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Abstract

Dichloroacetic acid (DCA) is a contaminant found in treated drinking water due to chlorination. DCA has been shown to
be a complete hepatocarcinogen in both mice and rats. In this study we developed a rapid and sensitive high-performance
liquid chromatography (HPLC) method to simultaneously detect DCA and its metabolites, oxalic acid, glyoxylic acid and
glycolic acid in blood and urine samples of animals sub-chronically administered with DCA (2 g/ l) in drinking water. Both
urine and plasma samples were treated minimally before HPLC analysis. Separation and detection of DCA and its
metabolites were achieved using an anion-exchange column and a conductivity detector. The mobile phase consisted of an
initial concentration of 0.01 mM sodium hydroxide in 40% methanol followed by a linear gradient from 0.01 mM to 60 mM
sodium hydroxide in 40% methanol for 30 min. The lower detection limit for DCA and each of its three major metabolites
was 0.05 mg/ml. DCA and its metabolites gave a linear response range from 0.05 to 100 mg/ml. Plasma DCA was also
analyzed by gas chromatography (GC), and the results obtained correlated with those from the HPLC method (correlation
coefficient50.999). While available HPLC techniques offer sensitive procedures to detect either glycolic acid or oxalic acid,
the described HPLC method has the unique advantage of determining simultaneously the parent compound (DCA) and its
three major metabolites (oxalic acid, glyoxylic acid and glycolic acid) in biological samples, without complex sample
preparation.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction over 100 mg/ml have been reported in chlorine
disinfected water [1]. DCA is also a minor metabo-

Dichloroacetic acid (DCA) is a by-product of lite of trichloroethylene (TRI) in mice [17]. More-
drinking water chlorination. DCA concentrations of over, DCA has been used therapeutically for treat-

ment of congenital lactic acidosis [2], diabetes [3]
and hypercholesterolemia [4]. However, its therapeu-
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system toxicity in dogs and rats [5], developmental 70% perchloric acid (ACS reagent) were obtained
toxicity in rats [6,7], and has been shown to be an from Fisher Scientific (Fairlawn, NJ, USA). Metha-
inducer of hepatic tumors in mice and rats [8–10]. In nol (HPLC Grade) was purchased from Sigma. The
recent years DCA has been closely associated with water for the study was deionized and distilled in our
carcinogenicity of TRI, which has been shown to laboratory.
induce hepatic tumors in mice [11,12], but not rats
[13], whereas DCA has been reported to induce 2.2. Animal treatment and sample collection
hepatic tumors in both mice [9] and rats [14].

Because of DCA’s potential carcinogenicity and Male hybrid mice, B6C3F /CrlBR (25–35 g)1

widespread distribution in water supplies, there is an were maintained in polycarbonate cages with hard-
increasing interest in DCA metabolism and disposi- wood chip bedding. The animals were housed one
tion. DCA is metabolized to several metabolites per cage and provided with food and water ad
including chloroacetic acid, glyoxylic acid, glycolic libitum. Treated animals were provided with drink-
acid, oxalic acid, glycine, hippuric acid and carbon ing water containing 2.0 g/ l of DCA, neutralized to
dioxide [9,13–15]. Oxygenation of DCA to glyoxylic pH 7 with NaOH to account for possible decreases in
acid is carried out by the newly discovered Zeta class the water consumption. Control animals were pro-
glutathione transfereses [16]. DCA has been detected vided with drinking water containing 2.0 g/ l NaCl.
and measured in biological samples using gas chro- Endogenous levels of metabolites of DCA were not
matography (GC) [8,18] and mass spectrometry detected with the method in control animals. Follow-
(MS) with electrospray ionization [19]. The lower ing 26 days of treatment animals were placed in
limits of detection (LOD) have been reported to be 1 metabolism cages for a 24 h period and urine
mg/ml and 4 ng/ml for GC and MS methods, samples were collected. All animals were killed after
respectively. Although both methods can detect low 28 days of treatment by CO asphyxiation at 0, 2, 42

levels of DCA, derivatization and extraction pro- and 8 h post-treatment (n58). Blood samples were
cedures are needed for sample preparation and collected via the inferior vena cava using heparinized
neither method is able to separate and quantify the syringes. For the GC analysis of DCA in plasma,
major metabolites of DCA. DCA and its metabolites, samples were quenched with an equal volume of
glycolate, oxalate and glyoxylate, have been sepa- 20% lead acetate (0.2 ml) and stored at 2808C

14rated and quantified using [ C] DCA and multiple pending analysis. For the HPLC analysis of DCA
HPLC runs in DCA pharmacokinetics studies and its metabolites, plasma samples were precipi-
[19,20]. In order to investigate the DCA metabolism tated with ice cold 0.17 M perchloric acid; urine
and disposition in B6C3F mice, we have developed samples and acid precipitated plasma samples were1

an HPLC method which does not require the labor then centrifuged at 31 500 g for 30 min at 48C.
intensive derivatization and extraction procedures. Supernatants were filtered through 0.45 mm non-
The sensitivity of this HPLC method for quantifica- sterile acrodisc syringe filters provided with versapor
tion of DCA is comparable to or exceeds that of (supported acrylic copolymer) membranes (Pall Gel-
previously reported GC methods and is considerably mann Laboratory, Ann Arbor, MI, USA) and stored
less labor intensive. at 2808C for further analysis. Supernatants from

urine samples were diluted with deionized water
(1:100) before use.

2. Materials and methods
2.3. Instrumentation and conditions

2.1. Reagents and chemicals
2.3.1. HPLC

DCA (99.9% purity) and its metabolites glycolic HPLC determinations were performed with a
acid (99.9% purity), glyoxylic acid (99.9% purity) Model Dx-300 (Dionex, Sunnyvale, CA, USA)
and oxalic acid (99.9% purity) were obtained from liquid chromatographic system equipped with back-
Sigma (St. Louis, MO, USA). Sodium hydroxide and ground conductivity suppressor. The chromatograph-
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ic system consisted of an advanced gradient pump tions of the calibration lines were y52387794.30x
(AGP standard size), conductivity detector (CDM-3), for glycolate, y580752.69x for glyoxalate, y5

anion self regenerating suppressor (ASRS 4 mm), for 2166574.96x for DCA and y53423662.42x for
the reduction of the background conductivity of the oxalate. For the lower limit of detection the regres-
eluent, autosampler (AS-3500), 100 ml sample loop, sion line y13 s was used for all compounds where y
computer interface ACI and software AutoIon 450. is the intercept and s is the standard deviation of the
Separation of DCA and its metabolites was per- signal (noise) at the retention time of the compounds
formed on a Dionex AS11 analytical column (250*4 in both plasma and urine (n58). The lower limit of
mm) preceded by a Dionex AG11 guard column detection (LOD) was 0.05 mg/ml for all four
(4350 mm). The sensitivity of the detector was compounds in plasma and urine. Signal-to-noise ratio
maintained between 0.5 and 100 ms depending on at 0.05 mg/ml was greater than 3 for all four
the concentration. compounds in plasma and urine. For DCA and its

major metabolites, the mean analytical recovery
(found/added) over the range 0.05–100 mg/ml was

2.4. Mobile phase
determined to be 10061.8% (n58) in both plasma
and urine samples. Day-to-day precision (C.V.) of the

The mobile phase consisted of an initial con-
method was within 1% (n510) for all four com-

centration of 0.01 mM sodium hydroxide in 40%
pounds in both plasma and urine over the range

methanol and a linear gradient from 0.01 mM to 60
0.05–100 mg/ml. The mean between-assay coeffi-

mM sodium hydroxide in 40% methanol in 30 min.
cients of variation for all these compounds were

The mobile phase was filtered through a 0.45 mm
lower than 1% over the range 0.05 mg–100 mg/ml.

filter provided with nylon membrane (Micron Sepa-
The within-assay coefficients of variation were lower

rations Inc., Westboro, MA, and USA) and then
than 1% measured at 0.05 or 10 mg/ml.

degassed under vacuum before use. The flow-rate
Figs. 1 and 2 represent the chromatograms ob-

was set at 1 ml /min.
tained for urine and plasma samples spiked with
DCA and its metabolites, respectively. The retention

2.5. Preparation of standards times for DCA, glycolic acid, glyoxylic acid and
oxalic acid in plasma samples were 12.80, 10.46,

The standards were prepared in the way as that of 11.36, and 15.00 min, and in urine samples they
the samples, using spiked urine and blood samples were 12.95, 10.45, 11.25, and 15.27 min, respective-
obtained from untreated control rats. The concen- ly. No interfering endogenous compounds appeared
tration of the prepared standards were in the range in samples from the control or treated animals. Two
0.05–100 mg/ml. unidentified peaks with retention times of 11.72 and

14.78 min were observed in the control and treated
animals in both plasma and urine samples, and a

2.5.1. GC
small peak with a retention time of 10.61 was

DCA was quantified in the blood samples by a
observed in all urine samples (Figs. 1 and 2). An

previously described gas chromatography method
unidentified peak with a retention time of 13.78 min

[17].
was observed in control urine sample (Fig. 3).

Based on the average daily water consumption, the
average daily dose of DCA was estimated to be 300

21 213. Results mg kg day . Neither DCA nor its major metabo-
lites were found in detectable concentrations in

HPLC standard curves constructed for DCA, control animals. The peak blood DCA concentration
glycolate, oxalate and glyoxalate were linear in the after 28 days of treatment (0 h) as determined by the
range of 0.05–100 mg/ml in both plasma and urine HPLC method was 17.969.8 mg/ml (Fig. 4). Sys-

2matrices. The regression coefficient (r ) for all the temic clearance of DCA was rapid: after 28 days of
standard curves was greater than 0.999. The equa- treatment and 8 h suspension from treatment, no
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Fig. 1. Representative chromatogram obtained for DCA, and its metabolites glycolate, oxalate and glyoxalate prepared in urine samples
from control animals. The X-axis of the chromatogram represents the peak retention time in minutes and the Y-axis of the chromatogram
represents the conductivity in microseimens (ms) measured by the conductivity detector. The actual amounts of DCA and each of its
metabolites injected into the HPLC system were 1 mg. The concentrations of glycolate, glyoxalate, oxalate and DCA were 1.31, 1.08, 1.11
and 0.78 mmol / l per each injection.

DCA was detected in the plasma. Plasma samples in blood and urine than glyoxalate or oxalate. In
were also analyzed by a GC method for DCA. blood samples, all three DCA major metabolites

Glycolate, oxalate and glyoxalate were also de- were present well above their LOD 8 h after the
tected in the blood (Fig. 2) and urine (Table 1) of all DCA treatment stopped. The concentration of DCA
treated animals. Glycolate concentration was higher and it metabolites in urine samples were about 3–4

Fig. 2. Representative chromatogram obtained for DCA and its metabolites, glycolate, oxalate and glyoxalate prepared in the plasma
obtained from the control animals. The X-axis of the chromatogram represents the peak retention time in minutes and the Y-axis of the
chromatogram represents the conductivity in microseimens (ms) measured by the conductivity detector. The actual amounts of DCA and
each of its metabolites injected into the HPLC system were 5 mg. The concentrations of glycolate, glyoxalate, oxalate and DCA were 1.31,
1.08, 1.11 and 0.78 mmol / l per each injection.
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Table 1
Concentration of DCA and its metabolites in urine samples from
control and DCA-treated mice collected in a 24-h period following
26 days of treatment (Mean6SD for n56)

Compound Urine concentration (mg/ml)

Control DCA-treated

DCA Not detected 0.7460.6
Glycolate Not detected 3.5961.4
Glyoxalate Not detected 0.4660.25
Oxalate Not detected 1.5060.69

4. DiscussionFig. 3. Blank chromatogram of a urine sample without any
additions.

A sensitive HPLC method was developed for the
analysis of DCA and its three major metabolites,
glycolate, glyoxalate and oxalate. Previously pub-

orders of magnitude greater than the LOD. Gly- lished methods to separate and detect DCA and its
colate, oxalate, glyoxalate were not detectable in metabolites in biological samples have used extrac-
control urine samples, since control urine samples tion procedures and multi-step separations by HPLC
were also diluted with deionized water (1:100) [20,21]. In one study, radiolabeled DCA was used to
before use. detect only plasma DCA levels slightly greater than

Fig. 4. Systemic clearance of DCA and its metabolites in the blood of mice treated with DCA for 28 days (Mean6SD, n58). Significantly
( p5,0.05) different than the 0 h time point.
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1 mg/ml [20]. In another study using radioactive for the Care and Use of Laboratory Animals’,
DCA, Lin et al reported a more labor intensive National Research Council, 1996, and the Animal
method that required a two step separation process Welfare Act of 1966, as amended. This research was
[21]. In the first step DCA was separated using a funded by the Department of Defense, through the
reversed-phase liquid chromatography method, and Strategic Environmental Research and Development
in the second step the metabolites were separated Program (SERDP), project number CU-115 and was
using an anion-exchange liquid chromatography supported by Department of Defense contract num-
method DCA has also been analyzed by a GC ber F41624-96-C-9010.
method (LOD51 mg/ml) which involves extensive
sample preparation (acidification, derivatization and
extraction) without the ability to detect any of its
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