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Abstract

1-Bromopropane (1-BRs-propyl bromide) (CAS No. 106-94-5) is an alternative to ozone-depleting chlorofluorocarbons that
has a variety of potential applications as a degreasing agent for metals and electronics, and as a solvent vehicle for spray adhesive
Its isomer, 2-brompropane (2-BP; isopropyl bromide) (CAS No. 75-26-3) impairs antioxidant cellular defenses, enhances lipid
peroxidation, and causes DNA damage in vitro. The present study had two aims. The first was to assess DNA damage in huma
leukocytes exposed in vitro to 1- or 2-BP. DNA damage was also assessed in peripheral leukocytes from workers with occupationa
exposure to 1-BP. In the latter assessment, start-of- and end-of-work week blood and urine samples were collected from 41 ani
22 workers at two facilities where 1-BP was used as a solvent for spray adhesives in foam cushion fabrication. Exposure to 1-BF
was assessed from personal-breathing zone samples collected for 1-3 days up to 8 h per day for calculation of 8 h time weighte
average (TWA) 1-BP concentrations. Bromide (Br) was measured in blood and urine as a biomarker of exposure. Overall, 1-BP
TWA concentrations ranged from 0.2 to 271 parts per million (ppm) at facility A, and from 4 to 27 ppm at facility B. The highest
exposures were to workers classified as sprayers. 1-BP TWA concentrations were statistically significantly correlated with blood anc
urine Br concentrations. The comet assay was used to estimate DNA damage. In vitro, 1- or 2-BP induced a statistically significant
increase in DNA damage at 1 mM. In 1-BP exposed workers, start-of- and end-of-workweek comet endpoints were stratified basec
on job classification. There were no significant differences in DNA damage in leukocytes between workers classified as sprayers
(high 1-BP exposure) and those classified as non-sprayers (low 1-BP exposure). At the facility with the high exposures, comparisor
of end-of-week values with start-of-week values using paired analysis revealed non-sprayers had significantly increased come
tail moments, and sprayers had significantly increased comet tail moment dispersion coefficients. A multivariate analysis included
combining the data sets from both facilities, log transformation of 1-BP exposure indices, and the use of multiple linear regression
models for each combination of DNA damage and exposure indices including exposure quartiles. The covariates were gender
age, smoking status, facility, and glutathighiransferase M1 and T1 (GSTM1, GSTT1) polymorphisms. In the regression models,
start-of-week comet tail moment in leukocytes was significantly associated with serum Br quartiles. End-of-week comet tail moment
was significantly associated with 1-BP TWA quartiles, and serum Br quartiles. Gender, facility, and GSTM1 had a significant effect
in one or more models. Additional associations were not identified from assessment of dispersion coefficients. In vitro and in vivo
results provide limited evidence that 1-BP exposure may pose a small risk for increasing DNA damage.
Published by Elsevier B.V.
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1. Introduction dispensed into 1 ml aliquots in microfuge tubes. Experiments
were conducted in indirect, incandescent light.
1-Bromopropane (1-BP) (CAS No. 106-94-5) is an

alternative to ozone-depleting chlorofluorocarbgils 2.1.1. Dose-response

that has a variety of potential applications as adegreasing ~ 1- or 2-BP (Sigma—Aldrich, Saint Louis, MO) was diluted

agent for metals and electronics, and as a solvent vehi-in DMSO and added to cells ata final c_onc_entration of 0, 0.01,

cle for spray adhesives. There is concern regarding its 061’ or 1mM. The DMSO concentration in all cultures was

potential toxicity because of the outbreak of poisonings - -éukocytes were processed for the alkaline microgel elec-
. - . . trophoresis technique or comet assay after an 8-h incubation

associated with occupational exposure to the '_S‘?mer 2- period at 37C in a 5% carbon dioxide in air atmosphere. DNA

bromopropane (2-BP) (CAS No. 75-2612)3]. Toxicity damage was not assessed in the presence of metabolic activa-

of 2-BP has been assessed in animal studies and adversgy, pecause 1-BP was found to be equally mutagenig in

effects include neurotoxicity,5], hematopoietic effects  nphimurium with or without S9 activatioi23].

[6], reproductive toxicity4,7-9], immunotoxicity[10],

genotoxicity[11], mutagenicityf12], and possible DNA  2.7.2. Temporal-response

adduct formatiorf13]. Toxicological evaluation of 1-BP 1- or 2-BP was diluted in DMSO and added to cells in

is less extensive, but initial studies indicate 1-BP induces cultures at a final concentration of 0 or 1 mM. The DMSO

the same toxicological responses as 2-BP, albeit beingconcentration in all cultures was 1%. Cells were processed for
somewhat less potefit4—20] the comet assay after 1, 2, 4, and 8 h of incubation aC3n

Because of concern over the potential health effects of @ 5% carbon dioxide in air atmosphere.

1-BP exposure, the National Institute for Occupational
Safety and Health (NIOSH) conducted two separate
Health Hazard Evaluations (HHE) at facilities where 1- 221 Partici

.2.1. Participants

BP was bglng use.d a_s a solvent for SPray adhgswe N A total of 64 workers (18 males and 46 females) at two
foam cushion fabricatiofi21,22] The primary objec-  ¢acilities participated in the present studiable 3. In 2001,

tive of the evaluations was to assess workers for clin- NJOSH conducted Health Hazard Evaluations at the two facil-
ical health effects that may be associated with 1-BP ities. Complete HHE reports for facility A (Marx Industries
exposure. 1-BP exposures were assessed by measuringnc., Sawmills, NC, USA)[22] and facility B (STN Cush-
personal-breathing zone 1-BP concentrations and urineion Company, Thomasville, NC, USA21] can be viewed at
and serum bromide (Br) concentrations. Workers were http://www.cdc.gov/niosh/hheA subpopulation of the HHE
also invited to participate in the present study to assessharticipants consen.ted to pa!'ticipate in the present.study to
DNA damage in peripheral leukocytes. Both 1-E22] evaluate the potential for their exposure to 1-BP to increase

and 2-BP[12] have been reported to be mutagenic in DNA qamage n pe”pher"?" IEUKOCy.te.S' '.A‘" participants pro-
- - . vided informed consent prior to participation as authorized by
vitro in Salmonella typhimirium. 1-BP also has been

. . : the NIOSH and the University of Washington Human Sub-
reported to induce mutations in (':u'ltured' mouse Iym- jects Review Boards. Employees at facility A participated in
phoma cell§24]. Because of the difficulty in assessing an evaluation in January 2001. Facility B employees partici-
mutagenicity in humans, genotoxicity was assessed in pated in July 2001. The HHE21,22]demonstrated a stratified
workers exposed to 1-BP using the alkaline single-cell exposure to 1-BP at the two facilities. Workers whose job clas-
gel electrophoresis or comet assay. The comet assay issification was sprayer at the time of the HHE had the highest 1-
a sensitive method for measuring DNA damage in indi- BP exposures. In the absence of a matched control population,
vidual cells following in vitro or in vivo exposures. In
addition to assessing DNA damage in leukocytes from Table1 _
workers exposed to 1-BP, DNA damage was also mea- Vorker demographics

2.2. DNA damage in workers

sured in human leukocytes exposed in vitro to 1- or 2-BP. Gender Facility A Facility B
Male Female Male Female
2. Materials and methods N 18 24 3 19
Age 20+10 31+12 25+5 36+5
2.1. Invitro assessment of DNA damage in leukocytes Smokers 5 7 2 9
Sprayers 3 10 0 6
All in vitro experiments were conducted on heparinized GSTMI null 12 13 2 7
GSTT1 null 5 3 1 4

venous blood from an unexposed, non-smoking, adult male
volunteer. Freshly drawn blood was diluted 1:10 by adding Values are number of workers except for age, which is the megub.
complete RPMI 1640 (GIBCO BRL, Rockville, MD,USA)and  of the participants’ ages in decades.



http://www.cdc.gov/niosh/hhe/

M. Toraason et al. / Mutation Research 603 (2006) 1-14 3

classification of workers into sprayers and non-sprayers was slide, and the slide was air-dried. Second, g00f agarose
a simple means of comparing workers with exposure to high was pipetted onto the center of the slide and a cover glass
concentrations of 1-BP with those exposed to relatively low (24 mmx 50 mm, Corning Glass Works, Corning, NY) was
concentrations of 1-BP. placed over it. After adding the cell-agarose mixture, a cover
glass was placed on top to make a second layer of microgel.
2.2.2. 1-BP exposure assessment The slide was placed on an ice-cold plate for 1 min then the
All participants in this study worked in facilities where 1- ~ COver glass was removed and a third layer of microgel was
BP was used as the solvent vehicle for spray adhesives usednade using 2001 of 0.5% agarose in PBS. The slides were
in the manufacture of cushions for upholstered furniture. A then immersed in lysing solution (pre-warmed to°8J hav-
subgroup of workers defined as “sprayers” operated spray gunsing 1.25M NaCl, 50mM tetra sodium salt of EDTA, 100 mM
and applied adhesives dissolved in 1-BP. All other participants 11iS, PH 10, 0.01% sodium salt of-lauroyl sarcosine with
defined as “non-sprayers” worked elsewhere in the facilities freshly added 1 mg/miproteinase K (Amresco, Solon, OH) and
and were considered to be at lower risk of exposure to 1-BP. 2 Mg/ml of glutathione (free acid reduced form) and incubated
Fifty of the 64 study participants agreed to wear a personal at 37°C for 1h. The slides were placed in a special elec-
air monitor that collected samples from their breathing zone trophoresis unit (Ellard Instrumentation, Monroe, WA) with 11
for 1-3 days. Air sampling was conducted using the NIOSH 0f 300mM NaOH, 1 mM EDTA, 0.2% DMSO, and 0.01% 8-
draft sampling and analytical method for 1- and 2-BP. With hydroxyquinoline (pH>13.5). The DNAfromthe lysed cellsin
this method, air is drawn through a standard charcoal tube the microgels was allowed to unwind for 20 min in this alkaline
(SKC AnasorB CSC Lot 2000) at a nominal flow rate of ~ Solution and then electrophoresed at 12V (0.4 V/cm), 250 mA
50—250 ml/min. Personal-breathing zone samples were ana-for 20 min at room temperature in indirect, incandescent low
lyzed for 1-BP using gas chromatography with flame ionization light. During electrophoresis, the solution was recirculated
detectior[25]. The 8-h time weighted average (TWA) concen- at a rate of 100 mli/min. The slides were immersed in 50%
tration (ppm) was calculated from the entire monitoring period. €thanol having 1 mg/ml of spermine and 20 mM of Tris—HCl

2.2.3. Biomarkers of exposure

Blood and urine samples were collected from workers at the
start of the work week on Monday morning and again at the end
ofthe same work week on Thursday afternoon. Number of days
worked by individuals ranged from 3 to 4 days. Because 1-BP
loses Brion during metabolism, urine and serum were analyzed
for Br ion as an internal biomarker of 1-BP exposure. Urine
and serum Br concentrations represent accumulated exposur
over the previous week, as Br ion is excreted slof2i].

2.3. DNA damage

2.3.1. Comet assay

The comet assay was performed as previously described
[27]. Blood from workers at the facilities was drawn into
hepranized vacutainers and shipped over night on ice to the
NIOSH laboratory in Cincinnati, OH. Upon arrival, 100
blood for comet analysis was aliquoted into iced cryovials con-
taining 1 ml of Hank’s balanced salt solution supplemented
with 20 mM EDTA and 10% DMSO, pH 7. Samples were then
moved to—10°C freezer for 1 h before being transferred to
a —80°C freezer. Frozen samples were shipped on dry ice
to the University of Washington laboratory in Seattle, WA,
where they were stored in liquid nitrogen vapor until thawed
for comet analysis. Fifty microlitres of the thawed blood sample
was mixed with 5Qul of 1% agarose (high resolution agarose
3:1 from Amresco, Solon, OH) in PBS. Fifty microlitres of
this mixture was quickly placed onto a clear window frosted
slide (MGE slides, Erie Scientific Co, New Haven, CT) already
coated with a dry and wet first layer of microd@B]. This
first layer was prepared in two steps. Firstp8®f 0.6% high
resolution agarose was pipetted on top of the frosted part of

(pH 7.4) for 20 min at room temperature. This neutralization
and DNA precipitation step was performed two more times
using fresh solution. The slides were dried in air. The slides
were stained with 50l of 0.25uM YOYO in 2.5% DMSO
and 0.5% sucrose.

One hundred leukocytes from each blood sample were ana-
lyzed using VisComet image analysis software (Impulse Bild-
analyse GmbH, Gilching, Germany) and a CCD camera CV272

JAI Corporation, Kanagava, Japan) attached to a DMLB epi-
luorescent microscope (Leica, Germany) with excitation at
490, dichroic at 500, and emission at 515 nanometers. Comet
tail moment was calculated by multiplying tail distance in pix-
els by the fraction of DNA in the tail. The mean from analysis

of 100 leukocytes was the sample measure used in subsequent
statistical analysis.

2.3.2. Apoptosis

Apoptosis was assessed in leukocytes exposed to 1- or 2-BP
using the DNA diffusion assaj29]. Leukocytes were mixed
with agarose and a microgel was formed on a microscope slide
precoated with 5QI agarose. This second layer of agarose
containing cells was covered with a third layer of 200f
2% SFR agarose (Amresco, Solon, OH, USA). Slides were
placed in a slide-holding tray and immersed for 10 min at room
temperature in a plastic container filled with a freshly-made
cold lysing solution (1.25 M NacCl, 1 mM tetrasodium EDTA,
5mM Tris, 0.01% sodium lauroyl sarcosine, 0.2% DMSO,
and 300 mM NaOH). Slides were then immersed for 10 min
in 50% ethanol containing 1 mg/ml spermine and 20 mM Tris,
pH 7.4. This neutralization and DNA precipitation step was
performed two more times using fresh solution. Slides were
air-dried and stained with the fluorescent dye YOYO. Apop-
totic cells have alkali labile sites spaced at approximately 180
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bases or multiples of 180 basfg8,29] Under alkali condi- 4000 *
tions, apoptotic nuclear DNA produces a gradient pattern that *
has a dense center consisting of the largest molecules with less O1-BP
dense periphery of smaller DNA molecules. This pattern is 30007 W o-BP
unique to apoptotic cells. Necrotic nuclei do not contain DNA
with uniquely spaced alkali labile sites and do not exhibita gra-
dient pattern. The percentage of cells with diffuse DNA was
calculated from a total of 100 cells.

10004
2.4. Genotyping o ’J—I
T

0 0.01 0.1 1
mM

20004

Tail Moment

Genomic DNA was extracted from whole blood using
a PureGene DNA Isolation Kit (Gentra Systems Inc., Min-
neapolis, MN, USA). Glutathioné-transferase M1 and T1  Fig. 1. DNA damage (comet tail moment) in human leukocytes
(GSTM1, GSTT1) were genotyped on independent duplicate induced in vitro by 8 h exposure to 1- or 2-BP. Bars are mean + standard
DNA extracts using minor modifications of the polymerase deviation of three cultures. Comet tail moment was significantly
chain reaction (PCR) method as previously descr[Bel Al increased by 1 mM 1- or 2-BP¢<0.05, ANOVA).
genotyping results were concordant between duplicates. PCR
analyses included both positive and null controls, as well as

reaction blanks which contained no DNA. which were equally effective in producing DNA damage.

Fig. 2illustrates the time dependency of the increase in
DNA damage induced by 1- or 2-BP. Statistically signif-
icant increases were evident after 4 and 8 h of exposure
Statgraphics statistical package (STSC Inc., Rockville, to 1mM 1- or 2-BP. Positive control studies (data not
MD) was used for Studentistest, paired-test, and ANOVA. ShPWn) were gonQUCted with each eIectrophoreSIS run
Discrimination among means evaluated by ANOVA was made Of in vitro and in vivo samples to ensure consistent per-
using Fisher’s least significant difference procedure after deter- formance of the comet assay. Results indicate that 0.5,
mining that variances were similar. SAgVersion 8, SAS 1, or 2Gy of X-rays at a dose rate of 1 Gy/min consis-
Institute, Cary, NC, USA) was used for Pearson correlation tently increased comet tail moment above controls by
analysis and development of multiple linear regression models approximately 50, 100, and 150%, respectively.
that were used to determine the adjusted relationships between
the 1-BP exposure indices and DNA damage. The covariates
included in the models were gender, age, smoking status, facil-
ity, and GSTM1 and GSTT1 polymorphisms. The exposure . .
measures of 1-BP TWA concentration and serum and urine Br . 1- and. 2-BP induced Concentrat'lon dependgnt
concentrations were transformed using the base 10 logarithm. Increases in the percentage of apoptotic cells on slides
Quartiles for Br urine and serum concentrations were
obtained by adding and ranking start-of-week and end-of-week

2.5. Statistical analysis

3.2. Apoptosis

values for each individual. Individuals with missing data were 50007) .
assigned to quartiles based on the ranking of available data. #— Control
Using this approach, 8 participants were assigned to urine Br 4000 —m—1-BP

quartiles based on a single urine Br value, 6 participants were T
assigned to serum Br quartiles based on asingle serum Brvalue, £ 30007] A—2-BP *
and 14 participants were assigned to 1-BP TWA quartiles based 2
on their urine and serum Br concentrations. Relationshipswere 7§ 20007
considered statistically significantzif< 0.05. =

1000
3. Results

0 T T T 1
1 2 4 8

3.1. Invitro DNA damage Exposure, hours

1- and 2-BP induced increased DNA damage in vitro Fig. 2. DNA damage (comet tail moment) in human leukocytes

inh leuk t indicated by i d tt .Iinduced in vitro by 1, 2, 4, or 8h exposure to 0 or 1mM 1- or 2-
Inhuman leukocytes as indicated by InCreasea comet tal BP. Points are meat standard deviation of three cultures. Comet tail

moment Fig. 1) [31]. Fig. 1illustrates that significant  moments of 1- or 2-BP exposed leukocytes were statistically signifi-
increasesintailmomentwere evidentat 1 mM 1-or 2-BP, cantly greater than controls at 4 and §p € 0.05, ANOVA).
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81 correlations were also evident between start-of-week and
@ 7 * end-of-week urine and serum Br levels.
8 6- a1-8P * .
'f..c—; 5 W2BP . 3.4. Invivo DNA damage
& 4 *
g DNA damage in leukocytes was assessed by exam-
£ 27 ining the mean tail moment of an individual sample
S 2- and the corresponding dispersion coefficient. The dis-
e 1 persion coefficient is defined as the variance divided
0 : : : by the mean, and is recommended for the assessment
0 0.01 0.1 1 of leukocytes from exposed humans to determine if
mM exposures affect the distribution of comet values within

Fig. 3. Apoptosis in leukocytes exposed to 0, 0.01, 0.1, or 1 mM 1- or mdmduals [32]' In the present analySIS’ variance for
2-BP. Bars are mean + standard deviation of three cultures. Compared @il moment was determined from 100 leukocytes from

to control cells, significant increases in the percentage of apoptotic cells €ach sample. Exposure assessment demonstrated that the
were observed in cultures treated with 0.1 or 1 mM 1-BP, or with 0.01, workers involved in spraying adhesives had the highest
0.1, or 1 mM 2-BP. The percentage of apoptotic cells was significantly 1_gp exposures in both facilitiesTgble 9. Further-
greater for 2-BP than for 1-PB at all concentrations examiped 05, more, sprayer exposures at facility A were four-fold
ANOVA). L . : :
higher than exposures at facility B. Comparison of tail

(Fig. 3. The lowest effective concentrations were Moments from peripheral leukocytes demonstrated that

0.1 mM for 1-BP and 0.01 mM for 2-BP. at both facilities sprayers had greater, but not signifi-
cantly greater, comet tail moments. However, comet tail
3.3. 1-BP exposure assessment moment results differed dramatically at the two facil-

ities in terms of the start-of-week, end-of-week com-

A summary of indices of 1-BP exposures are shown parison {able 4. At facility A, comet tail moments
in Table 2 1-BP TWA concentrations were highest for increased during the week, while at facility B, comet
sprayers at facility A and were, on average, four-fold tail moments decreased. The only statistically signifi-
higher than sprayers at facility B. Workers classified cant change was with non-sprayers at facility A where
as non-sprayers at both facilities had TWA exposures end-of-week taill moments were significantly greater
to 1- BP that were considerably lower than exposures than start-of-week tail moments. Tail moment dispersion
experienced by sprayers. Similarly, urine and serum Br coefficients increased significantly during the course of
concentrations from all workers at facility A were an the week in sprayers at facility AT@ble 4. This single
order of magnitude greater than correspondingly classi- significant effectis of note because it occurred in the sub-
fied workers at facility B. group of workers in the present study with the highest

Pearson correlation analysis demonstrated a strongexposure to 1-BPTable 2.
association between environmental concentrations of 1-  Table 5summarizes results from linear regression
BP, expressed as TWA ppm, and urine or serum Br models thatincluded adjustments for gender, age, smok-
concentration. The highest correlation was seen betweening status, facility, and two GST polymorphisms. Com-

1-BP TWA and urine Br concentratioffgble 3. High parisons among start-of-week measurements revealed
Table 2
Environmental and internal 1-BP exposure indices

Facility A Facility B

Non-Sprayer Sprayer Non-Sprayer Sprayer
N 29 13 16 6
1-BP TWA concentration (ppm) 22 83+85 5+1 21+5
Start-of week urine Br (mg/dl) 2614 122+ 96 2+1 6+5
End-of-week urine Br, mg/dI 289 238+ 179 2+2 10+ 14
Start-of-week serum Br (mg/dl) 2:80.8 14.9+8.8 0.3+0.1 0.8+0.3
End-of-week serum Br (mg/dl) 260.7 19.5+11.4 0.3£0.1 0.9+0.3

Values are meatit S.D.
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Table 3
Association among environmental and biological exposure indices
Start-of-week urine Br End-of-week urine Br Start-of-week serum Br End-of-week serum Br
1-BP TWA 0.6188 0.9155 0.7452 0.8249
<0.000P <0.0001 <0.0001 <0.0001
48 46 48 48
Start-of-week urine Br 0.7612 0.8383 0.9038
<0.0001 <0.0001 <0.0001
55 57 55
End-of-week urine Br 0.8026 0.8727
<0.0001 <0.0001
57 55
Start-of-week serum Br 0.9789
<0.0001
58

a Pearson correlation coefficient.
b p-value.
¢ Number of individuals included in analysis.

a statistically significant association between start-of- 1-BP exposed workers at end-of-week/end-of-shift than

week taill moment and serum Br exposure quartiles. at start-of-week/start-of-shift.

Despite the lack of statistical significance, all associ-

ations between exposure indices and start-of-week tail 4.2. DNA damage in vitro

moment were positiveTable 5. End-of-week values

for tail moment were significantly and positively asso- Wu etal.[11] reported that 2-BP induced DNA strand

ciated 1-BP TWA quartiles and serum Br quartiles. All breaks in rat Leydig cells in vitro; effective concentra-

other associations between end-of-week comet valuestions were 0.1 and 1.0 mM. In the present study, 1 mM

and exposure indices were positive with the exception 1- or 2-BP was effective in inducing DNA damage. In

of urine Br concentration. Covariates that had a signifi- addition to reporting 2-BP induced DNA damage, Wu

cant effect in models were GSTM1, facility, and gender. et al. [11] also reported that 2-BP impaired antioxi-
dant defenses. The delay in the appearance of 1- or
2-BP induced DNA damage until 4h after exposure

4. Discussion may reflect the possibility that DNA damage is sec-
ondary to depletion of antioxidants. Regardless of the
4.1. Hypotheses mechanism, present results are consistent with previous

studies demonstrating the potential for 2-BP to induced

The present investigation extended the scope of two DNA damage. In the present study, 1-BP demonstrated a
NIOSH HHEs [21,22] by assessing the association capacity comparable to 2-BP for inducing DNA damage
between 1-BP exposure indices and DNA damage in in vitro.
peripheral leukocytes of workers. The premise for this
investigation and analysis was based upon one assump+.3. Apoptosis
tion and three hypotheses. The assumption was that
worker exposure to 1-BP at the two facilities would be The in vitro concentrations of 1- or 2-BP that induce
stratified to an extent that would allow assessment of the apoptosis are an order of magnitude lower than concen-
association between 1-BP exposure and DNA damagetrations that induce DNA damage. Li et §B3] also
without relying on comparison with a matched control demonstrated the capacity for 2-BP to induce apoptosis
group not exposed to 1-BP. The hypotheses tested by thein vivo. The greater sensitivity of leukocytes to apoptosis
present analyses were: (1) that 1- and 2-BP would induceis most evident for 2-BP, which significantly increased
DNA damage in human leukocytes in vitro; (2) that the percentage of cells undergoing apoptosis at 0.01 mM,
increased 1-BP exposure in workers would be associ- comparedto 0.1 mM for 1-BP. The difference between 1-
ated with increased levels of DNA damage in peripheral and 2-BP interms of in vitro cytotoxicity in leukocytes is
leukocytes; and (3) that DNA damage would be greaterin consistentwith the increased hematopoietic toxicity of 2-
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Table 4
Summary of comet analysis for 1-BP sprayers and non-sprayers

Facility A Facility B

Non-Sprayer Sprayer Non-Sprayer Sprayer
N 29 13 16 6
Start-of-week tail moment 2517641 2867 895 2856+ 359 3430+ 984
End-of-week tail moment 3080697 3178+ 762 2770+ 504 2974+ 280
Start-of-week tail moment dispersion coefficient 56354 496+ 259 580+ 243 596+ 234
End-of-week tail moment dispersion coefficient 67822 752+ 34 653+ 210 616+ 165
GSTM1 null 603+ 355 669+ 300 633+ 214 522+ 98
GSTM1 positive 787504 886+ 413 668+ 220 709+ 179

Values are meatt S.D. GST1 rows are for end-of-week tail moment dispersion coefficients.

2 End-of-week values are significantly greater than corresponding start-of-week values for same individuals i@stiped 0.05).

Table 5

Association between DNA damage and environmental and biological exposure indices

Comet tail moment

Start-of-week End-of-week
Mearf Dispersion coefficiefit Mean Dispersion coefficient
1-BP TWA log ppm 79.06 —15.44 209.07 75.62
0.654 0.829 0.148 0.386
AP 49 48 48
cf A
Urine Br log mg/dl 555.86 32.31 393.69 —19.31
0.075 0.815 0.108 0.886
56 56 53 53
B C
Serum Br log mg/dl 381.95 —116.06 370.78 80.53
0.191 0.365 0.171 0.591
58 58 57 57
C
1-BP TWA exposure quartiles 54.41 —46.91 209.59 48.142
0.567 0.252 0.076 0.326
60 60 58 58
C
Urinary Br exposure quartiles 225.22 —33.60 196.33 61.32
0.106 0.582 0.141 0.405
60 60 58 58
B
Serum Br exposure quartiles 378.98 7.17 269.37 70.28
0.007 0.909 0.04% 0.356
60 60 58 58
B C

2 Mean tail moment of 100 leukocytes from each participant.

b Dispersion coefficient = mean/variance of tail moment from 100 leukocytes.

¢ Slope of regression model.

d p-value for association between dependent and independent varidhtéisatesy < 0.05.

€ Number of individuals included in analysis.

f Presence of letter indicates a significant affect (.05) of covariate in the regression model: A, GSTM1; B, facility; and C, gender.
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BP reported in comparative studiiX0]. The increased  4.5. Biomarkers of exposure
capacity for 1-or 2-BP to induce apoptosis compared

to DNA damage would, in theory, limit the potential 1-BP has been reported to result in adverse neuro-
for mutation and possibly neoplasia by eliminating cells logical health effects in workers exposed to TWA con-
with excessive DNA damage. centrations ranging from 60 to 261 ppf8&5] and to
0.34-49.19 ppnfii36]. These concentrations are compa-
4.4. Worker exposure to 1-BP rable to those observed at the two facilities in the present

study where the 8-h TWA concentrations of 1-BP ranged

For the protection of stratospheric ozone, the US from 0.2 to 271 ppm at facility A, and from 4 to 27 ppm
Environmental Protection Agency (EPf34] has pub- at facility B. At each facility, the highest exposures were
lished notice of approval of 1- BP for certain applications experienced by sprayers. Sprayers at facility A had expo-
as an alternative for some ozone-depleting halogenatedsures that were, on average, four-fold higher than facility
hydrocarbons. The US EPA recommends that users of B. Inthe NIOSH HHE’421,22], workers reported symp-
1-BP adhere to an exposure limit of 25 ppm over an 8- toms of headache, dizziness, and blurred vision that
h TWA. NIOSH, the Occupational Safety and Health could have been related to 1-BP exposure, but findings
Administration (OSHA), and the American Conference were not definitive. Furthermore, there was no evidence
of Governmental Industrial Hygienists (ACGIH) do have that 1-BP exposure caused measurable nervous system
not finalized exposure evaluation criteria for 1-BP. Both problems, or alterations in blood counts.
facilities in the present study had workers with personal-  In the absence of a control group for comparison,
breathing zone measurements that exceeded the EPA'the range of 1-BP exposures provided an opportunity to
recommended 25 ppm. Facility A exceeded this limit determine if an association existed between 1-BP expo-
by three-fold, on average, for workers categorized as sure and DNA damage. The evaluation was enhanced
sprayers. Two workers at facility A had TWA expo- by the use of blood and urine Br concentrations as
sures that were greater than 200 ppm, while 10 work- biomarkers of exposure to 1-BP because only 78% of
ers at this same facility had TWA exposures less than the workers who provided blood and urine samples also
1 ppm. Workers defined as sprayers had the highest expowore personal-breathing zone monitors.
sures. The high exposures at facility A were attributed  Regardless of whether personal environmental expo-
to the inability of the spray line exhaust fans to ade- sure levels were compared to start-of- or end-of-week
quately capture the 1-BP vapors generated during sprayurine or serum Br levels, correlation coefficients were
adhesive operation®2]. Only two workers at facility statistically significant. However, the highest correlation
B had TWA exposures greater than the recommendedwas between 1-BP TWA concentration and end-of-week
25 ppm. Reduced 1-BP exposures at facility B at the urine Br. Ichihara et al[37] assessed the relationship
time of assessment were attributed to improvements in between 1-BP TWA concentration and urinary 1-BP con-
local ventilation resulting from previous NIOSH recom- centration. The correlation coefficient, while statistically
mendations made in 20Q@1]. The range of exposures significant, was only 0.4. In contrast, Kawai et [38]
at these two facilities provided an opportunity to assess reported a correlation coefficient greater than 0.9 for the
the effects of 1-BP in the absence of matched control association between environmental 1-BP and urinary 1-
groups. BP. The correlation coefficient for environmental 1-BP

Three alternative approaches were taken to determineand urinary Br was 0.5. Because Br can arise from both
if there was an association between DNA damage in the diet[39] and exposure to 1-BP, urinary Br measure-
workers and their exposure to 1-BP at facilities where 1- ment lacks the specificity of urinary 1-BP. Nonetheless,
BP was used in foam cushion fabrication. The firstwas to in the present study, both serum and urine Br concentra-
categorize workers by job title at each of the two facilities tions were highly correlated with environmental 1-BP
(Table 1. The second was to create regression models tolevels. This demonstrates the utility of measuring bio-
determine if exposure indices were associated with DNA logical Br levels to assess worker exposure to 1-BP.
damage as assessed in peripheral leukocytes with the
comet assayTable 5. The third was to place the work-  4.6. Biomarkers of biologically effective
ers into quartiles based on the different exposure indices dose—DNA damage
(TWA, serum Br, urine Br). Quartile analysis placed all
workers into four exposure levels (low, medium low, Initial assessment of the in vivo data indicated that
medium high, high) with equal number of workers in there was not a consistent association between worker 1-
each level. BP exposure based on job category and DNA damage as
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assessed by the comet assay. A clear association betweeis only detectable under a repeated measures assess-
DNA damage and 1-BP exposure would have included ment. This conclusion is supported by the observation
workers at facility A having greater DNA damage than that tail moment dispersion coefficients were increased
workers at facility B, sprayers having greater DNA dam- at the end-of-week for all 1-BP exposed subgroups in
age than non-sprayers, and end-of-week DNA damageTable 4 However, validation of this conclusion would
being greater than start-of-week values. At both facili- require ademonstration that dispersion coefficients were
ties, sprayers tended to have greater damage than nonnot increased during the week in an unexposed control
sprayers. At facility A, end-of-week DNA damage levels group which this study lacks. These results, thus, pro-
were greater that start-of-week values and in some casesyide only limited evidence that 1-BP exposure may be
the increases were significant. These findings have to beinducing DNA damage.

considered in light of the higher, though not statistically Both gender and facility had a significant effect in
significantly higher, levels of DNA damage at facility B, several ofthe regression models whenincluded as covari-
which had lower 1-BP exposures, and the decrease inates. This is not surprising as there were marked differ-
DNA damage between start-of-week and end-of-week ences between the two facilities in the exposure levels,
assessments at facility B. The absence of consistentand the highest exposures were experienced by sprayers
statistical significance and partially contrasting results who were predominately women. GSTM1 had a sig-
between facilities A and B suggested that confounders nificant effect p<0.05) in one model and may have
may have been impacting the outcome. One such con-impacted several other associations between 1-BP expo-
founder is temporal variation in the comet assay. Positive sure and DNA damage whepavas >0.05 but <0.1 (data
control assays run with each lot of samples provide some not shown). These results are not conclusive, but indi-
assurance that the assay was performing consistently.cate that worker susceptibility to the effects of 1-BP
However, unrecognized variation in sampling handling could be influenced by the balance between activation
may contribute to variation in comet outcome. To address and detoxification of 1-BP. In vitro work has demon-
this and other possible confounders, multivariate anal- strated that 1-BP is a substrate of GST and depletes
ysis included the covariates of gender, age, smoking glutathione in rat hepatocyt¢40] presumably through
status, GST polymorphisms, and facility, which would conjugation with a reactive intermediate of 1-BH].
encompass comet temporal variability as each facility The GSTML1 results indicate the presence of the gene
was analyzed as a separate batch. Forthe 24 models listeds associated with a trend toward increased dispersion
in Table 5 only three exhibited statistically significant coefficients of tail momenfiigble 4. A possible explana-
associations. All three included grouping workers into tion for this is that depletion of glutathione would result
the exposure quartiles of 1-BP TWA, urinary Br, or serum from increased conjugation and could contribute to DNA
Br. One possible reason for the increased statistical sen-damage via increased susceptibility to other sources of
sitivity of the quartiles was the inclusion of participants oxidative stress.

in an exposure quartile for which some exposure data  Leukocytes are frequently employed as surrogates of
was missing. For example 14 of the 64 participants did target organs. Under such circumstances, the absence of
not wear environmental sampling pumps. Nonetheless, an apparent effect in a toxicological evaluation can be
these workers could be ranked based on serum and urineattributed to the surrogate status of the assessed organ.
Br levels, placed in an equivalent 1-BP TWA quartile, While the central nervous system is a primary target of
and then included in the statistical analysis. Using this 1- and 2-BP[42,43], blood cells have repeatedly been
approach, all participants could be included in the quar- demonstrated to be sensitive as w@6]. Therefore,

tile regression models, which improved the power of the leukocytes may be a target organ for 1-BP. The capacity
assessments over models that required discrete exposuréor 1-or 2-BP to induce DNA damage in leukocytes in
data for each participant. Even under this scenario, therevitro supports this contention. However, present results
were only a limited number of significant associations indicate that 1-BP exposure concentrations well above
between exposures indices and DNA damage. None ofthe recommended exposure limit of 25ppm had lim-
the models that examined associations between DNA ited affect on DNA in leukocytes in vivo. The maximum
damage and dispersion coefficients were statistically sig- mean serum Br level observed in sprayers in facility A
nificant. This contrasts with the increased dispersion was 19.5 mg/dl, and was nearly two orders of magnitude
coefficientin sprayers from facility A at the end-of-week greater than the 0.3 mg/dl observed in non-sprayers in
relative to start-of-week. Elevated dispersion coefficients facility B. These concentrations are approximately 2.4
would suggest comets in a sub-population of cells were and 0.04 mM, respectively. The 0.04 mM is comparable
affected by 1-BP. It may be that this sub-population to that reported in controls where the only source of Br
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is the dief37,44] Serum Br levels observed in sprayers BP ranged from TWA concentrations of 0.2 ppm up to
are achievable by administering daily doses of 4 mg/kg 270 ppm. Internal biomarkers of exposure were highly
Br [44]. In the present study, the assumption is made correlated with environmental exposure indices. Fur-
that the difference between non-sprayers and sprayersthermore, biomarkers of exposure indicated that 1-BP
in serum Br concentration is attributable to 1-BP expo- exposures inthe week(s) prior to the study were probably
sure. If each Br ion in serum of sprayers that is above comparable to those during the study. This is demon-
that observed in non-sprayers is assumed to arise from 1-strated by the high correlation between start-of-week
BP, then blood concentrations 1-BP attained in sprayersand end-of-week urine and serum Br concentrations.
is comparable to the concentration (1 mM) of 1-BP that While the 1-BP was capable of inducing DNA damage
induced a marked increase in DNA damage in leukocytes in vitro, results of analysis of the in vivo data were incon-
in vitro. However, DNA damage in worker's leukocytes sistent and provided only limited evidence that 1-BP
was not strongly associated with their exposure to 1-BP. increased DNA damage in workers in the two facilities.
One possible explanation is that 1-BP blood levels never The most likely explanation for the disparity between in
achieved the 2.4 mM level suggested by the serum Br vitro and in vivo results is the high concentration (1 mM)
concentration. As a consequence, blood 1-BP levels mayof 1-BP required to produce unequivocal DNA damage
have only been high enough to induce marginal DNA in vitro. The marginal affect of GSTM1 on the rela-
damage. The comet assay is most effective in detect-tionship between 1-BP exposure and DNA damage is
ing short-lived damage from acute exposures. Worker not definitive, but suggests that a better understanding
exposures in the present study were chronic. While 1-BP of individual susceptibility to 1-BP would aid charac-
may be inducing DNA damage in workers, it may also terization of the association between 1-BP and DNA
be inducing DNA repair; the result being a net effect damage.
in workers that is small or inconsistent. It is also pos-
sible that the study population size and variability in  Acknowledgements
DNA damage levels among individuals may have par-
tially masked an association between 1-BP exposureand  The authors wish to express thanks to Maureen
DNA damage. Gwinn, Michael Ottlinger, Val Schaeffer, and Ainsley
Weston for their helpful comments.
4.7. Summary
Appendix A

The participants in the present study were clearly

stratified in terms of exposure to 1-BP. Exposure to 1-  SeeTables A.1 and A.2

Table A.1
Independent variables
Worker Facility Age decades Gender GSTM1 GSTT1 Smoker Sprayer 1-BP TWA (ppm)
1 A 2 F + + + - 0.7
2 A 2 M - + — - 3.9
3 A 5 F + + - - 0.3
4 A 4 F + + - - 4.7
5 A 3 M - + + + 79.5
6 A 2 M - + — - 3.4
7 A 3 M + — — ND
8 A 4 M - - - - 3.0
9 A 4 F + + - - 11
10 A 2 M - + — - 104
11 A 2 M - - - - 1.0
12 A 2 F + + - + 77.0
13 A 2 F — + — + 207.6
14 A 3 F - + — — 0.5
15 A 5 F + + + - 0.2
16 A 3 M — + + — 1.3
17 A 2 F - + — + 19.4
18 A 2 M + + — - 0.5
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Table A.1 Continued)

Worker Facility Age decades Gender GSTM1 GSTT1 Smoker Sprayer 1-BP TWA (ppm)
19 A 5 F + + — - 3.1
20 A 3 F - + + + 20.4
21 A 5 M + + — - 0.5
22 A 2 M - - + — 0.9
23 A 2 F + + — - 3.4
24 A 3 F + — + 7.1
25 A 2 F — + — + 166.3
26 A 4 M + — — - 11
27 A 2 F + - + + 37.9
28 A ND F — + ND — 0.2
29 A 5 F - + — — 438
30 A 3 M - + + - 1.2
31 A 3 M + + - + 18.8
32 A 2 F + + — + 51.9
33 A 3 M - + — — 13
34 A 5 M - — — 2.0
35 A 2 F - - - + 2714
36 A 4 F + + — — 0.5
37 A 2 M + + + + 4.3
38 A 2 M + + — 3.0
39 A 4 F - + — - 0.4
40 A 3 F - - + - ND
41 A 2 F - + + + 116.0
42 A 4 F — + + — 11
43 B 2 F - + + - ND
44 B 3 F - + — — 6.1
45 B 3 F + + + - ND
46 B 2 M + + + - ND
47 B 2 M - + + - ND
48 B 2 F + + + — 4.8
49 B 3 F + + + - 4.4
50 B 2 F + + — - ND
51 B 5 F + + + - ND
52 B 4 F + + + - ND
53 B 3 F + + ND - ND
54 B 3 F + + — + 20.7
55 B 3 F - + — + 12.2
56 B 5 F - - - + 21.2
57 B 5 F + - + + 26.9
58 B 5 F + + — - 55
59 B 3 F - + — - ND
60 B 3 F - + — + 233
61 B 2 M - - - - ND
62 B 2 F + - + + 23.7
63 B 4 F + - — ND
64 B 2 F - + + — ND
ND =no data.
Table A.2
Dependent variables
Worker Start-of-week End-of-week

Urine Br Serum Br  Comet tail Moment dispersion  Urine Br Serum Br  Comet tail Moment dispersion

(mg/dl) (mg/dl) moment coefficient (mg/dl) (mg/dl) moment coefficient
1 9.1 14 3539 1186 34.6 3.3 1739 318

2 43.4 3.3 2056 161 40.8 3 2619 525
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Worker Start-of-week End-of-week
Urine Br Serum Br  Comet tall Moment dispersion  Urine Br Serum Br  Comet tail Moment dispersion
(mg/dl) (mg/dl) moment coefficient (mg/dl) (mg/dl) moment coefficient
3 43.7 2.3 2204 213 333 ND ND ND
4 255 2.3 1891 183 37.9 2.9 2408 373
5 19.2 10.1 1904 326 53.1 14.7 2835 630
6 5.3 1.7 2037 463 18.9 ND 2913 516
7 26.7 3.7 1922 210 15.4 2.8 4892 546
8 27 2.2 1694 472 33.9 2.7 3156 264
9 26 1.8 2033 424 32.9 23 2009 276
10 31.7 2.3 1804 639 27.1 2.7 2675 211
11 27.3 2.6 1831 203 28.6 22 3802 534
12 55.3 14.9 2176 305 204.3 16.9 4023 360
13 159.9 22.1 2253 181 507.9 26.6 2760 392
14 64 24 2118 291 345 2 4068 318
15 13.3 15 2603 262 35.4 21 2218 552
16 17.1 1.6 1972 253 28.7 2.3 3928 614
17 66.1 9 2190 170 46 9.3 2603 453
18 17 ND 2425 564 15.4 2 2408 566
19 28.6 22 3392 523 29.3 31 3773 670
20 39 7.3 2609 387 58.4 9.4 2598 569
21 229 14 2015 433 35.3 2 3190 849
22 13.6 2.9 2295 439 17.5 2.3 3341 1068
23 30.5 17 2337 619 18.6 2 2911 1971
24 59.7 5.7 4388 874 ND 5.6 3162 981
25 371.8 ND 3783 859 364.2 435 2570 518
26 19.4 1.9 3371 1638 35.8 3 2956 1124
27 174 13.3 3203 619 238.9 17.3 3794 1112
28 14 14 3509 760 21.4 1.7 2758 826
29 51.8 3.6 2981 564 34.4 4.6 3348 1630
30 311 21 3824 1310 18.4 24 3557 819
31 90.4 8.3 1734 239 109.8 10 5007 1398
32 225.5 20.7 2761 449 332 28 2129 592
33 25.9 3.6 3524 881 347 3.6 3693 623
34 8.4 4.4 3056 575 ND 3.9 3051 375
35 98.8 20.3 3730 610 595.4 27.8 3453 541
36 51.3 25 2538 430 42.2 24 2821 673
37 73.7 10.8 4181 882 150.9 111 3093 970
38 19.4 2.7 2173 779 16.2 2.6 3615 1280
39 17.2 2 2024 380 17.4 2 2536 394
40 24 2 2690 942 17.7 ND ND ND
41 149.4 36.7 2353 551 197.9 335 3281 1268
42 27 1.8 3122 493 33.6 25 2766 379
43 1.6 0.32 2514 1027 ND 0.4 2367 526
44 2.33 0.25 2682 589 2.65 0.28 3113 540
45 ND 0.44 ND ND 4.77 0.39 ND ND
46 2.64 0.33 2627 490 2.17 0.36 2825 642
47 ND 0.26 2581 440 224 0.25 2562 870
48 1.09 0.14 2893 321 1.56 0.2 2500 643
49 ND 0.33 2680 514 ND 0.37 3085 1020
50 1.82 0.26 3574 472 1.95 ND ND ND
51 1.69 0.28 2907 611 5.9 0.31 2557 499
52 0.9 0.15 2936 378 1.47 0.2 2182 325
53 0.65 0.14 2982 512 0.27 0.22 2389 553
54 2.76 0.76 2481 270 3.12 0.73 2671 913
55 5 0.57 5141 669 2.53 0.62 2816 435
56 14.47 0.94 3811 961 ND 11 3054 629
57 ND 1.3 3566 676 34.55 14 3486 638
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Table A.2 Continued)

Worker Start-of-week End-of-week
Urine Br Serum Br  Comet tall Moment dispersion  Urine Br Serum Br  Comet tail Moment dispersion
(mg/dl) (mg/dl) moment coefficient (mg/dl) (mg/dl) moment coefficient

58 3.67 0.35 3503 515 3.33 0.31 4175 869

59 2 0.24 3090 1118 1.45 0.38 2987 669

60 3.68 0.49 2906 551 3.17 0.7 2909 504

61 1.04 0.2 2269 323 0.33 0.25 2374 324

62 3.72 0.7 2672 451 5.55 0.83 2909 577

63 ND 0.15 2741 810 3.52 0.21 2631 795

64 2.92 0.22 ND ND 0.88 0.29 3031 870

ND =no data.
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