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Abstract

Introduction—The dichlorofluorescein (DCF) assay is a popular method for measuring cellular
reactive oxidant species (ROS). Although caveats have been reported with the DCF assay and
other compounds, the potential for artifactual results due to cell-free interactions between the DCF
compound and toxicants has hardly been explored. We evaluated the utility of the DCF assay for
measuring ROS generation by the toxicants mono-(2-ethylhexyl) phthalate (MEHP), and
tetrabromobisphenol A (TBBPA).

Methods—DCEF fluorescence was measured spectrofluorometrically after a 1-h incubation of
toxicants with 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA). MEHP
was incubated with carboxy-H,DCFDA in cell-free solutions of Hank’s buffered salt solution
(HBSS), or in Royal Park Memorial Institute (RPMI) medium with or without fetal bovine serum.
TBBPA was incubated with carboxy-H,DCFDA in cell-free HBSS and with human trophoblast
cells (HTR8/SVneo cells).

Results—MEHP did not increase fluorescence in solutions of carboxy-H,DCFDA in HBSS or
RPMI medium without serum. However, MEHP (90 and 180 pM) increased DCF fluorescence in
cell-free RPMI medium containing serum. Furthermore, serum-free and cell-free HBSS solutions
containing 25 yM TBBPA exhibited concentration-dependent increased fluorescence with 5-100
UM carboxy-H,DCFDA (p<0.05), but not 1 uM carboxy-H,DCFDA. In addition, we observed
increased fluorescence in HTR8/SVneo cell cultures exposed to TBBPA (0.5-25 pM) (p<0.05), as
we had observed in cell-free buffer.

Discussion—MEHP demonstrated an interaction with serum in cell-free generation of DCF
fluorescence, whereas TBBPA facilitated conversion of carboxy-H,DCFDA to the fluorescent
DCF moiety in the absence of serum. Because TBBPA increased fluorescence in the absence of
cells, the increased DCF fluorescence observed with TBBPA in the presence of cells cannot be
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attributed to cellular ROS and may, instead, be the result of chemical activation of carboxy-
H,DCFDA to the fluorescent DCF moiety. These data illustrate the importance of including cell-
free controls when using the DCF assay to study toxicant-stimulated cellular production of ROS.
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brominated flame retardant; 6-carboxy-2'; 7'-dichlorodihydrofluorescein diacetate;
dichlorofluorescein assay; methods; mono-(2-ethylhexyl) phthalate; reactive oxidant species;
tetrabromobisphenol A

1. Introduction

The DCF assay utilizes a cell-permeant acetylated form of fluorescein that diffuses into the
cytoplasm where cellular esterases remove the acetate groups from the compound to form a
non-fluorescent moiety that can be oxidized by intracellular ROS to form the fluorescent
product. The DCF assay can be conducted with the 2',7'-dichlorodihydrofluorescein
diacetate (HoDCFDA) parent compound or with more recently introduced derivatives such
as 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate 2',7'-dichlorofluorescein (carboxy-
H,DCFDA). After deacetylation of H,DCFDA to H,DCF or carboxy-H,DCFDA to
carboxy-H,DCF, cellular ROS oxidize H,DCF and carboxy-H,DCF to generate 2',7'-
dichlorofluorescein and 2',7'-carboxydichlorofluorescein, respectively. The 2',7'-
carboxydichlorofluorescein has improved cellular retention compared to the non-
carboxylated form due to the additional two negative charges (Invitrogen, 2006). Both the
parent compounds and the deacetylated forms are non-fluorescent whereas DCF
fluorescence is measurable by spectrofluorometry (Kim, et al., 2005) or flow cytometry
(Epling, et al., 1992; Fruhwirth, et al., 1998; Hafer, et al., 2008), with the magnitude of DCF
fluorescence proportional to the formation of ROS such as peroxynitrite and OH®, and
molecules that include peroxyl, alkoxyl, carbonate (CO3*~) and NO," groups (Halliwell &
Whiteman, 2004).

Various caveats have been identified that may hinder the accurate measurement of ROS
production in cells with the DCF assay. For example, conversion of HoDCFDA to DCF
increases with serum concentration (Korystov, et al., 2007), in the presence of heme, heme
proteins, and metalloporphyrins (Ohashi, et al., 2002), and in DMEM cell culture medium
(Boulton, et al., 2011). Furthermore, peroxidase catalyzes superoxide radical formation as a
byproduct of the conversion of H,DCF to DCF (Rota, et al., 1999), and conversion of
carboxy-H,;DCFDA to carboxy-DCF increases in the presence of native bovine serum
albumin (Subramaniam, et al., 2002). Despite these caveats, few reports of toxicant
chemical-stimulated ROS as assessed by the DCF assay discuss evaluation of experimental
conditions for potential confounding of resultant experimental data.

Our objective was to evaluate the utility of the DCF assay for measuring toxicant-mediated
ROS production, with particular attention to potential artifacts of the DCF assay due to cell-
free interactions between carboxy-H,DCFDA and toxicants. For these experiments, we used
the environmental contaminants mono-(2-ethylhexyl) phthalate (MEHP) and
tetrabromobisphenol A (TBBPA) as example toxicants. MEHP is an active metabolite of the
plasticizer di-(2-ethylhexyl) phthalate (DEHP) (Koch, et al., 2006) and TBBPA is a
brominated flame retardant (Talsness, et al., 2009). Several reports indicate the use of
H,DCFDA or carboxy- H,DCFDA in either PBS or culture medium to measure MEHP-
stimulated ROS production in cells (Bolling, et al., 2012; Fan, et al., 2010; Zhao, et al.,
2012). However, these MEHP publications do not indicate whether proper cell-free controls
were run to determine potential experimental confounders due to the assay solution.
Similarly, a study demonstrating TBBPA-mediated ROS formation in human neutrophil
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granulocytes did not report whether the appropriate cell-free controls were run (Reistad, et
al., 2005). We discovered that MEHP and TBBPA increased DCF fluorescence in the
absence of cells depending on the solutions used in the assay. These results are discussed
with respect to the potential for misinterpretation of results of the DCF assay when assessing
cellular ROS production in response to toxicant exposure.

2. Materials and Methods

2.1 Chemicals and reagents

Dimethyl sulfoxide (DMSO; sterile filtered and >99.7% pure) and 3,3', 5, 5'-
tetrabromobisphenol A (TBBPA) were purchased from Sigma Aldrich (St. Louis, MO).
Mono-(2-ethylhexyl) phthalate (MEHP) was purchased from Accustandard (New Haven,
CT). The probe 6-carboxy-2",7'-dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA,
catalog # C-400), RPMI medium 1640, fetal bovine serum (FBS), Hank’s Balanced Salt
Solution (HBSS, with Ca*2 and Mg*2), 0.25% trypsin/EDTA and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer were purchased from Invitrogen (Carlsbad,
CA).

2.2 Preparation of solutions

A stock solution of 362 mM MEHP was prepared in DMSO, which was diluted in assay
solution just prior to experiments to 180 yM MEHP. The 180 yM MEHP solution was
briefly sonicated and then serially diluted to 90 and 45 pM solutions. MEHP stock solutions
were kept at —20°C for longer-term storage and at 4°C for short-term storage. TBBPA was
dissolved in DMSO with brief vortexing and a 15-min sonication (at room temperature) to
give a final concentration of 50 mM, which was then diluted serially in DMSO to generate
25,10, 5, 2, 1 and 0.5 mM TBBPA stock solutions. All TBBPA solutions were stored at 4°C
when not in use, and were returned to room temperature and sonicated just prior to use in
experiments. The carboxy-H,DCFDA was dissolved in DMSO to generate a stock solution
of 10 mg/ml. The carboxy-H,DCFDA stock solution was stored in 60-pl aliquots at —20°C;
each aliquoted sample was thawed once for use. For experiments, the stock solution was
brought to room temperature in the dark, and then diluted in HBSS or culture medium to
final concentrations.

2.3 Cell culture

The human first trimester extravillous trophoblast cell line HTR8/SVneo (HTR8) was kindly
provided by Dr. Charles S. Graham (Queens University, Ontario). This cell line was
immortalized by transfecting a plasmid containing the gene for the simian virus 40 large T
antigen (SV40). Similar to primary trophoblasts, HTR8 cells express the epithelial marker
cytokeratin and share similar morphology, growth patterns and serum requirements in vitro
(Graham, et al., 1993). The HTRS cells were maintained at 37°C and 5% CO, in 75 cm? or
175 cm? flasks containing RPMI medium supplemented with 10% FBS. Cells were
subcultured with 0.25% trypsin/EDTA solution when approximately 80% confluent. For the
DCF assay experiments, cells were seeded at 5 x 10% cells/well or 1-2 x 10* cells/well in
24- or 96-well plates, respectively.

2.4. Measurement of MEHP-stimulated fluorescence with the DCF assay

Because culture media with or without serum and physiologic salt solutions have been used
in reports of the DCF assay (Bolling, et al., 2012; Fan, et al., 2010; Zhao, et al., 2012) we
evaluated interactions between MEHP and DCF in RPMI medium and HBSS buffer.
Furthermore, we evaluated the effects of serum on MEHP-stimulated DCF fluorescence in
RPMI medium but not in HBSS because serum is a common supplement of medium but not
salt solutions like HBSS. Aliquots of the MEHP stock solution were added to either HBSS
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buffer or to RPMI medium with or without 10% fetal bovine serum (FBS) to obtain final
concentrations of 45, 90, and 180 uM MEHP. An appropriate volume of carboxy-
H,DCFDA reagent was mixed with each MEHP or solvent control (0.1 % DMSO) solution
of HBSS or RPMI medium to obtain a final concentration of 10 uM carboxy-H,DCFDA.
Aliquots of 200 pl of the solvent control or the different MEHP concentrations with
carboxy-H,DCFDA reagent were then added to wells of a black-sided, clear-bottomed 96-
well plate in replicates of six. Fluorescence readings were taken using a plate
spectrofluorometer every 10 min for 1 h. Because the pattern of cell-free DCF fluorescence
at 1 h was indicative of the response over the 1-h observation period (data not shown), we
present results at the 1-h time point.

2.5. Measurement of TBBPA-stimulated fluorescence with the DCF assay

Because fluorescence background levels were lower for controls in HBSS buffer compared
to RPMI culture medium in cell-free solutions (Figure 1), we assessed cell-free TBBPA
effects on DCF fluorescence in HBSS buffer only. Serial dilutions of the carboxy-
H,DCFDA stock solution (100 uM) were added to HBSS to obtain 25 mM TBBPA stock
solution final concentrations of 1, 5, 10, 50, and 100 pM carboxy-H,DCFDA.. Aliquots from
a 25 mM TBBPA stock solution were then added to the carboxy-H,DCFDA solutions to
yield a final concentration of 25 yM TBBPA. Immediately thereafter, 200 pl aliquots of
these solutions were added to wells of a black-sided, clear-bottomed 96-well plate in
replicates of six. Concurrent controls included one group incubated with 0.1% DMSO only
(0 uM TBBPA) and one group incubated with HBSS buffer only; both control groups
included carboxy-H,DCFDA in the solution.

TBBPA-stimulated DCF fluorescence after incubation with cells was assessed in HBSS only
in order to minimize background fluorescence and avoid the potential for interaction with
serum (Figure 1). To assess cellular response to TBBPA, HTR8 cells were seeded in RPMI
medium containing 10% FBS at a density of 2 x 10% cells per well in a black-sided, clear-
bottomed 96-well plate. Twenty-four hours later, cell culture medium was removed by
aspiration. After rinsing twice with warm (37 °C) HBSS, the cells were incubated in 100 uM
carboxy-H,DCFDA in HBSS at 37°C for 1 h. Following the incubation period, the carboxy-
H,DCFDA medium was replaced with HBSS containing either 0.1% DMSO (solvent
control) or TBBPA. For both the cell-free and cell culture experiments, fluorescence
readings (492 nm excitation and 515 nm emission) were taken at 5-min intervals for 1 h at
37°C. Because the pattern of DCF fluorescence at 1 h was representative of the response
over the 1-h observation period (data not shown), we present results at the 1-h time point.

2.6. Statistical Analysis

Means from each independent experiment were analyzed using SigmaPlot software (version
11.2, SYSTAT Software, Inc., San Jose, CA) by either a one-way or two-way repeated
measures analysis of variance (ANOVA), as appropriate, followed by the Holms-Sidak or
Tukey’s posthoc test for comparison of means. In the analysis of cell-free MEHP-stimulated
DCF fluorescence, a hierarchical linear mixed effects model was used to test differences
between buffer solution and treatment groups simultaneously, as well as the interaction
between the two, when accounting for replicates nested within repeated experiments for
each treatment group and buffer solution. P < 0.05 was considered statistically significant.

3. Results

3.1. Serum effects on MEHP-stimulated DCF fluorescence in cell-free solutions

In cell-free and serum-free HBSS, 1 h incubation with 45, 90 or 180 yM MEHP had no
significant effects on DCF fluorescence compared with controls in HBSS (Figure 1, not
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significant). DCF fluorescence was higher in all treatment groups in RPMI with or without
serum compared to HBSS alone (Figure 1; Assay solution comparison, p<0.001). In mixed
effects models there was a significant interaction (p<0.05) between MEHP treatment and
serum in the stimulation of DCF fluorescence, meaning there was a difference in response to
MEHP when comparing RPMI to RPMI + serum. Although RPMI stimulation was
independent of MEHP treatment in the absence of serum, in cell-free RPMI medium
containing 10% serum, 1-h incubation with MEHP significantly stimulated DCF
fluorescence (Figure 1; ANOVA p<0.001; posthoc comparison of means p<0.01). Because
DCF fluorescence was higher in all MEHP treatment groups (including controls) in RPMI
with or without serum compared to HBSS alone, RPMI clearly contributes to significant
generation of DCF fluorescence in the absence of cells.

3.2. TBBPA effects on DCF fluorescence in cell-free buffer

Cell-free experiments with TBBPA were conducted in HBSS only because fluorescence
background levels were lower in HBSS buffer compared to RPMI culture medium (Figure
1). In cell-free solutions of HBSS and 25 yM TBBPA, 1 h incubation with carboxy-
H,DCFDA increased fluorescence relative to solvent controls in a concentration-dependent
manner (Figure 2; TBBPA treatment * carboxy-H,DCFDA concentration interaction,
ANOVA p=0.03). Specifically, we observed significantly increased fluorescence with 5, 10,
50 or 100 pM carboxy-H,DCFDA in the presence of TBBPA compared with no TBBPA
(solvent controls) for each concentration of carboxy-H,DCFDA (Figure 2; p <0.05).
Moreover, fluorescence was elevated at 10, 50 and 100 yM carboxy-H,DCFDA compared
with lower carboxy-H,DCFDA concentrations in the presence of TBBPA (p<0.01). Within
the solvent controls, the fluorescence increase was significant only at 100 uM carboxy-
H,DCFDA compared with 1 uM carboxy-H,DCFDA (p=0.02). Because this experiment
was conducted in the absence of cells and serum, our results strongly suggest that TBBPA
facilitated conversion of carboxy-H,DCF to the DCF fluorescent moiety.

3.3. TBBPA effects on DCF fluorescence in the presence of cells

To illustrate the potential for misinterpretation of toxicant-stimulated cellular generation of
ROS using the DCF assay, HTR8 cell cultures were exposed to 0.5, 1, 2, 5, 10 or 25 yM
TBBPA for 1 h in HBSS. To minimize background fluorescence and avoid potential
interaction with serum, as was observed for MEHP (Figure 1), the DCF assay was
conducted in HBSS only for this experiment. The DCF fluorescence increased at 5, 10 and
25 uM TBBPA compared with solvent control (0 uM TBBPA) (Figure 3; p<0.05), similar to
results observed in cell-free HBSS (compare to Figure 2). In the absence of knowledge
about cell-free stimulation of DCF fluorescence by TBBPA, the cell culture results would
have been erroneously attributed to cellular generation of reactive chemical species.

4. Discussion

The DCF assay is a popular method for assessing toxicant-stimulated generation of reactive
oxidant species in cells (Bussche & Soares, 2011; Filipi¢ & Hei, 2004; Gong & Han, 2006;
Hatcher, et al., 2008; Hu, et al., 2011; Michalowicz, 2010; Naqvi, et al., 2010; Shanker &
Aschner, 2003; Shao, et al., 2008; Wan & Winn, 2007; Zhang, et al., 2011; Zhu, et al.,
2009). Although numerous caveats have been reported with the DCF assay, including effects
of medium composition, serum, heme, heme proteins, metalloporphyrins and bovine serum
albumin (Chen, et al., 2010), interactions with chemical toxicants have received nominal
attention. Specifically relevant for the present study, reports of MEHP-stimulated and
TBBPA-stimulated cellular generation of ROS using the DCF assay did not discuss cell-free
assay controls (Bolling, et al., 2012; Fan, et al., 2010; Zhao, et al., 2012, Reistad, et al.,
2005)). In contrast, recent reports discuss the impact of various experimental conditions on
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the accuracy of the DCF assay for assessment of x-radiation-stimulated and UV A-stimulated
ROS generation. (Boulton, et al., 2011; Korystov, et al., 2007). In the present study, we used
two different toxicants as models to evaluate different conditions under which the DCF
assay may be performed, namely: MEHP in cell culture medium with or without serum and
TBBPA in the presence or absence of cells.

In cell-free experiments, we observed that MEHP stimulated a concentration-dependent
increased fluorescence in cell-free RPMI medium containing carboxy-H,DCFDA, but
required the presence of serum. To our knowledge, this report is the first demonstration that
a toxicant interacted with serum to stimulate DCF fluorescence. Whereas others have noted
stimulation of DCF fluorescence with increasing concentrations of serum in HBSS
(Korystov, et al., 2007), we did not see increased fluorescence in RPMI medium with the
addition of serum in the absence of MEHP (i.e., comparing control groups of RPMI with
RPMI+Serum). Rather, it was the interaction between MEHP and serum that generated
increased fluorescence in our experiments. Specifically, MEHP did not significantly affect
DCF fluorescence in either HBSS or RPMI assay solutions lacking serum when compared to
the solvent control in the same type of assay solution. Additionally, similar to previous
research demonstrating that type of assay solution can impact DCF fluorescence (Han, et al.,
2008; Han, et al., 2009; Kalinich, et al., 1997; Korystov, et al., 2007), we observed
significantly lower DCF fluorescence for all treatment groups when HBSS was used as the
buffer compared to RPMI or RPMI + serum.

In contrast to MEHP, TBBPA interacted with carboxy-H,DCFDA in the absence of serum
to increase DCF fluorescence in cell-free HBSS. This novel finding suggests that TBBPA
facilitated conversion of carboxy-H,DCFDA to the DCF fluorescent moiety. Although we
know of no other similar findings with toxicants, Trolox and other antioxidants increase
DCF fluorescence in cell-free and serum-free HMCK buffer (Kalinich, et al., 1997). In the
latter report, it was suggested that carboxy-H,DCFDA can be deacetylated to the DCFH
intermediate in cell-free buffer, and that subsequent oxidation of the antioxidants allows
conversion of DCFH to the fluorescent DCF (Kalinich, et al., 1997). TBBPA undergoes
photooxidation in the presence of humic acid to form a highly reactive benzoquinone radical
intermediate (Han, et al., 2008; Han, et al., 2009) and photodegrades in a pH-dependent
manner (Eriksson, et al., 2004), supporting the plausibility that TBBPA chemically converts
carboxy-H,DCFDA to the DCF fluorescent moiety. Additionally, others have demonstrated
that halogenated compounds with structural similarity to TBBPA are transformed
photochemically in the natural environment and under certain experimental conditions
(Ohkao, et al., 2001; Yao, et al., 1997). Future experiments are needed to determine whether
oxidation of TBBPA could explain increased fluorescence in cell-free and serum-free salt
solutions containing carboxy-H,DCFDA.

Following a standard protocol for the DCF assay, we observed TBBPA-stimulated DCF
fluorescence in HTR8 trophoblast cell cultures. If we had failed to consider possible
confounding of the fluorescence results due to interactions between TBBPA and carboxy-
H,DCFDA (or its products), we would have concluded that the DCF assay results supported
TBBPA-stimulated cellular generation of ROS. However, because TBBPA increased
fluorescence in the absence of cells, the increased DCF fluorescence in the presence of cells
cannot be attributed to cellular generation of ROS and may instead be the result of chemical
activation of carboxy-H,DCFDA to the fluorescent DCF moiety. Nonetheless, it remains
possible that TBBPA stimulates ROS formation in HTR8 cells but cannot be measured with
the DCF assay, because increased ROS generation has been demonstrated previously using
alternative experimental techniques in algae (Liu, et al., 2008) and plants (Sun, et al., 2008).
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Both MEHP and TBBPA are toxicants of concern for human health. MEHP is a biologically
active metabolite of the plasticizer DEHP (Koch, et al., 2006), to which human exposure is
nearly ubiquitous (NHANES 1999-2000) (Silva, et al., 2004). Tetrabromobisphenol A
(TBBPA) is a brominated flame retardant suggested as a substitute for polybrominated
diphenyl ethers (PBDEs) (Talsness, et al., 2009). Because generation of reactive oxygen
species is a common and significant mechanism of intoxication with myriad potential
ramifications for the cell and organism (Jones, 2006), it is important to recognize and
control for caveats of assays used to assess cellular ROS generation. Our findings
demonstrate that preliminary control experiments need to assess potential interactions
between a toxicant and carboxy-H,DCFDA prior to utilizing the DCF assay to assess
toxicant-stimulated production of ROS. Although our experiments were limited to the more
recently available pro-DCF probe carboxy-H2DCFDA, we suggest that the current study
nonetheless presents valuable cautionary information for others using the DCF assay to
assess toxicant-stimulated ROS production regardless of the parent pro-fluorescence
compound used. Our observations further suggest that the DCF assay would not be
appropriate to use to determine TBBPA-stimulated cell-mediated ROS production but would
be applicable for measuring cell-mediated generation of ROS by MEHP, provided that the
experimental solutions were serum free.
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Figure 1. MEHP effects on DCF fluorescencein HBSS and RPM I medium solutions

MEHP effects on DCF fluorescence were determined after a 1-h incubation in cell-free
solutions containing 10 uM carboxy-DCFH,DA in HBSS or in RPMI medium with or
without serum. Columns represent the mean * SE of 3 independent experiments containing
6 replicates each. #, Statistically significant difference between solution groups (ANOVA,
p<0.001). *, Statistically significant increase compared with solvent controls within the
RPMI+serum group (p<0.05).
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Figure 2. TBBPA effect on DCF fluor escencein HBSS solution

DCF fluorescence was assessed in cell-free and serum-free HBSS solutions containing 1, 5,
10, 50 or 100 uM DCFH,DA in either the absence (controls) or presence of 25 uM TBBPA.
Controls were incubated with solvent only (0.1% DMSQ). Columns represent means + SE
of 3 independent experiments containing 6 replicates each. There was a significant TBBPA
* Carboxy-DCFH,DA interaction (ANOVA, p=0.03). *, Statistically significant increase
compared to controls within a particular concentration of carboxy- H,DCFDA (p<0.05). o ,
Statistically significant increase in controls at 100 uM carboxy-H,DCFDA compared to
controls at 1 M carboxy-H,DCFDA. #, Statistically significant differences between
samples incubated with TBBPA at different concentrations of carboxy-H,DCFDA (p-values
shown on graph).
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Figure 3. TBBPA effect on DCF fluorescencein HTR8 cell cultures

HTRS cells preloaded with carboxy-H,DCFDA (100 uM) were exposed to 0, 0.5, 1, 2, 5, 10
or 25 uM TBBPA for 1h in serum-free HBSS. Columns represent the means + SE of 3
independent experiments containing 6 replicates each. *, Statistically significant increase
compared with 0 uM TBBPA (solvent controls exposed to 0.1% DMSO) (p<0.05). #,
Statistically significant increase compared with TBBPA concentrations less than 25 pM
(p<0.05).
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