cytoskeleton, has
been shown to play an essential role in cell movement, cargo
transportation, acrosome reaction, and nuclear modification
during spermatogenesis (Kierszenbaum and Tres, 2004; Sun
et al., 2011). Alteration of F-actin intensity has served as a sensi-
tive indicator for monitoring the adverse effects of environmen-
tal exposure. However, the quantification of total F-actin
intensity might not reflect the spatial alterations observed in
F-actin filaments. In the co-culture model, we observed 2 types
of F-actin filaments: stretched across the cytosol and assembled
in the 3D structure, and formed a dense cortex of F-actin on the
cell’s edge. The ML approach was able to recognize and quantify
stretched F-actin filaments and found significant decreases in
the co-culture treated with BPA and its analogs. Our previous
study revealed that Sertoli cells produced the stretched F-actin
bundles in the co-culture model (Yin et al., 2017), and the paral-
lel actin bundles in Sertoli cells formed the ectoplasmic speciali-
zation, which participates in spermatid head formation, cell
movement, elongated spermatid orientation, and spermatozoa
release (Vidal and Whitney, 2014). Therefore, the alteration of
stretched F-actin filaments suggested potential damage of
Sertoli cells, leading to the perturbation of 3D structure in the
co-culture. This finding supported the concept that BPA and its
analogs induced Sertoli cell damage, altered the seminiferous
tubule morphology in the animal study (Sutherland et al., 2017),
thus resulting in perturbation of the blood-testis barrier.

c-H2AX has been considered a highly specific and sensitive
cellular marker in monitoring initiation of DNA damage (Ando
et al., 2014; Fu et al., 2012; Garcia-Canton et al., 2013). The previ-
ous studies showed that exposure to BPA or BPS induced DNA

damage responses in germ cells (Chen et al., 2016a; Liu et al.,
2014). Additionally, the genotoxicity of BPA and its selected ana-
logs have been detected in multiple cell lines and followed a
cell-type-specific and chemical-specific manner. In the co-
culture, we observed that BPA and BPS treatment did not induce
c-H2AX expression. One possible explanation for this inconsis-
tency between the co-culture model and the single-cell cultures
could be due to the differential biotransformation of BPA and its
analogs, and the different DNA damage repair capacities among
the different cell lines and models. In addition, BPA induced c-
H2AX expression at a dose of 10 nM in human breast cancer
cells; however, in HepG2 cells, BPAF was found to induce ex-
pression, where BPA even at a dose of 100 lM was unable to in-
duce any effects (Audebert et al., 2011; Pfeifer et al., 2015). In the
co-culture model, BPAF treatment significantly induced DNA
damage responses starting at a dose of 5 lM, whereas TBBPA
exerted its effects at a dose of 15 lM suggesting higher genotox-
icity for BPAF and TBBPA as compared with BPA.

In summary, using the testicular cell co-culture model, we
found BPA and its analogs induced dose- and time-dependent
changes in a wide spectrum of adverse endpoints, including nu-
clear morphology, DNA synthesis, DNA damage, and cytoskele-
tal structure. The testicular cell co-culture model was more
sensitive than the C18 spermatogonial cells. Unlike the conven-
tional population-averaged assays, the single-cell-based assay
not only showed the overall levels of the averaged population,
but also revealed changes in subpopulations of cells.
Furthermore, the ML-based phenotypic analysis revealed that
treatment of BPA and its analogs resulted in the loss of spatial
cytoskeletal structure, and an accumulation of M phase cells in
a dose- and time-dependent manner. Treatment with BPAF-in-
duced multinucleated cells, which were associated with altered
DNA damage response and impaired cellular actin filaments.
Overall, we demonstrated a new and effective means to evalu-
ate multiple toxic endpoints in the testicular cell co-culture
model through the combination of ML and high-content image-
based single-cell analysis. This approach provided an in-depth
analysis of the multi-dimensional HCA data and provided an
unbiased quantitative analysis of the phenotypes of interest. By
integrating machine learning approaches with established HCA
algorithms, it should soon be possible to uncover multi-
dimensional data and quantify these phenotypic changes in
large-scale screening to environmental chemicals.
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