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Evaluating Endocrine Disruption Activity of Deposits on
Firefighting Gear Using a Sensitive and High Throughput
Screening Method

Max Stevenson, BS, Barbara Alexander, PhD, C. Stuart Baxter, PhD, and Yuet-Kin Leung, PhD

Objective: Adverse health outcomes related to exposure to endocrine
disrupting chemicals, including increased incidences of coronary heart
disease, prostate and testicular cancers, and congenital disabilities, have
been reported in firefighters or their offspring. We, therefore, measured the
estrogenic and antiestrogenic activity of extracts of used firefighter gear to
assess exposure to these agents. Methods: Extracts and known chemical
contaminants were examined for estrogenicity and antiestrogenicity in yeast
cells expressing the estrogen receptor. Results: Most extracts of used gear
and phthalate diesters detectable on this gear displayed strong antiestrogenic
effects. Notably, new glove and hood extracts showed significant estrogenic
activity. Conclusions: Overall, our data suggest that firefighters are exposed
to both estrogenic and antiestrogenic agents, possibly phthalates that may
lead to health risks observed in this occupation as a result of perturbation of
hormone homeostasis.

F irefighting is one of the most hazardous occupations,' yet
remains one of the least studied. Firefighters are continually
exposed to chemicals in the vapor state during fire suppression,
firefighters are continually exposed to chemicals in the vapor state,
absorbed on smoke particulates, from deposits left on the skin, and
indirectly from contaminated clothing. Previous reports have shown
common components of deposits of this nature on firefighter gloves
and hoods are phthalate diesters. These chemicals are used as
plasticizers in a variety of synthetic polymers, including polyvinyl
chloride, encompassing a large variety of products ranging from
shower curtains, wire sheathing, toys, lubricants, and to building
materials.> They are highly lipophilic and are easily absorbed
transdermally in humans and experimental animal models.*~%
Transdermal absorption of lipophilic chemicals increases dramatic-
ally with increased temperature and exercise,® suggesting that this
may be a critical route for firefighter exposure. Currently, there is a
pronounced concern regarding potential health effects of phthalate
diesters, which are classified as endocrine disrupting chemicals
(EDCs), agents that have been shown to mimic or disrupt estrogenic
and other hormone activities.” Reported effects of exposure to EDCs
are increased incidence of coronary heart disease, certain types of
cancer, and reproductive defects in offspring,® possibly via toxicity
toward sperm cells.”~""
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Epidemiological studies suggest that firefighting is associ-
ated with an increase of cancer in several tissues, including the liver,
bladder, prostate, thyroid, testis, and cervix.'>'? Estrogen regulates
various male and female functions including reproductive develop-
ment and function. Perturbation in hormone-dependent tissues such
as the prostate, testis, and cervix may lead to carcinogenesis. A
disturbance in pro-oxidant—antioxidant balance is suggested to be a
contributing factor to prostate cancer.'* The commonly used phtha-
late diester plasticizer di(2-ethylhexyl) phthalate (DEHP) has been
shown to be genotoxic to a human prostate cancer cell line, LNCaP,
by a mechanism involving pro-oxidant and oxidant activity."®
Reports describing an increase in congenital defects in the offspring
of firefighters,'® and developmental defects in response to endocrine
disruptors in experimental animals,'” further suggesting that
adverse health effects reported in firefighter offspring may result
from phthalate exposure.

Hormones initiate their downstream function via binding to
nuclear receptors,18 and the majority of these functions involve
interactions with a specific DNA element to turn on gene tran-
scriptions. Once a hormone ligand is bound to the receptor, it is then
able to bind to a specific response element. In the case of estrogens,
estrogen receptor (ER) recognizes estrogen response element (ERE)
and transactivates downstream gene transcription, maintaining all
the estrogen-dependent functions. Any chemicals that are able to
bind to or interfere with the ER and disrupt transactivation are
therefore potentially endocrine disruptors.

Estrogen screening assays have been in common use through-
out the recent past. One method involves using mammalian cell
lines, specifically breast cancer cell lines MCF-7 and ZR-75, to
determine the effects of commercially available phthalate diesters
on cell proliferation.'® The throughput of this type of cell-based
assay is limited, however, and its sensitivity for 17@3-estradiol (E,) is
only around the nanomolar range. Another method to screen for
estrogenic activity uses yeast cells genetically engineered to pro-
duce the enzyme [3-galactosidase in response to estrogen treatment.
Estrogen concentrations are measured by the absorbance change
resulting from cleavage of chlorophenol red-3-D-galactopyranoside
by this enzyme.'” Although being sensitive enough to detect
estrogen activity at the picomolar range,'® the assay has one major
drawback, which needs about 4 to 6 days to complete.'® This
severely limits the throughput of this assay.

Information regarding EDC exposure of firefighters is
extremely limited. In this study, we investigated whether extracts
of firefighting gear have estrogen disrupting activity. We applied a
newly developed yeast estrogen screening (YES) assay, which is
more robust and highly sensitive to estrogenic or antiestrogenic
activities in extracts of firefighter gear.

METHODS

Chemicals

E,, dimethyl sulfoxide (DMSO), butylbenzyl phthalate (BBP),
bis(2-ethylhexyl) phthalate (DEHP), and di(n-octyl) phthalate
(DnOP) were all purchased from Sigma-Aldrich (St. Louis, MO).
The Beta-Glo Reagent was purchased from Promega (Madison, WI).
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Sample Collection

The Cincinnati Fire Department generously donated fire-
fighter gloves and hoods. Two types of clothing were gathered:
clean gloves and hoods that were never used before analysis, and
gloves and hoods that had been used for at least 8§ weeks without
being washed before analysis.

An 8 cm? of material was cut out of the center of the gloves’
palms. A 5cm? section was cut from the rear flap of each hood.

Sample Extraction

Each section of the material was washed with 40mL of
methylene chloride for 30 minutes to extract organic compounds
and the extract then evaporated to dryness and dissolved in 0.5 mL
DMSO for analysis.

Determination of Estrogenic Activity by YES Assay

To determine estrogenic activity, human ERalpha was
expressed in yeast cells containing the ER expression plasmid
Yep-ER under the control of the yeast triose dehydrogenase pro-
moter, and the reporter plasmid Yep-ERE, containing the vitello-
genin ERE driven by the yeast CYCI (iso-1-cytochrome C)
promoter. Both Yep-ER and Yep-ERE vectors were gifts from Dr
Paul Mak at University of Massachusetts Medical School. The ERE
was fused to the Escherichia coli coli lac-Z gene which encodes the
enzyme [3-galactosidase. The protease-deficient yeast strain BJ2168
was transformed through a standard protocol'* with the Yep-ERE
and the ER expression plasmids to generate estrogen responsive
yeast cells. The ER yeast strain was cultured in synthetic dropout
(SD) medium (Clontech, Mountain View, CA) and agar with
tryptophan and uracil.

The LacZ gene responsible for encoding (3-galactosidase was
located downstream of the ERE, which was activated by a ligand-
bound ER. Chemicals that mimic estrogen interacted with the ER,
facilitating the transcription of B-galactosidase. This enzyme cata-
lyzes the cleavage of D-luciferin from (3-galactopyranosyl-luciferin.
D-luciferin serves as substrate for luciferase to produce a lumines-
cent signal which is proportional to the amount of 3-galactosidase
generated by the yeast cells. The enzyme luciferase and 3-galacto-
pyranosyl-luciferin were obtained via Beta-Glo® Reagent. Lumi-
nescence was measured with a Victor2 Multi-label Counter
(PerkinElmer, Waltham, MA).

Determination of Estrogenicity of the Smoke-
Derived Compounds

Yeast cells were spread onto SD agar plates and incubated at
30°C until individual colonies appeared. A 1 mm diameter colony
was selected and placed into 3 mL of the appropriate medium which
was then incubated at 30°C overnight with shaking. The next day the
cells were vortexed, and 100 pL of the culture was added to 9.9 mL
of fresh appropriate medium, giving a 1:100 dilution. This prevented
yeast cell growth from becoming saturated, and allowed the cells to
continue dividing.

Cells were then pipetted onto a 96-well plate, 99 L per well
and the absorbance of each well measured at 562 nM to make sure
each well has similar amount of cells. Extracts were mixed
thoroughly by vortexing, briefly centrifuged, and clear samples
inoculated into wells at a 1:100 ratio. Each assay was done in
triplicate. Then, yeast was incubated inside a sealed box with a small
water reservoir to avoid evaporation, at 30°C for 24 hours.

Following incubation the cells were mixed with a pipette and
5L placed into another 96-well plate. Forty-five microliters of
double distilled water were added to the treated yeast cells to give a
1:10 ratio. Fifty microliters of Beta-Glo® Reagent were then added
to each well, and the plate was gently agitated with a Bell Dancer
(Stovall Life Science, Peosta, IA) for an hour. Luminescence signal
was then measured.

The activity of 1nM E, was measured in each assay as a
positive control. To determine the antiestrogenicity of the extracts or
phthalate diesters, they were coincubated with 1nM E,. These
assays contained phthalate diesters at concentrations of 1 and
10 wM. These concentrations were found to have discrete estrogenic
activity.'’

To ensure the test samples did not affect yeast growth,
absorbance at 562 nm was monitored at three different time points
during experiments. The first absorbance reading was taken after the
mixture of yeast cells, and appropriate SD medium was transferred
to the 96-well plate. This reading was to ensure that a uniform
number of yeast cells were allocated evenly in each well before
commencement of the assay. Next, an absorbance reading was taken
immediately after the yeast cells were treated. This was used to
determine if the extracts or phthalate diesters interfered with the
absorbance reading. The last absorbance reading was taken after the
24-hour incubation period. This absorbance was used to determine
whether the samples cause any change in yeast cell proliferation or
even cell death. When assaying the samples with color, the number
of yeast cells per well was counted using hematocyometer instead of
measuring the absorbance. The sample coloration did not signifi-
cantly affect the amount of luminescence measured (data not
shown).

Statistical Analysis

The data were expressed as mean = standard error (SEM).
Statistical significance of differences among treatment groups was
determined by one-way or two-way analysis of variance and
covariance (ANOVA), whenever appropriate, and Tukey test using
GraphPad Prism (GraphPad, La Jolla, CA). A P value <0.05 was
considered statistically significant.

RESULTS
Validation of the YES Assay

The yeast assay was extremely sensitive to concentrations of
E,, significantly down to 100 pM (Fig. 1), and showed a level of
sensitivity significantly higher to most mammalian cell-based
assays, down to the subnanomolar range.l&19 Its sensitivity was
comparable with other published yeast assay.'® Yeast-based assay
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FIGURE 1. Determination of the effect of different concen-
trations of E, using YES assay. Final concentration of E, was
calculated based on the total volume. One-way ANOVA was
performed to compare the mean of different groups. ANOVA,
analysis of variance; E,, 17B-estradiol; YES, yeast estrogen
screening. #*xP < 0.0001 when compared with blank.
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therefore was applied to assess the estrogenic and antiestrogenic
activity of extracts and contaminants of firefighter gear.

DMSO Activity

DMSO was used as the solvent for the agents or extracts
examined in this study; therefore, its activity alone was determined.
Concentrations up to 15% had no statistically significant effect,
whereas 20% DMSO showed significant estrogenic activity
(P <0.0001) when compared with the blank (Fig. 2). Subsequent
assays were contained less than 1% DMSO and therefore had
minimal effect on the measured luminescent signal.

Activity of Phthalate Diesters

Three phthalate diesters, BBP, DnOP, and DEHP, showed low
estrogenic activity in the YES assay at concentrations of 1 or 10 uM
(Fig. 3). DEHP at higher concentration (10 wM) showed significant
estrogenic activity (P < 0.05) when compared with the blank and the
other two phthalates (BBP and DnOP). There is no significant
difference among the three phthalate diesters in terms of estrogenic
activity. When the assays contained both phthalate diester and 1 nM
E,, estrogenic activity with almost all phthalates (except 1 pM
DnOP) was, however, significantly suppressed (P <0.01) when
compared with that of 1 nM E, alone. These results indicated that
even though BBP, DnOP, and DEHP do not have strong estrogenic
activity, they act as significant antiestrogens or ER antagonists.

Estrogenic Activity of Extracts of New and Soiled
Firefighter Gloves

Three different layers (outer, middle, and inner) of new and
soiled firefighter gloves were analyzed in this study. Significant
estrogenic activity (P < 0.01) was measured in the outer layer of the
new gloves (Fig. 4). When compared with the new glove, the
estrogenic activity detected in the outer layer was significantly
dropped (P < 0.005) after the gloves (soiled #1 and #2) were used
for at least 8§ weeks without being washed. When 1nM E, was
coincubated with the samples from outer glove layer, only the new
one showed significant increase (P < 0.005) in estrogenic activity
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FIGURE 2. Determination of the effect of DMSO using YES
assay. Percent of DMSO used as total volume. One-way
ANOVA was performed to compare the mean of different
groups. ANOVA, analysis of variance; DMSO, dimethyl sulf-
oxide; YES, yeast estrogen screening. s*xP<0.0001 when
compared with blank.
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FIGURE 3. Determination of estrogenic and antiestrogenicity
activity of phthalate diesters BBP, DnOP, and DEHP using YES
assay. Total volume concentrations used for 24-hour treatment
with E,, BBP, DNoP, and DEHP. ““Blank’”” was setup with 1%
DMSO and 1nM E, was added in ““blank’ as a positive
control. Two-way ANOVA was performed to compare the
mean of different groups. ANOVA, analysis of variance; BBP,
butylbenzyl phthalate; DEHP, bis(2-ethylhexyl) phthalate;
DMSO, dimethyl sulfoxide; DnOP, di(n-octyl) phthalate;
E,, 17B-estradiol; YES, yeast estrogen screening. ““a”’ indicates
P<0.05 when compared with the blank without E;; ““b"”
indicates P < 0.01 when compared with their own phthalate
without E;; and “c”” indicates P < 0.05 when compared with
the blank with E,.

when compared with their respective control without E,. In contrast,
addition of E, did not significantly augment the activity in both
soiled outer samples (soiled #1 and #2) when compared with their
respective control (without E,). The activity detected in both soiled
samples was, however, still significantly (P < 0.01) lower than the
1 nM E, blank, suggesting the presence of antiestrogen chemicals in
the soiled gloves.

For the middle layer, samples from new and soiled #1 glove
were estrogenic as the activity was significantly (P < 0.01) higher
than the blank without E, (Fig. 4). No significant difference was
found between new and soiled samples in term of estrogenic
activity. Antiestrogen activity was, however, significantly
(P <0.05) detected in the both soiled samples when they were
cotreated with E,.

For the inner layer, no significant estrogenic activity was
found either in new or soiled gloves. Nevertheless, significant
antiestrogenic activity (P <0.05) was detected in all inner glove
samples regardless of whether the gloves have been used or not.

Estrogenic Activity of Extracts of New and Soiled
Firefighter Hoods

With regard to firefighter hoods, samples from new and one
of the soiled one (soiled #1) showed significant amount of estro-
genic activity when compared with blank control (without E,)
(Fig. 5). When 1nM E, was added, all soiled samples showed
significant decrease (P < 0.01) in activity when compared with the
E, only control, suggesting some antiestrogenic chemicals were
deposited onto the hood during firefighting.

Overall, the data suggest that clean firefighter equipment,
especially in new hood, outer and middle gloves, contains mostly
estrogenic chemicals, and antiestrogenic chemicals like phthalates
are likely to be deposited to the gear during firefighting.
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FIGURE 4. Determination of estrogenic and antiestrogenicity
activity of the extracts from new and soiled firefighter gloves
using YES assay. Extracts were evaporated to dryness and
dissolved in 0.5 mL DMSO. 1 pL of extract was used as treat-
ment for 24 hours. “’Blank” was setup with 1% DMSO and
1nM E, was added in ““blank’ as a positive control. One-way
ANOVA was performed to compare the mean of different
groups. ANOVA, analysis of variance; DMSO, dimethyl sulf-
oxide; E,, 17B-estradiol; YES, yeast estrogen screening. “‘a”’
indicates P<0.01 when compared with the blank without
E,; “’b” indicates P<0.05 when compared with blank with
E, control; ““c” indicates P < 0.005 when compared with new
glove type (outer, middle, and inner) without E; ““d” indicates
P<0.005 when compared with new glove type (outer,
middle, and inner) with E,; and ““e”’ indicates P < 0.005 when
compared with their respective no E, control.

DISCUSSION

Firefighters are constantly exposed to a mixture of hazardous
agents, including a few that have been found to have endocrine
disrupting activity.! This prompted us to develop a YES assay that
would have high throughput while able to detect burning-derived
agents found on firefighters’ gloves and hoods at nanomolar, and
even picomolar, concentrations. In this study, we were successful
in detecting significant amounts of EDCs in extracts from
firefighter gear.

Our improved assay has shown to be high throughput and
more sensitive method. In a previous study designed to measure
estrogenic activity of phthalate esters in vitro, an incubation period
between 4 and 6 days was recorded for yeast cultures.'® A total of 48
hours from yeast culture to luminescence reading was also required.
In contrast, our new assay only takes less than 48 hours to complete.
By decreasing the total incubation period, we have limited the
possibility that the medium would be evaporated which would cause
a higher concentration of (B-galactosidase and lead to inaccurate
luminescence readings. Contrasting other yeast assay, we were able
to show estrogenic activity caused by DEHP, suggesting that our
assay is more sensitive to chemicals with estrogenic properties.'®
The previous YES assay did not measure yeast growth during
incubation. This is significant in that certain chemicals may induce
or inhibit yeast growth. By measuring the concentration of yeast, we
were able to modify the concentrations of the extracts.

The inhibition of estrogenic activity by individual phthalate
diesters and extracts we observed could be explained not only by
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FIGURE 5. Determination of estrogenic and antiestrogenicity
activity of the extracts of new and used hoods using YES assay.
Extracts were evaporated to dryness and dissolved in 0.5 mL
DMSO. 1 plL of extract was used for treatment for 24 hours.
““Blank’’ was setup with 1% DMSO and 1 nM E, was added in
“blank’’ as a positive control. One-way ANOVA was performed
to compare the mean of different groups. “a” indicates
P<0.001 when compared with the blank without E; ““b”
indicates P < 0.001 when compared with the blank with E;;
and ““c” indicates P<0.001 when compared with their own
control without E,. ANOVA, analysis of variance; DMSO,
dimethyl sulfoxide; E,, 17B-estradiol; YES, yeast estrogen
screening.

competition between these agents and estradiol for the ER, but also
by alteration of the helix-12 region on the receptor. This could lead
to the inhibition of binding of a coactivator to the ER.'®'” Without
the coactivator, the ER would be unable to bind to the ERE. Either
mechanism would ultimately result in inhibition of the production
of 3-galactosidase.

Extracts from new equipment that had not been worn dis-
played mostly estrogenic properties. The extracts from a new hood
and new middle layer of a glove showed moderate levels of
estrogenic activity. When paired with E, the activity increased
marginally, demonstrating estrogenic competition (Fig. 4). The
outer layer of a glove showed comparable estrogenic activity to
1 nM E,, and when coincubated with 1 nM E, the estrogenic activity
doubled, suggesting some chemicals coated on the new outer layer
are potent estrogens. In contrast, the inner layer of a new glove
displayed little to no estrogenic effect, and when combined with
1nM E, there was a small increase in estrogenic activity, demon-
strating an antagonist effect. This variation among the different
layers and pieces of firefighter gear could be caused by different
flame retardants, which are estrogenic in nature.”’

Soiled firefighter gear displayed both low estrogenic and
strong antiestrogenic properties. Extracts that expressed low estro-
genic activity demonstrated estrogenic competition when paired
with 1nM E,. In contrast, the extracts that expressed strong anti-
estrogenic properties inhibited most of the effect of E, (Figs. 4 and
5). The variability of these results suggests that, in addition to flame
retardants, firefighters are exposed to different EDCs and varying
quantities, which could be dependent on different exposures from
firefighting scenes.
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Unpredictable exposure can occur from different fires such as
an industrial fire that contains more plastic materials compared with
aresidential fire. Furthermore, exposure to these EDCs may arise as
aresult of dermal contact with gear before or after a fire event, or via
inhalation during overhaul, the phase where firefighters handle
burnt and smoldering materials to find hidden fires and potentially
combustible materials. During this period, self-contained breathing
apparatus is commonly not used.?’ This could increase the risk of
exposing to unidentified harmful chemicals or EDCs.

Further identification of the specific chemicals present is
required. Among these agents are phthalate diesters, which are
major contaminants of soiled firefighter gear' and have been shown
to have endocrine disrupting actiVity.Llo Previous studies have
indicated that firefighters are exposed to a complex mixture of
EDCs including fire retardants on the gear.** This information may
be constructive in designing future gear and protocols for fire-
fighters to minimize exposure to estrogenic and antiestrogenic
chemicals.

Estrogen plays a major role in both the male and female
reproductive systems; perturbation of estrogen homeostasis has
further been identified as a contributing factor in the progression
of cancer of various types and developmental disorders.”~'" Per-
turbation of estro%en activity has been implicated in prostate and
testicular cancers,”>>* the most prevalent cancers reported in fire-
fighters,'® and it has been observed that when prostate and breast
cancer cell lines are treated with estrogens and xenoestrogens, cell
proliferation increases dramatically.'*'” Increased xenoestrogen
and antiestrogen exposure could therefore increase the risk of
developing cancer in hormone-sensitive tissues of those types.
Reduction of estrogen levels in male human volunteers has also
been reported to decrease sexual function and increase body mass.>

In summary, we have found that firefighter equipment,
specifically gloves and hoods, are impregnated with potent endo-
crine disrupting agents, with both estrogenic and antiestrogenic
activity. Perturbation of hormone homeostasis could therefore occur
with prolonged exposure ultimately leading to carcinogenesis,
especially in hormone-sensitive tissues, or to other hormone-medi-
ated adverse health outcomes.
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