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Abstract
Trichloroethylene (TCE, CAS 79-01-6) is a widely used industrial chemical, and a common
environmental pollutant. TCE is a well-known carcinogen in rodents and is classified as “probably
carcinogenic to humans”. Several analytical methods have been proposed for detection of TCE
metabolites in biological media utilizing derivatization-free techniques; however, none of them is
suitable for simultaneous detection of both oxidative metabolites and glutathione conjugates of TCE
in small volume biological samples. Here, we report a new combination of methods for assessment
of major TCE metabolites: dichloroacetic acid (DCA), trichloroacetic acid (TCA), S-(1,2-
dichlorovinyl)-L-cysteine (DCVC), and S-(1,2-dichlorovinyl) glutathione (DCVG). First, DCA and
TCA were extracted with ether. Second, the remaining aqueous fraction underwent solid phase
extraction for DCVC and DCVG. Then, DCA and TCA were measured by hydrophilic interaction
liquid chromatography ion exchange negative electrospray ionization tandem mass spectrometry,
while DCVC and DCVG were measured by reverse phase positive electrospray ionization tandem
mass spectrometry. This method was applied successfully to measure all 4 TCE metabolites in as
little as 50 μl of serum from mice orally exposed to TCE (2,100 mg/kg, 2 hrs). Serum concentrations
(mean±standard deviation) of the TCE metabolites obtained with this method are comparable or
equivalent to those previously reported in the literature: DCA, 0.122±0.014 nmol/ml (limit of
detection: 0.01 nmol/ml); TCA, 256±30 nmol/ml (0.4 nmol/ml); DCVG, 0.037±0.015 nmol/ml
(0.001 nmol/ml); DCVC, 0.0024±0.0009 nmol/ml (0.001 nmol/ml). This method opens new
opportunities to increase throughput and decrease number of animals required for mechanistic studies
on TCE in rodents.
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1. Introduction
Trichloroethylene (TCE) is a widely used cleaning solvent and chemical ingredient. Due to its
high production volume and use in a variety of manufacturing processes, TCE is a ubiquitous
soil and groundwater contaminant present in as many as 60% of the hazardous waste sites on
the U.S. EPA National Priority List (Agency for Toxic Substances and Disease Registry,
1997; Wu and Schaum, 2000). Acute exposure to TCE results primarily in central nervous
system effects, while long-term exposure can result in hepatotoxicity (Bull, 2000),
nephrotoxicity (Lash et al., 2000b), and neurotoxicity (Barton and Clewell, III, 2000). Adverse
reproductive and developmental effects of TCE have also been reported, although the data are
considered controversial (Pastino et al., 2000). TCE is classified as reasonably anticipated to
be a human carcinogen by the US National Toxicology Program (National Toxicology
Program, 2004) and as Group 2A: probably carcinogenic in humans by the International
Agency for Research on Cancer (International Agency for Research on Cancer, 1995) based
on limited evidence of carcinogenicity from studies in humans and sufficient evidence of
carcinogenicity from studies in experimental animals. Despite the existence of a large database
of information on TCE effects, significant gaps in knowledge remain. Not surprisingly, the
regulatory agencies and a broad scientific community show continuing interest in research on
TCE toxicity (National Academy of Science, 2006).

The metabolic transformations of TCE are complex and involve formation of many metabolites
that vary in toxicity and organ-specific effects (Lash et al., 2000a). Two primary pathways,
cytochrome P450-dependent oxidation and glutathione conjugation, are responsible for
biotransformation of TCE (Fig. 1). Liver and kidney are primary target organs, but TCE can
be metabolized in other tissues as well. Of the various metabolites, dichloroacetic acid (DCA),
trichloroacetic acid (TCA), and chloral hydrate (CH) have been suggested to contribute to liver
carcinogenesis in mice, while the reactive thiols from S-(1,2-dichlorovinyl)-L-cysteine (DCVC)
are thought to be responsible for kidney toxicity (Bull, 2000; Bruning and Bolt, 2000; Lash et
al., 2000a; Chiu et al., 2006a). The inherent complexity of TCE metabolism and apparent
multiple potential modes of action make this chemical equally challenging for toxicology
research, risk assessment, and policy making.

Many measurement methods for TCE metabolites have been developed and used for
pharmacokinetic studies (Delinsky et al., 2005a; Chiu et al., 2006b). Most of these are based
on gas chromatography-electron capture detector (GC-ECD) or gas chromatography-mass
spectrometry (GC-MS). While these techniques achieve good limit of detection (LOD), their
application to measurements of DCA in blood samples has been criticized as artifact-prone
(Ketcha et al., 1996; Merdink et al., 1998). Direct injection or liquid chromatography followed
by tandem mass spectrometry methods have been also proposed for TCA or DCA (Brashear
et al., 1997; Kuklenyik et al., 2002; Delinsky et al., 2005b). For DCVC and DCVG, few
methods have been reported (Commandeur and Vermeulen, 1990; Lash et al., 1995; Finkelstein
et al., 1995; Bloemen et al., 2001); however, all of these require sample derivatization and have
high LOD, limiting their utility for small biological samples. To address current limitations in
the analytical studies of TCE metabolism in small volume biological samples, we developed
a derivatization-free method with good sensitivity for measurements of key metabolites that
have been implicated in liver and kidney toxicity and carcinogenicity of TCE (National
Academy of Science, 2006). This technique uses sequential extraction of DCA, TCA, DCVG
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and DCVC from as little as 50 μl serum followed by analyte detection with high performance
liquid chromatography-electrospray ionization tandem mass spectrometry.

2. Material and methods
2.1. Chemicals and reagents

HPLC-grade acetonitrile (ACN), HPLC-grade water, HPLC-grade methanol,
spectrophotometric grade diethyl ether, ammonium hydroxide (29%), trichloroacetic acid
(TCA, 100%), ACS grade sulfuric acid (98%), ACS grade acetic acid (100%) and 2-(2-
methoxyethoxy)ethanol (2-MEE, 99%) were purchased from Fisher Scientific (Pittsburgh,
PA). Dichloroacetic acid (DCA, 99%), difluoroacetic acid (DFA, 98%), trifluoroacetic acid
(TFA, 99.5%), and ammonium formate salt (99.9%) were purchased from Sigma (St. Louis,
MO). DCVC, [13C5,15N]DCVC, DCVG and [13C4,15N]DCVG were synthesized by
modification of a published method (McKinney et al., 1959), details are available from Dr.
Avram Gold (golda@email.unc.edu).

2.2. Animal treatments
Male mice (B6C3F1, aged 14-16 weeks) were obtained from the Jackson Laboratory (Bar
Harbor, ME) and housed in polycarbonate cages on Sani-Chips irradiated hardwood bedding
(P.J. Murphy Forest Products Corp., Montville, NJ). Animals were fed NTP-2000 wafer diet
(Zeigler Brothers, Inc., Gardners, PA) and water ad libitum, and maintained on a 12 h light-
dark cycle. Mice were administered a single dose (2.1 g/kg) of TCE diluted with corn oil (10
ml/kg) by gavage. Animals were sacrificed 2 hrs after dosing under nembutal (100 mg/kg, i.p.,
Abbott Laboratories, Chicago, IL) anesthesia and blood was collected from posterior vena
cava. Serum was separated by centrifugation with using 1.1-ml Z-gel tubes (Sarstedt AG &
Co., Germany) at 16,000×g for 15 min, and stored at -80°C until assayed. The animal studies
were conducted under a protocol approved by the Institutional Animal Care and Use Committee
at the University of North Carolina at Chapel Hill.

2.3. LC/MS Analysis
Levels of DCA, TCA, DCVG and DCVC in serum were determined as follows. An aqueous
mixture of internal standards (5 μl; DFA and TFA, 500 nmol/ml each; [13C5,15N]DCVC and
[13C4,15N]DCVG, 2.5 nmol/ml each) was spiked to diluted serum specimen (50 μl) with water
(100 μl). Then, serum protein was removed by filter centrifugation (Microcon YM-10,
Danvers, MA) at 14,000 × g for 30 min at 25 °C. Subsequently, 2 ml of diethyl ether was added
to extract haloacetic acids after acidifying the media with 100 μl of 3% (v/v) sulfuric acid. The
ether layer was transferred to another vial and reduced in volume under N2, and finally
transferred to 300 μl glass vial insert containing 5 μl of water for solvent transfer before dryness.
The residue was reconstituted in 100 μl of mobile phase: 68.6% ACN, 29.4% 40 mM
ammonium formate (pH 9.1) and 2% 2-MEE. The aqueous fraction left after the ether extraction
above was neutralized with 5 μl of 28% NH4OH prior to extraction of DCVG and DCVC
through a solid phase extraction (SPE) cartridge (StrataTM X-AW, 30 mg 96-well plate;
Phenomenex, CA). After conditioning with 300 μl of methanol, followed by equilibration with
300 μl of water, the samples (∼ 300 μl) were loaded, washing with 300 μl water, and finally
eluted with 250 μl of basic methanol (pH adjusted at 10.8 by 29% NH4OH). Light vacuum (up
to 50 mmHg) was applied to expedite washing and elution. The final eluant was collected into
300 μl glass vial inserts and dried in a Speed Vac Concentrator (Thermo-Fisher, CA) before
reconstitution with 20 μl of 80:20 water/methanol containing 0.1% acetic acid.

HPLC-ESI-MS/MS with a Finnigan Surveyor autosampler and pump coupled to a Finnigan
TSQ Quantum triple-quadrupole mass spectrometer was used for determination of DCA and
TCA. The source was operated in the negative ion mode. The mass analyzer was operated in
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the multiple reaction monitoring (MRM) mode: DCA (m/z 127 → 83), DFA (m/z 95 → 51),
TCA m/z 161 → 117), and TFA (m/z 113 → 69). Sample injection volume was 5-15 μl. A
Luna amino column (150 × 2.0 mm, 3 μm; Phenomenex, CA) was used in an isocratic mode
(200 μl/min) with a mobile phase as described above. During the first three minutes the effluent
flow was diverted to waste. MS settings were as follows: electrospray voltage (3 kV), capillary
temperature (275 °C), sheath and auxiliary gas pressures (nitrogen; 40 and 10 arbitrary units),
collision energy (12 V), tube lens offset (SRM table reference), Q2 collision gas pressure (0.5
mTorr) for each analytes. Quantification was based on peak areas relative to the fluoride
analogues.

HPLC-ESI-MS/MS with an Aquity UPLC® system (Waters, Milford, MA) coupled to a TSQ
Quantum Ultra triple quadrupole mass analyzer (Thermo Finnigan, San Jose, CA) using a heat-
assisted electrospray ionization (HESI) source in positive ion mode was used for determination
of DCVC and DCVG. Sample injection volume was 15 μl. A YMC ODS-AQ analytic column
(150 × 2 mm, 3 μm; Waters, Milford, MA) was operated with a linear gradient of 20% methanol
0.1% acetic acid for 0.5 min, then to 52% methanol 0.1% acetic acid in 7.5 min, and
subsequently to 20% methanol 0.1% acetic acid at a flow rate of 200 μl/min. During the 15
min run, the effluent for the first 2.5 min was diverted to waste to prevent salts from entering
the MS. Analytes were detected in MRM mode, monitoring the transition of the m/z 216 →
127 and 199 for DCVC, m/z 222 → 129 for [13C5,15N]DCVC, m/z 402 → 273 for DCVG and
m/z 407 → 278 for [13C4,15N]DCVG. The transition of m/z 216 → 127 was used to confirm
DCVC and combined with the other transition of m/z 216 → 199 by Xcalibur® (Ver. 2.0,
ThermoFinnigan, San Jose, CA). MS settings were as follows: electrospray voltage (3.5 kV),
capillary temperature (250 °C), sheath and auxiliary gas pressures (nitrogen; 30 and 35 arbitrary
units), collision energy (14-20 V), tube lens offset (SRM table reference), Q2 collision gas
pressure (1.0 mTorr). The MS and electrospay ionization parameters were optimized by direct
infusion of standards using Xcalibur®.

2.5. Method Validation
Samples for calibration curves and quality control were prepared with commercially available
mouse serum (C57BL/6J strain, Innovative Research, Novi, MI) and compared to the results
from serum obtained from B6C3F1 mice to determine whether mouse strain had an effect on
the measurements. Standards were prepared with two replicates by spiking serum with
chemical standards at 0.02, 0.1, 0.5, 1, 2 and 10 nmol/ml for DCA; 0.4, 2, 4, 8, 40, 400 and
800 nmol/ml for TCA; 0.001, 0.005, 0.025, 0.05, 0.1, 0.5 for DCVG and DCVC. Quantification
was based on peak areas relative to the stable isotope-labeled internal standards.

Quality assurance was done at 0.02 and 0.1 nmol/ml (DCA); 40, 400, and 800 nmol/ml (TCA);
0.001, 0.025 and 0.1 nmol/ml (DCVG); 0.005, 0.05 and 0.1 nmol/ml (DCVC) by preparing
samples in the same way as the calibration samples. Limits of detection were determined by a
signal-to-noise ratio of 3:1 based on the 15 μl injection volume. The lower limit of quantitation
(LLOQ) was defined as the lowest concentration to be detectable at about 20% of precision
(expressed in CV, % coefficient of variation) and 20% of accuracy. Absence of the artifactual
transformation of TCA into DCA during sample preparation was confirmed by spiking TCA
standards with naive mouse serum (TCA concentrations used: 500, 1000 or 1500 nmol/ml), or
whole mouse blood (TCA concentrations used: 100, 500 or 1000 nmol/ml).

Absolute and relative recovery, as well as matrix effects, were estimated as detailed elsewhere
(Delinsky et al., 2005b) using “low,” “medium” and “high” concentration samples (n=5 for
each analyte/concentration) for TCA (80, 400 and 4000 nmol/ml), DCA (20, 100 and 1000
nmol/ml), DCVC and DCVG (both at 1, 5, and 50 nmol/ml).
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Chemical standards for haloacetic acids were found to be stable in stock solution at -20°C for
up to three months; however, diluted standards and biological samples following extraction
should not be subjected to repeat freezing and thawing (data not shown). In contrast, both stock
solutions of the chemical standards for DCVG and DCVC, as well as extracted samples,
showed stable peak shapes even after six months at -20°C storage and repeat freeze-thaw cycles
(data not shown). To estimate sample stability during mass spectrometry analysis, since the
autosampler was operated at room temperature over a 24-hr period, a quality control sample
of the chemical standard diluted with the mobile phase was included in each batch as the first
and the last sample. No sample degradation was observed (data not shown).

2.5. Statistical analysis
All statistical analyses were performed using SAS software for Windows v. 9.13 (SAS Institute,
Cary, NC). The overall assay precision for each analyte was estimated as CV from three sets
of calibration curve samples and positive controls which were measured on different time
points. The precision (CV) was estimated as , where  is the estimated error
variance obtained from a mixed-effects model, where log-transformed levels of each analytes
were regressed on a fixed effect (nominal levels of QC samples) and three random effects
(batch, assay date, residual error) by implementing SAS PROC MIXED (Kim et al., 2006;
Rappaport and Kupper, 2008). Inter-day and intra-day variability were estimated by covariance
parameters in the mixed-effect model. Classified precision and accuracy were estimated by
simple statistics of mean and standard deviation of the estimated concentration of the analytes.
Construction of calibration curves were also estimated using SAS PROC REG after combining
to average several batches of calibration samples by each nominal concentration.

3. Results and discussion
The objective of this work was the development of a sensitive and quantitative analytical
method for simultaneous detection of both oxidative and conjugated metabolites of TCE in
small-volume biological samples. We started with a recent method for DCA only (Delinsky et
al., 2005b), and extended the method for TCA as well. Also, we were able to adapt the method
to the analysis of DCVG and DCVC in the concurrent sample.

3.1. Product ion transitions
The MS/MS product ion spectra of each analyte were obtained by direct infusion of each
chemical standard (Fig. 2-3). DCA and TCA each fragmented into two major product ions,
while DCVC and DCVG produced more complex breakdown patterns depending on the MS
conditions such as collision energy and collision gas pressure. Transition reactions (Fig. 3)
were monitored by a collision energy giving optimal signal-to-noise ratio for the major
transition reaction of the haloacetic acid analytes in the negative ion mode and the DCVC and
DCVG in the positive ion mode.

3.2. Effects of the mobile phase pH and 2-MEE on DCA and TCA measurements
We tested the effects of mobile phase composition and pH on analyte retention times. As
reported previously (Olsen, 2001; Delinsky et al., 2005b), increased aqueous phase volume
facilitates elution of the analytes. Ammonium formate buffer was necessary to prevent
unwanted retention of the analytes on the column. Also by increasing pH of the mobile phase
[specifically for 40 mM ammonium formate fraction] from 6.15 (without pH-adjustment) to
9.15 (adjusted with NH4OH), retention times were reduced as follows: 16.0 → 5.5 min for
DCA; 17.8 → 5.7 min for DFA; 10.0 → 4.3 min for TCA; and 9.2 → 4.2 min for TFA. A
decrease in retention time with increased pH is likely a result of deprotonation of the amino
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groups of the stationary phase and consequent decrease in affinity for the stationary phase for
the carboxylate analytes.

To enhance sensitivity, different mobile phase additives were evaluated: 2-MEE (Yamaguchi
et al., 1999; Yamaguchi et al., 2001) and weak acid (e.g. acetic acid) (Apffel et al., 1995;
Yamaguchi et al., 2001; Shou and Naidong, 2005). There were some reports in drug analysis
using 2-MEE as a post-column additive to improve ionization of the analytes (Yamaguchi et
al., 1999; Yamaguchi et al., 2001). Use of 2-MEE resulted in formation of smaller droplets
containing a lower percentage of water and buffer due to decreased surface tension and higher
boiling point. We found that the postcolumn addition of 2-MEE improved sensitivity of the
haloacetic acids remarkably at a flow rate of 15 μl/min, which corresponds to 2% 2-MEE in
mobile phase. Premixing of 2-MEE, rather than postcolumn addition to the mobile phase,
further improved robustness of the assay and instrumental response, and also eliminated the
need for a mixing tee and accessory tubing. The relatively higher boiling point of 2-MEE
required raising the temperature of the heated transfer capillary tube to evaporate the analytes
and minimize accumulation of impurities. With the capillary temperature set at 275°C we
confirmed no thermal decomposition of the analytes. Overall, we were able to achieve a
considerable enhancement of signal for each analyte: ∼60-fold for DCA and ∼380-fold for
TCA (Fig. 4). To the contrary, addition of acetic acid to mobile phase did not result in signal
enhancement but increased the retention time of the analytes.

3.3. Effect of mobile phase additives and MS condition on DCVC and DCVG measurement
Currently available methods for measurement of glutathione conjugates of TCE require sample
derivatization and use of GC-ECD, GC-MS, or liquid chromatography-photodiode array
detector (LC-UV) instrumentation (Fariss and Reed, 1987; Commandeur and Vermeulen,
1990; Dekant et al., 1990; Cummings and Lash, 2000; Lash et al., 2006; Chiu et al., 2006c).
Most of these methods are applicable for the assessment of the mercapturic acid (N-acetyl-S-
(1,2-dichlorovinyl)-L-cysteine) and DCVG from biological samples. However, insufficient
sensitivity of the existing methods is a serious limitation for studies of kinetics of TCE
metabolism through conjugation. Here, we developed a sensitive derivatization-free method
applicable to assessment of both DCVC and DCVG from the same sample in which DCA and
TCA amounts were measured (see above).

After obtaining the optimized patterns for ion transitions, different mobile phase additives were
tested with a goal of improving ionization in the source. Both 0.1% formic acid and 0.1% acetic
acid improved the sensitivity for each analyte, but the latter was selected due to improved
signal-to-noise ratio for DCVC (by 5-fold) and marginally larger AUC for each analyte. MS
spray voltage was set at 3.5kV, which provided 2-fold enhancement of signal relative to the
default value (3kV). Although the higher voltage was accompanied by more noise, the addition
of acetic acid to buffer was beneficial. After diverting the flow to waste for the initial 2.5 min,
DCVC elutes first (retention time, 4.4 min), followed by DCVG (retention time, 7.8 min) as
shown in Fig. 5.

3.4. Extraction recovery and ion suppression
Extraction recovery for TCE metabolites was estimated as detailed elsewhere (Delinsky et al.,
2005b). Relative recovery (a range of values depending on the concentration of the standard
is shown) of the analytes was as follows: 51.6 - 75.6% for TCA; 64.4 - 80.7% for DCA; 17.9
- 41.2% for DCVG; and 20.7 – 27.3% for DCVC. The absolute recovery was 62.4 – 79.0% for
TCA; 51.0 – 100% for DCA; 15.2 – 22.7% for DCVG; and 5.3 – 6.1% for DCVC. It should
be noted that a relatively low yield of DCVC is likely due to the remnants of the sulfuric acid
after neutralization with NH4OH which may cause low recovery during solid phase extraction.
Indeed, we observed a two-fold decrease in recovery of DCVC after washing SPE cartridges
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with weak acid (pH 4-5) as compared with a regular washing step with alkali (pH>10) methanol
(data not shown). It is also possible that DCVC is not a stable moiety under acidic condition
during the extraction; however, despite the low yield our method still produces highly linear
calibration curves with acceptable precision (Fig. 6).

Matrix effects were negligible (i.e., ion suppression or ionization enhancement of less than
10%) for TCA, or minor (18.1% ion suppression at low, 7.8 and 39.7% ionization enhancement
at medium and high concentrations, respectively) for DCA. However, it should be noted that
appreciable ion suppression was observed for DCVG (15.6–44.9%) and DCVC (70.0-77.6%).
While the detection of both glutathione conjugates is challenging, the use of the isotope-labeled
internal standards, as performed in this study, is necessary to achieve acceptable precision and
accuracy (see below).

3.5. Linearity of the calibration curves, limit of detection (LOD) and limit of quantitation (LOQ)
Standard calibration curves (Fig. 6) showed a reliable response at a wide range of
concentrations: 0.02 – 10.0 nmol/ml for DCA, 0.4 – 800 nmol/ml for TCA, and 0.0001 – 0.5
nmol/ml for both DCVG and DCVC, with high coefficients of determination. Since no
evidence that strain effect impacts the calibration curve was found by comparing the results
between serum from B6C3F1 and C57BL/6J mice, we combined data from both strains to
construct the calibration curve.

Based on a volume of 50 μl serum, 15 μl of injection volume and a signal-to-noise ratio of 3:1,
we could detect as little as 0.01 nmol/ml of DCA, 0.4 nmol/ml of TCA, 0.001 nmol/ml of
DCVG and 0.001 nmol/ml of DCVC successfully, while the LLOQ were found to be: 0.02
[0.021 ± 0.004 (means ± SD)] nmol/ml for DCA, 0.4 [0.301 ± 0.041] nmol/ml for TCA, 0.005
[0.0066 ± 0.0005] nmol/ml for DCVG, and 0.005 [0.0049 ± 0.0007] nmol/ml for DCVC after
consideration of about 20% CV of precision (standard deviation divided by measurement
means, %) and 20% bias (difference between the given concentration and estimated
concentration normalized by each nominal concentration, %).

3.6. Precision, accuracy and artifactual formation of DCA from TCA
The overall precision (CV, %) of the method is described in Table 1. The factors of “batch,”
“inter-day variation” and measurement error, shown as “residual” were considered. DCA and
TCA were most sensitive to the “batch” effect which is likely due to micro-condition of the
experimental settings such as content of 2-MEE in the mobile phase. Even though the use of
2-MEE afforded considerable signal enhancement, it introduced additional variability which
may, however, be remedied by establishing the calibration curves for these analytes in every
batch. To the contrary, DCVG and DCVC “residual” (i.e., measurement) error accounted for
70% (for DCVG) to 85% (for DCVC) of the total variability. The classified precision and
accuracy at nominal range of quality assurance samples are as follows: 3.06 – 19.1% CV and
5.61 – 17.1% bias for DCA; 4.81 – 11.0% CV and 7.20 – 23.7% bias for TCA; 8.7 – 11.1%
CV and 3.7 – 23.7% bias for DCVG; 12.2 – 14.9% CV and 3.0 – 18.1% bias for DCVC.

We also monitored whether artifactual transformation of TCA into DCA occurred during
sample preparation by using mouse serum spiked with TCA standards at 500, 1000 and 1500
nmol/ml. We found no evidence of DCA formation with increases in spiked TCA (data not
shown) and conclude that there is no evidence for artifactual formation of DCA during sample
preparation in our method.

3.7. Application of the method to in vivo samples
While there are several currently available methods for assessment of TCA, DCA, as well as
some glutathione conjugates of TCE, to our knowledge, there are no published reports of
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measurements of TCA, DCA, DCVC and DCVG from the same in vivo biological sample. To
test the utility of our method on the biological samples, B6C3F1 mice were exposed to TCE
(2.1 g/kg, i.g.) and serum samples collected 2 hr after exposure. We determined DCA, TCA,
DCVG and DCVC in each of the serum samples. Our data (mean±standard deviation, n=3)
show the following amounts: DCA, 0.122±0.014 nmol/ml (limit of detection: 0.01 nmol/ml);
TCA, 256±30 nmol/ml (LOD 0.4 nmol/ml); DCVG, 0.037±0.015 nmol/ml (LOD 0.001 nmol/
ml); DCVC, 0.0024±0.0009 nmol/ml (LOD 0.001 nmol/ml). We compared the measurements
of TCE metabolites in the present study to those published in the literature (Table 2). It should
be noted that the use of corn oil may dramatically change the absorption of TCE relative to
other types of dosing vehicles that more closely approximate aqueous solutions (Withey et al.,
1983). Thus, after the adjustment for the TCE dose between the studies, we conclude that values
obtained with our method are comparable to previous studies which used the same mouse strain
and corn oil as a vehicle.

Since toxic effects of TCE arise from its metabolites, better understanding of TCE metabolism
is needed to address gender- or species-susceptibility and target organ specificity (National
Academy of Science, 2006). It requires the exploration of tissue-dosimetry and shape of dose-
response relationship, which requires sensitive methodology for quantitation of TCE
metabolites in vivo. For instance, a panel of the National Academy of Science pointed out the
need “to determine the metabolic pathway and yield for forming DCA from TCA whether via
TCA or via other pathway(s)”(National Academy of Science, 2006); however, DCA has
seldom been determined in vivo after exposure to TCE except for artifactual overestimations
(Ketcha et al., 1996; Brashear et al., 1997; Merdink et al., 1998; Delinsky et al., 2005b). Thus,
the present method can be used to address many issues relating to measurement challenges and
facilitate risk assessment of TCE exposures through means for sensitive determination of DCA
and TCA with concurrent quantitation of DCVG and DCVC.

In conclusion, we developed a novel combination of methods for measurements of major TCE
metabolites DCA, TCA, DCVG and DCVC from small volume biological samples by using
HPLC-ESI-MS/MS. The present method allows considerably robust and sensitive detection
of multiple metabolites from the same sample and can applied successfully to in vivo
experiments aimed at understanding of TCE metabolism.
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Fig. 1.
Schematic representation of the metabolic pathways of trichloroethylene. GST, glutathione S-
transferase; GGTP, γ-glutamyltransferase; CGDP, cysteinyl-glycine dipeptidase; EHR,
enterohepatic recirculation; FMO-3, flavin monooxigenase-3; NAT, N-acetyltransferase;
TCE-O-P450, oxygenated TCE-cytochrome (CYP) P450 transition state complex; ADH,
alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; UTG, uridine diphosphate-
glucuronosyltransferase. Dotted lines represent putative pathways [Adaped from (McKinney
et al., 1959; National Academy of Science, 2006; Chiu et al., 2006b)].
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Fig. 2.
MS/MS product ion spectra of [M-H]- ions of chemical standards. (A) dichloroacetic acid, (B)
difluoroacetic acid, (C) trichloroacetic acid, and (D) trifluoroacetic acid.
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Fig. 3.
MS/MS product ion spectra of [M+H]+ ions of chemical standards. (A) S-(1,2-dichlorovinyl)-
L-cysteine, (B) [13C5,15N] S-(1,2-dichlorovinyl)cysteine, (C) S-(1,2-dichlorovinyl)
glutathione, and (D) [13C4,15N] S-(1,2-dichlorovinyl)glutathione. Asterisks indicate isotope-
labeled position.
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Fig. 4.
Signal enhancement of haloacetic acids by 2-(2-methoxyethoxy)ethanol. Chromatograms of
analytes before (A) and after (B) addition of 2-MEE. Analytes were determined after extraction
from control serum spiked with chemical standards: 2 nmol/ml serum for DCA, 8 nmol/ml
serum for TCA, and 50 nmol/ml serum for the fluorine analogues as internal standards. MA,
manually integrated area of a detected peak.
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Fig. 5.
Chromatograms of glutathione conjugates of TCE. (A) S-(1,2-dichlorovinyl)-L-cysteine, (B)
[13C5,15N] S-(1,2-dichlorovinyl)-L-cysteine, (C) S-(1,2-dichlorovinyl)glutathione, and (D)
[13C4,15N] S-(1,2-dichlorovinyl)glutathione. Analytes were determined after extraction from
control serum spiked with chemical standards: 1 nmol/ml serum for DCVC and DCVG and
0.25 nmol/ml serum for the internal standards. Arrows indicate the peaks of analytes, and
chromatograms were displayed in stick mode.
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Fig. 6.
Calibration curves of the analytes trichloroacetic acid (TCA, ●), dichloroacetic acid (DCA, ○),
S-(1,2-dichlorovinyl)glutathione (DCVG, ■), and S-(1,2-dichlorovinyl)-L-cysteine (DCVC,
□). Full range (large graphs), as well as low concentration range (inset graphs), calibration
curves are shown.

Kim et al. Page 16

Toxicology. Author manuscript; available in PMC 2010 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kim et al. Page 17

Table 1
Overall precision and variance component by batch, assay date and residual error.

Chemical Factor CV*, % Variance component, %

Batch 18.2 79.9
DCA Date 0.1 0.0
(n=22) Residual 9.1 20.1

Total 20.4 100.0

Batch 22.3 75.3
TCA Date 2.9 1.3
(n=22) Residual 12.3 23.4

Total 25.8 100.0

Batch 6.2 30.7
DCVG Date 0.0 0.0
(n=19) Residual 9.3 69.3

Total 11.1 100.0

Batch 0.0 0.0
DCVC Date 6.2 15.0
(n=34) Residual 14.7 85.0

Total 16.0 100.0

†
Overall coefficient of variation (CV) indicates a comprehensive precision of the assay, estimated by covariance estimates using mixed effects model to

show variance components by batch, date and residual measurement error. Since the representative calibration curves were established in every batch, the
actual assay error is represented by the “residual” component.
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