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Styrene is widely used as one of the most important industrial materials for the production of synthetic
rubbers, plastic, insulation, fiberglass, and automobile parts. Inhaled styrene has been reported to produce
respiratory toxicity in humans and animals. Styrene oxide, a reactive metabolite of styrene formed via
cytochrome P450 enzymes, has been reported to form covalent bonds with proteins, such as albumin and
hemoglobin. Among all of the amino acids, cysteine is the most reactive amino acid to be modified by
electrophilic species. The purpose of this study is to develop polyclonal antibodies for the detection of
styrene oxide cysteinyl protein adducts. Two immunogens were designed, synthesized, and used to induce
polyclonal antibodies in rabbits. Immune responses were observed from the raised antibodies by antiserum
dilution tests. Competitive ELISA demonstrated that the resulting antibodies specifically recognized the
styrene oxide-derivedN-acetylcysteine adduct. Western blot results showed that the antibodies recognize
styrene oxide-modified albumin. The binding was found to depend on the amount of protein adducts
blotted and hapten loading in protein adducts. No cross reaction was observed from the native protein.
Competitive Western blots further indicated that these antibodies specifically recognized styrene oxide
cysteinyl-protein adducts. Immunoblots revealed the presence of several bands at a molecular weight
ranging from 50 to 80 kDa in rat nasal mucosa treated with styrene. In conclusion, we successfully
raised polyclonal antibodies to detect styrene oxide-derived protein/cysteine adducts.

Introduction

Styrene is an important industrial intermediate for the
production of plastics and resins (1). It is also a widespread
environmental contaminant to which human populations are
exposed. Acute exposure to styrene was found to cause
respiratory tissue injury in both animals and humans (2).
Associated symptoms include obstructive pulmonary changes,
lung ventilation disorder, nasal secretion, and nose irritation (3-
6). In both humans and animals long-term exposed to styrene,
increased incidences of cancer (7-11), chromosome aberrations,
and sister chromatin exchange (SCEs) (12-15) have been
reported. The potential carcinogenicity and genotoxicity of
styrene have been associated with its reactive metabolite, styrene
7,8-oxide because this electrophilic species is the major
metabolite of styrene in rats, mice, and humans via cytochrome
P450. Toxicological studies have shown that this electrophile
can attack nucleophilic sites on macromolecules, such as DNA
and protein, to form adducts bothin Vitro andin ViVo (16, 17).
Among the proteins, albumin and hemoglobin are the only two
proteins that have been studied intensively. GC/MS methods
coupled with different techniques, such as Edman degradation
(18-20), macromolecule hydrolysis (21), and Raney nickel
reduction (22-24), have been used in these studies. Albumin
and hemoglobin styrene oxide adducts have been identified both
in Vitro and in ViVo. These adducts have also been detected in

styrene exposed workers. A dose-response relationship between
these adducts and styrene exposure was observed in these
exposed workers (25, 26). However, little knowledge about the
interaction of styrene oxide with cellular proteins is available.
The impact of cellular protein modification by styrene oxide
on the observed toxicity of styrene remains unknown.

Immunochemical approaches have been successfully devel-
oped to identify target cellular proteins modified by reactive
metabolites of many compounds, such as acetaminophen (27),
halothane (28), bromobenzene (29), naphthalene (30), and
trichloroethylene (31). This technique has provided a tool to
investigate the toxicological importance of protein modification
in experimental animals and exposed humans. In order to detect
styrene oxide-modified cellular proteins, we raised polyclonal
antibodies for the immunochemical detection of proteins modi-
fied by styrene oxide. These antibodies were shown to selec-
tively recognize the styrene moiety. Styrene-oxide-modified
proteins in styrene-treated rat nasal mucosa were detected by
using these antibodies. It is anticipated that this method will
facilitate the investigation of styrene-induced cytotoxicity and
help us understand the relationship between cellular protein
modification and styrene toxicity.

Experimental Procedures

Chemicals and Instruments.Styrene (99+%), styrene oxide
(99+%), bovine albumin,N-acetylcysteine, Me2SO, and tris(2-
carboxyethyl)phosphine (TCEP1) were obtained from Sigma-
Aldrich (St. Louis, MO). Keyhole limpet hemocyanin (KLH) and
N-succinimidyl (3(2)-pyridyldithio)propionate (SPDP) were pur-
chased from Pierce (Rockford, IL). Immunoassays were performed
with 96-well microtiter plates obtained from Nunc (Maxisorb,
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Roskilde, Denmark). The absorbances were read with a microplate
reader (VERSAMax, Molecular Devices, Sunnyvale, CA). The curve
fitting was accomplished with SigmaPlot. Western Blots were
performed on an Invitrogen Xcell surelock electrophoresis system
(Invitrogen, Carlsbad, CA). Structure identification was performed
by both a 300-MHz NMR spectrometer (Variant Associates, Palo
Alto, CA) and a LC-MS/MS system including an Agilent 1100
HPLC pump system interfaced with a Sciex API 2000 tandem
quadrupole mass spectrometer (Applied Biosystems, Foster City,
CA). A reverse phase C18 chromatography column (250× 4.6
mm, Alltech, Deerfield, IL) was used for HPLC analysis and
synthetic compound purification.

Synthesis. Styrene Mercapturic Acid I (2-(Acetylamino)-3-
(2-hydroxy-1-phenylethylthio)propanoic Acid). (Scheme 1). Sty-
rene mercapturic acid I was synthesized as a mixture with styrene
mercapturic acid II (Scheme 1).N-Acetylcysteine (826 mg, 5.1
mmol) was dissolved in 15 mL of 200 mM sodium phosphate buffer
(pH 9.2). Styrene oxide (434 mg, 3.6 mmol) dissolved in 1.5 mL
of Me2SO was added to theN-acetylcysteine solution. After stirring
at room temperature for 14 h, the resulting solution was washed
with ethyl acetate (10 mL× 3) and then acidified to pH 2.0 by 6.0
N HCl. The acidic solution was extracted with ethyl acetate (15
mL × 3), and the resulting extracts were pooled. The organic
solvent was removed by rotary evaporation, and compound
purification was conducted on a C18 reverse phase HPLC column
(4.6× 250 mm) eluted with solvent A (100% H2O) and solvent B
(100% acetonitrile). Both solvents contained 0.05% trifluoroacetic
acid. The structure of the purified compound was confirmed by
both mass spectrometry and NMR.1H NMR (CDCl3): δ 1.99 (s,
3H), 2.78 (m, 2H), 3.83 (m, 2H), 4.08 (m, 1H), 4.61 (m, 1H), 7.32
(m, 5H). ESI-MS: m/z 283.1.

Styrene Mercapturic Acid II (2-(Acetylamino)-3-(2-hydroxy-
2-phenylethylthio)propanoic Acid). (Scheme 1). Styrene mercap-
turic acid II mixed with styrene mercapturic acid I was synthesized
by the same procedure described above for the synthesis of styrene
mercapturic acid I.1H NMR (CDCl3): δ 1.95 (s, 3H), 2.86 (m,
2H), 2.98 (m, 2H), 4.51 (m, 1H), 4.78 (m, 1H), 7.32 (m, 5H). ESI-
MS: m/z 283.1.

Keyhole Limpet Hemocyanin-Styrene Oxide Adduct (Im-
munogen I).Immunogen I (Scheme 2) was synthesized as described
by Zheng and co-workers (30) with slight modifications. A solution
(1.0 mL) containing KLH (10 mg/mL) in phosphate buffer was
added to 1 mL of 8 M guanidine solution. After adding TCEP (13.3
mg), the pH of this solution was adjusted to 6, and the reduction
was performed under nitrogen while stirring for 3.5 h at room
temperature. Styrene oxide (11.7 mg) was dissolved in 0.7 mL of
Me2SO and added to the above reaction mixture. The pH of the

reaction mixture was adjusted to 9.5 by adding dilute sodium
hydroxide solution, and conjugation was conducted overnight under
nitrogen while stirring. The next day, the reaction mixture was
dialyzed three times against 1.0 L of deionized water and dried by
lyophilization.

Thiolated KLH -Styrene Oxide Adduct (Immunogen II).
Immunogen II (Scheme 2) was synthesized by a slight modification
of the method of Zheng and co-workers (30). SPDP (1.1 mg)
dissolved in 50µL of Me2SO was added to 1 mL of KLH solution
in phosphate buffer (10 mg/mL). After stirring for 1.5 h at room
temperature, TCEP (16.1 mg) was added to this mixture, and the
pH of the solution was adjusted to 6. Reduction was performed
under nitrogen for 3.5 h at room temperature. Styrene oxide (15.3
mg) was dissolved in 0.5 mL of Me2SO and added to the above
reaction mixture. The pH of the reaction mixture was adjusted to
9.5 with dilute sodium hydroxide solution, and the reaction was
performed overnight under nitrogen while stirring. The next day,
the reaction mixture was dialyzed three times against 1.0 L of
deionized water and dried by lyophilization.

Bovine Albumin-Styrene Oxide Adducts.Bovine albumin-
styrene oxide adducts were synthesized as coating antigen for
ELISA studies. Bovine albumin (20 mg), dissolved in 1 mL of PBS
buffer, was mixed with 5.0 mg of styrene oxide in Me2SO. The
reaction was conducted overnight while stirring. The next day, the
reaction mixture was dialyzed three times against 1.0 L of deionized
water and dried by lyophilization. A separate reaction was
performed to synthesize bovine albumin-styrene oxide adducts as
positive control for immunoblot analysis. Bovine albumin (55 mg/
mL in pH 7.4 PBS buffer) was incubated with various concentra-
tions of styrene oxide in Me2SO at room temperature overnight.
The final concentrations of styrene oxide solution were 0.75, 3.75,
and 7.5 mM. A similar process of dialysis and lyophilization was
conducted as above.

Immunization of Rabbits. Female New Zealand white rabbits
(Herbert’s Rabbitry, Plymouth, CA) weighing 2.5-3.0 kg were
immunized with the immunogen. The immunogen (100µg) was
dissolved in 0.5 mL of PBS buffer (pH 7.4) and emulsified with
0.5 mL of Freund’s complete adjuvant. The rabbits were injected
subcutaneously with the emulsion (1.0 mL/rabbit) at multiple sites
in the back. After 4 weeks, these animals were boosted several
times with a four-week interval by the same procedure (except that
Freund’s incomplete adjuvant was used instead of Freund’s
complete adjuvant). The rabbits were boosted until no further
increase in antibody titer was observed.

Analysis of Titer. The titer of the serum obtained from the
rabbits immunized by the immunogen was determined by measuring
the binding of serial dilutions (1/200 to 1/12800) to microtiter plates
coated with bovine albumin-styrene oxide adducts. Coating antigen
solution (100µL) in PBS buffer (200 mM phosphate-buffered saline
solution at pH 7.4) containing bovine albumin-styrene oxide
adducts (20µg/mL) was added to each well of a 96-well microtiter
plate. Plates were incubated at 4°C overnight. The following day,
the plates were washed three times by a PBST buffer (200 mM
phosphate-buffered saline solution containing 0.02% Tween-20 at
pH 7.4). After washing, 150µL of 5% nonfat milk in PBST buffer
was added to each well and incubated at room temperature for 1.5
h. After incubation, the wells were washed three times with PBST
buffer. Then, the antiserum in PBST buffer at various dilutions
was added (100µL per well) to the plates and incubated at room
temperature for 2 h. After washing in the same manner, 100µL of
anti-rabbit IgG-horseradish peroxidase solution in PBST buffer (1/
12,000) was added to each well. The mixture was incubated for 1
h at room temperature. The plates were washed again as described
previously. To each well, 100µL of freshly prepared substrate
solution containing 0.3 mM tetramethylbenzidine and 0.1 mM H2O2

in 0.1 M sodium acetate buffer (pH 5.5) was added and incubated
for 30 min at room temperature. The colorimetric development was
quenched by adding 50µL of a 4 M sulfuric acid solution to each
well. The absorbance at dual wavelengths (450-650 nm) was read.

Competitive Enzyme-Linked Immunosorbent Assay. One
hundred microliters of coating antigen bovine albumin-styrene

1 Abbreviations: TCEP, tris(2-carboxyethyl)phosphine; KLH, keyhole
limpet hemocyanin; SPDP,N-succinimidyl (3(2)-pyridyldithio)propionate;
PBST, 200 mM phosphate-buffered saline solution containing 0.02% Tween-
20 at pH 7.4; TBS-Tween, 100 mM tris-base buffer containing 154 mM
NaCl and 0.5% Tween-20 at pH 7.4.

Scheme 1
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oxide adducts in PBS buffer (20µg/mL) was added to wells of a
96-well microtiter plate. The plates were incubated at 4°C
overnight. Serial dilutions of the competitor (styrene mercapturic
acid) (0.1 to 10-11 mM) were prepared in PBST buffer. The
resulting solution was mixed (1:1 v/v) with primary antisera (1/
1000 dilution) in 5% nonfat milk dissolved in PBST buffer. The
mixture was incubated at 4°C overnight. The following day, the
same procedure as in the titer analysis was followed. The absorbance
at dual wavelength (450-650 nm) was read.

Western Blots.Protein bands were resolved by SDS-polyacryl-
amide gel electrophoresis using pre-cast 10% Tris-glycine gels
(Invitrogen, Carlsbad, CA) and then transferred to nitrocellulose
membranes (Amersham International Plc, England). Before loading,
a protein assay was conducted to ensure that an equal amount of
protein was loaded. Blots were then blocked with 5% nonfat milk
in TBS-Tween buffer (100 mM Tris-base buffer containing 154
mM NaCl and 0.5% Tween-20 at pH 7.4) for 1 h at room
temperature. Blotted membranes were incubated with 1/1000
dilution of primary rabbit antiserum #1043 in TBS-Tween buffer
with 5% nonfat milk in the absence or presence of styrene
mercapturic acids at 4°C overnight. The following day, after
washing three times with 15 mL of TBS-Tween buffer, membranes
were incubated with anti-rabbit IgG-horseradish peroxidase solution
(1/3000 in TBS-Tween buffer with 5% nonfat milk) for 1.5 h at
room temperature. After washing, protein bands were detected by
chemiluminescence with an ECL detection kit (Amersham Inter-
national Plc, England).

Study in Vitro . Freshly collected nasal mucosa from Sprague-
Dawley rats were incubated in RPMI 1640 supplemented with FBS
(10%) with styrene in Me2SO at 37°C in a water bath for 2 h. The
final concentration of styrene in the incubation was either 1 mM
or 5 mM. The concentration of Me2SO in the incubation was 0.5%
(v/v). After incubation, protease inhibitors were added, and the
tissue was homogenized. The resulting homogenates were centri-
fuged (450g) at 4 °C for 15 min. Supernatants were collected and
centrifuged (13,000g) at 4°C for 40 min. The resulting supernatants
were stored at-80 °C until needed.

Results and Discussion

Albumin and hemoglobin cysteinyl styrene oxide adducts
have been identified in styrene-exposed workers. Dose-response
relationships between these adducts and styrene exposure were
observed (25, 26). These findings suggest that the identification
of styrene oxide-modified cellular proteins could be a step to

elucidate the mechanism of styrene-induced cytotoxicity. West-
ern blotting and immunostaining techniques have been used as
powerful tools to identify protein adducts by detecting the hapten
moiety of protein adducts formed during the exposure of cellular
proteins to a chemically reactive species. In order to develop a
method, which can identify the target cellular proteins of styrene
oxide, as a tool to better understand the relationship between
the styrene oxide metabolite-cellular protein interaction and
styrene-induced cytotoxicity, we developed polyclonal antibod-
ies. Previous studies have shown that styrene oxide can
covalently bind to a variety of nucleophilic sites in proteins,
including sulfhydryl groups, histidine imidazole, aspartic,
glutamic carboxylic groups, amino groups in lysine, and the
N-terminal of the protein chain (16, 21, 32, 33). However,
cysteine has been reported as the most reactive amino acid to
be modified by styrene oxide (32, 34). Structural analysis of
the interaction between hemoglobin and styrene oxide at the
whole protein level also confirmed cysteine residues as the most
active sites (35). Therefore, in our study, the polyclonal

Scheme 2

Figure 1. Titration tests of antisera raised against immunogen II.
Ninety-six-well microtiter plates were coated with bovine albumin-
styrene oxide adducts (20µg/mL) and blocked with 5% nonfat milk.
The resulting plates were incubated with individual antisera with serial
dilutions, followed by the sequential addition of secondary antibody
and substrate. The absorbance at dual wavelengths (450-650 nm) was
read. The values are expressed as the mean( SD from triplicate assays.
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antibodies were developed to recognize the cysteinyl styrene
oxide moiety of proteins modified by styrene oxide. First,
immunogens (I and II) were designed and synthesized as shown
in Scheme 2. For immunogen I, the free sulfhydryl groups of
KLH were generated by reducing with TCEP before styrene
oxide was added. For immunogen II, KLH was first thiolated
by SPDP. The resulting disulfide product was reduced by TCEP
to generate free sulfhydryl groups, which immediately reacted
with styrene oxide. As shown in Scheme 2, a spacer was
incorporated between carrier protein KLH and styrene oxide in
immunogen II in order to make the hapten more accessible to
the immune system.

Immunizations of rabbits were carried out with immunogen
I and II. The titer of the serum obtained from the rabbits was
determined by measuring the binding of serial dilutions (1/200
to 1/12,800) to microtiter plates coated with bovine albumin-
styrene oxide adducts. The final absorbance was read at dual
wavelength (450-650 nm). There were eight rabbits, and three
gave the highest titers. Figure 1 shows the titration of antisera
raised against immunogen II, and the information regarding
antisera raised against immunogen I can be found in Supporting
Information. Nevertheless, all of the antisera obtained resulted
in appreciable immune response, although further work is
needed to characterize the antisera as follows.

Styrene mercapturic acids I and II (see Scheme 1 for
structures) as a mixture were synthesized to further characterize
the antisera. The reaction of styrene oxide withN-acetyl cysteine
produced a mixture of mercapturic acids I and II. Semiquanti-
fication by 1H NMR indicates an approximate 2:1 mole ratio
of the mercapturic acid I/II mixture obtained in the conjugation
reaction. This is consistent with a reported ratio of styrene
mercapturic acid esters (65 vs 35) generated when styrene oxide
reacted with theN-acetylcysteine ester (36). We assumed that
the conjugation of cysteinyl residues of proteins with styrene
oxide gave a similar ratio of its positional isomers in the
preparation of the immunogens as well as the coating antigen.
Thus, we used the positional styrene mercapturic acid mixture
for the following studies.

In order to ensure that the immune response observed in the
titration tests was caused by the styrene moiety, a competitive
ELISA was conducted. In this study, the antisera (1/1000) were
preincubated with a serial dilution of the synthetic styrene
mercapturic acid positional mixture (Scheme 1) as the competi-
tor. The preincubated antisera and competitor mixture was used
for ELISA with styrene oxide-albumin adducts as the coating
antigen. The optical density measured at 450 nm minus 650
nm was plotted against the logarithm of the various concentra-
tions of the competitor. Although all of the antisera caused an
immune response in titration tests, competition was only
observed from antisera #1043 and #1044. These results are
shown in Figure 2. The resulting sigmoid curves were fitted by
a four-parameter logistic equation. The IC50 for antiserum #1043
and #1044 were 33.2 and 500 nM, respectively.

These results indicate that the absorbance observed from the
other antiserum may be caused by nonspecific binding, only
antisera #1043 and #1044 contain antibodies specific for the
styrene moiety. These antibodies can recognize the cysteine-
derived styrene oxide-modified protein. It is interesting that both
antisera recognizing analyte styrene mercapturic acids were
raised against immunogen II and that the antisera raised against

Figure 2. Analysis of styrene mercapturic acids in a competitive
ELISA using antiserum #1043 (A) and #1044 (B) raised against
immunogen II. Ninety-six-well microtiter plates were coated with
bovine albumin-styrene oxide adducts (20µg/mL) and blocked with
5% nonfat milk. The resulting plates were incubated with corresponding
antisera pretreated with serial dilutions of competitor styrene mercap-
turic acids (0.1 to 10-11 mM), followed by the sequential addition of
antibody and substrate. The absorbance at dual wavelengths (450-
650 nm) was read. The values are expressed as the mean( SD from
triplicate assays.

Figure 3. Immunochemical detection (antiserum #1043) of bovine
albumin (55 mg) incubated with vehicle (lane 1), 0.75 mM styrene
oxide (lane 2), 3.75 mM styrene oxide (lane 3), or 7.5 mM styrene
oxide (lane 4). Each gel lane was loaded with 2.0µg of the protein
sample.

Figure 4. Immunochemical detection of bovine albumin styrene oxide
adducts (concentration dependence) by antiserum #1043. Bovine
albumin (55 mg) was incubated with styrene oxide at a concentration
of 7.5 mM. The resulting protein adducts were mixed with native bovine
albumin at a mole ratio of 1:9 (lane 1) or 1:1 (lane 2). Lane 3 was
loaded with the original protein adducts (without native albumin
dilution). Each gel lane was loaded with 2.0µg of the protein sample.
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immunogen I failed to recognize the analyte. This may be
explained by the spacer used for immunogen II possibly making
the styrene oxide adduct more visible by the immune system.
Because of its lower IC50, antiserum #1043 was selected for
further study.

In an effort to evaluate the correlation between antibody
binding and hapten loading in bovine albumin-styrene oxide
adducts, these adducts with various hapten loading were
synthesized by exposure of bovine albumin to styrene oxide at
concentrations of 0.75, 3.75, and 7.5 mM, respectively. After
excessive dialysis, the resulting bovine albumin-styrene oxide
adducts were subjected to Western blots. Two micrograms of
bovine albumin-styrene oxide adducts or native bovine albumin
were loaded onto 10% Tris-glycine gels. After separation and
transfer, the blotted membrane was incubated with antiserum
#1043, followed by anti-rabbit IgG conjugated with horseradish
peroxidase. The resulting antibody-incubated membrane was
treated with an ECL chemiluminescence kit. As shown in Figure
3, a chemiluminescent band at 65 KDa was observed in the
lanes loaded with the bovine albumin-styrene oxide adducts.
In addition, exposure of albumin to styrene oxide at higher
concentration produced greater chemiluminescence in the im-
munoblot, indicating that antibody recognition depends on the
hapten loading of the protein adducts. As expected, no chemi-
luminescent band was observed in the lane loaded with the same
amount of native albumin (Figure 3). This indicates that the
antibodies are able to detect protein adducts derived from styrene
oxide and show no cross-reaction toward the native protein
(albumin).

An additional immumoblot was performed to examine the
concentration dependence of antibody binding. The albumin
adducts prepared by an incubation of bovine albumin to styrene
oxide at a concentration of 7.5 mM (see above) were mixed
(diluted) with native albumin at ratios of 1:9 and 1:1 (albumin
adducts/native albumin). The dilution ratios corresponded to the
concentration of styrene oxide (0.75 and 3.75 mM vs 7.5 mM)
in the reaction with bovine albumin for the preparation of the
albumin styrene oxide adducts described above. The immu-
moblot analysis of protein adduct samples was processed in the
same manner as that of the bovine albumin adducts prepared
for the hapten loading study. As shown in Figure 4, a pattern
in the density of chemiluminescence was observed similar to
that found in the immunoblot of bovine albumin after exposure
to styrene oxide at concentrations of 0.75, 3.75, and 7.5 mM
(Figure 3), respectively. The albumin adducts without native
albumin dilution produced the highest chemiluminescence,
followed by those protein adducts diluted with 2- and 10-fold
native albumin. This suggests a good quantitative immuno-
response of the antibody to the protein adducts.

Competitive immunostaining was conducted to further de-
termine the specificity of the antibody. The membrane blotted
with the bovine albumin-styrene oxide adducts (exposed to 7.5

mM styrene oxide) was cut into four pieces. One was incubated
with antiserum #1043 (1/1000), and the others were incubated
with antiserum #1043 (1/1000) containing a series dilution of
the styrene mercapturic acids at concentrations of 0.025, 0.1,
and 1.0 mM. As shown in Figure 5, a slightly diminished
chemiluminescence comparative to that of the vehicle treatment
control was observed after exposure to the antibody in the
presence of mercapturic acids at a concentration of 0.025 mM,
and a significant decrease in chemiluminescence was found in
the presence of 0.1 mM mercapturic acids. Furthermore, the
presence of 1.0 mM mercapturic acids in the antibody incubation
almost abolished chemiluminescence. This further supports the
hypothesis that the binding of the antibodies to styrene oxide-
protein adducts results from the immunorecognition of the
cysteine residue modified by styrene oxide.

To examine the existence of cellular protein adducts derived
by the styrene oxide metabolite and to determine whether these
antibodies could detect such adducts, freshly collected rat nasal
mucosa samples were incubated with 1 or 5 mM styrene in Me2-
SO in RPMI 1640 supplemented with FBS (10%). The resulting
protein samples were separated and blotted to nitrocellulose
membranes. The membranes were incubated with antiserum
#1043 (1/1000) and consecutively incubated with anti-rabbit
IgG-horseradish peroxidase. The results are shown in Figure 6.

Several bands with molecular weight ranging from 50 to 80
kDa were detected from protein samples obtained from rat nasal
mucosa incubated with 1 or 5 mM styrene. In the control lane,
a 50 kDa band was also observed. However, this band was less
dense compared to those of the styrene-treated samples. The
results indicate the bioactivation of styrene to styrene oxide in
situ and the covalent binding of styrene oxide metabolite to
cellular proteins. However, the identities of the detected proteins
are not yet known, and further studies will be conducted to
elucidate these proteins.

Figure 5. Competitive immunostaining (antiserum #1043) of styrene oxide-modified bovine albumin (pretreated with 7.5 mM styrene oxide). The
primary antibody was preincubated with the vehicle (lane 1), 0.025 mM (lane 2), 0.1 mM (lane 3), or 1.0 mM (lane 4) competitor styrene mercapturic
acids. Each lane was loaded with 2.0µg of the protein sample.

Figure 6. Western blot (antiserum #1043) of styrene oxide-modified
protein samples obtained from rat nasal mucosa incubated with the
vehicle (lane 1), 1 mM styrene (lane 2), or 5 mM styrene (lane 3).
Each lane was loaded with 140µg of the protein sample.

320 Chem. Res. Toxicol., Vol. 20, No. 2, 2007 Yuan et al.



In summary, we have successfully developed polyclonal
antibodies to recognize cysteinyl styrene oxide-protein adducts.
These antibodies are able to identify styrene oxide-modified
proteins with little cross-reaction to native proteins. The
specificity of these antibodies to detect the styrene moiety was
confirmed by competitive ELISAs along with competitive
Western blots. These antibodies could be used as a useful tool
to detect cellular proteins modified by styrene oxide and to
investigate the role of covalent binding in the mechanisms
underlying styrene cytotoxicity.
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