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Trichloroethylene (TCE), a major occupational and environmental pollutant, has been recently associated
with aberrant epigenetic changes in experimental animals and cultured cells. TCE is known to cause
severe hepatotoxicity; however, the association between epigenetic alterations and TCE-induced hepato-
toxicity are not yet well explored. DNA methylation, catalyzed by enzymes known as DNA methyltrans-
ferases (DNMT), is a major epigenetic modification that plays a critical role in regulating many cellular
processes. In this study, we analyzed the TCE-induced effect on global DNA methylation and DNMT enzy-
matic activity in human hepatic L-02 cells. A sensitive and quantitative method combined with liquid
chromatography and electrospray ionization tandem mass spectrometry (LC–ESI-MS/MS) was validated
and utilized for assessing the altered DNA methylation in TCE-induced L-02 cells. Quantification was
accomplished in multiple reaction monitoring (MRM) mode by monitoring a transition pair of m/z
242.1 (molecular ion)/126.3 (fragment ion) for 5-mdC and m/z 268.1/152.3 for dG. The correlation
coefficient of calibration curves between 5-mdC and dG was higher than 0.9990. The intra-day and
inter-day relative standard derivation values (RSD) were on the range of 0.53–7.09% and 0.40–2.83%,
respectively. We found that TCE exposure was able to significantly decrease the DNA methylation and
inhibit DNMT activity in L-02 cells. Our results not only reveal the association between TCE exposure
and epigenetic alterations, but also provide an alternative mass spectrometry-based method for rapid
and accurate assessment of chemical-induced altered DNA methylation in mammal cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Trichloroethylene (TCE), an organic solvent widely used in
industry, has long been known as a major pollutant that affects
both the occupational and general environments [1]. Many studies
have demonstrated that TCE exposure can cause severe health
effects, including neurotoxicity, hepatotoxicity and kidney damage
[2–4]. In 2011, the U.S. EPA (Environmental Protection Agency)
formally characterized TCE as a human carcinogen in the Final
Health Assessment (http://www.epa.gov/IRIS/). TCE undergoes
metabolism through two pathways, conjugation with glutathione
as minor one and cytochrome P450 (P450)-dependent oxidation
as a major one. Liver is principally metabolized site where TCE is
oxidatively metabolized to TCE-epoxide. TCE hepatotoxicity has
been well demonstrated in experimental animals (i.e. mice and
rats) and culture cells [5,6]. Though remarkable progress has been
made, the potential molecular mechanisms by which TCE-induced
hepatotoxicity are not yet well understood.

DNA methylation, carried out by the addition of a methyl group
to position 5 of cytosine by DNA methyltransferases (DNMT), is a
central mammalian epigenetic control mechanism that impacts
gene expression, genome stability, genetic imprinting, and cellular
differentiation [7]. Consistent with these important roles, aberrant
DNA methylation have been found to be associated with various
human diseases such as developmental disorders, cancer and aging
[8]. The possibility of using DNA methylation as a marker for
disease has created a strong need for techniques to detect and
measure DNA methylation. These approaches can be classified as
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either gene-specific or global analysis [9,10]. Gene-specific assays
are crucial for integrating information about DNA methylation pat-
terns with gene expression, chromatin modification and assembly
of transcription factors at gene promoters [11]. On the contrary,
global analysis provide an overall picture of DNA methylation lev-
els, which is important for understanding the relationship between
genomewide alterations in DNA methylation, gene specific methyl-
ation pattern, and genome stability [12]. Currently, reported meth-
ods for the determination of genomic DNA methylation include
Southern blot analysis [13], combined bisulfate restriction analysis
[14], and capillary zone electrophoresis [15]. Among these, liquid
chromatography (LC) in combination with mass spectrometric
(MS) detection can provide a highly specific and extremely
sensitive way, which has powerful potential for the quantification
of global DNA methylation levels [16,17].

Recently, TCE have been linked to aberrant changes in epige-
netic pathway in vivo and in vitro studies [6,18,19]. TCE exposure
was found to induce a global DNA hypomethylation in TK6 cells
[20] and a DNA hypermethylation in the Serca2 promoter region
in cardiac myoblast cells and rat embryonic cardiac tissue [19].
Exposure to TCE and its metabolites can lead to decreased methyl-
ation in the promoter regions of the c-jun and c-myc genes in mice
livers [21]. As part of our long-term efforts to understand the po-
tential molecular mechanisms of TCE-induced hepatic toxicity
[22–27], we describe here the TCE-induced effect on global DNA
methylation and DNMT enzymatic activity in L-02 cells. Specifi-
cally, a sensitive and quantitative method combined with liquid
chromatography and electrospray ionization tandem mass spec-
trometry (LC–ESI-MS/MS) was used for global DNA methylation
measurement. To the best of our knowledge, the current study to
be the first time shows TCE-induced effect on DNA methylation
events in human hepatic L-02 cells. Our results indicated that
TCE exposure can cause significant alterations in global DNA
methylation and DNMT enzymatic activity, which may provide
helpful scientific clues for further understanding the TCE-induced
hepatotoxicity through epigenetic mechanisms.
2. Materials and methods

2.1. Materials

Human hepatic L-02 cells were purchased from the Cell
Resource Center of Shanghai Institutes for Biological Sciences
(Chinese Academy of Science, China). TCE and 5-Aza-deoxycytidine
(DAC) were purchased from Sigma–Aldrich Corp (St. Louis, MO,
USA). RPMI-1640 culture medium, fetal calf serum (FCS) and
EDTA–trypsin were purchased from GIBCO (Billings, MT, USA).
HPLC-grade methanol and acetonitrile, formic acid (HPLC), 20-
deoxycytidine (dC), 20-deoxyguanosine (dG), 20-deoxyadenosine
(dA), 5-methyl-deoxycytidine (5-mdC), thymidine (T), cytidine
(C), guanosine (G), adenosine (A), uridine (U) and nuclease P1,
phosphodiesterase I were purchased from Sigma–Aldrich Corp
(St. Louis, MO, USA). Alkaline phosphatase was obtained from
New England Biolabs (Beverly, MA, USA).
2.2. Cell culture and proliferation assay

L-02 cells were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum, 100 U/mL penicillin, 100 lg/ml strepto-
mycin. A Cell Counting Kit-8 (CCK-8) assay was used to investigate
the effect of TCE on the viability of L-02 cells. In a previous study,
we figured out an IC50 value (approximately 16 mmol/L) for 24 h-
treatment of TCE [26]. We therefore chose 1/2 IC50 value as the
maximum exposure concentration for our study. Briefly, L-02 cells
were treated with medium containing various concentration of
TCE (0.25, 0.50, 1.00, 2.00, 4.00, 8.00 mmol/L) and left to incubate
for 24 h. The control group was treated with the solvent (DMSO,
0.5% v/v) only. A 10-lL aliquot of the CCK-8 solution was added
to each well of the plate, and the plate was incubated for 2 h at
37 �C. The absorbance at 450 nm was measured with an Infinite
M1000 Microplate Reader (TECAN Group Ltd, San Jose, CA, USA).

2.3. DNA isolation and hydrolysis

Genomic DNA was isolated from treated L-02 cells using the
DNA purification kit (Sangon Biotech, China), according to the
instructions of the manufacturer. Briefly, cells suspended in culture
medium were pelleted and incubated with Buffer Digestion for 1 h,
followed by incubation with Buffer PA for 5 min. The cell lysate
was then pelleted by centrifugation, and the supernatant was
transferred to a clean tube containing 100% 2-propanol. Then, the
DNA pellet was washed with 75% ethanol, air-dried, and
rehydrated in TE Buffer. DNA hydrolysis was performed as previous
described by Crain [28]. The final DNA hydrolysate was filtrated by
Microcon centrifugal filter device (10 kDa cut-off weight, Millipore,
Bedford, MA, USA) to remove the proteins/enzymes added for
hydrolysis.

2.4. HPLC/ESI/MS/MS conditions

LC analysis was performed with a Shimadzu LC-20A high
performance liquid chromatography (Shimadzu Corporation,
Japan). The liquid chromatography was equipped with a vacuum
degasser, an autosampler, a rapid resolution binary pump, a diode
array detector and a thermostated column compartment. A Waters
(Milford, MA, USA) Atlantis dC18 2.1 mm � 150 mm column (5-lm
particle size) protected by a Phenomenex dC18 2.1 mm � 20 mm
guard column (5-lm particle size) was used for the chromato-
graphic separation. 0.1% formic acid in water (solvent A) and
0.1% formic acid in methanol (solvent B) were used as mobile
phases, and the flow rate was set at 0.22 mL/min. The linear gradi-
ent elution was 0–18% of solvent B in 24 min. The sample injection
volume was 10 lL. The detection wavelength for dG and 5-mdC
was set at 284 nm.

Mass spectrometric detection was performed on an API 4000 Q-
Trap system mass spectrometry (AB SCIEX, Framingham, MA, USA).
Optimized ESI source parameters were shown in Supplementary
Table 1. Quantitative determination of dG and 5-mdC were per-
formed under multiple reaction monitoring (MRM) mode and MS
data were collected corresponding to transition m/z 268.1–152.3
for dG and m/z 241.9–126.3 for 5-mdC, respectively. AB SCIEX Ana-
lyst 1.3 software (AB SCIEX, Framingham, MA, USA) was used for
data acquisition and processing.

Stock solution of 5-mdC and 5dG were prepared at 1.0 mg/mL in
deionized water. Standard working solutions of 5-mdC and 5dG
(1.0, 10, 100, 500, 1000 ng/mL) were prepared by further diluting
the stock. Quality control (QC) samples were prepared by adding
different concentrations of 5-mdC (5, 10, 15, 20, 25, 30, 35, 40,
45, 50 ng/mL) into 500 ng/mL of dG. The final percentage of 5-
mdC/dG were 1.0%, 2.0%, 3.0%, 4.0%, 5.0%, 6.0%, 7.0%, 8.0%, 9.0%
and 10.0%, respectively. All the above solutions were stored at
�20 �C and allowed to equilibrate at room temperature before use.

2.5. Global DNA methylation measurement

The TCE-induced effect on the genomic DNA methylation was
analyzed by RPLC–ESI-MS/MS. Briefly, the cells were lysed after
24 h of TCE exposure under various concentrations. The control
group was treated with the solvent (DMSO, 0.5% v/v) only. Cells
treated with DAC (DNA methyltransferase inhibitor) were used
as hypomethylation control. DAC treatment was given to L-02 cell
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lines at 20 lmol/L for 24 h. The resulting 10 lL DNA hydrolysis
products were injected for LC–ESI-MS/MS analysis. Based on the
assumption that [dG] = [5-mdC] + [dC] in genomic DNA [16], we
expressed genomic DNA methylation as [5mdC]/[dG] and quanti-
fied this value using a calibration curve between the peak area
ratio of (5-mdC/dG) versus (5-mdC/dG) (Fig. 2). dG was used as
an internal standard for an easier and more accurate determination
of dC methylation.

2.6. Measurement of DNA methyltransferases (DNMT) enzymatic
activity

The TCE-induced effect on the DNMT enzymatic activity was
analyzed by the colorimetric EpiQuik DNMT Activity/Inhibition As-
say Kit (Epigentek Group Inc, Farmingdale, NY, USA). Briefly, the
cells were harvested after 24 h of TCE exposure (0.25, 0.50, 1.00,
2.00, 4.00, 8.00 mmol/L). The control group was treated with the
solvent (DMSO, 0.5% v/v) only and the hypomethylation control
was treated with DAC at 20 lmol/L for 24 h. Then, the nuclear
extracts were collected by using the Nuclear Extraction Kit (Key
GEN Biotech, China). The concentration of nuclear proteins extracts
were measured by the 2-D Quant Kit assay (GE Healthcare Life
Sciences, Piscataway, NJ, USA) and any nuclear extracts not imme-
diately used were stored at �80 �C.

To measure the DNMT activity, an equal amount of nuclear
extract was reacted with enzyme substrate. Subsequently, capture
antibody against 5-methylcytosine (5-mC) and then detection
antibody were added. After the final washing step, the reaction
was developed and absorbance values were measured with Infinite
M1000 Microplate Reader (TECAN Group Ltd, San Jose, CA, USA).
DNMT enzyme activity was quantified using a standard curve.

2.7. Statistical analysis

All experiments were performed more than three times. The
data were analyzed with the statistical program Sigma Stat (Jandel
Fig. 1. Positive ESI product ion spectra of dG (A) and 5-mdC (B), and typical MRM chroma
mdC (RT 5.50 min), The ESI conditions were optimized as described in Supplementary T
Scientific, Chicago, IL, USA) and data are presented as mean ±
standard error. The percentage of global DNA methylation was ex-
pressed as [5mdC]/[dG]% and quantified this value using a calibra-
tion curve between the peak area ratios of (5-mdC/dG) versus
(5-mdC/dG) (Fig. 2). Statistical differences between the control
and treated groups were evaluated using the Student’s t-test or
the Student–Newman–Keuls multiple comparison test. P < 0.05
was considered to indicate a statistically significant difference
between groups.

3. Results

3.1. The TCE-induced effect on the viability of L-02 cells

We measured the viability of the cells treated with different
concentrations of TCE (0, 0.25, 0.50, 1.00, 2.00, 4.00, 8.00 mmol/L)
for 24 h with a CCK-8 assay and the cell viability was assessed to
106.1 ± 4.1%, 108.0 ± 4.2%, 90.1 ± 4.2%, 78.5 ± 4.0%, 75.0 ± 4.5%, or
69.4 ± 5.0% of the control level, respectively (Supplementary
Fig. 1). All of these concentrations were chosen for measurement
of DNA methylation and DNMT activity.

3.2. Mass spectrometric characterization of dG and 5-mdC

The full scan of ESI mass spectra of dG and 5-mdC were ob-
tained direct infusion of a standard working solution. The data
indicated that protonated dG ([M+H]+, m/z 268.1) and 5-mdC
([M+H]+, m/z 241.9) were the predominant ion species formed by
ESI. The product ion spectra of dG and 5-mdC were shown in
Fig. 1A and B, and it can be found that the main product ion of
dG was m/z 152.3 whereas the main product ion of 5-mdC was
m/z 126.3. Thus, the precursor/product ion pairs of m/z 268.1/
152.3 for dG and m/z 241.9/126.3 for 5-mdC were used as MRM
transitions.

Supplementary Fig. 2 showed the LC/UV chromatogram of nor-
mal and modified nucleosides from L-02 cells DNA extraction,
togram resulting from the hydrolyzed DNA sample: (C) dG (RT 18.80 min) and (D) 5-
able 1.



Fig. 2. Calibration curve of global DNA methylation value by liquid chromatogra-
phy–electrospray ionization tandem mass spectrometry (LC–ESI-MS/MS).

Fig. 3. The measurement of global DNA methylation in L-02 liver cells exposed in
various concentration of TCE. (A) DNA methylation value and (B) percentage to
control level. 5-Aza-deoxycytidine (DAC), a DNA methyltransferase inhibitor, was
used as hypomethylation control. The data represent the mean ± SEM of at least
three independent experiments. ⁄⁄P < 0.01 compared with the control.

H. Zhang et al. / Biochemical and Biophysical Research Communications 446 (2014) 590–595 593
which indicated a complete separation for C, dC, 5-mdC, U, dA, A, G,
dG, T in the retention times of 2.39, 3.06, 5.50, 5.95, 10.02, 11.63,
14.94, 18.80, 24.26 min, respectively. It can be clearly seen that
the detection of dG and 5-mdC would not be influenced from other
nucleosides. Typical MRM ion chromatograms for dG and 5-mdC
were shown in Fig. 1C and D. Calibration curves of 5-mdC and
dG in different percentage ranging from 0% to 10% were shown
in Fig. 2, with the correlation coefficient R2 was 0.9999. To
determine the precision of the present method, QC samples of dG
and 5-mdC were analyzed three times a day for five consecutive
days to obtain the intra-day precision (n = 3) and the inter-day pre-
cision (n = 15). The accepted criteria for each quality control was
that the relative standard deviation (RSD, %) value should not
exceed 10%. In this study, the intra-day and inter-day precision val-
ues were in the range of 0.53–7.09% and 0.40–2.83%, respectively
(Supplementary Table 2).

3.3. TCE-induced effect on the genomic DNA methylation in L-02 cells

The genomic DNA methylation was measured by LC–ESI-MS/MS
with TCE exposure in various concentrations (0, 0.25, 0.50, 1.00,
2.00, 4.00 and 8.00 mmol/L). Fig. 3A and B showed that TCE expo-
sure can caused a significant DNA hypomethylation in L-02 cells.

3.4. TCE-induced effect on DNMT enzymatic activity in L-02 cells

DNMT enzymatic activity was determined in nuclear extracts of
L-02 cells with various TCE concentrations for 24 h. DAC treatment
was used as hypomethylation control. TCE exposure was able to
significantly decrease the DNMT enzymatic activity in L-02 cells
(Fig. 4).

4. Discussion

Environmental and occupational chemicals can modify multiple
biological processes that affect epigenetic mechanisms, including
DNA methylation, histone codes, and miRNA expression [29]. In
the last few years, more and more investigations have examined
the relation between epigenetic and exposure to chemicals, includ-
ing metals, air pollution, endocrine-disrupting chemical and repro-
ductive toxicant [20,30]. As major pollutant that affects both
occupational and general environments [1], exposure to TCE was
recently associated abnormal epigenetic changes such as global
DNA hypomethylation and hypermethylation of tumor suppressor
genes [18,20]. However, the potential associations between TCE
hepatotoxicity and epigenetic alternations are not well explored
in vivo and in vitro.

In a previous study, we analyzed the TCE-induced cytotoxicity
in L-02 cells, including cell proliferation and cellular apoptosis
etc. We further found that TCE exposure altered the expression
and subcellular localization of specific oncoproteins [25,26]. In this
study, a sensitive and quantitative method combined with liquid
chromatography (LC) and mass spectrometry (MS) was used for
global DNA methylation measurement [16,31]. Quantification
was accomplished in multiple reaction monitoring (MRM) mode
by monitoring a transition pair of m/z 242.1 (molecular ion)/
126.3 (fragment ion) for 5-mdC and m/z 268.1/152.3 for dG.
MRM is a mass spectrometry-based technique for small molecules
detection with high sensitivity and selectivity, which have been
successfully applied to a variety of biological applications [32].
The use of dG as an internal standard allows an easier and more
accurate determination of dC methylation and avoids the use of
expensive isotope-labeled internal standards [16]. The intra-day
and inter-day relative standard derivative values (RSD) were on
the range of 0.53–7.09% and 0.40–2.83%, respectively. The correla-
tion coefficient of calibration curves was higher than 0.999 (Fig. 3).
TCE exposure caused a significant global DNA hypomethylation in
liver L-02 cells, which is consistent with published research in
other cell lines [20]. In addition, we observed that DNMT activity
significantly declined under TCE exposure in L-02 cells by ELISA-
based assays.

In mammal, approximately 4% of cytosine residues in DNA are
methylated [33]. DNA methylation is essential for normal develop-
ment and is associated with a number of key processes including
genomic imprinting, X-chromosome inactivation, suppression of
repetitive elements, and carcinogenesis [34]. Aberrant DNA
methylation can disrupt cellular function, whereas global DNA
hypomethylation events can result in chromosomal instability



Fig. 4. The effect of TCE exposure on DNMT activity in L-02 cells. L-02 cells were
treated with various TCE concentration for 24 h. Nuclear extracts were prepared,
and the DNMT activity was measured by colorimetric methods. 5-Aza-deoxycyt-
idine (DAC), a DNA methyltransferase inhibitor, was used as hypomethylation
control. The data was normalized and compared with control level, representing the
mean ± SEM of at least three independent experiments. ⁄P < 0.05 compared with the
control, ⁄⁄P < 0.01 compared with the control.
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and oncogene activation. Hypomethylation of the global genome
can lead to genomic instability that is exemplified by
misalignments, DNA breakage, deletions and duplications during
DNA replication. It is clear that disease by itself can induce
hypomethylation of DNA; by contrary, a decrease in DNA methyl-
ation can have an impact on the predisposition to disease develop-
ment. Exposure of chemicals has been linked to aberrant changes
in epigenetic pathways both in experimental and epidemiological
studies. In addition, DNA hypomethylation may mediate specific
mechanisms of toxicity and responses to certain chemicals [29].
DNA methylation is regulated and balanced by DNA methyltrans-
ferases through de novo methylation of unmethylated cytosines
and maintenance of methylation after DNA replication [35]. We
thus speculate that decreased DNA methylation and declined
DNMT activity may contribute to the mechanisms of TCE-induced
toxicity in L-02 cells. Subtle epigenetic effect, such as gene specific
DNA methylation and histone modifications, in response to TCE
exposure needs to be further explored and fully understood.

In conclusion, we have demonstrated that TCE exposure
induced a genomic DNA hypomethylation and a DNMT activity
inhibition in L-02 cells. A novel method for determining the global
DNA methylation was utilized with liquid chromatography–
electrospray ionization tandem mass spectrometry (LC–ESI-MS/
MS). The quantification of DNA methylation levels was
accomplished in MRM mode by monitoring the ion pair between
5-mdC and dG. Our findings not only reveal the association be-
tween TCE exposure and epigenetic alterations, but also validated
an alternative liquid chromatography tandem mass spectrometry
(LC–MS/MS) method for rapid and accurate assessment of chemi-
cal-induced altered DNA methylation in mammal cells.
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