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SUMMARY

Sperm counts have rapidly declined in Western males over the past four decades. This rapid
decline remains largely unexplained, but exposure to environmental toxicants provides one
potential explanation for this decline. Flame retardants are highly prevalent and persistent in the
environment, but many have not been assessed for their effects on human spermatogenesis. Using
a human stem cell-based model of spermatogenesis, we evaluated two major flame retardants,
hexabromocyclododecane (HBCDD) and tetrabromobisphenol A (TBBPA), under acute
conditions simulating occupational-level exposures. Here we show that HBCDD and TBBPA are
human male reproductive toxicants /7 vitro. Although these toxicants do not specifically affect the
survival of haploid spermatids, they affect spermatogonia and primary spermatocytes through
mitochondrial membrane potential perturbation and reactive oxygen species generation, ultimately
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causing apoptosis. Taken together, these results show that HBCDD and TBBPA affect human
spermatogenesis /n vitro and potentially implicate this highly prevalent class of toxicants in the
decline of Western males’ sperm counts.
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INTRODUCTION

Semen parameters, including sperm counts, in the Western males have declined rapidly since
the 1970s, with no indication of leveling off (Levine et al., 2017). Between 1973 and 2011,
sperm counts have decreased by over 50%, with an average of a greater than 1% decline per
year (Levine et al., 2017). It is uncertain if these declines are seen in other world regions
owing to sparse studies in developing nations (Deonandan and Jaleel, 2012). To date, nearly
15% of couples—roughly 50 to 80 million worldwide—are estimated to experience
infertility (Khosrorad et al., 2015). Of these couples, male factor infertility accounts for 30%
of cases and is a contributing factor in roughly another 30% (Quaas and Dokras, 2008).
Should sperm counts continue to decline, cases of infertility may continue to rise. Chemical
exposure has been linked to declines in male fertility and may be responsible for declining
semen parameters in the Western world (Bloom et al., 2015). Polychlorinated biphenyls
(PCBs) and polybrominated diphenyl ethers (PBDES), which belong to a class of chemicals
known as halogenated flame retardants (FRs), have been implicated in male reproductive
issues, including reduced sperm motility, abnormal sperm morphology, endocrine-disrupting
activity, and changes in reproductive organs, and are hypothesized to affect male fecundity,
among other concerns (Meeker and Hauser, 2010). Although these chemicals have been
phased out due to their adverse impacts on human health, replacement halogenated FRs have
taken their place on the market. Although advertised as safer alternatives to their
predecessors, limited data exist regarding their impacts on human health, including male
fertility and spermatogenesis.
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Hexabromocyclododecane (HBCDD) and tetrabromobisphenol A (TBBPA) are replacement
halogenated FRs that can be found as additives to products such as rigid foam insulation,
textiles, high-impact polystyrene, and electrical equipment (Covaci et al., 2006; Agency,
2014; van der Veen and de Boer, 2012; Betts, 2013; United Nations Environment
Programme, 2004; Stapleton et al., 2011; E.C.B. European Commission Directrate-General
Joint Research Center, 2006; Schecter et al., 2012). HBCDD and TBBPA are among the
most widely used FRs globally, with TBBPA accounting for 25% of the global FR demand
(Peverly et al., 2014; Hu et al., 2014; E.C.B. European Commission Directrate-General Joint
Research Center, 2006; Wang et al., 2015; Jarosiewicz and Bukowska, 2017). HBCDD and
TBBPA have been detected in house dust of 97% and 80% of homes sampled worldwide,
respectively, highlighting their widespread distribution (Schecter et al., 2012; Johnson et al.,
2013; Wang et al., 2015; Meeker and Stapleton, 2010; Betts, 2013; Dodson et al., 2012).
Owing to the lipophilic nature of this class of chemicals, HBCDD and TBBPA readily enter
the human body through inhalation, dermal contact, or ingestion of contaminated food and
have been detected in a range of human tissues including blood, adipose tissue, breast milk,
and urine (Agency, Schecter et al., 2012; Johnson et al., 2013; Fromme et al., 2016b; Bjermo
et al., 2017; Fromme et al., 2016a; Rawn et al., 2014b; Darnerud et al., 2011; Rawn et al.,
20144a; Betts, 2013; van der Veen and de Boer, 2012; Carignan et al., 2013; E.C.B. European
Commission Directrate-General Joint Research Center, 2006; Ke, 2002; Jakobsson et al.,
2002; Thomsen et al., 2001; Thomsen et al., 2002a; Thomsen et al., 2002b; Agency; Blum et
al., 1978; Abafe and Martincigh, 2016).

Despite the high prevalence of HBCDD and TBBPA, there is a significant lack of
understanding regarding how these chemicals affect human health, particularly in
individuals exposed to higher than average concentrations. The risk of occupational
exposure is estimated to be upward of 70% in workers responsible for the production and
processing of HBCDD (Yi et al., 2016). Similarly, industrial workers have been shown to
have HBCDD in their blood with some having concentrations greater than 800 times the
concentrations of HBCDD found in non-occupationally exposed populations (Thomsen et
al., 2007; Li et al., 2014). Similarly, in one study that assessed the concentration of TBBPA
in the blood serum of occupationally exposed workers, TBBPA was found at concentrations
as high as 3.4 pmol/g (Jakobsson et al., 2002). However, some studies of the general
population’s exposure have shown higher concentrations, reporting concentrations as high as
93 ng/g (0.171 uM) TBBPA in blood (Cariou et al., 2008). In addition, other halogenated
FRs of similar prevalence have been reported at still higher concentrations, with the
halogenated FR TDCPP detectable in human tissues at 10,490 ng/g (24.3 uM) (Liu et al.,
2016).

Despite the knowledge that HBCDD and TBBPA are entering and accumulating within the
bodies of occupationally exposed workers and the history the effect of their predecessors,
PCBs and PBDEs, on human spermatogenesis, no studies on the impacts of HBCDD or
TBBPA on human spermatogenesis have been reported. As predicted, human endocrine
disruptors, HBCDD and TBBPA, have been shown to correlate with changes in human male
hormonal systems (Johnson et al., 2013; Meeker and Stapleton, 2010; Yard et al., 2011;
Gold et al., 1978). The US Environmental Protection Agency predicts that HBCDD is a
moderate hazard to human reproductive health, including adverse effects on gamete
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production (Agency, 2014). However, this designation is based on reduced primordial
follicles in female mice (Agency, 2014). There is evidence that TBBPA targets the testis,
although no analysis of the effects of TBBPA on human spermatogenesis has been
conducted for any population (Choi et al., 2011). However, in animal models, TBBPA can
cause changes in genes required for spermatogenesis, and TBBPA has been shown to
decrease the number of mouse spermatogonia and affect the cell cycle of spermatogenic
cells /n vitro (Liang et al., 2017; Zatecka et al., 2013, 2014; Linhartova et al., 2015).

There is a significant lack of understanding regarding how these highly prevalent and
ubiquitous FRs affect human spermatogenesis, and ultimately, male fertility. Our laboratory
has demonstrated that male human embryonic stem cells (hRESCs) can be directly
differentiated into spermatogonial stem cells/differentiating spermatogonia, primary and
secondary spermatocytes, and haploid spermatids (Easley et al., 2012). Using this model, we
previously recapitulated clinical phenotypes of two known human male reproductive
toxicants: 1,2-dibromo-3-chloropropane (DBCP) and 2-bromopropane (2-BP) (Easley et al.,
2015). The purpose of this study was to assess the reproductive toxicity of HBCDD and
TBBPA at occupationally relevant concentrations to determine if these chemicals could
affect spermatogenesis under short-term conditions. We assessed sub-cellular effects that
could lead to impaired human spermatogenesis, including cell viability of spermatogenic
lineages, mitochondrial membrane potential, reactive oxygen species (ROS) generation,
haploid cell production, and cell cycle progression in a dose-dependent manner. Here we
show that our human /n vitro model identifies HBCDD and TBBPA as male reproductive
toxicants by affecting viability of spermatogonia and primary spermatocytes through ROS
generation and mitochondrial dysfunction. As such, we provide evidence for their potential
to have a significant impact on male fertility /7 vivo for occupationally exposed workers and
others and potentially implicate this highly prevalent class of toxicants in the decline of
Western males’ sperm counts.

TBBPA Exposure Induces Apoptosis in In Vitro Spermatogenic Cells

Multiple toxicants have been shown to increase apoptosis in human spermatogenic lineages,
although the apoptotic effects of halogenated FRs on human spermatogenic lineages are
largely unknown (Aly, 2013; Bloom et al., 2015; Aitken and Baker, 2013). Although no
studies on HBCDD’s effects on spermatogenic cells have been reported, HBCDD has been
shown to induce apoptosis in cultured SH-SY5Y human neuroblastoma cells (Al-Mousa and
Michelangeli, 2014). Although one group showed that TBBPA caused apoptosis in testicular
tissue, this cell death was attributed to Sertoli cells, whereas apoptosis in spermatogenic cell
lineages was undetermined (Zatecka et al., 2013). A recent study showed that TBBPA
decreased the number of mouse spermatogonia /n vitro, suggesting an impact on
spermatogenic cells (Liang et al., 2017). To assess the effects of these FRs on the cell
viability of /n vitro spermatogenic cell lineages, male hESCs were differentiated as
described (Easley et al., 2012). This differentiation protocol produces a mixed population of
spermatogonial stem cells/differentiating spermatogonia, primary spermatocytes, secondary
spermatocytes, and haploid spermatids. After 9 days of differentiation, mixed germ cell
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cultures were treated for 24 hr with concentrations of HBCDD or TBBPA. Chemical
concentrations of 1 uM, 10 uM, 25 uM, 50 M, 100 uM, and 200 uM dissolved in dimethyl
sulfoxide (DMSO) were chosen based on published occupationally relevant /n vivoand in
vitro data (Liang et al., 2017; Reistad et al., 2007; Crump et al., 2012; Liu et al., 2016;
Cariou et al., 2008; Jakobsson et al., 2002; Thomsen et al., 2007; Li et al., 2014). Although
the occupational exposure literature only reports concentrations as high as 25 pM,
additional, higher concentrations were assessed due to the wide-ranging variability reported
and to further elucidate the mechanisms of toxicity. HBCDD and TBBPA treatment groups
were analyzed in comparison to a 0.2% DMSO-only treated negative control, which
represents the highest concentration of DMSO used in this study, for cell viability/apoptosis.
Flow cytometry analyses reported the percentage of live, early apoptotic, late apoptotic/dead,
and dead cells in our /n vitro cultures (Figures 1A and S1A). HBCDD and TBPPA both
significantly reduced cell viability at higher concentrations, with HBCDD and TBBPA
significantly reducing live cell populations at concentrations as low as 25 uM and 100 uM,
and 200 pM concentration significantly decreasing viability by 11% and 16%, respectively
(Figures 1B and 1C). Cells treated with HBCDD and TBBPA showed a significant increase
in cells undergoing late apoptosis starting at 100 uM and 200 uM, respectively (Figures 1D
and 1E). It was observed that 200 pM HBCDD and TBBPA increased late apoptotic cells by
59% and 68%, respectively (Figures 1D and 1E). Results were validated by staining
HBCDD and TBBPA treatment groups with the substrates glycylphenylalanyl-
aminofluorocoumarin (GF-AFC) and bis-AAF-R110 to determine apoptotic luminescence
and viability fluorescence. HBCDD and TBBPA both increase apoptotic luminescence
beginning at 10 and 100 uM, respectively (Figures 1F and 1G) and decrease viability
fluorescence at as low as 10 and 50 UM, respectively (Figures 1H and 11). Although they
have different core structures, two other halogenated FRs, TDCPP and tris(2,3-dibromo-
propyl) phosphate (TDBPP), also decrease cell viability at similar concentrations (Figures
S1A-S1I). Taken together, these results show that HBCDD and TBBPA are capable of
negatively affecting germ cell viability at varying concentrations, and the results with
TDCPP and TDBPP suggest that this negative impact may be a characteristic of this class of
chemicals.

HBCDD and TBBPA Negatively Affect the Viability of Spermatogonia

Spermatogonia are the foundation for male fertility, giving rise to primary and secondary
spermatocytes, differentiating spermatids, and eventually, mature sperm capable of
fertilizing an oocyte, all while maintaining their own pool through self-renewal (Phillips et
al., 2010). As such, perturbations in this cell population could act to disturb the entire
spermatogenesis process. To determine if spermatogonia are the cellular targets of our
chemicals, we analyzed for expression of the consensus marker of stem and progenitor
spermatogonia, promyelocytic leukemia zinc finger (PLZF). We have previously established
PLZF as a reliable marker for spermatogonia in our /7 vitro model (Easley et al., 2012,
2015). Using high-content imaging and quantification, we determined that HBCDD and
TBBPA both significantly reduce the total area of expression and total intensity of PLZF in
our cell cultures (Figure 2A). Area measurements of PLZF+ colonies show that HBCDD and
TBBPA significantly reduce PLZF+ area beginning at 1 uM (Figures 2B and 2C). With 200
UM HBCDD and TBBPA, a 56% and 64% decrease in PLZF+ area compared with DMSO-
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only negative control, respectively, was observed (Figures 2B and 2C). Notably, HBCDD
treatment at 50 uM and 100 uM shows a PLZF+ area that is not significantly different from
control (Figure 2B). Expression levels of PLZF, represented by the total intensity of PLZF+
staining, show significant reductions for HBCDD and TBBPA beginning at 1 uM (Figures
2D and 2E). At 200 uM, HBCDD and TBBPA show a significant 85% and 90% decrease in
total PLZF intensity compared with 0.2% DMSO-only negative control, respectively
(Figures 2D and 2E). Quantitative reverse transcriptase-polymerase chain reaction (QRT-
PCR) results from the amplification of ZB7B16 (PLZF) transcripts in our /n vitro model
show a decreasing trend at 100 UM HBCDD and TBBPA, with ZBT7B16 mRNA steady-state
levels at 30% and 45% of DMSO-only negative control levels, respectively, which correlates
with our staining data (Figure S2A). PLZF staining for cells treated with the FRs TDCPP
and TDBPP shows a similar decrease in PLZF intensity and area beginning at 1 pM (Figures
S2E-S2H). PLZF+ spermatogonia were not capable of recovery upon a 24-hr recovery
period following the removal of HBCDD and TBBPA (Figures 2F-2l). PLZF area and
intensity continued to significantly decline following recovery of cells treated with 100 pM
HBCDD by 36% and 41%, respectively (Figures 2F and 2H). Cells treated with 100 uM
TBBPA show a significant 17% decline in PLZF area but an insignificant 5% increase in
PLZF intensity following a 24-hr recovery period (Figures 2G and 21). PLZF intensity of
TBBPA-treated cells remains significantly less than that of DMSO-only treated cells (Figure
S2B). DMSO-only treated cells experience a 20% increase in PLZF area and intensity that is
not significant during the same time period (Figures S2C and S2D). However, PLZF+ area
and intensity are not statistically different from DMSO-negative control following a 5-day
recovery from 100 uM HBCDD and 100 uM TBBPA exposure (Figures 2J-2M). Together,
these data suggest that spermatogonia are sensitive to acute treatment with the FRs HBCDD
and TBBPA at concentrations that are physiologically relevant. The differences in PLZF area
and intensity recovery in HBCDD- and TBBPA-treated cells suggests differences in
mechanisms of toxicity. HBCDD-treated spermatogonia viability continues to decline
precipitously following initial removal of the toxicant, although cells recover following a
longer recovery period. The area of spermatogonia cells continues to decline immediately
following TBBPA exposure, whereas PLZF intensity shows evidence of attempted recovery
after 1 day following removal of the toxicant, with the PLZF area and intensity returning to
control levels after 5 days. These data indicate that recovery from acute HBCDD and
TBBPA exposure is possible following a prolonged recovery period, although it is unclear if
this trend would persist following repeated exposures similar to daily occupational exposure.

HBCDD and TBBPA Affect Primary Spermatocytes

Spermatocytes are crucial to genome integrity as they undergo meiosis to give rise to haploid
spermatids (Chen and Liu, 2015; Yan and McCarrey, 2009). Perturbation in this process
could result in meiotic arrest and failure to progress in differentiation or inducing cell death.
To assess if primary spermatocytes are also cellular targets of HBCDD and TBBPA, we
analyzed for expression of the primary spermatocyte marker piwi like RNA-mediated gene
silencing 2 (HILI). Using high-content imaging and quantification, we determined that
HBCDD and TBBPA significantly affect HILI total area and total intensity (Figure 3A).
HBCDD and TBBPA both showed significant increases in HILI+ area of 50% when
compared with control at lower treatment doses (Figures 3B and 3C). TBBPA showed a

iScience. Author manuscript; available in PMC 2018 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Steves et al.

Page 7

steady, significant decline in HILI+ area with increasing concentration until the levels
decreased to roughly 90% of control (Figure 3C). HBCDD showed a steady, significant
increase in HILI+ area until 25 uM, wherein it is 85% above the HILI+ total area in 0.2%
DMSO-only negative control (Figure 3B). There is an abrupt, significant decline in HBCDD
HILI+ area at 50 uM, ending with levels roughly 41% of control at 200 uM (Figure 3B).
Similarly, HBCDD and TBBPA significantly increased HILI+ total intensity at 1 uM, with
TBBPA showing a significant, steady decline in HILI total intensity as treatment
concentrations increased (Figures 3D and 3E). Initially, HILI total intensity for HBCDD-
and TBBPA-treated cells was 80% and 90% more than DMSO-only negative control,
respectively (Figures 3D and 3E). TBBPA HILI+ total intensity significantly declined to 9%
of control levels at 200 uM (Figure 3E). HBCDD HILI+ total intensity remained above
control until 50 pM, where it significantly declined (Figure 3D). HBCDD HILI+ intensity
levels were lowest at 200 uM, where they were roughly 50% of control levels (Figure 3D).
gRT-PCR results from the amplification of A/W/L2 (HILI) transcripts in our /n vitro model
showed an increasing trend for 100 pM TBBPA messenger RNA (mRNA) steady-state levels
compared with control, with a roughly 80% increase that was not statistically significant
(Figure S3A). HBCDD concentration of 100 uM showed a slight but insignificant decrease
in PIWIL2 mRNA steady-state levels, with levels decreasing by roughly 8% (Figure S3A).
Primary spermatocytes appear to fare better than spermatogonia following a 24-hr recovery
period after 100 uM HBCDD and TBBPA exposure (Figures 3F-31). HBCDD-exposed
primary spermatocytes show an insignificant 17% increase in HILI area, whereas TBBPA-
exposed cells show a 7% decline in area (Figures 3F and 3G). Notably, DMSO-only-treated
cells show an insignificant 12% increase in HILI area (Figure S3B). HBCDD-treated cells
show a significant 39% increase in HILI intensity, and TBBPA-treated cells show a
significant 32% increase in HILI intensity during the 24-hr recovery period (Figures 3H and
31). Although the increases in HILI area and intensity observed may indicate a recovery of
primary spermatocytes, both HBCDD and TBBPA do cause increases in HILI area and
intensity at low levels. Possibly, the mechanism activated in low-level doses is similarly
present in recovering cells. This theory is highlighted by the fact that whereas cells treated
with 100 uM HBCDD recover following a 5-day recovery period, cells treated with 100 pM
TBBPA show a 36% decline in HILI total area and a 32% decline in HILI total intensity
during the same time period (Figures 3J-3M). As such, it is possible that the increases in
HILI seen are indicative of a toxic mechanism, with primary spermatocytes undergoing cell
death at a time after this increase. In addition, the differences in the recovery of TBBPA- and
HBCDD-treated cells further highlights a difference in the mechanisms of toxicity.

Finally, similar to our PLZF data, exposure of our /n vitro cultures to the FRs TDCPP and
TDBPP affect HILI expression by increasing the area and intensity at low levels, whereas
decreasing the area and intensity at increasingly higher concentrations, again suggesting that
these mechanisms of toxicity may be class-wide (Figures S3C-S3F). Although the exact
details remain unclear, these data suggest that low-dose FR exposure increases HILI
expression, whereas at higher doses, FR exposure may reduce HILI expression by affecting
spermatocyte viability. Primary spermatocytes may be more capable of recovery following
FR exposure, although the data could indicate irreversible damage and other defects that
could lead to later apoptosis.
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HBCDD and TBBPA Exposure Impairs Cell Cycle Progression in In Vitro Cultures but Does
Not Affect Haploid Sperm Viability

Diploid cells can arrest at multiple checkpoints for reasons varying from genetic damage to
improper pairing of chromosomes, making cell cycle profiles vital indicators of cell health.
Cell cycle information in regard to FR exposure during spermatogenesis is limited. In
somatic cells, HBCDD has been shown to upregulate cell-cycle-related genes in LNCaP
cells and may act to increase cell proliferation (Kim et al., 2016). In germ cells, TBBPA has
been shown to have an adverse effect on the cell cycle in mouse spermatogonial stem cells
(Liang et al., 2017). To determine how these toxicants affect /n vitro spermatogenesis in a
mixed population of spermatogonia, primary and secondary spermatocytes, and spermatids,
cell cycle profiles of FR-exposed cells were generated by staining with propidium iodide.
Flow cytometry plots were generated showing the percentage of haploid cells and cells in
GO/G1, S, and G2 phases in our cultures (Figures 4A and S4A). HBCDD and TBBPA did
not affect GO/G1 (Figures 4B and 4C). Similarly, TBBPA did not affect S phase (Figure 4C).
However, HBCDD significantly increased cells in S phase at 25 pM by 13%, with a decrease
in cells in S phase at 100 uM and 200 pM by 35% and 22%, respectively (Figure 4B). Both
HBCDD and TBBPA had a significant impact on G2 (Figures 4B and 4C). HBCDD and
TBBPA significantly decreased the percentage of cells in G2 beginning at 10 uM and 100
UM by as much as 56% and by 53% at 200 uM, respectively (Figures 4B and 4C). These
data support our previous data in that G2 populations represent either dividing
spermatogonia or meiotic primary spermatocytes. In addition, the halogenated FRs TDCPP
and TDBPP similarly disrupt cell cycle progression, further highlighting a potential
chemical class effect on spermatogenic cells (Figures S4B and S4C).

However, the end product of spermatogenesis is the production of haploid spermatids.
Numerous environmental factors have been shown to reduce sperm counts (Wong and
Cheng, 2011), and some toxicants are known to target haploid spermatids (Easley et al.,
2015). However, the halogenated FRs HBCDD and TBBPA bhoth significantly increased the
percentage of haploid spermatids in our cultures beginning at 50 uM and 100 uM,
respectively (Figures 4D and 4E). HBCDD and TBBPA concentrations of 100 pM
significantly increased the percentage of spermatids in our cultures by 200% and 165%,
respectively (Figures 4D and 4E). HBCDD treatment caused a significant decrease in
haploid spermatids at 200 UM versus 100 uM by roughly 17%; however, the percentage of
haploid spermatids was still greater than control (Figure 4D). Notably, TDCPP and TDBPP
exposure also increased the percentage of haploid spermatids in our cultures (Figures S4D
and S4E). Importantly, the increases in haploid cells seen in these assays were likely not due
to increases in meiosis that drove the generation of more spermatids. Because chemical
exposure occurred under acute conditions over 24 hr, percentages of haploid cells likely
increased due to spermatogonia and primary spermatocytes undergoing cell death, leaving
more haploid cells present in our mixed cell cultures. As such, these results again indicate
that the direct targets of these toxicants are likely the actively dividing spermatogonia and
primary spermatocytes undergoing meiosis. These results are of critical importance.
Although spermatids are not directly targeted, thus not causing immediate infertility in an
adult male, evidence suggests that exposure to these FRs at physiologically relevant
concentrations could be affecting the pool of spermatogonia responsible for generating
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spermatids/sperm. In addition, spermatogonia and primary spermatocytes continue to be
affected by HBCDD and TBBPA even after removal during recovery experiments. As such,
exposure could lead to reduced fertility in populations exposed, although the potential for
abnormalities in the surviving spermatids also exists.

TBBPA and HBCDD Exposure Decreases GSH/GSSG Ratios, whereas TBBPA Exposure
Increases Reactive Oxygen Species Levels in In Vitro Spermatogenesis

Known reproductive toxicants have been shown to induce oxidative stress (Aly, 2013;
Erkekoglu and Kocer-Gumusel, 2014; Maiorino and Ursini, 2002) even in our /n vitro model
(Easley et al., 2015). The mammalian testis is susceptible to toxic assault by ROS (Agarwal
et al., 2014), with ROS causing cell death through necrotic and apoptotic pathways (Ryter et
al., 2007). As such, ROS-induced cell death in testis cells could lead to impaired male
fertility. Increased ROS generation may provide a mechanism for increased germ cell death
in response to halogenated FR exposure. TBBPA has been shown to increase oxidative stress
in in vitro assays and to increase ROS in fish sperm (Dishaw et al., 2014; Huang et al., 2016;
Linhartova et al., 2015). However, there is no information on the effects of HBCDD on ROS
generation during spermatogenesis, although Chinese rare minnows exposed to HBCDD
have shown an increase in ROS generation (Zhang et al., 2008). We examined whether
HBCDD and TBPPA when compared with 0.2% DMSO-only negative control can increase
ROS generation in our /n vitro spermatogenesis model using dihydroethidium (DHE)
staining. Flow cytometry profiles were generated showing the percentage of ROS-positive
(ROS+; red) and ROS-negative (ROS—; blue) cells in our cultures (Figures 5A and S5A).
HBCDD treatment did not cause a statistically significant increase in ROS generation at any
concentration (Figure 5B). However, TBBPA treatment caused a statistically significant
increase in ROS generation (ROS+ cells) beginning at 10 pM, consistent with published data
and relevant to occupationally exposed populations (Figure 5C). TBBPA showed the most
significant increase in ROS+ cells at 25 uM, with ROS+ cells increasing by 10% (Figure
5C). When assessed over the course of 12 hr, ROS production appears to decrease in cells
treated with 100 UM HBCDD beginning within the first half hour and persisting for the
entirety of the 12-hr assay (Figure 5D). During a 12-hr exposure, cells treated with 100 pM
TBBPA experience a significant 46% increase in ROS at 9 hr (Figure 5E). ROS levels return
to normal at 12 hr, suggesting that our /n vitro cultures are still capable of processing the
ROS generated by TBBPA exposure at that time (Figure 5E). However, ROS generation does
still appear to be the main mechanism of cell death in TBBPA-treated cells. Following
treatment of our /n vitro cultures with 1 uM of the antioxidant L-sulforaphane for 12 hr, cells
that were treated with 100 uM TBBPA show live cell and late apoptotic/dead cell
populations similar to control (Figures 51 and 5K). However, L-sulforaphane pre-treatment
does not rescue cell death caused by 100 uM HBCDD treatment, with cells showing a 6%
decrease in live cells and a 135% increase in late apoptotic/dead cells (Figures 5H and 5J).
This increase in apoptosis remains similar to non-rescued cells treated with 100 uM
HBCDD, suggesting that ROS does not play a role in HBCDD-induced cell death (Figures
1B and 1D). We have previously used this method to rescue our 7 vitro cultures following
exposure to the known male reproductive toxicants 2-BP and DBCP (Easley et al., 2015).
These results suggest that HBCDD’s mechanism of toxicity is distinctly different from those
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of known reproductive toxicants, which classically induce cell death through ROS assault, as
well as TBBPA.

Results from the ROS assay were validated by assessing changes in the reduced glutathione
(GSH)/oxidized glutathione (GSSG) ratios in HBCDD and TBBPA treatment groups.
HBCDD and TBBPA both decrease GSH/GSSG ratios at as little as 1 pM, indicating
increased ROS generation (Figures 5F and 5G). Although HBCDD and TBBPA both
increase ROS as indicated by decreases in GSH/GSSG ratios, the results suggest that only
TBBPA is capable of generating sufficient ROS to overwhelm the cell’s defenses in response
to exposure /n vitro. Exposure to TDCPP and TDBPP also fails to produce ROS capable of
overwhelming spermatogenic cells but does decrease GSH/GSSG ratio similarly to HBCDD
and TBBPA (Figures S5A-S5E). These results again highlight the class-wide effects that
these chemicals have on /n vitro spermatogenic cells and also further elucidate the different
mechanisms of action between HBCDD and TBBPA.

HBCDD and TBPPA Decrease Mitochondrial Membrane Potential in In Vitro
Spermatogenesis Cultures

Mitochondria supply cells with energy in the form of oxidative phosphorylation that
generates ATP (Attene-Ramos et al., 2013). In addition, mitochondria are required for
calcium homeostasis, cell signaling, and apoptosis regulation (Attene-Ramos et al., 2013).
As such, any perturbation of mitochondrial function can prove detrimental to cells such as
spermatogenic cells. Mitochondria have been shown to be susceptible to early-stage effects
of chemical toxicity, and multiple chemicals have been shown to decrease mitochondrial
membrane potential and cause mitochondrial dysfunction (Schmidt, 2010). As such,
assessing mitochondrial membrane potential could act as a valid, early assessment for cell
health in our /n vitro cultures. HBCDD and TBBPA have been shown to negatively affect
mitochondria or impair oxidative phosphorylation in A549 and pancreatic B islet cells /n
vitro, respectively (An et al., 2014; Suh et al., 2017; Zhang et al., 2016). Here we examined
whether HBCDD and TBPPA negatively affected mitochondrial membrane potential in our
in vitro spermatogenesis model that consists of a mixed population of spermatogonia,
primary and secondary spermatocytes, and spermatids. Flow cytometry plots were generated
showing the percentage of live, depolarized/live, depolarized/dead, and dead cells in our
cultures (Figures 6A and S6A). HBCDD significantly increased mitochondrial dysfunction
beginning at 1 pM and showed a 190% increase in mitochondrial membrane depolarization
and death at 200 uM (Figure 6B). TBBPA significantly increased mitochondrial dysfunction
at 10 uM with nearly 250% more membrane depolarization and cell death compared with
control at 200 uM (Figure 6C). Similar to our apoptosis data, HBCDD and TBBPA
significantly decreased healthy, live cell populations beginning at 10 uM and 25 uM,
respectively (Figures 6D and 6E). HBCDD and TBBPA significantly decreased healthy, live
cells at 200 uM by 83% and 98%, respectively (Figures 6D and 6E). Similar results were
seen upon treatment with TDCPP and TDBPP (Figures S6A-S6E). The mechanism by
which HBCDD and TBBPA cause mitochondrial dysfunction appears to be drastically
different, consistent with PLZF, HILI, and ROS assays. A shift toward live cells by 162%
can be seen within half an hour of treating cells with 100 uyM HBCDD (Figure 6F). As it is
unlikely that HBCDD exposure drastically increases cell viability after half an hour, this
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shift from the norm is likely the result of mitochondrial hyperpolarization. This
hyperpolarizing event occurs for approximately 9 hr post-exposure, with depolarization
significantly shifting cells toward the depolarized/live quadrant at 6 and 12 hr (Figure 6H).
Because mitochondria produce ROS during oxidative phosphorylation, this acute
perturbation of the mitochondria may be another potential explanation for the decrease in
ROS seen in HBCDD-treated cells. The viability of TBBPA-exposed cells begins decreasing
at 1.5 hr post-exposure, although significant depolarization of the mitochondrial membrane
and cell death occurs as quickly as 0.5 hr after TBBPA exposure (Figures 6G and 61). This
increase in depolarized/dead cells becomes more dramatic at 9 hr (Figure 61). Because
mitochondria are sensitive to ROS, it is likely that the abrupt mitochondrial membrane
depolarization seen following TBBPA exposure is likely due to assault by ROS (Balaban et
al., 2005). These results indicate that mitochondria are a direct target of halogenated FRs in
our /n vitro cultures at concentrations that are physiologically relevant, with exposure
resulting in mitochondrial membrane dysfunction and increased cell death. TBBPA likely
causes mitochondrial dysfunction due to ROS generation, although the mechanism by which
HBCDD affects the mitochondria is less clear. Possibly, HBCDD’s unique mechanism of
toxicity involves directly targeting mitochondria in spermatogenic cells.

DISCUSSION

Few studies on the potential human health effects resulting from halogenated FR exposure
exist despite evidence of widespread, everyday exposure to these compounds through direct
contact or from ingestion of house dust and other contaminated sources (Weissman and Pan,
2015; Dishaw et al., 2014). In studies that have directly assessed relationships between FRs
and human male fertility, some FRs have been associated with changes in male hormones,
although no effects on sperm quantity or quality have ever been reported and direct changes
in spermatogenesis have not been investigated (Cooper et al., 2011; Johnson et al., 2013;
Meeker and Stapleton, 2010; Yard et al., 2011). Here, we show that the highly prevalent
halogenated FRs HBCDD and TBBPA negatively affect the viability of human
spermatogenic cell lineages /n vitro at concentrations relevant to occupationally exposed
workers, with HBCDD and TBBPA affecting spermatogonia and primary spermatocytes at
as little as 1 uM during 24 hr of treatment.

Spermatogonia are the progenitors of primary and secondary spermatocytes, and ultimately
spermatids and sperm (Neto et al., 2016). Their function involves producing sperm during a
male’s post-pubertal lifetime by undergoing mitosis to replenish their own population as
well as meiosis to produce male gametes (Neto et al., 2016). Spermatogonia are direct
targets of the FRs we tested, with populations reduced at the lowest concentrations assessed
during a 24-hr exposure. This finding suggests that males who experience long-term or acute
exposure in an occupational setting could experience a depletion of their spermatogonia,
which could render them infertile over time, yet to date no clinical studies have been
undertaken to examine at-risk populations. Notably, occupational workers could be exposed
to concentrations of HBCDD and TBBPA assessed in this study on a daily basis. The results
shown in this study are the result of acute exposure, and occupationally exposed workers
may see more detrimental impacts over time. These results also highlight changes that may
not be visible in epidemiological data, as sperm, the most common cell type assessed in
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epidemiological studies, are not the direct targets of these chemicals and it is unclear how
long exposure would have to occur before sperm would be directly affected. Infertility and
sterility resulting from reduced populations of spermatogonia may occur long after the
exposure occurs and may not be linked to this exposure, thus making these results even more
relevant for assessments on occupational workers in the future. Importantly, spermatogonia
are also the only spermatogenic cell lineage to exist before puberty. It has been reported that
young children are exposed to higher than average concentrations of FRs, and reports
indicate that this early exposure can lead to low sperm count and other reproductive
disorders later in life (Bonde et al., 2016). As such, this research also has implications for
childhood exposures to chemicals that could have impacts on fertility during adulthood.
Finally, it is notable that spermatogonia exhibited a delayed recovery following removal of
the FRs tested. Although spermatogonia did recover over time, occupational workers are
exposed to these toxicants on a daily basis. As such, these chemicals may not be eliminated
from their bodies long enough for recovery to occur. This finding suggests that those who
have been exposed to higher concentrations of HBCDD and TBBPA may suffer irreversible
damage to their fertility.

Similarly, primary spermatocytes are also affected by exposure to HBCDD and TBBPA,
although the exact impacts that these chemicals have on primary spermatocytes is less clear.
Primary spermatocytes express HILI, which functions in the male germline to repress
transposons; regulates gene expression at the epigenetic, post-transcriptional, and
translational levels; and has been implicated in chromosome synapsis during meiosis, among
other important processes (Juliano et al., 2011). Significantly, HILI levels are up-regulated
upon exposure to our halogenated FRs at low to moderate levels. HILI levels do decrease at
higher chemical concentrations for both chemicals assessed, and studies have shown that
decreases in HILI expression lead to apoptosis in primary spermatocytes (Juliano et al.,
2011). Perhaps most importantly, the results of this study do not suggest that primary
spermatocytes undergo cell death in response to chemical exposure to the same extent as
spermatogonia. Spermatogonia are capable of recovery following HBCDD and TBBPA
exposure, although primary spermatocytes do not recover from TBBPA exposure, even after
a 5-day recovery.

Decreased viability of spermatogonia and primary spermatocytes occurred via apoptosis at
higher chemical concentrations, highlighting a disconnect between apoptotic data and
immunostaining results for PLZF, where cell populations were decreased at even the lowest
concentration. Mitochondrial membrane potential data suggest that our /in vitro cultures are
sensitive to FR toxicants at lower concentrations, which have implications for occupationally
exposed workers. Mitochondria have been called the “canary” of cell health, and our results
indicate that they may be susceptible to toxicants earlier than other processes and act as an
early warning system for cell health in contrast to apoptotic and ROS markers. Decreasing
mitochondrial function is often paired with increasing ROS generation, although only
TBBPA showed increases in ROS capable of overwhelming the cell’s defense mechanisms,
with the first signs of ROS beginning to overwhelm cell defenses at 9 hr post-exposure. The
mitochondrial membrane depolarization data suggest different mechanisms of toxicity for
HBCDD and TBBPA despite having similar end results. HBCDD exposure causes an
immediate shift to a more negative, hyperpolarized mitochondrial state that inevitably leads
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to depolarization and death. The results of this study point to HBCDD utilizing a mechanism
of toxicity that is distinctly different from those used by recognized male reproductive
toxicants, such as 2-BP and DBCP. Possibly, mitochondria may be the direct target of
HBCDD, although further studies are required. TBBPA exposure, however, shows an
opposite mechanism to HBCDD, with depolarization occurring in the first 1.5 hr followed
by death. This depolarization is likely due to assault by ROS, as this was identified as the
main mechanism of cell death for TBBPA following L-sulforaphane rescue. However, cell
death, whether it is through mitochondrial dysfunction or another mechanism, may not be
the only explanation for decreases in spermatogonia and primary spermatocyte populations.
Although this was a 24-hr exposure, cell cycle profiles revealed that our chemicals can arrest
our cultures during cell division. Alternatively, or perhaps in conjunction with cell death, it
is possible that our chemicals at higher concentrations block differentiation from
spermatogonia to primary and secondary spermatocytes and spermatids by arresting cells
during mitosis and meiosis, although longer term studies will need to be conducted to fully
elucidate this mechanism.

Our /n vitrohuman stem cell model of spermatogenesis has revealed for the first time that
the FRs HBCDD and TBBPA can directly affect human spermatogenesis. These results
highlight the need for more data regarding the prevalence of these toxicants in the human
system and the need for additional experiments to understand how HBCDD and TBBPA
may alter spermatogenesisand male fertility, especially at persistent concentrations that are
relevant to occupationally exposed workers. It must be stressed that spermatogonia and
primary spermatocytes were affected at occupationally relevant concentrations after only 1
day of exposure /n vitro. In addition, as semen parameters continue to plummet in the
Western males with no definitive cause, further investigation into HBCDD’s and TBBPA'’s
potential to affect male fertility is highly recommended, as the average person is also
exposed to these chemicals on a daily basis. Finally, although they have different core
structures, the halogenated FRs TDCPP and TDBPP showed similar impacts on human
spermatogenesis to HBCDD and TBBPA. This suggests that this class of chemicals could be
as detrimental as their PCB and PBDE predecessors and stresses the need for continued
studies on their potential health impacts.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Environmental toxicants may contribute to declining sperm counts in Western
males

Flame retardants HBCDD and TBBPA affect spermatogonia and primary
spermatocytes

HBCDD and TBBPA affect viability by affecting mitochondrial membrane
potential

iScience. Author manuscript; available in PMC 2018 June 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Steves et al. Page 19

A B { o4 D
**  kkx % *k%k k¥
CONTROL 100% A% 100% *
AEORTOSIS PROFILE 0% 90% 25%
APOPTOSIS PROFILE 9 *k
*I0eaa Late Apop /Dead ggnf 80% 20%
118 % 406% g 70%
60% 60% 15%
3 . 50% 50%
40% 40% 10%
E 30% 30%
§2 i 20% 20% 5%
H R 10% 10%
9 0% 0% 0%
1 e >
S e ST T TSN R IR RO R R R
184 % A A A S B O P S & 9 ST P S &
3 o L L P o o IS A & o S L 9
Balyapop @ & o & & & & & ¥ L &L L LR S &SP
RS ¥ e ¢ S & ¥ e &
- mlive mlive m Late Apoptosis/Dead
HBCDD200uM  E #x F G
APOPTOSIS PROFILE
Dead Late Apop Dead 259 45000000 45000000
6.27 % % =3 * 2
S0 = 40000000 % ok * * 40000000 *
3 . 35000000 35000000
. 15% 230000000 +__+_/*\, £ 30000000 *
35 i 8 25000000 F\—/\ 8 25000000
Ed ° 220000000 £ 20000000
5% € 15000000 § 15000000
. . . 10000000 10000000
oo £ 5000000 £ 5000000
253% & & & & & & o B g
Early Apop)| & A o Y o o o 2 0 2 o
7 (CHNES SR
Q v \e S » » & » » » S »  » » & »
F FEESESE S TS PSS FaOIOICAICAIC
<5 LA SRR S
TBBPA200 uM L &L LSS & K K K LT S
mLate Apoptosis/Dead & ¥ & ¢ &0 N L F F S & &
APOPTOSIS PROFILE
: Dead Late Apop /Deac
739% 3083% H |
3 ©
g - 5180000
z 5180000 I *%
g2 & 160000 160000 *
H < 140000 g 140000 *
£ 120000 *% £ 120000
¢ £ 100000 § 100000 .
115% g 80000 * ¥k & 80000
. EarlyApop) 2 60000 2 60000
P | > 40000 Z 40000
S 20000 § 20000
> E g ° S & & & & » »
> O
&€ & \@)‘“ 'f?§ @Q\& @Q@ Q°$ = SY Y ot oY of ”&o‘)
FSSFTSL S S S L SFSSE S
S ¥ g Qibc’ \?90 Q AR

Figure 1. HBCDD and TBBPA Induce Apoptosisin Spermatogenic Cells Derived from hESCs
(A) Flow cytometry analyses for indicating percent viable cells, percent early apoptotic

cells, percent late apoptotic cells, and percent dead/necrotic cells for the highest
concentration of HBCDD and TBBPA assessed. Lower left quadrant represents viable cells,
lower right quadrant represents early apoptotic cells, upper right quadrant is late apoptotic/
dead cells, and the upper right quadrant is dead/necrotic cells.

(B and C) Graphical representation showing that HBCDD (B) and TBBPA (C) exposure
induced germ cell death in hESCs differentiated in /n7 vitro spermatogenic conditions.

(D and E) Graphical representation showing that HBCDD (D) and TBBPA (E) exposure
increased the percentage of germ cells undergoing late apoptosis/death in spermatogenic
cells derived from hESCs.

(F and G) Graphical representation showing that HBCDD (F) and TBBPA (G) exposure
increased apoptotic luminescence in hESCs differentiated in /n vitro spermatogenic
conditions.

(H and 1) Graphical representation showing that HBCDD (H) and TBBPA (I) decreased
viability fluorescence in hESCs differentiated in /n vitro spermatogenic conditions. A total
of 5,000 events were analyzed, with five replications performed for each condition for (B)-
(E). Three replications were analyzed for (F)—(1). Significant changes in cell viability were
determined using a 1-way analysis of variance (ANOVA) and validated via a Student’s t test,
where * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. Data are represented as mean +
SEM.
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Figure 2. HBCDD and TBBPA Reduce PLZF+ Spermatogoniain In Vitro Spermatogenic
Cultures
(A) Representative 5X images of PLZF+ (green) and DAPI (blue)-stained colonies treated

with HBCDD and TBBPA. A control image is included; scale bar, 5,000 pm. All images are
taken under the same imaging conditions and parameters.

(B and C) Graphical representation showing that HBCDD (B) and TBBPA (C) reduce the
average total PLZF+ area in spermatogonia derived under /n vitro spermatogenic conditions.
(D and E) Graphical representation showing that HBCDD (D) and TBBPA (E) reduce the
average total PLZF+ intensity in spermatogonia.

(F and G) Graphical representation showing that HBCDD (F) and TBBPA (G) exposure
continues to reduce the average total PLZF+ area in spermatogonia, even after a 24-hr
chemical-free recovery period.

(H and 1) Graphical representation showing that HBCDD (H) and TBBPA (I) exposure
continues to reduce the average total PLZF+ intensity in spermatogonia, even after a 24-hr
chemical-free recovery period.

(J-M) Graphical representation showing that spermatogonia are capable of recovery
following a 5-day recovery period after 100 uM TBBPA and HBCDD exposure. Five
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replications were performed for each condition for (B)—(E). Three replications were
performed for each condition for (F)—(M). Significant changes in PLZF+ area and intensity
were determined using a 1-way analysis of variance (ANOVA) and validated via a Student’s
t test, where ** is p < 0.01, and *** is p < 0.001. Data are represented as mean + SEM.

See also Figure S2.
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Figure 3. HBCDD and TBBPA Influence HIL| Expression in Primary Spermatocytesin In Vitro
Spermatogenic Cultures
(A) Representative 5X images of HILI+ (green) and DAPI (blue)-stained colonies treated

with HBCDD and TBBPA. A control image is included; scale bar, 5,000 pm. All images are
taken under the same imaging conditions and parameters.

(B and C) Graphical representation showing that HBCDD (B) and TBBPA (C) exposure
affects the average total HILI+ area in primary spermatocytes derived under /n vitro
spermatogenic conditions.

(D and E) Graphical representation showing that HBCDD (D) and TBBPA (E) exposure
affects the average total HILI+ intensity in primary spermatocytes.

(F and G) Graphical representation showing that the average total HILI+ area in primary
spermatocytes does not statistically change after a 24-hr chemical-free recovery period
following HBCDD (F) and TBBPA (G) exposure.

(H and 1) Graphical representation showing that the average total HILI+ intensity in primary
spermatocytes increases following a 24-hr chemical-free recovery period after HBCDD (H)
and TBBPA (1) exposure.

(J-M) Graphical representation showing that primary spermatocytes are capable of recovery
following a 5-day recovery period after 100 pM HBCDD exposure (J and K), but
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spermatocytes do not make a full recovery following exposure to 100 uM TBBPA (L and
M). Five replications were performed for each condition for (B)—(E). Three replications
were performed for each condition for (F)—(M). Significant changes in HILI+ area and
intensity were determined using a 1-way analysis of variance (ANOVA) and validated via a
Student’s t test, where * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. Data are
represented as mean + SEM.

See also Figure S3.
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Figure4. HBCDD and TBBPA Affect the Cell Cyclein Spermatogenic Cells Derived from hESCs

Without Affecting Haploid Cell Viability

(A) Flow cytometry analyses of cell cycle profiles following acute 24-hr treatment. Green,
blue, purple, and beige populations on flow cytometry correspond to haploid, GO/G1, S, and

G2 phases, respectively.

(B and C) Graphical representation showing that HBCDD (B) and TBBPA (C) affect the cell
cycle of actively dividing hESCs differentiated in /in vitro spermatogenic conditions.

(D and E) Graphical representation showing that HBCDD (B) and TBBPA (C) exposure
increases the percentage of haploid cells in spermatogenic cells derived from hESCs. A total
of 5,000 events were analyzed, with five replications performed for each condition.
Significant changes in percentages of haploid cells and cells in GO/G1, S, and G2 phases
were determined using a 1-way analysis of variance (ANOVA) and validated via a Student’s
t test, where * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. Data are represented as mean

+ SEM.
See also Figure S4.
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Figure 5. TBBPA Causes ROS Production in Spermatogenic Cells Derived from hESCs, while
HBCDD and TBBPA Exposure Decrease GSH/GSSG Ratios

(A) Flow cytometry-based analysis of DHE labeling. Blue indicates ROS-. Red indicates

ROS+.

(B and C) Graphical representation showing that HBCDD does not affect ROS generation in
hESCs differentiated in /n vitro spermatogenic conditions (B), but TBBPA exposure causes

overwhelming increase in ROS production (C).

(D and E) Graphical representation showing the generation of overwhelming ROS over a 12-
hr period post-exposure to 100 uM HBCDD (D) and TBBPA (E).
(F and G) Graphical representation showing that HBCDD (F) and TBBPA (G) exposure
decreases the GSH/GSSG ratio of hESCs differentiated in /n vitro spermatogenic conditions.
(H-K) A 12-hr pre-treatment with 1 uM L-sulforaphane rescues 100 pM TBBPA-mediated
cell death (I and K) but does not rescue cell death following 100 uM HBCDD exposure (H
and J). A total of 5,000 events were analyzed, with three replications performed for each
condition for (B)—(C) and (F)—(G). Three replications were performed for each condition for
(D)—(E) and (H)—(K). Significant changes in ROS generation, GSH/GSSG ratio, and cell
viability were determined using a 1-way analysis of variance (ANOVA) and validated via a
Student’s t test, where * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. Data are

represented as mean £ SEM.
See also Figure Sb.
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Figure 6. HBCDD and TBBPA Depolarize the Mitochondrial Membraneto Increase Cell Death
in Spermatogenic Cells Derived from hESCs
(A) Flow cytometry analyses for indicating percent live cells, percent depolarized/live cells,

percent depolarized/dead cells, and percent dead cells. Lower right quadrant represents
viable cells, lower left quadrant represents depolarized/live cells, upper right quadrant is
depolarized/dead cells, and the upper right quadrant is dead cells.

(B and C) Graphical representation showing that HBCDD (B) and TBBPA (C) exposure
increases membrane depolarization and death in hESCs differentiated in /in vitro
spermatogenic conditions.

(D and E) Graphical representation showing that HBCDD (D) and TBBPA (E) decrease the
percentage of healthy, live cells in hESCs differentiated in /in vitro spermatogenic conditions.
(F-1) Graphical representation showing mitochondrial membrane depolarization and death
and live cell percentages over a 12-hr period post-exposure to 100 yM HBCDD (F and H)
and TBBPA (G and I). A total of 5,000 events were analyzed, with three replications
performed for each condition. Significant changes in mitochondrial membrane potential
were determined using a 1-way analysis of variance (ANOVA) and validated via a Student’s
t test, where * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. Data are represented as mean
+ SEM.

See also Figure S6.
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