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In industrialized countries, people spend more time indoors and are therefore increasingly exposed to
volatile organic compounds that are emitted at working places and from consumer products, paintings,
and furniture, with chlorobenzene (CB) and 1,2-dichlorobenzene (DCB) being representatives of the
halogenated arenes. To unravel the molecular effects of low concentrations typical for indoor and
occupational exposure, we exposed human lung epithelial cells to CB and DCB and analyzed the effects
on the proteome level by 2-D DIGE, where 860 protein spots were detected. A set of 25 and 30 proteins
were found to be significantly altered due to exposure to environmentally relevant concentrations of
10-2 g/m3 of CB or 10-3 g/m3 of DCB (2.2 and 0.17 ppm), respectively. The most enriched pathways
were cell death signaling, oxidative stress response, protein quality control, and metabolism. The
involvement of oxidative stress was validated by ROS measurement. Among the regulated proteins,
28, for example, voltage-dependent anion-selective channel protein 2, PDCD6IP protein, heat shock
protein beta-1, proliferating cell nuclear antigen, nucleophosmin, seryl-tRNA synthetase, prohibitin,
and protein arginine N-methyltransferase 1, could be correlated with the molecular pathway of cell
death signaling. Caspase 3 activation by cleavage was confirmed for both CB and DCB by immuno-
blotting. Treatment with CB or DCB also caused differential protein phosphorylation, for example, at
the proteins HNRNP C1/C2, serine-threonine receptor associated protein, and transaldolase 1. Compared
to previous results, where cells were exposed to styrene, for the chlorinated aromatic substances besides
oxidative stress, apoptosis was found as the predominant cellular response mechanism.
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1. Introduction

In the last fifty years, changes in lifestyle in the industrialized
countries have led to prolonged times spent indoors, concur-
rent with the cumulative use of consumer products containing
volatile organic compounds (VOCs). Therefore, many people
are increasingly exposed to these chemicals which in severe
cases may cause symptoms that are commonly referred to as

the sick building syndrome, a condition that is characterized
by irritation of the eyes, nose, throat and skin and in extreme
cases even results in neuronal disorders (for review, see refs 1
and 2).

According to their structure, VOCs can be classified into
aliphatic and aromatic hydrocarbons and additionally subdi-
vided into nonhalogenated and halogenated compounds.
Among the latter, chlorobenzene (CB) and dichlorobenzene
(DCB) are among the most abundant representatives.3 CB is
used as an intermediate in chemical synthesis of herbicides
and dyes and is also present in consumer products, such as
rubber and paint.4 In 1988, 88 500 t of DCB were produced in
Western Europe.5 Like chlorobenzene, it is mainly used as an
intermediate in the chemical synthesis of pesticides but is also
present as solvent in adhesives and painting material. Thus,
halogenated compounds can cause severe problems since their
biologically mediated degradation is rather slow and these
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compounds are therefore classified as persistent organic pol-
lutants (POPs6).

In industry, very high occupational concentration levels have
been reported for workplaces associated with the production
and usage of volatile organic compounds. However, CB is not
bioaccumulated to high levels and does not belong to the group
of persistent organic compounds.5,7 Only low amounts (1-9
ng/g) of CB were found in 98% of human adipose tissue
samples from all regions of the United States. In addition, CB
was also detected in exhaled breath, urine (20-120 ng/L), and
human breast milk.8,9

Measured DCB concentrations in blood of the general
“unexposed” population are below 3 ppb.10 The content in
whole human milk ranged from 3 to 29 ppb while 38 µg of DCB
per kg fat were detected in adipose tissue.11 Bioaccumulation
is only expected in tissues with high fat content during
prolonged, continuous exposures as observed in rats exposed
to high concentrations of 250 mg/kg.12

Occupational DCB levels up to 8.5 ppm (51 mg/m3) have
been found in chlorobenzene factories.11 For chlorobenzene,
concentrations between 18.7-488 mg/m3 were found.13 At
these high concentrations chlorobenzene can cause adverse
health effects like irritation of the mucosa in nose and throat
as well as headaches and dizziness.14 In order to protect hu-
man health, German Ministry of Labor and Social Affairs
(Arbeitsplatzgrenzwert, AGW) and the American Conference of
Industrial Hygienists (Threshold Limit Value, TLV) adopted a
limit of 10 ppm for the occupational exposure to CB. The
current Permissible Exposure Limit (PEL) according to the
Occupational Safety & Health Administration (OSHA) is 75
ppm. Occupational Safety & Health Administration (OSHA)
adopted a Permissible Exposure Limit of 50 ppm for DCB. In
2001, the German MAK-value for DCB was lowered to 10 ppm
(60 mg/m3).7

Under normal circumstances, concentrations in households
are too low to cause acute toxic effects. In epidemiologic studies
performed in the area of Leipzig (Germany), concentrations of
mono- and dichlorobenzene were found to be much lower than
the reported workplace levels.15 In particular for monochlo-
robenzene, concentrations in the range of 1-3.5 µg/m3 were
measured in apartments, which is comparable to those found
in other studies from Germany.16 Similar results were obtained
in the United States of America.17 While the commonly
encountered indoor concentrations are not suspected to elicit
acute toxic effects, epidemiological studies have shown that
low VOC concentrations are correlated with an increased risk
of developing atopic diseases such as eczema15 or obstructive
bronchitis.18 Furthermore, it has been shown that low-level
exposure to VOCs can also add up in affecting the developing
immune system of the newborn child19 or infants.20 To unravel
the molecular mechanisms underlying the mode of action of
volatile organic compounds, the application of in vitro model
systems is required. Since the respiratory tract is a primary site
of exposure, the lung epithelial cell line A549 was selected as
the model of choice for our investigations.21 Despite the
malignant nature, A549 possess typical properties of alveolar
epithelial type II cells. They express multi drug resistance-
associated proteins (MRP) 1 and 3 as well as most of the major
constitutive and inducible CYP forms found in lung epithelial
cells22 and are able to secrete surfactant proteins, especially
when cultured air-exposed.23 Moreover, A549 cells have been
shown to be competent for expressing and secreting inflam-

matory markers such as cytokines and chemokines in response
to volatile organic compounds.21,24

Toxicological data for mono-, 1,2-, and 1,4-dichlorobenzene
obtained in mice have indicated significant differences espe-
cially in terms of hepatotoxicity, protein droplet formation in
the kidney and with respect to the serum level of thyroxine.25

These earlier observations point to differences in the toxico-
logical effects of the two compounds. Thus, we decided to
compare these CB and DCB side by side using an in vitro
system to study to which extent the degree of chlorination
affects cellular response. Since the focus was set on nonacute
effects of these two compounds, we applied a concentration
range for which no significant toxicity had been observed in a
previous study using chlorobenzene and the here-applied in
vitro exposure system26 and tested it for effects on the global
proteome response.

In earlier exposure studies, the A549 cells were additionally
stimulated by TNFR24,26-28 to simulate the cells resulting in a
somewhat arbitrary situation presumably resembling the in
vivo situation of an inflammatory response occurring within
the lung epithelium. However, under these conditions it is
difficult to distinguish between the synergistic stimulatory
effects caused by TNFR and those caused by exposure to the
VOCs alone. Therefore, we decided to omit TNFR from the
culturing medium in this study.

For the analysis of molecular effects, we have chosen a
proteomic approach. It is a fact that a complete coverage of
the cellular proteome cannot be obtained using current
methods, especially regarding those proteins that are expressed
in low copy numbers is not achievable. Still it is possible to
use changes in the expression level or posttranscriptional
modification of the more abundant proteins to gain valuable
insights into the involved pathways of cellular reaction toward
xenobiotic substances.29,30 On the technical side, we opted for
a 2D DIGE approach. 2D gels are not only capable to display
changes in protein expression but in addition in many cases
concomitantly reveal posttranscriptional modifications. Fur-
thermore, DIGE exhibits the best sensitivity and reliability of
quantification among the gel based approaches.31 Small changes
in expression are often crucial for the actual activity of proteins
and thereby affect the involved molecular pathway(s) as
described by the molecular species hypothesis.32 In an earlier
study we have established a reference 2D map of A549 cells33

which proved to be helpful in this study. Although the protein
expression concept has its shortcomings it has been proven to
be useful in many studies in conjunction with the data
evaluation following the concept of gene enrichment for
identifying the most prominent processes involved. Here we
are primarily interested in the cellular reaction to mono- and
dichlorbenzene at nonacute toxic concentrations.

Targeted proteomic and transcriptomic approaches have
shown that oxidative stress is a typical response to the VOCs
monochlorobenzene and styrene.26,34 A similar response could
be identified in a global proteome approach analyzing the
effects of styrene.33 The degradation of aromatic compounds
was well analyzed in earlier studies, showing that a first step
catalyzed by microsomal enzymes, namely cytochrome mon-
oxygenases, is the formation of arene epoxides, which may exert
their toxic effects by forming covalent bonds with proteins and
DNA.33,35 Further transformation of the epoxides leads to the
corresponding dihydrodiols and dichlorophenols.36 Moreover,
secondary metabolism of phenols may yield catechols, hydro-
quinones and benzoquinones. Oxidized forms of these com-
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pounds together with the epoxides are supposed to be respon-
sible for the toxicity of chlorinated benzenes.35 The catechols
were detetected in urine from all workers exposed to DCB and
CB.37,38 Moreover, secondary metabolism of phenols may yield
catechols, hydroquinones and benzoquinones. Oxidized forms
of these compounds together with the epoxides are supposed
to be responsible for the toxicity of chlorinated benzenes.35 The
formation of catechols is caused by the activity of monooxy-
genases, which as a side product can also form reactive oxygen
species. Furthermore, catechols themselves cause oxidative
stress through the redox cycling between the quinone and the
catechol with concomitant generation of damaging ROS, that
in turn can cause adducts at proteins or DNA-modification.39

Thus, the observed oxidative stress might be either a conse-
quence of the side products from the increased activity of the
monoxygenases that were induced to degrade the original
chemical substance or might result directly from the formed
metabolites.

However, it is still an open question to which extent aromatic
VOC might drive the cells toward apoptosis. By choosing
exposure conditions without obvious acute toxic effects, the
dominant presence of necrotic processes can be excluded.
However, proteomic changes involving components of these
pathways may still occur, providing early markers for an
apoptotic response developing at a later time point. The
potential causative role of oxidative stress for the induction of
apoptosis can be proven by the usage of antioxidative agents.26

The aim of this study was to detect the molecular changes
in lung epithelial cells upon exposure to CB and DCB and
thereby to identify the underlying molecular pathways with the
final aim to define early marker proteins or sets thereof that
can be used for improved precautionary testing of structurally
related substances.

2. Material and Methods

2.1. Analysis of CB and DCB. CB and DCB (both Merck,
Darmstadt, Germany) concentrations were measured after 24 h
of exposure (100 g and 10-1 g/m3) by automated headspace gas
chromatography (GC) with a Varian 3800 gas chromatograph
(Varian, Palo Alto, CA) equipped with a CP SIL 5 CB capillary
column and a flame ionization detector. The chromatographic
conditions as well as sample preparation and measurement
were carried out in triplicates as described recently for styrene
analysis.33

For calibrations, seven diluted standards of CB (55 µg/L-5.5
mg/L) and DCB (64.9 µg/L-6.49 mg/L) prepared from stock
solutions were treated in the same way as the samples. The
stock solutions were prepared in pure methanol. CB and DCB
exhibited the following retention times: 2.70 and 4.44 min,
respectively. The mean partition coefficients at each time point
were calculated by dividing the corresponding VOC concentra-
tions of the culture medium by the assumed VOC concentration
in the atmosphere of the exposure system.

2.2. Cell Culture and Exposure to VOC. Human lung
epithelial cells (A549, ATCC No. CCL-185; LGC Promochem,
Wesel, Germany) were cultured (250,000 cells seeded on each
transwell insert and cultivated for 3 days) and exposed in
triplicates to CB (10-2 g/m3) or DCB (10-3 g/m3) in tightly closed
prewarmed glass flasks (600 mL volume) for 24 h at 37 °C as
described earlier.21,27 Controls were exposed to methanol (VOC
solvent).

2.3. Safety Measures. All operations were performed using
personal protection measures defined by German law (safety

glasses, gloves, and laboratory coat) as well as clean benches
of the security level 2 that were additionally equipped with
activated carbon filters to efficiently avoid VOC contamination
of the air in the laboratory. VOC containers were stored
separately in a cool place. Wastes have been collected and
disposal has been managed according to German law.

2.4. Cytotoxicity Measurements. Before and after exposure,
cell viability and cell numbers were recorded by Trypan blue
exclusion following trypsinization of cultured cells. Membrane
integrity was additionally measured using the Cytotoxicity
Detection Kit (Roche Applied Science, Mannheim, Germany),
according to the supplier’s information. Leakage of lactate
dehydrogenase (LDH) from exposed cells (triplicates) was
estimated following exposure to 10-3, 10-2, 10-1, 100, 101, 102

g/m3 of CB and DCB for 24 h as published earlier for styrene.
LDH release was expressed as percent of total cell LDH
(determined using a lysis control).

2.5. Detection of Reactive Oxygen Species. A549 cells
(500 000 cells in each well) were grown on 25 mm transwell
inserts (Nunc, Roskilde, Denmark) for 24 h. Cells were washed
with PBS (with Ca2+ and Mg2+) and loaded with 25 µM 2′,7′-
dichlorofluorescein diacetate (DCFH2-DA; Fluka, Seelze,
Germany) for 30 min at 37 °C in the dark. After an additional
wash cells were exposed to CB, DCB or methanol (control) for
2 h. Exposed cells were washed again and were harvested by
incubation in 250 µL trypsin for 3 min. After resuspension in
250 µL 2% FCS-containing PBS, intracellular generation of
reactive oxygen species was quantified by monitoring of
fluorescence using flow cytometry (BD FACS Calibur, BD
Biosciences, Heidelberg, Germany).

2.6. DIGE- 2DE. Three independent biological experiments
have been performed using A549 cells exposed to CB (10-2

g/m3) or DCB (10-3 g/m3). For each of these experiments, cells
of three transwell inserts exposed to CB or DCB in parallel in
one flask were pooled as described elsewhere.33 This has been
done because of the limited cell number per transwell.

Cellular proteins of samples and controls (150 µg per sample)
were precipitated with pure acetone at -20 °C for 15 min, and
the precipitates were centrifuged at 20 000× g for 15 min. The
pellets were resuspended in 30 µL of labeling buffer (30 mM
TRIS pH 9.0, 7 M urea, 2 M thiourea, 4% CHAPS) as described
elsewhere. Solubilisation of the precipitates was facilitated by
sonication for 30 s. 2/3 of all sample volumes were then labeled
using the fluorescent cyanine dyes (Cy3 for control samples,
Cy5 for treated samples, 200 pmol/100 µg protein each). The
remaining 50 µg of all samples were pooled for the internal
standard and labeled with Cy2 (200 pmol/100 µg protein). The
labeling reaction was carried out for 30 min on ice in the dark
and stopped with 1 µL of 10 mM lysine per 100 µg of protein
for 10 min. 100 µg of the labeled sample and control were mixed
together with 100 µg of labeled internal standard to be run on
one two-dimensional gel. 0.3 µL of the mixed protein solution
(of each 2D-gel) were run on a 10 cm SDS-PAGE in order to
verify the labeling efficiency. 340 µL of DeStreak rehydration
solution containing 0.5% IPG-buffer 3-10 NL (both reagents
GE Healthcare, Freiburg, Germany) were added to the remain-
ing protein solution (∼60 µL). Samples were centrifuged at
20 000× g for 30 min at 20 °C. The soluble proteins in the
supernatant were applied to the wells of a rehydration tray.
Isoelectric focusing (18 cm IPG-strips; pH 3-10 NL) and
preparations for second dimension were performed as de-
scribed recently.40 Second dimension separations (18.5 × 20
cm) were performed on PROTEAN II xi/XL system at 6 mA per
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gel overnight (BIO-RAD Laboratories GmbH, Munich, Ger-
many) until the dye front reached the bottom of the gel. During
all stages of the work light exposure was carefully avoided.

2.7. Image Acquisition. Immediately after the run, DIGE gels
were scanned using Ettan DIGE Image Scanner (GE Healthcare)
with the following excitation/emission filters (Cy2:480 nm/530
nm; Cy3: 540 nm/595 nm; Cy5: 635 nm/680 nm). The pictures
were evaluated using Image Quant software, whereby the
fluorescence intensities of the most intense spot and the
background were compared. The exposure time was adjusted
to a value with that the most intense spot reaches the
maximum of acquired gray values. After scanning, gels were
stained with CBB G250 (Merck, Darmstadt, Germany) according
to Neuhoff et al.41 and dried between cellophane sheets (BIO-
RAD, Munich, Germany).

2.8. Quantitative Gel Analysis. Gel pictures were quantita-
tively analyzed in Delta 2D version 3.6 software (Decodon
GmbH, Greifswald, Germany42). After warping all gels (by
warping the pictures of the internal standard), a fusion gel was
created including all gel pictures of the experiment. Detected
spots were manually edited and transferred to all gel pictures.
Spot volumes (integrated staining intensity) were normalized
on the total protein amount of each gel (excluding the biggest
spots representing ∼5% of total intensity from the normaliza-
tion). Relative volumes of the spots were determined in
comparison to the same spots intensity in the internal standard
channel on each gel. Mean relative volumes of identical spots
on triplicate gels were calculated and divided by the mean
relative volume of the corresponding spots in the controls,
yielding the expression ratio. Differentially expressed proteins
were identified using the following parameters: expression ratio
lower than 0.77 or higher than 1.3 and a p-value of p < 0.05, as
obtained by the software’s integrated Student’s t test. Proteins
were cut from dried gels and identified by mass spectrometry
if they were significantly up- or down-regulated. Differentially
expressed proteins were furthermore evaluated by multiple
testing. Significantly regulated spots following multiple testing
were defined by a fold change of 1.3 or higher and a tail area-
based Fdr43 < 0.1, as obtained by ”fdrtool”44 using p-values of
“Delta2d’s” Student’s t test.

2.9. Detection of Differential Protein Phosphorylation.
Differential protein phosphorylation was detected following
cell exposure to CB or DCB (both at exposure to 100 g/m3 and
10-4 g/m3) for 1 h by Pro-Q Diamond Phosphoprotein Gel
staining. Cells on three transwell inserts were washed twice with
1 mL of ice cold PBS, lyzed directly on the membranes of the
inserts using 300 µL of the same lysis buffer as for the DIGE
experiment, pooled in one tube and stored at -70 °C following
freezing in liquid nitrogen. Experiments were performed three
times including controls exposed to methanol for 1 h. Cytosol
preparation and protein estimation were carried out as men-
tioned above. 200 µg of cellular protein were precipitated for
each sample applying the described method of acetone pre-
cipitation. 135 µL of DeStreak rehydration solution containing
0.5% IPG-buffer 3-10 NL (both reagents GE Healthcare,
Freiburg, Germany) were added to dried protein pellet. Samples
were allowed to dissolve for 10 min under continuous shaking
and they were centrifuged at 20 000× g for 30 min at 20 °C.
The supernatant containing the soluble protein was applied
to the wells of a rehydration tray. Proteins were focused using
7 cm IPG strips 3-10 NL (GE Healthcare, Freiburg, Germany)
and prepared for second dimension as described recently.33

Immediately after the run of the second dimension, gels were

incubated in 100 mL of fixation solution (50% methanol, 10%
acetic acid) for 30 min. Gels were stored in fresh fixation
solution overnight at 4 °C. In the next morning gels were
washed 3 times with 100 mL of doubly distilled water for 10
min and incubated (with continuous shaking) for 90 min in 50
mL of the Pro-Q Diamond Phosphoprotein Gel stain (Molecular
Probes, Leiden, The Netherlands) in the dark. Afterward gels
were incubated 3 times for 30 min in 100 mL of Destain
solution (75% (v/v) doubly distilled water, 20% (v/v) ACN, 5%
1 M sodium acetate solution (pH 4.0)). Before gel scanning on
Ettan DIGE Image Scanner (GE Healthcare), gels were rinsed
twice for 10 min in doubly distilled water. Scanner settings were
as following: excitation/emission filters: 540 nm/595 nm,
exposure of 0.4 s per pixel. Gels were washed again in water
and exposed overnight to SYPRO Ruby total protein gel stain
(50 mL; BIO-RAD Laboratories GmbH, Munich, Germany). The
staining solution was removed and the gels were destained for
30 min in a solution of 10% methanol and 7% acetic acid. Gels
were rinsed with water and scanned using the same fluores-
cence scanner and the following settings: excitation/emission
filters: 480 nm/595 nm, exposure of 1.0 s per pixel. Phospho-
stain images were quantitatively analyzed in Delta 2D version
3.6 software (Decodon GmbH, Greifswald, Germany42). First,
all SYPRO Ruby images were warped manually and overlaid
with the corresponding Pro-Q Diamond signals of the identical
gels. A fusion gel (of all Pro-Q Diamond images) was created.
Detected spots were manually edited and retransferred to all
the Pro-Q Diamond images. Spot volumes (integrated staining
intensity) were normalized on the cumulative signal on each
image (excluding the biggest spots representing ∼5% of total
intensity from the normalization). Mean relative volumes of
identical spots on triplicate gels were calculated and divided
by the mean relative volume of the corresponding spots in the
controls, yielding the expression ratio. Differentially expressed
proteins were identified using the following parameters: ex-
pression ratio lower than 0.77 or higher than 1.3 and a p-value
of p < 0.05, as obtained by the software’s integrated Student’s
t test. Significantly regulated proteins were cut from wet
Coomassie stained gels and identified by mass spectrometry.

2.10. Identification of Protein Spots. Tryptic digestion and
protein identification using nano-HPLC-Chip/nano-ESI-ion-
trap-MS or MALDI-TOF/TOF MS was carried out as described
recently by Jehmlich et al.45 In brief, the protein spots of
interest were cut out of a 2D SDS-gel and digested overnight
using porcine trypsin (Sigma-Aldrich, Geisenhofen, Germany).
Resulting peptides were extracted from the gel, concentrated
by vacuum centrifugation and analyzed either by spotting an
aliquot on a MALDI stainless steel target using HCCA matrix
(0.6 mg/mL) and analyzed using MALDI-TOF/TOF MS on an
Ultraflex III instrument (Bruker Daltonik, Bremen, Germany)
or were separated by reversed-phase nano-HPLC-Chip (LC1100
series, Agilent Technologies, Palo Alto, CA, USA; column:
Zorbax 300SB-C18, 3.5 mm, 150_0.075 mm; eluent: 0.1% formic
acid, 0-60% ACN) and analyzed by nano-ESI-ion trap-MS/MS
(LC/MSD TRAP XCT mass spectrometer, Agilent Technologies).

For the identification of phosphorylated proteins the peptide
mixtures were separated by nano-HPLC (NanoLC-Ultra 2D,
Eksigent Technologies, Dublin, CA) and analyzed by an LTQ-
Orbitrap hybrid mass spectrometer (LTQ-Orbitrap XL ETD,
ThermoElectron, Bremen, Germany) as described by Müller
et al.46

Database searches were performed using the MS/MS ion
search (MASCOT, http://www.matrixscience.com) against all
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human protein sequences of the Swiss-Prot database (http://
expasy.org/sprot/). As subsequent parameters, tryptic digestion
with up to one missed cleavage, carbamidomethylation of
cysteines (fixed modification) and oxidation of methionines
(variable modification) were used.47 MALDI-TOF/TOF-MS data
were searched with peptide mass tolerances (100 ppm and
MS/MS tolerances of (0.6 Da. For searches of nano-HPLC-
Chip/nano-ESI-ion trap-MS data peptide mass tolerances of
(1.2 Da and MS/MS fragment tolerances of (0.6 Da were
allowed, whereas peptide mass tolerances of (10 ppm and MS/
MS fragment tolerances of (0.5 Da were used for nano-HPLC/
nano-ESI-orbitrap-MS data analysis. Proteins were specified as
unambiguously identified if the MOWSE score was found to
be higher than 100 and at least 2 different peptides (p < 0.05)
were used for identification. Molecular weight and pI of the
identified protein were cross-checked with the gel position of
the excised spot.

2.11. Immunoblot Analysis of Apoptosis Signaling. Ten µg
of all cell lysates used for the DIGE experiment were analyzed
for Caspase 3 cleavage. Protein extracts were separated using
SDS-PAGE on 12% gels. Gels were electro-blotted by tank
blotting on Optitran BA-S83 Reinforced Nitrocellulose (What-
man, Dassel, Germany) for 1,5 h at 100 V and 12 °C in CAPS
buffer as described earlier48 (10 mM CAPS, pH 11, 10%
methanol). Protein bands were stained with Ponceau S. Mem-
branes were incubated for 1 h in 5% skimmed milk in TBS-
including 0.1% Tween 20 (TBS-T), washed three times 10 min
in TBS-T and incubated overnight in the respective primary
antibody dilution, containing 2% skimmed milk in TBS-T.
Caspase 3-specific polyclonal rabbit antibody (#9662, Cell
Signaling Technology, 1:1000) or Cleaved Caspase 3-specific
polyclonal rabbit antibody (#9661, Cell Signaling Technology,
1:1000) were used for overnight incubation of membranes. After
successive washing steps in TBS-T, the horseradish peroxidase-
conjugated secondary antibody (goat antirabbit antibody (#
170-6515, BIO-RAD Laboratories, 1:2000) was added and
incubated for 1.5 h at RT. Chemiluminescence signal was
measured using Amersham ECL Advance Western Blotting
detection kit (GE Healthcare, Freiburg, Germany) and Fluo-
rChem 8900 (Alpha Innotech).

2.12. Cluster Analysis of Protein Expression Data. Dif-
ferential protein expression in response to CB (10-2 g/m3) or
DCB (10-3 g/m3) as determined via 2D gel electrophoresis was
compared with data obtained in a previous study,33 where
cellular effects of styrene at different concentration (10-10-3

g/m3) were investigated using the same experimental setup and
data analysis procedure. For this, expression ratios of less than
1 (corresponding to downregulation of the respective protein)
were converted to their negative reciprocals; expression ratios
between the cutoff values of -1.3 and 1.3 (please see section
2.7) were set to zero. Cluster analysis of the combined data set
was performed using the freely available software PAST49 using
the WARD algorithm (based on Euclidean distance), and the
corresponding heatmap and dendrogram were exported. The
final layout was generated using the graphic software CorelDRAW
(version X3). Additionally pairwise analysis of similarities in
expression changes via variance-covariance and Pearson cor-
relation were performed for the different exposure setups
(PAST). Resulting coefficients of the two analyses were com-
bined into a single matrix (MS Excel), and from this a heatmap
was generated using the freely available Java program JColor-
Grid.50

3. Results and Discussion

3.1. Cell Culture Model and Exposure of Cells to CB and
DCB. In this study, transwell inserts were used for the most
direct exposure of the cells to CB and DCB via the gas phase.
The cells were nourished through membrane pores on the
basolateral side while being exposed directly to the gas phase
above them.21,28,51 Since there is still a tiny film of medium on
the cells the actual partitioning of CB and DCB between air
and medium was analyzed by sampling the cell culture medium
after 24 h of exposure to 10-1 g and 100 g of both VOCs per
cubic meter gas atmosphere (i.e., 19.9 and 199.0 ppm for CB;
15.23 and 152.3 ppm for DCB). This resulted in CB and DCB
concentrations in the cell culture medium of 0.19 and 1.82
mg/L (1.78 µM and 18.1 µM) versus 0.20 and 2.08 mg/L (1.36
µM and 13.9 µM), respectively (Figure 1a). No CB or DCB could
be detected in media of control cells which were exposed to
the solvent methanol. Based on the results of the two exposure
concentrations the mean partition coefficients (cmedium/cgas 24 h)
were calculated to be 1.86 ( 0.06 for CB and 2.04 ( 0.05 for
DCB. Gargas and Andersen determined a partition coefficient
(c0.9%NaCl/cgas) of 2.81 ( 0.07 for chlorobenzene52 which is in
fair accordance with our results. Further data on partitioning
between cell culture medium and air are available for CB
and DCB. Croute and colleagues found partition coefficients
(cmedium/cgas) of 4.66 and 3.38, respectively.53 The higher con-
centration of DCB in the medium despite its reduced solubility
can only be explained by its lower vapor pressure. The partition
coefficients, together with the relatively small medium phase
(2 mL vs 600 mL gas phase) ensured that more than 98% of
the applied VOC will remain in the gas phase during the
experiments and that concentrations for the gas phase thus
can be calculated fairly accurately by dividing the applied
amount by the total volume of the flask.

3.2. Toxicity Studies. Toxicity of CB and DCB was estimated
after a 24 h exposure of human epithelial cells (A549) via the
gas phase. Membrane damage was assessed (as a measure for

Figure 1. CB and DCB concentrations in cell culture and LDH
release assessment. (A) Concentrations of CB and DCB in culture
medium measured by GC in cell culture medium following A549
cell exposure to 10° g and 10-1 g/m3 for 24 h. (B) Toxicity of CB
and DCB dichlorobenzene exposure (10-3 g, 10-2 g, 10-1 g, 10°
g, 101 g and 102 g/m3 for 24 h) was measured using lactate
dehydrogenase (LDH) release in A549 cells. Data are shown as
mean of triplicates + SEM.
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cell viability) by measuring cellular lactate dehydrogenase
(LDH) release into the cell culture medium (Figure 1b). LDH
release within 24 h increased up to 65.6% and 73.8% of total
cellular LDH when cells were exposed to 102 g/m3 of CB or
DCB, respectively, compared to control cultures (only 0.6% of
LDHtotal). However, only a weak membrane damage of 2.41%
versus 3.13% could be detected when exposing cells to 101 g/m3

of CB or DCB, respectively. In a recent study on differential
protein expression following 24 h styrene exposure, less severe
cell membrane leakage of only 29% LDHtotal at 102 g/m3 was
found. No membrane damage could be detected when cells
were exposed to concentrations less than 101 g/m3 of CB, DCB
and styrene.33 Thus, using this experimental readout system
toxicity of the tested VOCs increasessalbeit slightlyswith the
degree of chlorination, a result that is in line with experiments
performed by Croute et al.53 In this study, A549 cells that were
exposed to 100 µM CB for 4 days showed a significant growth
inhibition (-17%), whereas for the same inhibition only 10 µM
of DCB were required. Even though our results do not imply
such a strong dependency on the number of chlorine substit-
uents, they give a further example of differences in toxicity
between mono- and dichlorobenzenes. Since the focus of this
study was to detect cellular responses upon exposition to
nonacute toxic conditions, we chose concentrations that were
at least 2 orders of magnitude below the lowest concentrations
causing significant effects on cell viability.

3.3. Differential Protein Expression Following Exposure
to CB or DCB. In this study, the effects of CB and DCB exposure
on differential protein expression of lung epithelial cells (A549)
were analyzed in 2D-DIGE gel triplicates. Using 10-2 g CB/m3

(1.99 ppm) and 10-3 g DCB/m3 (0.15 ppm), environmentally
relevant concentrations were applied that are also below the
governmental regulations for occupational exposure. We quan-
tified the abundance of about 860 protein spots of A549 cells
with pI between 4 and 9 using Delta2D software. For compari-
son, in a recent LC-MS based analysis of the proteomic
consequences of exposure of A549 cells to H2O2 853 proteins
were identified and quantified.54 We identified 267 proteins in
total and 50 proteins exhibited a statistical significance (p <
0.05) at either 10-2 g CB or 10-3 g/m3 DCB (Figure 2A and B,
Table 1), respectively. A total of 25 (for CB) versus 31 (for DCB)
proteins were significantly (p < 0.05) regulated. Significantly
regulated protein species are listed in Table 1 and a subset is
displayed in more detail in Figures 2C and D and bar diagrams
in Figure 3. Identification data are listed in Supplemental Table
1 (Supporting Information). We furthermore applied multiple
testing to the significantly regulated spots, to confirm the
significance of regulation. For CB 15 out of 25 spots (60%) and
for DCB 13 out of 31 spots (42%) were found to be significantly
regulated (Table 1, expression ratios marked with a filled dot)
also after multiple testing.

We are aware of the shortcomings in the protein expression
concept, starting with the fact that sometimes more than
protein contribute to the abundance of a spot and that vice
versa often different isoforms or protein species of one protein
can create complicated spot pattern. We have taken care of
that by checking the presence of multiple proteins in one spot
by a careful look at the identification data, excluding those
spots, that missed a clear difference between the first and the
second hit. Furthermore the mere abundance of a protein does
not necessarily imply that its activation is affected linearly. This
challenge can only partially be overcome by thoroughly re-
searching the literature on the various proteins. And finally

farfetched interpretations of single proteins can be avoided by
using the gene enrichment type of analysis, which requires
several proteins of a process affected in order to prove its
involvement and eventually testing the relevance of this process
by an independent method.

Identified proteins with affected expression (p < 0.1) after
exposure to CB or DCB are involved in different cellular
processes such as cell death signaling (29), oxidative stress
regulation (10), protein quality control (8) and metabolism (23).
In comparison to our styrene study, where most modulated
proteins were oxidative stress markers, chlorinated benzenes
seem to affect predominantly cell death associated proteins

3.4. Induction of VOC Metabolizing Enzymes. The presence
of aldehyde reductase (AR) was found to be doubled when
exposed to 100 g/m3 styrene. AR catalyzes the NADPH-depend-
ent reduction of a wide variety of carbonyl-containing com-
pounds to the corresponding alcohols with a broad range of
catalytic efficiencies.55 The abundance of a spot containing this
enzyme was induced by 30% when cells were exposed to 10-3

g/m3 of DCB thereby pointing to an increased oxidative stress-
related cellular response.

Human dihydrodiol dehydrogenase isoforms are aldo-keto
reductases (AKRs) that activate polycyclic aromatic hydrocar-
bons (PAHs) by oxidizing trans-dihydrodiol (usually produced
in a primary metabolization step b phase I oxidases) carcino-
gens to reactive and redox-active ortho-quinones. For example,
human AKR1C1 and AKR1C2 oxidize trans-7,8-dihydroxy-7,8-
dihydrobenzo[a]pyrene to the cytotoxic and genotoxic metabo-
lite benzo[a]pyrene-7,8-dione (BPQ) with the highest catalytic
efficiency.56 Two spots of AKR1C2, also called trans-1,2-
dihydrobenzene-1,2-diol dehydrogenase, showed 1.85 times the
normalized intensity of the same spots in the control sample
following exposure to DCB. In detail, dihydrodiol dehydroge-
nase isoforms 1C1/2 oxidize aromatic trans-dihydrodiols to
reactive and redox-active ortho-quinones which in turn cause
an increased formation of reactive oxygen species (ROS) via a
redox-cycling mechanism. The induction of VOC metabolizing
enzymes is additionally linked to the molecular cellular event
of oxidative stress because aldo-keto reductases inherently leak
reactive oxygen species due to their mode of action.57

It is conceivable that the enzymes induction could be
transmitted by the arylhydrocarbon receptor (Ahr), although
the relatively small size and polar characteristics of the halides
of the mono- and dichlorobenzenes confer a limited hydro-
phobicity and thereby allow only for a weak binding to the
Ahr.58

3.5. Chlorinated Benzenes Modulate Oxidative Stress
Proteins. Intriguingly, a number of proteins directly and
directly involved in maintaining redox homeostasis were
identified upon exposure to CB or DCB exposure that were
recently found to be regulated also by styrene. In studies trying
to explain the mechanism of toxicity of benzene59 and halo-
genated benzene60 it is argued that the oxidative attack by
cytochrome P450 enzymes results in the formation of electro-
philic intermediates able to react with sulfhydryl groups,
leading to the depletion of reduced glutathione.61 In order to
validate the appearance of oxidative stress the effect of exposure
to CB (Figure 5a,c) and DCB (Figure 5b,c) were analyzed by an
intracellular assessment of reactive oxygen species. For both,
CB and DCB the exposition lead to a significant increase of
intracellular ROS (Figure 5c).

Increased presence (34%, p < 0.05) of a spot containing
biliverdin reductase A (BLVRA), a potent cytoprotectant, was
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observed following DCB exposure, though to a lower extent as
that observed for exposure to styrene at 101 g/m3 and 10-3 g/m3,
respectively. Human BLVRA exerts 3% of its total activity in
lung cells. Together with heme oxygenase-1, an inducible stress
protein,62,63 it converts heme via biliverding to bilirubin, the
latter one being a potent antioxidant that is reverted to
biliverdin upon oxidation. Thus, continuous reduction of
biliverdin by BLVRA feeds a redox cycle that eliminates pro-
oxidant species. The increased level of BLVRA in our experi-

ments can be interpreted as a response mechanism to over-
come VOC-induced oxidative stress.

Clic1, a redox sensitive ion channel and a member of the
GST family64 was upregulated by 50% when exposed to DCB
while it reached an expression level of 250% when cells were
exposed to a relatively high concentration of styrene (100 g/m3).
We suggest that actin-regulated membrane CLICs could modify
solute transport at key stages during cellular events such as

Figure 2. 2D gel electrophoresis showing differential protein expression of A549 cell line following exposure to 10-2 g/m3 CB (A) or
10-3 g/m3 DCB (B) compared to control cells. One-hundred micrograms of each cytosol were labeled with 200 pmol of Cy3 or Cy5 and
separated on 18 cm 3-10 NL strips and 12% acrylamide gels including Cy2 labeled internal standard. Arrows mark differentially expressed
protein spots with expression ratios (exposed/control) of at least >1.3 or <0.77 in triplicate experiments. Details of spot areas of
differentially abundant spots are shown in C and D.
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Table 1. Differentially Expressed Proteins Following Exposure to Chlorinated Benzenes

expression levelc

IDa protein involved in process accessionb CB 1,2 DCB

Oxidative stress
2 Chloride intracellular channel protein 1 O00299 1.54*
2 × 5 Cytochrome b5 type B precursor O43169 0.27*/**/#/•

2 × 25 Lamin-A/C P02545 2.84°/*/#/•

2 × 76 Glycogen phosphorylase P11216 0.61*/#/•

93 Aldehyde reductase P15121 1.30*
99 Phosphoglycerate mutase 1 P18669 1.31°
162 6-phosphogluconate dehydrogenase P52209 1.39°
164 Aldo-keto reductase family 1 member C2 P52895 1.85*/•

165 Biliverdin reductase A P53004 1.35*
186 Peroxiredoxin-1 Q06830 2.85* 2.36°

Cell death signaling
2 × 10 WD repeat-containing protein 1 O75083 0.56**/• 0.49*/#/•

31 Annexin A1 P04083 1.42°
36 Heat shock protein beta-1 P04792 0.65*
6 × 38 Vimentin P08670 3.35*/#/•

45 Nucleophosmin P06748 3.03*
5 × 56 Heterogeneous nuclear ribonucleoproteins C1/C2 P07910 0.31**/***/#/• 0.39*/**/#/•

63 Annexin A5 P08758 1.59**/•

67 Annexin A4 P09525 1.31°
6 × 86 Elongation factor 2 Q8TA90 1.83°/# 1.62*/#/•

87 Electron transfer flavoprotein subunit alpha P13804 0.60° 0.59°
95 Ezrin P15311 0.62*/•

101 Voltage-dependent anion-selective channel protein 1 P21796 0.61°
105 Cofilin-1 P23528 1.40°
115 Peroxiredoxin 6 P30041 0.62°
117 Thioredoxin-dependent peroxide reductase P30048 0.45**/•

118 Phosphatidylethanolamine-binding protein 1 P30086 0.73°
130 Prohibitin P35232 0.60***/• 0.74*/•

149 Voltage-dependent anion-selective channel protein 2 P45880 0.57*/• 0.52***/•

150 60S ribosomal protein L5 P46777 1.48°
156 Seryl-tRNA synthetase P49591 0.63*
158 Isocitrate dehydrogenase Q75874 0.40* 0.31*
177 Actin, cytoplasmic 2 P63261 0.57*
2 × 179 Elongation factor 1-alpha 1 P68104 0.16*/# 0.43°/#

214 IDH1 protein Q6FHQ6 0.65*
219 PDCD6IP protein Q8WUM4 0.64*
231 Protein arginine N-methyltransferase 1 Q99873 0.33**/•

2 × 254 Actin, cytoplasmic 1 P60709 0.39*/#

256 Proliferating cell nuclear antigen P12004 0.23°
266 Guanine nucleot.-bind. protein subunit beta-2-like 1 P63244 0.60**

Protein quality control
64 40S ribosomal protein SA P08865 0.26*
107 Proteasome alpha 1 P25786 0.48**/•

108 Proteasome subunit alpha type-2 P25787 0.51°
2 × 114 Endoplasmic reticulum protein ERp29 precursor P30040 0.70°/*/#

116 60S ribosomal protein L12 P30050 0.15* 0.38°
2 × 120 Protein disulfide-isomerase A3 P30101 0.74*/#

136 Stress-70 protein, mitochondrial P38646 0.75*
205 Putative uncharacterized protein UCHL1 Q4W5K6 1.79*

Metabolism
2 × 19 Retinal dehydrogenase 1 P00352 0.59°/#

23 Phosphoglycerate kinase 1 P00558 1.73°
34 Glyceraldehyde-3-phosphate dehydrogenase P04406 1.54°
43 Alpha-enolase P06733 1.68**/#

2 × 53 Tubulin beta chain P07437 1.40**/•

2 × 61 Keratin, type II cytoskeletal 7 P08729 1.51*
82 ATP-dependent DNA helicase 2 subunit 1 P12956 0.57**/•

106 ATP synthase subunit alpha, mitochondrial P25705 0.65°
124 Succinate dehydrogenase flavoprotein P31040 0.51*/•

126 Heterogeneous nuclear ribonucleoprotein H P31943 0.37* 0.48°
137 Eukaryotic initiation factor 4A-III P38919 0.62°
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apoptosis, cell and organelle division and fusion, cell-volume
regulation, and cell movement.

A key enzyme of the pentose phosphate pathway (PPP) was
found to be affected by the exposing A549 cells with styrene.
Synthesis of reduced glutathione from the oxidized form is
completely dependent on NADPH produced by the PPP.65,66

Here, 6-phosphogluconate dehydrogenase (PGD), which is also
involved in NADPH synthesis, was significantly up-regulated
by more than a factor of 2 when exposed to 100 g/m3 styrene.
In cells exposed to 101 g/m3 of styrene (+80%) and 10-3 g/m3

of DCB (+39%), the spot was detected with increased intensity
compared to control cells but with lower significance (p < 0.1).
Kozar et al. observed stimulation of the PPP including PGD
during the recovery period from acute lung injury and con-
cluded that both the PPP and the GSH system contribute to
the recovery phase of oxidant-mediated lung injury.67

Isoforms of peroxiredoxin, for example, peroxiredoxin 3 are
involved in oxidative stress response as well as apoptosis. Being
a negative regulator of apoptosis, the protein becomes oxidized
at the onset of apoptosis, which occurs within the same time
frame as increased mitochondrial oxidant production, caspase
activation and cytochrome c release. A 63% decrease of the
intensity of one spot which was identified as peroxiredoxin 6
was observed following CB exposure. However, it cannot be

Table 1. Continued

expression levelc

IDa protein involved in process accessionb CB 1,2 DCB

145 Glycyl-tRNA synthetase P41250 0.63*/•

153 Elongation factor Tu P49411 0.66*/•

5 × 192 Neutral alpha-glucosidase AB Q14697 0.49*/**/#/• 0.72°
196 Reticulocalbin 1 precursor Q15293 0.52° 0.54*
198 Thiosulfate sulfurtransferase Q16762 0.54*
4 × 210 Carbamoylphosphate synthetase I Q5R208 0.53***/***/#/• 0.57*/*/#

225 Annexin A2 Q8TBV2 1.75°
237 2-Oxoglutarate dehydrogenase E1 component Q9UDX0 0.39°
3 × 253 Moesin P26038 0.69*/*/#

3 × 255 Elongation factor 1-delta P29692 0.48°/**/#/•

2 × 258 G-rich sequence factor 1 Q12849 0.56°/°/•

263 Tropomyosin alpha-1 P09493 0.71*

a For spot IDs see map in Figure 2. b Uni-Prot Accession from www.uniprot.org. c Expression level (exposed versus control)) following exposure to
monochlorobenzene (10-2 g/m3) or 1,2 dichlorobenzene (10-3 g/m3. ° p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001. Mass spectrometric identification data
are found in the supplemental Table 1 (Supporting Information). # median value was calculated out of at minimum two values for those the significance
level is indicated separately. • protein spots significantly regulated following multiple testing (with an fold change in expression >1.3 and a tail area-based
Fdr <0.1, as obtained by ”fdrtool” using p-values of ”Delta2D”s Student’s t test. # median value was • protein

Figure 3. Statistical summary of differentially expressed proteins
following exposure to (A) 10-2g/m3 CB or (B) 10-3g/m3 DCB.
Expression levels are spot volumes relative to spot volumes of
control calculated as means of 3 replicates. Abbreviations are
gene names. ID numbers are listed in table 1 and Supplemental
Table 1 (Supporting Information).

Figure 4. 2-DE phosphoproteome analysis of 200 µg of A549 cell
lysates following exposure to CB and DCB. (A) Overlay of the
phosphoprotein-specific signal (Pro-Q Diamond, Molecular Probes,
in violett) compared to the total protein (stained with SYPRO
Ruby, in red). (B) Details as enlarged gel image regions of
differentially expressed proteins from triplicate experiments with
100 g or 10-4 g/m3 of CB and DCB. Enlarged regions are marked
with dotted squares in A. Protein expression and identification
data are listed in Supplemental Table 2 (Supporting Information).
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deduced if this indicates a potential change in the rate of
synthesis or degradation of the protein, since the spot may also
merely represent a modified or degraded species of peroxire-
doxin 6. In line with our observations, a study investigating
age related cataracts found that epithelial cells with targeted
inactivation of peroxiredoxin 6 expression showed higher ROS
expression and were prone to apoptosis.68

Oxidative stress is linked to further signaling pathways, most
prominently with the NF-κB and the p38 MAPK pathways,
which both can also trigger apoptosis. Evidence for a connec-
tion of exposure to VOCs and the NF-κB pathway is also
provided by studies in which the induction of the NF-κB and
the p38 MAP kinase pathway via a redox-specific mechanism
was shown in response to chlorobenzene24,26 or styrene28

3.6. Chlorinated Benzenes Affect the Abundance of Cell
Death-Related Proteins. A large number of proteins with
differential abundance were found that are involved in apop-

totic pathways. Therefore, we confirmed the extent of apoptosis
by analysis of the apoptosis marker caspase 3 in CB and DCB
treated cell lysates (Figure 6). Treatment of cells with CB and
DCB induced cleavage of caspase 3 resulting in the 17 kDa
active fragment.

In terms of proapoptotic regulation the proteins hnRNPC1/
C2, VDAC2, WDR1/Aip1, prohibitin were found to be regulated.
A cluster of spots containing heterogeneous nuclear ribonucle-
oproteins C1/C2 (hnRNPC1/C2) showed a strong downregu-
lation to a remaining level of only 8.8% for CB (p < 0.001) vs
21.6% for DCB relative to the expression in control cells. Holcik
reported that cellular hnRNPC1 and -C2 levels correlate
positively with the XIAP (X-linked inhibitor of apoptosis) IRES
(internal ribosome entry site) activity in vivo.69 XIAP is the most
powerful and ubiquitous intrinsic inhibitor of apoptosis by
virtue of blocking caspase activation. In this study, reduced
levels of hnRNPC were observed supporting the hypthesis that
hnRNPC1 and -C2 bind to the XIAP IRES element and are thus
involved in the modulation of XIAP IRES translation. It was
supposed that the proteolytic cleavage of hnRNPC1 and -C2
at the onset of apoptosis could be targeted to attenuate the
synthesis of the antiapoptotic molecule XIAP.

Voltage dependent anion channel 2 (VDAC2) showed a more
than 40% decreased abundance when exposed to both of the
chlorinated compounds (p < 0.05 for CB; p < 0.001 for DCB).
This mitochondrial outer-membrane protein, that was also
significantly decreased when cells were exposed to a wide range
of styrene concentrations, interacts specifically with the inactive
conformer of the multidomain pro-apoptotic molecule BAK.
Reduced levels of VDAC2 make cells more susceptible to
apoptotic death.70 Two spots of WD-repeat-containing protein
1 (WDR1/Aip1) were observed to be significantly reduced (to
a level of 56% (p < 0.01) vs 39% (p < 0.05), respectively) in
abundance following cell exposure to CB or DCB. Extensive
investigations have indicated that WDR1 is linked to apoptotic
actin depolymerization by binding a cofilin/actin complex, and
enhancing cofilin’s capacity to sever actin filaments.71 Ad-
ditionally, caspase 3 is known to cleave the actin filament
severing protein gelsolin; the resulting fragment then cleaves
actin and in turn leads to morphologic changes in apoptotic
epithelial cells.72 Indeed, actin 1 abundance seemed to be
downregulated to a level of 36% by CB, whereas actin showed
almost 58% compared to controls when exposed to DCB. A
linkage between oxidative stress, VDAC and actin depolymer-

Figure 5. Detection of intracellular reactive oxygen species. ROS
were detected by 2′7′ DCF fluorescence after exposure to VOC
(A) 10-2 g/m3 CB or (B) 10-3 g/m3 DCB. Control samples are shown
in gray, samples as black lines. (C) FACS staining is summarized
and significant differences (p < 0.05) between samples and
controls are indicated by asterisk.

Figure 6. VOC exposure increases Caspase 3 cleave. Ten micro-
grams of cytosolic protein from the identical samples as were
used for DIGE experiments (exposure to 10-2 g/m3 CB or 10-3

g/m3 DCB) were applied to standard Western blot analysis using
Caspase 3-specific polyclonal rabbit antibody (#9662, Cell Signal-
ing Technology, 1:1000) or cleaved (active) Caspase 3-specific
polyclonal rabbit antibody (#9661, Cell Signaling Technology,
1:1000). One experiment out of three is shown.
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ization was proposed by Gourlay et al. as they report on a direct
coupling of ROS release to actin function caused by opening
and closing of the VDACs, mitochondrial membrane pores
regulating the release of proapoptotic factors such as cyto-
chrome c. In purified mitochondria from N. crassa, addition
of an actin-stabilizing drug, phalloidin caused prolonged
opening of VDAC pores and an increase in released ROS,
suggesting that actin has a conserved role in cell death by
regulating VDAC in eukaryotic cells.73

Prohibitin displayed a reduction in abundance of about 40%
for CB and 35% for 1,2-DCB (p < 0.001 for CB; p < 0.01 for 1,2-
DCB). Fusaro and co-workers presented prohibitin as a po-
tential tumor suppressor protein that can repress activity of
the E2F transcriptions factors. Especially E2F1 is known for its
ability to induce apoptosis (reviewed in74); this is achieved
through induction of pro-apoptotic genes, including Apaf-1 and
p73. Prohibitin was found to bind to the pocket domain of Rb
family members and contact E2F family members through the
marked box domain.75 Prohibitin has been shown to inhibit
apoptosis in at least two different scenarios: in camptothecin-
induced apoptosis as well as growth factor withdrawal-induced
apoptosis.76 Hence, reduced prohibitin levels following expo-
sure to chlorinated VOCs may indicate induced cell death
signaling.

The nucleophosmin (NPM) protein spot showed more than
three times abundance compared to control level while cellular
exposure to CB (p < 0.05). NPM is a multifunctional protein
that plays important roles in the regulation of cell proliferation
and apoptosis.77 Induction of NPM protein expression was
described in human lung non small cell carcinoma cell line
H460 treated with different apoptosis-inducing agents.78

Heat shock protein B1 (HSPB1) expression was decreased
to a level of about 64% (relative to the control) at 10-3 g/m3 of
1,2-DCB (p < 0.05). Recently we showed that after cellular
exposure to styrene HSPB1 was also significantly reduced in
abundance.33 HSPB1 is known for its role in apoptosis signal-
ing.79 Pandey and colleagues demonstrated that HSPB1 inhibits
cytochrome c-dependent activation of caspase 3. In their
experimental setup, HSPB1 associated with Caspase 3, but not
Apaf-1 or Caspase 9, and inhibited activation of Caspase 3.80

Additionally, it has been shown previously that HSPB1 down-
regulation results in induction of NF-kappa B (NF-κB) reporter
activity and increases the release of the pro-inflammatory
cytokine IL-8 in human keratinocytes.81 Further, HSPB1 siRNA
increases basal and tumor necrosis factor alpha-mediated
activation of NF-κB pathway in HeLa cells.82

60S ribosomal protein L5 (RPL5) was up-regulated with lower
significance (p < 0.1) when cells were exposed to 10-3 g DCB/
m3. This protein was significantly up-regulated when cells were
exposed to styrene. RPL5 was recently identified as a substrate
of death-associated protein kinase (DAPk), a serine/threonine
kinase whose contribution to cell death is well established.83

Casas and colleagues provided evidence that seryl-tRNA
synthetase is a substrate of caspase 3 in vitro.84 We suppose
that the more than 35% lowered abundance (p < 0.05) of two
protein spots identified as seryl-tRNA synthetase could be
caused by cleavage by activated caspase 3.

Another sign of VOC mediated apoptosis induction is the
40% decrease (p < 0.01) in spot intensity of guanine nucleotide-
binding protein subunit beta-2-like 1, also called receptor of
activated protein kinase C 1 (RACK1), following cellular expo-
sure to CB. RACK1 is a 36-kDa cytosolic protein, which belongs
to the WD-40 family of proteins, characterized by highly

conserved, internal WD-40 repeats (Trp-Asp) implicated in
protein-protein interactions, and is a homologue of the beta
subunit of G-proteins. RACK1 shows specific binding to the
active form of PKC beta isoforms, and interaction with several
other important signaling proteins, for example, the Src kinase
family.85 Overexpression of full-length RACK1 in T cell lines
resulted in resistance to dexamethasone- and ultraviolet-
induced apoptosis. Down-regulation of RACK1 using RNA
interference abolished the resistance of the transfected cells
to apoptosis. Together, these findings suggest that RACK1 plays
an important role in the intracellular signaling pathways that
lead to apoptosis.85

Recently, Tuck et al. observed airway epithelial cell apoptosis
in the acute injury phase after Cl2 exposure (e24 h postexpo-
sure, 800 ppm for 5 min). In the repair phase after Cl2 exposure
increased airway epithelial cell proliferation, measured by
immunoreactive proliferating cell nuclear antigen (PCNA) was
recognized. Here, the much lower proliferation rate of only 23%
compared to untreated cells while cells are stressed by CB and
undergo cell death was expected from literature.86

Other proteins that are known to accompany or facilitate
increased apoptosis as annexin A1 and protein arginine N-
methyltransferase 1 were found to be upregulated and thereby
allowed an increased apoptosis. Annexin A1 is known for its
anti-inflammatory function, its involvement in the ERK repres-
sion pathway and apoptosis.87 We found a more than 50%
increased abundance of a spot containing annexin A1 when
cells were exposed to DCB as well as to styrene. Annexin A1
was also proposed as a stress protein in A549 cells.88

We observed significant (p < 0.01) repression of protein
arginine N-methyltransferase 1 (PRMT1) to a level of 33% versus
controls following exposure to DCB. PRMT1 was identified as
coactivator of p53 involved in the methylation of histones H3
and H4 to facilitate p53-mediated transcription. The induction
of apoptosis was also proven by the cleaved fragment of
Caspase 3 which is significantly increased after exposure to CB
and DCB (Figure 6).

In conclusion, there is substantial evidence that a large
proportion of the differentially regulated proteins act in favor
of apoptosis by increasing apoptotic activity.

3.7. Metabolic Changes. Around 30% (23 proteins) of the
proteins differentially regulated following CB or DCB exposure
can be connected to cellular metabolism in the widest sense,
namely ribosomal proteins as well as proteins such as GARS
protein and glycogen phosphorylase. Several authors empha-
sized the interrelation of oxidative stress with metabolic
changes, although it remains challenging to explain the mech-
anism behind89,90 this conjunction.

3.8. Chlorinated Benzenes Modulate Protein Phosphor-
ylation. The combination of 2-D gel electrophoresis and
modification specific staining of phosphorus moieties with
Pro-Q Diamond offers the qualitative and also quantitative
detection of phosphorylated serine and threonine residues and
has been used successfully especially for the analysis of
proteomic changes induced by oxidative stress.91 In a study
by Orsatti, the fluorescence signal was plotted against the moles
of protein and showed linearity over 3 orders of magnitude for
each protein. The slope of the line for each protein was then
plotted against the known number of phosphates per protein,
showing a strong correlation between the two parameters.92

In this study (Figure 4) 18 significantly altered proteins were
identified (see also Supplemental Table 2, Supporting Informa-
tion). All identified proteins are well-known phosphoproteins
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(listed as such in UniProtKB/TrEMBL database) or have
predicted phosphorylation sites (in PhosphoSitePlus; www.
phosphosite.org). Due to the bias of DIGE for proteins of
intermediate to higher abundance, it is unlikely to detect
signaling molecules such as kinases but phosphorylation does
also alter activity or interaction of metabolizing proteins.

Transaldolase (TALDO1) showed a more than doubled
abundance as a phosphorylated protein at the concentration
of 10-1 g/m3 CB. Spot intensity was increased to a lesser extent
at lower exposure concentrations. TALDO1 acts as key enzyme
of the nonoxidative branch of the PPP. Banki et al. proposed
that GSH levels and sensitivity to apoptosis are regulated by
changes in TALDO1 expression in human cells.93

Lachaise and colleagues suggested that regulation of tran-
saldolase activity is achieved by posttranslational modification
of the protein. The researchers identified a complex set of
transaldolase isoforms and postulated that changes in the
phosphorylation of specific isoforms could be correlated with
the different enzymatic activities seen.94

The phosphorylation of one isoform of the heterogeneous
nuclear ribonucleoprotein C1/C2, which is involved in the early
steps of spliceosome assembly and pre-mRNA splicing, was
found to be increased by more than 2-fold in cells incubated
with 10-1 g/m3 CB. Interestingly, a decrease in spot intensity
of the same protein was detected in the DIGE approach, raising
the possibility that for this protein the observed change does
not reflect a shift in protein amount but instead indicates a
corresponding difference in post translational modification of
this isoform. For hnRNP there are 14 known phosphorylation
sites reported, so it remains uncertain, which specific type of
phosphorylation was observed here. As hnRNP interacts with
the 3′-UTR or 5′-UTR of mRNA, modulating the stability and
the level of translation of bound mRNA molecules,95 its
phosphorylation status is of major interest, as it most likely
plays a key function in the functionality of the protein.96

The alpha-enolase, a multifunctional enzyme that, despite
its role in glycolysis, plays a part in various processes such as
growth control, hypoxia tolerance and allergic responses, was
also found to be phosphorylated.97

As third protein, the serine-threonine kinase receptor-
associated protein (STRAP), is one of the important proteins
regulated by phosphorylation.98 Due to phosphorylation the
STRAP inhibits ASK-1 (apoptosis signal regulating kinase1)
mediated signaling to both JNK and p38 kinases by stabilizing
complex formation between ASK1 and its negative regulators.

Moreover, quantification of protein phosphorylation with Pro
Q Diamond revealed a significantly enhanced phosphorylation
of HNRPC1/2 following cell exposure to low and high CB
concentrations. Recently, Kyle et al. identified a previously
unknown regulatory cis-element within the coding region of
p53 mRNA, which interacts with HNRNPC1/C2, and pointed
out that this interaction is critical for the activation of p53
finally leading to apoptosis. They showed that HNRNPC1/2
bind strongly and specifically, in a phosphorylation-dependent
manner, at this site in response to DNA damage and inhibition
of transcription.99 Phosphorylation on Ser-260 and Ser-299
occurs typically in resting cells, while phosphorylation on Ser-
253 and on one serine residue in the poly-Ser stretch at position
238 is a known response to hydrogen peroxide stress.100

Overall, 14 possible HNRPC1/2 phosphorylation sites (serine)
are listed in the UniProtKB/TrEMBL database, which amounts
to a theoretical number of 214) 16 384 differentially phospho-
rylated isoforms. However, as isoelectric focusing can only

resolve isoforms with different numbers of phosphate residues,
but cannot discriminate between phosphorylation at different
sites, a maximum of 14 or 15 different protein species is
principally detectable using the two-dimensional Pro Q Dia-
mond or DIGE approaches, respectively. Furthermore, since
protein kinases are known to often phosphorylate more than
one residue of their respective targets, certain phosphorylation
patterns may simply not occur in detectable amounts within a
biological context. And even if all of the postulated sites indeed
represented actual phosphorylation sites, different isoforms
would have been identified only if their relative amounts had
been affected by our exposure experiments.

In conclusion, also the changes in phosphorylation hint to
oxidative stress and apoptosis as the early molecular response
of the cells in this model which is in concordance with
epidemiological data that could associate VOC burden with
biomarkers of oxidative stress in the urine of patients.101

3.9. Marker Sets for the Cellular Reaction toward
Aromatic and Halogenated Aromatic Compounds. Using
existing data sets on proteomic changes in lung epithelial cells
upon exposure to the aromatic compound styrene33 and the
data set for exposure to halogenated aromatic compounds at
subacute concentrations obtained in this study, a comparison
can be made to identify common effects and differences (see
Figure 7a). In terms of commonly affected proteins, surprisingly
there were only two proteins, namely the voltage-dependent
anion-selective channel protein 2 and peroxiredoxin-1 that
were changed in the same manner over all exposures. Both
proteins belong to the molecular pathways that were most
prominent in our studies, the oxidative stress response and
apoptosis.

The differential abundance of proteins was plotted as a
heatmap displaying all proteins that were up- or down-
regulated by at least 30% (Supplemental Figure 1, Supporting
Information). Regarding the cluster of proteins affected by
styrene exposure, it is obvious that there is a general trend
toward changes becoming more pronounced and numerous
with increasing styrene concentrations. Another aspect is the
clear difference between the expression pattern changes of the
halogenated aromatic substances when compared to styrene-
induced patterns.

For a more detailed analysis of the similarity of regulated
protein patterns between the different exposure schemes,
correlation (Pearson) and covariance coefficients were calcu-
lated and results presented in the form of a heatmap (Figure
7b). Though the two different types of coefficient do not cover
the same range of values, the table has an overall symmetrical
appearance. Data from the CB experiments show nearly no
similarity to styrene data (correlation and covariation values
below 0.2) but is somewhat similar to the DCB data set in terms
of Pearson correlation and higher similar in terms of covari-
ance. Likewise, DCB-induced expression patterns are similar
to CB, but also show a modest correlation and covariance to
the pattern obtained with the highest styrene concentration.
This makes sense, since the effects of oxidative stress and also
apoptosis were found to be of increased significance at higher
concentrations of styrene.33 This finding is consistent with the
assumption that the oxidative stress caused by styrene is
concentration dependent and that DCB has a higher toxico-
logical potential as it is reflected in the lower concentration
needed to cause detectable toxicological effects.

The two halogenated substances cause common changes
beside the two ubiquitously regulated proteins in a total of 10
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proteins, whereas the overlap between styrene (all concentra-
tions combined) and both CB and DCB accounts for 17
proteins. More importantly, there are significant differences
between the sets of overlapping proteins in respect to their
molecular functions. Among the proteins commonly altered in
abundance in presence of halogenated aromatic compounds
there are proteins correlated with apoptosis like WD repeat-
containing protein 1 and the heterogeneous nuclear ribonucle-
oproteins C1/C2 and the elongation factor 1 alpha 1 as an
indicator for general decrease of cell vitality.

The least common features are shared by CB and styrene,
among those two experiments only 2 proteins were found to
be regulated in the same manner, namely glycogen phospho-
rylase and vimentin. Whereas the proapoptotic ezrin and the
Hnrph1 are upregulated in styrene they were found to be
downregulated in response to CB pointing to different pathways
leading to apoptosis and different stages at the time point of
sampling in CB in comparison to styrene.102

Although oxidative stress is a common feature in all exposure
scenarios, there are different proteins indicated here, for the
styrene-type of altered protein expression peroxiredoxin-4 and
DJ-1 were found exclusively whereas the biliverdin reductase
A was affected by styrene and DCB but not by CB. These results

point to a more complex pattern in the generation of oxidative
stress depending on the various VOCs and hold the promise
that specific stages of oxidative stress can be defined as shown
also for the effect of diesel exhaust by Xiao et al.103

The same might hold true for the induction of detoxification,
since in the case of DCB the aldo-keto reductase family 1
member C2 was affected that was correlated with the xenobiotic
response toward lipid peroxidation byproduct in mice.104 For
the halogenated compounds the retinal dehydrogenase (in the
case of chlorobenzene and styrene) was found and it is reported
to be coregulated with CYP450,105 the aldehyde dehydrogenase
3A1 (after exposure to styrene and DCB) was reported to be
regulated by xenobiotic response controlled by arylhydrocarbon
receptor.106

4. Concluding Remarks

The detection of specific molecular effects oton the proteome
as a measure for the cellular response toward volatile organic
compounds sheds light on the activity of those compounds that
are present indoors and thereby constitute a risk for human
health. The observed effects of induced oxidative stress re-
sponse and apoptosis caused by concentrations below current
occupational limitations and 2 orders of magnitude below any
acute toxic effects underline the concern about the presence
of volatile organic compounds. The comparison of effects
observed for different classes of VOCs will allow deciphering
the different modes of action and will reveal protein marker
patterns that in turn will help to characterize the possible
effects of structurally related new compounds before they are
released into the human environment.

Abbreviations: CB, monochlorobenzene; DCB, 1,2-dichlo-
robenzene; VOC, volatile organic compound; 2D, two-dimen-
sional; DIGE, fluorescence difference gel electrophoresis.
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