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Abstract 

Benzene is a confirmed carcinogen during hematopoiesis, and hydroquinone (HQ) is 

one of its metabolites formed in liver. How HQ works during benzene toxicity process 

is not clear enough yet. To further understand HQ toxicity mechanism, we performed 

differential proteome analysis on human liver cells L-02 using two-dimensional gel 

electrophoresis (2-DE) followed by matrix-assisted laser 

desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS). The 

images of 2-DE gels were analyzed by PDQuest software, and western blot was also 

employed to confirm the results above. About 1000 spots per gel were found. 

Compared with control group, 17, 18, 24 spots significantly altered in 3 separate 

experiments. The four well repeated spots were identified by MALDI-TOF MS as 

Rho GDP dissociation inhibitor GDI alpha, 6-phosphogluconolactonase, erbB3 

binding protein EBP1 and lamin A/C, isoform 1 precursor, which have clear 

relationship with the process of cell apoptosis, signal transduction, and cytoskeleton 

alteration. The functional implications of alterations in the levels of these proteins 

were discussed. EBP1 was chosen to do a western blot and showed the same results 

above. This work will provide new insights into the mechanism of HQ toxicity and its 
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roles in benzene activity. 
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Abstract 

Benzene is a confirmed carcinogen during hematopoiesis, and hydroquinone (HQ) is 

one of its metabolites formed in liver. How HQ works during benzene toxicity process 

is not clear enough yet. To further understand HQ toxicity mechanism, we performed 

differential proteome analysis on human liver cells L-02 using two-dimensional gel 

electrophoresis (2-DE) followed by matrix-assisted laser 

desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS). The 

images of 2-DE gels were analyzed by PDQuest software. About 1000 spots per gel 

were found. Compared with control group, 17, 18, 24 spots significantly altered in 3 

separate experiments. The four well repeated spots were identified by MALDI-TOF 

MS as Rho GDP dissociation inhibitor GDI alpha, 6-phosphogluconolactonase, erbB3 

binding protein EBP1 and lamin A/C, isoform 1 precursor, which have clear 

relationship with the process of cell apoptosis, signal transduction, and cytoskeleton 

alteration. The functional implications of alterations in the levels of these proteins 

were discussed. This work will provide new insights into the mechanism of HQ 

toxicity and its roles in benzene activity. 
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1 Introduction 

Benzene has been affirmed to be a leukemia-inducing factor by IARC in 1982, and 

its chronic toxicity involves aplastic anemia and leukemia. But studies show that it’s 

the benzene metabolites but not benzene itself to generate toxicities. Hydroquinone 

(HQ) is a main metabolite generated in liver from benzene, which plays important 

roles during benzene toxicity process (Wan J. X. and Xia Z. L. 2001) . 

Human epidemiology and animal experiments both found HQ induced toxic effects 

on liver and bone marrow, and also be of potent tumor promoting activity (Wu and 

Gong 1994; Wu, Gong et al. 1997). The mechanisms of HQ toxicity include leading 

to DNA break, chromosome aberration, DNA adduct and related enzymes activity 

changing, et al (Cristina A. 1997; Martyn T.S., Zhang L. P. et al. 2000; Turteltaub K.W. 

2003) (Subrahmanyam VV, Ross D et al. 1999). However, it was difficult to elucidate 

HQ induced bio-effects by examining a small number of pre-selected genes or 

proteins. Currently available biological information is still limited and the mechanism 

of action of HQ is not clear enough. 

Since the biological processes are directly executed by proteins, which are 

dynamically modified and processed at multiple levels during or after their maturation 

and the state of the cell is essentially reflected in its proteome, proteomics analysis 

combining two dimensional electrophoresis (2-DE) and mass spectrometry is 

becoming a popular method to detect differentially expressed proteins after exposure 

to toxicants by allowing the simultaneous study of thousands of proteins at a time 

(Moller, Soldan et al. 2001).  
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In our present studies, 2-DE combining with matrix assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was 

undertaken to identify differentially expressed proteins after exposure to HQ followed 

by Western blotting analysis for validation. The implications of the identified proteins 

in terms of their involvement in the process of HQ induced biochemical alteration 

were discussed, which will increase our understanding of the molecular mechanisms 

of HQ toxicity. Partial work in early stage has been published in Chinese Journal. 

2 Materials and methods 

2.1 Cell culture and sample preparation 

Human liver cells L-02 were subcultured in RPMI1640 media (Gibico, USA) 

supplemented with 10% FBS (Hyclone, Logan, UT) at 37°C in 5% humidified CO2. 

Cells were treated by HQ solution at a concentration of 1×10-4 mol/L for 24 h. After 

exposure, cells were detached with 1.0 ml 0.25% trypsin (Invitrogen, USA) per bottle, 

and centrifuged at 1,500 rpm for 5 min. The cell pellets were lysed in lysis buffer 

consisting of 7 M Urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, and 0.2% Bio-lyte 

pH 3-10 (Bio-Rad, USA) for 30 min at 4°C. Lysates were then further intermittently 

sonicated on ice for total 2 min. Non-soluble cellular debris was removed by 

centrifugation at 14,000 rpm for 1 h at 4°C. The protein concentration was quantified 

by the Bradford method. 

2.2 2-DE and silver stain 

Isoelectric focusing (IEF) was performed following the manufacturer’s instructions 

using a PROTEAN IEF CELL (BIO-RAD, USA). Briefly, 150 μg of total proteins 
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were mixed with a rehydration solution containing urea 7 M, thiourea 2 M, CHAPS 

4%，DTT 65 mM, and a trace of bromophenol blue, to a total volume of 330 μl and 

applied to 17 cm IPG strip (pH 5-8, linear). Rehydration and IEF were carried out on 

the IPGphor platform automatically at 20°C, and the total VHr of IEF is 60 000 VHr. 

After IEF separation, the IPG strips were equilibrated first with 2% DTT for 15 min 

and secondly with 2.5% iodoacetamide for another 15 min in a buffer containing 6 

mol/L urea、2% SDS、0.375 mol/L Tris-HCl，(pH 8.8)、20% glycerol. The equilibrated 

gel strips were subjected to 12% SDS-PAGE and sealed with 0.5% agarose. 

SDS-PAGE was performed in 12% gel using PROTEAN Plus Dodeca Cell 

(BIO-RAD, USA) and a constant voltage of 200 V for about 6.5 h until the 

bromophenol blue frontier reached the bottom of the gel. In the acid end of IPG strip, 

a molecular weight landmark (Fermentas, USA) was added. The experiment was 

totally repeated 3 times independently with 3 repetitions for each group every time. 

The separated proteins were visualized by MS-compatible silver staining. First, gels 

were fixed with a mixture of 40% ethanol and 10% acetic acid for 40 min, then 

sensitized with 0.2% sodium thiosulfare in 30% ethanol and 6.8% sodium acetate for 

30 min, washed with doubly distilled water 3 times for 5 min, incubated in 0.25% 

silver of 2.5% sodium carbonate and 0.04% formaldehyde, then washed again for 2 

min, The reaction was stopped with 1.46% EDTA (Yan, Wait et al. 2000). 

2.3 Image acquisition and analyses 

The gels were scanned with a GS800 Calibrated Imaging Densitometer (BIO-RAD，

USA). Images were analyzed in PDQuest v7.1.1 (BIO-RAD, USA) software. The 
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background was filtered and spots were located and matched. A gel which has the 

most and perfect spots from treated or control group was selected as the master. The 

spots patterns of other gels were compared with master and the matched ones were 

considered as the same protein. The volume of each spot was calculated by adding all 

the pixels in that spot and normalized by dividing by the total spots volume of the 

whole gel. Standard proteins (Fermentas, USA) were used to determine the 

experimental molecular weight and pI was calculated according to the linearity of the 

strip. 

2.4 Spots choosing and in-gel digestion 

Those spots which were clear enough in repetitions, with a good shape and fully 

separated with the neighbor spots were selected and cut by machine. In-gel digestion 

with trypsin was performed according to published procedures (Fernandez et al., 1998; 

Gharahdaghi et al., 1999) with slight modification and this protocol offers a good 

signal-to-noise ratio in MALDI-TOF spectra. The gel pieces were destained in a 1:1 

solution of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate, and then 

equilibrated in 100 mM ammonium bicarbonate for 10min, dehydrated with 

acetonitrile and dried in a Savant Speed-Vac system (Thermo Savant, Holbrook, NY). 

Subsequently, the gels were rehydrated in 10-20 μl of proteomics grade trypsin 

solution (20 μg/ml in 40 mM ammonium bicarbonate in 9% ace-tonitrile) and 

incubated overnight at 37°C. The peptides were extracted twice with 50% acetonitrile, 

5% trifluoroacetic acid at RT and dried in a vacuum centrifuge. The peptide extracts 

were reconstituted in 10 μl of 50% acetonitrile solution with 0.1% trifluoroacetic acid.  
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2.5 Matrix-assisted laser desorption/ionization-time-of-flight mass 

 Spectrometry (MALDI-TOF-MS) analysis 

Peptide mixtures were mixed an equal volume of 10 mg/ml CHCA saturated with 

50% acetonitrile in 0.05% trifluoroacetic acid and applied to a target disk and allowed 

to air-dry. All of the samples were analyzed using Voyager-DE STR MALDI-TOF 

mass spectrometer (ABI Applied System, Framingham, MA). Mass/charge ratios 

were measured in the reflector/delayed extraction mode with an accelerating voltage 

of 20 kV, grid voltage of 64.5% and delayed time of 100 ns. Monoisotopic peptide 

masses were assigned and TOF spectra were collected over the mass range of 800-3 

000 Da. External calibration was performed using des-Argl-bradykinin and ACTH in 

the same series as the samples to be measured. Moreover, the autodigested peaks of 

trypsin were served as internal standards for mass calibration. 

2.6 Protein identification and database searching 

Protein identification using peptide mass fingerprinting (PMF) was performed by the 

MASCOT search engine (http://www.matrixscience.com) against the NCBI protein 

database. The search parameters were defined as follows: homo sapiens, trypsin 

digest (allowed up to 1 missed cleavage), cysteines modified by 

carbamidomethylation, methionine modified by oxidization, maximal mass tolerance 

of 100 ppm. Proteins matching more than four peptides and with MASCOT scores 

higher than 64 were considered significant (p<0.05). 

2.7 Western blot analysis                                                               

Aliquots from supernatant containing 22.5 μg proteins were subjected to 10% 
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SDS-PAGE. After that, the resolved proteins were transferred to nitrocellulose 

membrane. Membranes were blocked at room temperature for 1 h in TBST (50 

mmol/L Tris-Cl, pH 7.6, 150 mmol/L NaCl, 0.1% Tween 20) containing 5% nonfat 

milk, and then incubated with anti-EBP1 (1:1000 dilution) at 4°C overnight. The 

membranes were washed in TBST for 15 min 3 times and incubated with HRP 

conjugated secondary antibody (1:2500 dilutions) for 1 h at room temperature. Target 

protein was detected by ECL.  

3 Results 

3.1 Differential protein expression in L-02 cells after HQ treatment 

The represent gels from treated and control group are shown in fig.1. PDQuest 

software was used to analyze those gels. After normalization, all gels were matched 

with match rate over 90％  in the groups and 80％ during the groups. About 1000 

spots per gel were found, thereinto 17、18、24 spots were significantly different in 3 

times experiments, going upward or downward for at least 2 folds. Four spots are 

well-repeated in three independent experiments, as shown in fig.2. 

3.2 MALDI-TOF MS identification 

The differentially expressed protein spots were excised from the silver-stained gels, 

followed by in-gel digestion with trypsin and identified by MALDI-TOF analysis and 

database search. The four well repeated spots were identified as Rho GDP 

dissociation inhibitor GDI alpha, 6-phosphogluconolactonase, erbB3 binding protein 

EBP1 and lamin A/C, isoform 1 precursor, and more details please see table. Table 1 

showed a summary of the proteins that were identified by MALDI-TOF-MS. The 
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proteins identified can be assigned into several functional groups in a wide variety of 

cellular processes, including cell apoptosis, signal transduction, and cytoskeleton 

alteration, et al.  

3.3 Verification of differential expressed protein by Western blot analysis 

From the four candidates, EBP1 protein has the most score in MS searching, and its 

shape on the 2-DE gels is very clear, so EBP1 was selected for a western blot analysis, 

as shown in Figure 3. The left picture shows band of treated group has more 

concentration than control. The diagram on the right shows the average density of 

three times repetition in each group, bar of treated cells is higher than that of control 

group. 

4 Discussions 

Benzene is widely distributed in the workplace. The carcinogenicity of benzene is 

well documented in exposed workers. Epidemiological studies and case reports 

provide clear evidence of a causal relationship between occupational exposure to 

benzene and benzene-containing solvents and the occurrence of acute myelogenous 

leukemia (AML). Benzene metabolites such as hydroquinone and benzoquinone play 

important roles during the process. 

When stimulating, it isn’t just a passive accepting process for body, it may involve in 

many elements such as genes, proteins to response. Unlike conventional biochemical 

approaches to identify one or several specific proteins at a time, proteomics is the 

large-scale study of gene expression at the protein level, which will ultimately provide 

direct measurement of protein expression levels and insights into the activity state of 

all relevant proteins (Naaby-Hansen, S. Waterfield et al. 2001). In this study, 2-DE 
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was employed to separate the proteins of L-02 cells after HQ treatment, and four 

proteins have been identified with high confidence using PMF. Western blot analysis 

of EBP1 validated that the differential expression of proteins obtained from 

proteomics analysis were convincing. The differentially expressed proteins that have 

been identified can be assigned into several groups such as cell apoptosis, signal 

transduction and cytoskeleton associated proteins according to their characteristics 

and functions. The differentially expressed proteins may relate to the known 

mechanism or will provide new insights into the mechanism of HQ, and helps us to 

analyze its role in benzene toxicity. 

Since Benzene is metabolized in liver first to generate hydroquinone, the L-02 cells 

were used as model in our experiment. L-02 cells are passage cells on the basis of 

primary liver cell after special treatment, so it is an ideal cell model for research (Wu 

G., Yan G. et al. 2004).  

Rho GDP dissociation inhibitor GDI alpha is Rho GDP dissociate inhibition protein. 

Rho GTPases is one of Ras family members with 20-30 kD molecular weights. They 

are in active form when binding to GTP and in inactive form when binding to GDP, 

while GDI enables the Rho protein binding to GDP and keep inactive in cytoplasm. 

Studies show Rho GTPases participate in signal transduction in acute or chronic 

leukemia, in the form of RAS/RAF/MEK/ERK of MAPK pathway which could 

regulate cell growth and induce cell differentiation (Lu M. 2005). Also, N-ras 

abnormal expression is involved in AML (Fan H., Du H. et al. 2005), while in our 

study the protein was down-regulated. Rho protein still could activate Ca2+ and 
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protein C to induce diseases related to blood pressure regulation and hypertension 

(Zhu Z. 2002). In addition, Ras involves in cell skeleton regulation (Cai J. and Yi J. 

2004). LI studied protein expression change in HLF cells after treatment by HQ and 

found that cell skeleton associated protein altered (Li X. Y., Zhuang Z. X. et al. 2004). 

This may means HQ has similar toxic pathway in different cells. 

ErbB3 binding protein EBP1 is a protein related to cell proliferation and signal 

transduction. ErbB3 is activated only after binding to Erb members to form a dimmer, 

and then the dimmer activates MAPK pathway which phosphates cytokines or 

enzymes to change the intracellular genes expression. ErbB3 participates in regulating 

cell proliferation, differentiation and apoptosis (Jin Y. 2003; Chen L. L., Johansson J. 

K. et al. 2005). Chen reported that HQ mainly induces apoptosis at 35-75 μmol/L and 

cell death at 75-150 μmol/L concentration (Chen Y., Bi L. X. et al. 2005). YU et al 

studied the effects of ErbB3 binding protein EBP1 on ACC-M cells growth, and they 

found EBP1 could significantly inhibit cell growth in vitro (Yu Y. C., Zhang Z. Y. et al. 

2005). In our experiment, there was a significant decrease of cell growth in treated 

group than control on the forth day post of treatment which is consistent with the 

literatures. 

Lamin A/C, isoform 1 precursor is a lamin to form nuclear lamina which forms 

skeleton structure through cell nucleus and plays important roles in cell life. It 

maintains nuclear membrane stable, participates in chromatin assembly and DNA 

synthesis (Chen W. Q. and Wen J. F. 2002; Song S. J. and Zhang Z. Y. 2005). It could 

be one of Caspase substrates during cell apoptosis. In addition, Agrelo ever reported 
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that lamin A/C associated with differentiation of B lymphocyte, and low expression 

was observed in leukemia (Agrelo R., Setien F. et al. 2005).  

The three proteins above essentially involve in cell life process. Their 

down-regulation after HQ exposure may speed cell pathology. 

6-phosphogluconolactonase is the enzyme that could catalyze the hydrolysis of 

6-phosphoglucose to 6-phosphoglucose acid. It is an important step during energy 

metabolization which nucleic acid and protein metabolized by. The protein is 

up-regulated in our study. 

To sum up, benzene induces hematopoiesis disorder, and hydroquinone is a main 

metabolite. This work offers clues of hydroquinone roles during the process. But 

further studies are needed in blood system. 
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Tab.1     Differentially Expressed Proteins Identified  

Using MALDI-TOF-MS Analysis with High Confidence 

Index  accession  mass  cov(%)  peptide   TOP   protein description  expression  

no.     no.                     match    Score*                    change** 

SSP0002  gi76780069  23193     25         6/10        74       Rho GDP dissociation             

inhibitor GDI alpha 

SSP4010  gi6912586   27530     50         9/12        125      6-phosphogluconolactonase     

SSP6305  gi4099506   38035     40         18/23       177      erbB3 binding protein EBP1    

SSP7737  gi54035059  74037     35         17/43       113      Lamin A/C, isoform 1 precursor   

 

a) *Score is an index of accuracy for the protein，when it＇s over 64 the protein is creditable. 

b) **Upward arrow indicates up-regulation, downward arrow indicates down-regulation, upward 

and downward arrow indicates the change of protein in the different groups of HQ treatment.  
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Figure legends:  

Figure1. Differentially expressed 2-D pattern in the 1×10-4 mol/L HQ treated L-02 

cells (b) compared with control (a). The global cellular proteins extracted from the 

L-02 cells were separated on a pH 5-8 linear IPG strip, followed by 12% SDS-PAGE 

and silver staining. Each experiment was conducted independently three times, and 

the image from one representative experiment was shown. 

Figure2. Four spots were well-repeated in three times experiments. Left are from 

control groups and right ones from treated groups. Their index numbers are SSP 0002, 

SSP 4010, SSP 6305, and SSP 7737 in order.     Stands for the protein was 

down-regulated and    up-regulated. 

Figure3. Effects of HQ upon the EBP1 expression in L-02 cells. Western blot 

analysis of EBP1 was performed as described in section 2.9. A representative 

autoradiograph is shown. Intensities of protein bands were quantified by densitometry. 

Equal protein loading was confirmed by β-actin level. 
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Figure1
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Figure2 
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Figure3 
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Tab.1 Differentially Expressed Proteins Identified  by MALDI-TOF-MS

SSP0002  gi76780069  23193     25         6/10        74        Rho GDP dissociation            
inhibitor GDI alpha

SSP4010  gi6912586    27530     50         9/12        125      6-phosphogluconolactonase    

SSP6305  gi4099506    38035     40        18/23       177     erbB3 binding protein EBP1   

SSP7737  gi54035059  74037     35        17/43       113     Lamin A/C, isoform 1 precursor 

Index      accession   mass  cov(%)  peptide   TOP    protein description    expression 
no.              no.                                 match    Score*                                    change**

a) *Score is an index of accuracy for the protein, which should be always higher than 64.
b) **Upward arrow indicates up-regulation, downward arrow indicates down-regulation, upward and 

downward arrow indicates the alteration of protein level in different groups of HQ treatment. 

Results --- MALDI-TOF MS
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Results --- Western Blot
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Hydroquinone influences protein expression in L-02 human liver 
cell. The differentially expressed proteins could be assigned into 
several groups such as cell apoptosis, signal transduction, 
cytoskeleton and energy metabolization associated proteins
according to their characteristics and functions. 

The differentially expressed proteins may relate to some known 
mechanisms or may provide new insights into the mechanism of 
HQ, and helps to analyze its role in benzene toxicity.

DISCUSSION and CONCLUSION


