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Dichloroacetic acid (DCAA) is a by-product of drinking water

disinfection, is a known rodent hepatocarcinogen, and is also

used therapeutically to treat a variety of metabolic disorders in

humans. We measured DCAA bioavailability in 16 human volun-

teers (eight men, eight women) after simultaneous administration

of oral and iv DCAA doses. Volunteers consumed DCAA-free

bottled water for 2 weeks to wash out background effects of DCAA.

Subsequently, each subject consumed 12C-DCAA (2 mg/kg)

dissolved in 500 ml water over a period of 3 min. Five minutes

after the start of the 12C-DCAA consumption, 13C-labeled DCAA

(0.3 mg/kg) was administered iv over 20 s and plasma 12C/13C-

DCAA concentrations measured at predetermined time points

over 4 h. Volunteers subsequently consumed for 14 consecutive

days DCAA 0.02 mg/kg/day dissolved in 500 ml water to simulate

a low-level chronic DCAA intake. Afterward, the 12C/13C-DCAA

administrations were repeated. Study end points were calculation

of AUC0/N, apparent volume of distribution (Vss), total body

clearance (Clb), plasma elimination half-life (t½,b), oral absorp-

tion rate (Ka), and oral bioavailability. Oral bioavailability was

estimated from dose-adjusted AUC ratios and by using a compart-

mental pharmacokinetic model after simultaneous fitting of oral

and iv DCAA concentration-time profiles. DCAA bioavailability

had large interindividual variation, ranging from 27 to 100%. In

the absence of prior DCAA intake, there were no significant

differences (p > 0.05) in any pharmacokinetic parameters between

male and female volunteers, although there was a trend that

women absorbed DCAA more rapidly (increased Ka), and cleared

DCAA more slowly (decreased Clb), than men. Only women were

affected by previous 14-day DCAA exposure, which increased the

AUC0/N for both oral and iv DCAA doses (p < 0.04 and p <

0.014, respectively) with a corresponding decrease in the Clb.
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Halogenated acetic acids (HAAs) including dichloroacetic
acid (DCAA) are routinely identified by-products formed
during the disinfection of drinking water. Human health con-
cerns exist over disinfection by-products in general and DCAA
in particular because they have been shown to cause cancer and
have adverse effects on reproduction in experimental animal
models (Kaydos et al., 2004; Komulainen, 2004). Prior to
the implementation of stage 1 regulations by the US EPA in
1998, concentrations of chlorinated HAAs (monochloro acetic
acid, DCAA, and trichloro acetic acid [TCAA]) and specific
brominated HAAs (monobromo HAA and dibromo HAA
[DBAA]) were reported in excess of 100 lg/l (Arora et al.,
1997; Uden and Miller, 1983). Concentrations of chlorinated
HAAs in swimming pools may exceed 1000 lg/l (Loos and
Barcelo, 2001) and ingestion of pool water can be an additional
exposure mechanism for HAAs (Kim and Weisel, 1998). A
recent nationwide survey of drinking water disinfection by-
products reported concentrations of total HAAs to be less than
100 lg/l, with specific values for DCAA ranging from 1.3 to 40
lg/l (Weinberg et al., 2002). The wide variation in the
concentration of specific HAAs in drinking water, both between
and within sites, is caused by differences in the disinfection
method used and the chemical characteristics of the source
water (Pourmoghaddas et al., 1993; Williams et al., 1997). For
instance, bromide-rich source water leads to increased bro-
minated HAA concentrations.

Reliable information on HAA disposition in humans is
limited to DCAA, which has been used as an experimental
therapeutic agent for more than 20 years (Stacpoole et al.,
1998b). The principal mechanism for elimination of DCAA
is biotransformation, which primarily occurs in the liver. The
importance of the liver in whole-body clearance of DCAA by
humans is evidenced by a marked decrease in plasma clearance
in patients with cirrhosis (Shangraw and Fisher, 1999) and the
complete cessation of DCAA clearance during the anhepatic
phase of liver transplantation (Shangraw and Fisher, 1996).
Pharmacokinetic studies of iv administered DCAA in humans
show a dose dependency of total body clearance (Clb), where
higher doses are cleared more slowly, presumably due to
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saturation of metabolism (Curry et al., 1991; Fox et al., 1996;
Lukas et al., 1980; Wells et al., 1980). Repeated clinical dosing
of DCAA progressively reduces Clb (Curry et al., 1985, 1991),
and diminished Clb consequent to repetitive dosing still occurs
in some individuals despite a lapse of several weeks between
DCAA doses (Curry et al., 1991). The variability of DCAA Clb
after multiple doses has prevented reliable estimation of oral
bioavailability because the requirement of no change in phar-
macokinetics between dosing times can never be met (Curry
et al., 1991).

Rodent and in vitro human tissue studies have established that
DCAA is metabolized by the cytosolic enzyme glutathione-s-
transferase-zeta (GSTZ1-1; Tong et al., 1998). The initial meta-
bolite formed by the GST-zeta pathway during DCAA and
other di-HAA metabolism is glyoxylate (Tong et al., 1998). An
important feature of the GST-zeta pathway is the suicide inac-
tivation by DCAA, which causes not only a direct reduction
in GST-zeta activity but also a marked and protracted reduction
of tissue GST-zeta protein content (Anderson et al., 1999;
Gonzalez-Leon et al., 1997; Schultz et al., 2002). This can result
in a ‘‘functional’’ GST-zeta deficiency, slowing DCAA metab-
olism and prolonging its biological persistence. The decrease in
hepatic GST-zeta protein is not associated with transcriptional
changes as GST-Z mRNA remains unchanged (Ammini et al.,
2003). Thus, at least in rodents, discontinuation of DCAA ex-
posure allows rapid (within 48 h) recovery of GST-zeta protein
content and activity to baseline levels (Anderson et al., 1999;
Schultz et al., 2002).

The present study was designed to measure oral DCAA bio-
availability in healthy women and men and to assess whether
prolonged low-level DCAA exposure (20 lg/kg/day) increases
its bioavailability. We determined DCAA bioavailability after
simultaneous administration of unlabeled oral and 13C-labeled
iv doses. This approach permitted calculation of oral bioavail-
ability of DCAA in each subject without a crossover experi-
mental design. A final aim attempted to measure the absorption
of DCAA and other HAAs naturally present in a municipal
drinking water supply in male and female volunteers.

MATERIALS AND METHODS

Human subjects. This protocol was approved by the Institutional Review

Boards at Oregon Health & Science University (OHSU) and the Battelle Pacific

Northwest National Laboratory. Written informed consent was obtained from

each volunteer prior to his or her participation in this study. Eighteen healthy

volunteers (age range 23–33 years) were enrolled after written informed

consent was obtained. Two subjects withdrew from the study before completion

and have not been included in the analysis. Demographics of the included

16 subjects (eight men, eight women) are shown in Table 1. Health status was

documented by history, physical examination, and screening laboratory

evaluation. Subjects abstained from smoking, consuming alcohol, or using

drugs of any kind (other than common over-the-counter medications) during

the study period. Pregnancy was ruled out in female subjects by urine b-hCG

evaluation. Subjects limited their water intake, including that for cooking, to

DCAA-free bottled water throughout the study.

Chemicals and reagents. DCAA for oral intake was obtained from TCI

Chemical (Na-DCAA salt [purity > 99%], Cat. No. D1719DMF, Portland, OR).

DCAA for iv use was 13C1-labeled by custom synthesis (Isotec, St. Louis,

MO) and determined to be > 99.9% chemically pure and > 99.99% isotopically

pure by GC-MS. Aliquots of iv solution were tested for sterility (OHSU clini-

cal microbiology laboratory) and for pyrogenicity by NAMSA (San Francisco,

CA) using the rabbit ear technique (Stacpoole et al., 1983). Chlorofluoro acetic

acid (CFAA) was prepared by hydrolysis of the CFAA ethyl ester (Lancaster

Synthesis, Windham, NH) as described by Schultz and Sylvestor (2001) and

was used as an internal standard in GC-MS analysis. Diazomethane was

prepared as described in the Aldrich technical bulletin no. AL-132 and stored

at � 70�C in sealed vials until use. All other common chemicals and solvents

were of the purest grade available.

Experimental design. The study consisted of two parts that were collec-

tively designed to measure DCAA pharmacokinetic parameters and systemic

bioavailability before and after a 14-day exposure of drinking water to 20 lg/

kg/day DCAA. The first part of the study was performed after an initial 14-day

period when the subjects consumed only HAA-free bottled water in lieu of

municipal tap water for drinking and cooking. This intervention was to re-

move trace HAAs from the subjects and to ensure that GST-zeta activity and

DCAA Clb were at a true basal level for each subject. On the morning of day

15, subjects were admitted to the OHSU General Clinical Research Center

for pharmacokinetics evaluation. After placement of bilateral iv cannulas and

baseline blood sampling, subjects consumed 2 mg/kg of unlabelled DCAA

dissolved in 500 ml of bottled water over a period of 2–3 min. Five minutes

after initiating consumption of the bottled water, 0.30 mg/kg of 13C1-labeled

DCAA in 20 ml isotonic saline was injected iv over a period of 20 s. Time delay

for administration of the iv dose was designed to optimize superimposition of

the oral and iv plasma profiles, improving the accuracy of oral bioavailability

estimates (Rubin et al., 1987). The dose of 13C1-DCAA was selected to produce

a molar ratio of 13C/12C in plasma of approximately 0.2 to minimize error

associated with GC-MS analysis of the respective 13C/12C-DCAA (Bluck et al.,

1996). Blood sampling (2 ml) from the contralateral arm was carried out at 0,

5,10, 15, 20, 25, 30, 40, 50, 60, 75, 90, and 120 min. Blood samples were

collected into tubes containing ethylenediamine tetraacetic acid, placed im-

mediately on ice, and centrifuged to separate plasma (3000 3 g for 10 min), and

the plasma was stored at – 70�C until analysis. Three additional blood samples

(1.0 ml) were drawn immediately prior to dosing and at 2 and 4 h after the iv

DCAA administration for immediate analysis of plasma glucose and lactate

concentrations (Table 1). This analysis indicated that DCAA had no effect on

either plasma lactate or glucose concentrations in any subject. Subjects re-

mained in the Clinical Research Center, did not consume food until 2 h after the

start of the experiment, and were discharged home at the end of the evaluation.

The second part of the study involved the same volunteers and began the

day after the initial pharmacokinetic evaluation. During this time, subjects in-

gested DCAA 20 lg/kg daily in 500 ml water for 14 days but otherwise con-

tinued to be restricted to intake of bottled water for drinking and cooking. This

treatment was intended to simulate daily consumption of municipal drinking

water containing approximately 1 mg total HAA per day. On the morning

of day 15, 1 day after consumption of the last chronic DCAA dose, subjects

returned to the OHSU Clinical Research Center for a repeat of the pharma-

cokinetic evaluation.

The final aim of this project was to determine oral absorption of HAAs

naturally found in a U.S. municipal drinking water supply in four healthy

volunteers (two women, two men) who previously consumed for 14 days only

bottled water free of HAA contamination. Analysis of the drinking water

identified the following HAAs: BCAA, 23 lg/l; DCAA, 16 lg/l; TCAA, 11 lg/

l; and DBAA, 4.8 lg/l (mean value from two separate measurements). Also

present in trace levels (< 2 lg/l) were BDCAA, CDBAA, and TBAA. Because

of the low HAA content in the tested water, we added 13C1-DCAA at 20 lg/kg,

which was intended to serve as a reference for comparison with measurement of

the naturally occurring HAAs. Subjects consumed 1 l of this water, and blood

sampling was done at 0, 5, 10, 15, 20, 25, 30, 45, 60, 75, and 90 min. HAAs

were extracted from 1 ml of plasma as described below for GC-MS analysis,
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except a GC-lECD was used as the primary detection method (GC-MS was

used for selective detection of the 13C1-DCAA). Larger sample volume and

improved detector sensitivity of the lECD improved the method detection limit

(MDL) to 0.2 ng/ml for DCAA, 0.3 ng/ml for DBAA, and � 0.4 ng/ml for the

other HAAs.

GC-MS analysis of DCAA. DCAAwas extracted from 0.25 ml of acidified

plasma with methyl-tert-butyl ether (MTBE) and derivatized with diazo-

methane, as described previously (Schultz et al., 1999, 2002). MTBE extracts

were dried under N2 to 25 ll and 1 ll was injected onto the GC. Simultaneous

determination of 12C- and 13C-labeled DCAA concentrations was performed

using an Agilent 5973inert GC-(EI)-MS in selected ion monitoring mode. The

GC column was a Beta Dex 225 column (30 m, 0.25lM; Supelco, Bellefonte,

PA) and the chromatographic conditions were: injection port temperature,

150�C; initial oven temperature 30�C 3 3 min and ramping at 2�C/min to

60�C. DCAA-methyl ester, like other HAA methyl esters, produces a charac-

teristic fragmentation pattern in EI-MS with the formation of two predominate

ions corresponding to the C1-methyl ester and the halogenated C2 carbon. The
12C1-methyl ester of DCAA has m/z 59 and the 13C1-methyl ester has m/z 60.

The C2 fragment has m/z 83. Figure 1 shows the mass spectra of 12C- and
13C1-DCAA methyl esters. Quantification of 12C- and 13C-DCAA in plasma

used human plasma standards containing known amounts of 13C-, 12C-DCAA

at a 13C/12C molar ratio of 0.2. Background m/z 60 content due to naturally

occurring 13C1-DCAA present in 12C-DCAA solutions was verified to be a

uniform 2.3% over the DCAA concentration range measured, consistent with

the relative natural incidence of 13C versus 12C. Background m/z 59 (12C) levels

in the 13C1-DCAA iv dose solution were exceptionally low at < 0.01%,

indicating the great isotopic purity. This allowed adjustment of measured m/z

60 levels for background by subtracting the value corresponding to m/z 59

area 3 0.023. Sample results were confirmed by parallel analysis by GC-ECD

(Hewlett-Packard 5890) to quantify total DCAA (13C-, 12C-DCAA). Accep-

tance of the GC-MS measurements required both the GC-MS (13C þ 12C-

DCAA values) and GC-ECD determined values to be within 80% agreement.

Failure to achieve this level of concordance required reanalysis of samples

using archived replicates for each plasma sample. MDL for DCAA was 1 ng/ml

for 13C-DCAA and 3 ng/ml for 12C-DCAA.

Pharmacokinetic analysis. Both noncompartmental and compartmental

modeling methods were used to analyze the DCAA concentration-time profiles.

Noncompartmental analysis of the plasma profiles was performed by calculat-

ing the AUC0/N using the linear trapezoidal method with area from the last

sampling time to infinity calculated from the slope of the terminal portion of the

concentration time-profile (b). Steady-state volume of distribution (Vss) and

total body clearance (Clb) were calculated from the iv pharmacokinetic profile,

as described by Yamaoka et al. (1978) and Gibaldi and Perrier (1982). Plasma

elimination half-life (t½b) was calculated as t½b ¼ 0.693/b. Bioavailability was

calculated as:

Bioavailability¼ðAUC0/N;oral=AUC0/N; ivÞðDose iv=Dose oralÞ:

Oral and iv pharmacokinetic profiles from each subject were also simul-

taneously fitted to a one-compartment clearance-volume model based on the

two-compartment model described by Gabrielsson and Weiner (2000). Pre-

liminary testing indicated that this model gave similar results with or without

correction for a time lag for oral absorption. Therefore, a time lag parameter

was not included for the final fitting of the data. The observed oral and iv

profiles were then simultaneously fitted to model-based differential equations

using a nonlinear least-squares regression program (WinNonlin version 2.1;

Pharsight Corp. Cary, NC). For the fitting procedure, observed values were

equally weighted (wt. ¼ 1). This approach was used to estimate absorption rate

(Ka), peak blood concentration (Cmax), and oral bioavailability.

Statistics. Data are expressed as mean ± SD. Oral bioavailablilty, Ka, Cmax,

Vss, Clb, and t½b before and after the DCAA treatments were compared by

paired t-test. Gender differences in pharmacokinetic parameters were assessed

by nonparametric Mann-Whitney test. Differences between groups were

considered statistically significant at p < 0.05.

RESULTS

Baseline Pharmacokinetics and Bioavailability of DCAA

Plasma DCAA concentration-time profiles for the volunteer
groups are shown in Figures 2A and 2B. A summary of the
pharmacokinetic analysis for each individual subject, using
compartmental and noncompartmental approaches, is shown
in Table 2. In general, the shapes of the oral and iv DCAA
profiles were qualitatively similar for all subjects. Peak plasma
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FIG. 1. (A, B) Representative mass spectra of 12C1-DCAA and 13C1-

DCAA methyl esters showing the characteristic m/z 59 and m/z 60 fragment.

(C, D) Representative chromatogram and SIM spectra from a plasma sample

(subject 13, 15-min sample).
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DCAA concentration (Cmax) occurred rapidly after oral dosing,
typically by 15–30 min. Cmax varied substantially between
subjects, ranging from 600 to 3423 ng/ml (Table 2). Total body
clearance (Clb) also varied considerably, ranging from 716
to 4300 ml/kg/h. In contrast, Vss and Ka were more consistent
among subjects (Table 2). Plasma DCAA concentration de-
creased below 10 ng/ml by 2 h in all subjects. Individual oral
bioavailability estimates by dose-normalized AUC0/N ratios
and from simultaneous fitting of the oral and iv profiles to
the pharmacokinetic model yielded similar values (Table 2). By
either technique, there was a wide interindividual variability
in oral DCAA bioavailability, ranging from 27 to 100%.

There were no significant gender differences in any phar-
macokinetic parameter (p > 0.05). Nevertheless, there was
a trend observed for women to have a higher Cmax (30% greater
than men) and AUC0/N (20% greater than men; Table 2).

Pharmacokinetics and Bioavailability of DCAA after
a 14-day Exposure to DCAA 20 lg/kg

The volunteers who participated in the basal pharmacoki-
netics study continued with the 14-day exposure to low dose
DCAA. Baseline plasma, obtained before the oral and iv
challenges of the 12C/13C DCAA doses, did not detect any
residual DCAA. This indicates that 1 day between the last
DCAA exposure and the start of the challenge sufficed for

complete elimination of DCAA from plasma, within the limits
of detection. The pharmacokinetic results closely resembled
those in the basal state and are summarized in Table 3. There
were no statistically significant differences in DCAA pharma-
cokinetics between men and women exposed to DCAA for
2 weeks. When compared to the basal data, women but not
men were affected by the chronic DCAA exposure. After the
14-day DCAA intake, the AUC0/N for both oral and iv
DCAA doses was respectively increased by 36 and 34% of
the values measured in the basal study (p < 0.04 and p <
0.014, respectively). The Cmax was substantially lower in
subject 6, but this appeared to be a unique result (Table 3).
Consistent with the increased AUC, Clb was decreased by
40% (p < 0.014) in women after the DCAA exposure.
Although prolonged DCAA intake reduced clearance in
women, it did not alter oral bioavailability for either women
or men.

Basal Pharmacokinetics and Bioavailability of HAAs in
Municipal Drinking Water

We attempted to characterize the absorption of HAAs in-
cluding DCAA, at concentrations naturally present in a U.S.
municipal tap water supply in a pilot study involving two
women and two men. Plasma analysis revealed the presence
of DCAA and DBAA in all samples between 5 and 30 min after

TABLE 1

Demographics of Healthy Volunteers in HAA Studies

DCAA pharmacokinetics with or without previous 14-day exposure

Subject No. Age (years) Height (cm) Weight (kg)

Initial plasma

glucose (mg/dl)

Minimum plasma

glucose (mg/dl)

Initial plasma

lactate (mmol/l)

Minimum plasma

lactate (mmol/l)

Male volunteers

1 30 188 90.0 78 77 0.5 0.9

5 32 181 66.6 67 77 0.5 1.7

7 24 175 78.3 76 85 0.8 0.6

9 23 178 79.0 79 78 0.6 0.6

12 23 178 78.6 80 88 1.0 1.0

13 32 167 56.5 80 75 1.1 0.9

16 26 175 58.6 84 90 0.9 0.7

18 24 181 70.3 83 85 0.8 0.6

Average 27 178 72.2 80 84 0.8 0.8

SD 4 6 10.7 6 5 0.3 0.2

Female volunteers

2 26 158 66.0 82 87 0.8 0.7

3 24 171 74.5 91 82 0.8 1.0

6 24 170 64.2 79 73 0.6 0.8

8 33 159 59.0 88 123 1.1 1.1

10 28 163 45.0 89 77 0.6 0.6

11 30 165 69.5 88 80 0.7 0.7

15 25 175 67.4 81 80 0.8 0.7

17 25 161 77.2 98 100 1.0 0.8

Average 27 164 65.4 86 84 0.9 0.8

SD 3 5 9.4 6 11 0.3 0.2
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intake but at concentrations too low to permit quantitation.
Because of the very low levels of total DCAA in plasma, GC-
MS analysis of 13C-DCAA (intentionally added to the water at
a dose of 20 lg/kg) was not performed. These findings
indicated that some HAAs in drinking water are absorbed in
healthy volunteers but results in very low peak plasma
concentrations (e.g., < 0.1 ng/ml plasma).

DISCUSSION

Longstanding interests in potential therapeutic applications
of DCAA, and its current status as an investigational drug
for treatment of congenital lactic acidosis, have encouraged
several pharmacokinetic studies with human volunteers. Pre-
vious studies have focused on much larger doses of DCAA,
typically 35–50 mg/kg, with doses as high as 100 mg/kg being
administered to human volunteers (Curry et al., 1991; Fox
et al., 1996; Henderson et al., 1997; Lukas et al., 1980; Wells
et al., 1980; Shangraw and Fisher, 1996; Williams et al., 2001).
The pharmacokinetic behavior of DCAA at these doses is
nonlinear, with total body clearance progressively decreasing
at higher doses (reviewed by Saghir and Schultz, 2002). These

DCAA doses are ~ 30,000–100,000 times higher than those
encountered in drinking water in even the most extreme cases
reported in U.S. municipal water supplies.

In rats naive with respect to prior DCAA exposure, the up-
per limit for linear DCAA pharmacokinetics occurs at a dose
of 1 mg/kg (Saghir and Schultz, 2002). The present study is
consistent with a similar phenomenon existing in humans,
as our Clb range (730–4316 ml/h/kg) at 2 mg/kg is higher than
the clearance value of 679 ml/h/kg at a dose of 10 mg/kg
reported by Lukas et al. (1980). Many of the individual basal
Clb in the present study approach or exceed estimates of total
liver blood flow in humans (e.g., 1200 ml/h/kg, Zoli et al.,
1995). This is consistent with rodent studies indicating that
at low doses, DCAA has a high liver extraction ratio (> 70%)
and that Clb can represent a major fraction (> 50%) of cardiac
output (Saghir and Schultz, 2002). It is reasonable to extrap-
olate that DCAA pharmacokinetics may be at or near the linear
range at the 2 mg/kg dose used in the present study, although
we did not test the response at lower doses to confirm linearity.
Using the data from the present study to calculate pharmaco-
kinetics at even lower doses will yield more reliable data for
environmental exposure than those based on higher clinical

TABLE 2

Basal Pharmacokinetic Response in Healthy Volunteers to Simultaneous Challenge with

Oral DCAA 2 mg/kg and iv 13C-labeled DCAA 0.3 mg/kg

iv dosing Oral dosing Bioavailabilitya

Subject No. AUC0/N (ng/ml h) Vss (ml/kg) Clb (ml/h/kg) t½,b (h) AUC0/N (ng/ml h) Cmax (ng/ml) Ka (/h) PK model % Ncomp %

Male volunteers

1 221 339 1360 0.21 986.0 n.d. n.d. n.d. 67

5 85 651 3527 0.13 577.0 768 3.17 98 100

7 154 541 1949 0.21 490.6 606 2.34 64 48

9 165 354 1822 0.14 402.2 618 4.27 34 37

12 122 446 2458 0.13 302.3 600 7.10 35 37

13 374 164 802 0.12 1084.1 2432 6.74 50 43

16 258 267 1164 0.12 489.3 978 10.4 27 28

18 316 227 950 0.16 1710.3 3338 5.93 86 81

Average 212 374 1754 0.15 755 1334 5.71 56 54

SD 99 164 905 0.04 474 1099 2.74 28 25

Female volunteers

2 220 235 1365 0.19 1315 n.d. n.d. n.d. 90

3 205 171 1461 0.13 766 n.d. n.d. n.d. 56

6 153 1010 1948 0.27 742 3423 6.31 100 73

8 278 268 1079 0.16 853 1316 3.33 51 46

10 70 745 4300 0.12 225 1230 4.63 54 48

11 419 164 716 0.16 1558 759 3.02 60 56

15 318 270 942 0.16 1280 2180 5.24 67 60

17 280 151 1070 0.10 739 2323 14.1 38 40

Average 243 377 1610 0.16 935 1872 6.11 62 59

SD 107 320 1150 0.05 425 966 4.10 21 16

Note. AUC0/N, Vss, Clb, and t½,b were calculated using noncompartmental methods. Cmax and Ka were determined from a simultaneous nonlinear least

squares fit of the oral and iv data using the pharmacokinetic model and the WinNonlin program; n.d. ¼ not determined.
aOral bioavailability was calculated from the ratio of AUC0/N values for the oral and iv doses (with adjustment for the differences in dose) and as a fitted

parameter from the pharmacokinetic model.
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doses at which a ‘‘therapeutic’’ effect is obtained. This is im-
portant because the state-of-the-art for chemical detection is
inadequate to directly characterize DCAA pharmacokinetics
during environmental exposures. To overcome this limitation,
our approach was to administer a dose of DCAA that permitted
accurate characterization of DCAA blood levels but still was
low enough to allow accurate prediction of DCAA dosing
during environmental exposures.

Regulatory agencies have a keen interest in water HAAs in
general, and DCAA in particular, because of their association
with cancer and adverse pregnancy outcomes. It is therefore
important to better predict the actual human tissue exposure
level of DCAA after consumption of drinking water. Rodent
studies have shown that tissue concentrations of DCAA (and
other HAAs) are equal to or slightly less than plasma levels
(e.g., tissue:plasma ratios of 0.5–1.0; Abbas and Fisher, 1997;
Saghir and Schultz, 2005). This is consistent with our findings
for the apparent volume of distribution of DCAA (Vss, Tables 2
and 3), which is equivalent to 50–75% of total body water.
Thus, the plasma DCAA concentration is a reasonable surro-
gate for most well-perfused tissue concentrations.

We estimated DCAA plasma concentrations after consump-
tion of 1 l of drinking water containing 15 lg DCAA (equivalent
to 0.2 lg/kg for a 70-kg person) using the pharmacokinetic
model. The selected DCAA concentration represents the ap-
proximate median level reported in a recent nationwide survey
of disinfection by-products in U.S. drinking water supplies
(Weinberg et al., 2002). DCAA plasma concentration-time
profiles were predicted using average values for Ka, oral bio-
availability, and Vss. Two separate simulations were performed
using the highest and lowest values for Clb determined in this
study (Table 2; Fig. 3). Our simulation predicts that peak plasma
concentrations will be < 0.2 ng/ml and are likely to be con-
siderably less in individuals with high Clb for DCAA. The
AUC0/N for these simulations was 0.028 and 0.173 ng/ml h
for the high- and low Clb, respectively. The predicted plasma
concentrations shown in Figure 3 represent the mean plasma
DCAA exposure in an average individual for the specified
DCAA intake. However, actual DCAA exposures may be lower
if bioavailability is reduced, as has been shown in rodents
when the DCAA intake is < 1 mg/kg (Saghir and Schultz,
2002). Reduced bioavailability would also explain our inability

TABLE 3

Pharmacokinetic Response in Healthy Volunteers to Simultaneous Challenge with Oral DCAA 2 mg/kg and

iv 13C-labeled DCAA 0.3 mg/kg after Consuming DCAA 20 mg/kg/day in Drinking Water for 14 Days

iv dosing Oral dosing Bioavailabilitya

Subject No. AUC0/N (ng/ml_hr) Vss (ml kg�1) Clb (ml/h/kg) t½,b (h) AUC0/N (ng/mr_hr) Cmax (ng/ml) Ka (/h) PKmodel % Ncomp %

Male volunteers

1 428 145 701.2 0.16 1616 n.d. n.d. n.d. 57

5 202 395 1487 0.18 569 904 3.02 51 42

7 116 945 2582 0.15 363 579 4.81 51 47

9 490 153 611 0.17 1800 3539 7.97 56 55

12 276 175 1087 0.1 792 1398 3.54 46 43

13 212 443 1413 0.18 1188 2246 5.85 98 84

16 161 526 1868 0.18 555 938 7.94 55 52

18 366 239 820 0.19 2104 3245 3.72 99 86

Average 281 377 1321 0.16 1123 1835 5.26 65 58

SD 133 271 668 0.03 653 1190 2.06 23 17

Female volunteers

2 293 190.8 1023 0.19 777 n.d. n.d. n.d. 40

3 276 206 1084 0.17 1259 n.d. n.d. n.d. 68

6 167 525 1792 0.16 913 998 3.58 75 82

8 352 235.9 851.3 0.18 1600 2768 4.61 81 68

10 287 133.6 1046 0.13 809 1392 3.61 42 42

11 698 188.4 430.1 0.24 2657 3385 5.57 63 57

15 528 115.8 567.9 0.12 2192 2649 2.88 60 62

17 345 226 869.5 0.15 1414 2642 4.89 71 61

Average 368b 227 958c 0.17 1453b 1742 4.19 65 59

SD 167 127 409 0.04 678 1298 1.0 14 14

Note. AUC0/N, Vss, Clb, and t½,b were calculated using noncompartmental methods. Cmax and Ka were determined from a simultaneous nonlinear least-

squares fit of the oral and iv data using pharmacokinetic model and the WinNonlin program; n.d. ¼ not determined.
aOral bioavailability was calculated from the ratio of the AUC0/N values for the oral and iv doses (with adjustment for the differences in dose) and as a fitted

parameter from the pharmacokinetic model.
bGreater (p < 0.042 and p < 0.014 for oral and iv, respectively) versus basal value.
cLower (p < 0.014) versus basal value.
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to measure the 13C-DCAA added to the municipal tap water at a
dose of 20 lg/kg. This dose would be expected to produce
a peak 13C-DCAA plasma concentration between 5 and 20 ng/
ml (simulations not shown), well within our analytical detection
limits. However, our lack of detection suggests that the oral
bioavailability of DCAA is less than 10% at the dose of 20 lg/kg
used in this experiment.

Based on the results of the present study, human exposures to
DCAA and related disinfection by-products (e.g., di-HAAs) is
very short lived, for which complete absorption and excretion
occurs within the first hour after consumption drinking water.
Our prediction creates a challenge for environmental monitoring
programs that seek to determine actual exposure levels of
disinfection by-products in people consuming chlorinated
drinking water. Our results indicate that sampling must occur
immediately after consumption of drinking water and that very
sensitive analytical detection methods that are capable of
accurately measuring DCAA at low picrogram/milliliter levels
in plasma must be used. Even current state-of the-art analytical
methods (e.g., Jia et al., 2003) are inadequate to quantitatively
measure plasma DCAA at the low concentrations (< 50 pg/ml)
expected from drinking water exposures.

Our study also addressed the concern that repeated exposure
to DCAA and related di-HAAs found in drinking water
functionally inhibits GST-zeta activity to the extent that it
reduces Clb. This would have the potential effect of increasing
the persistence of HAAs and associated health risks in humans.
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FIG. 2. Plasma concentration-time profiles in human subjects after a 2 mg/kg 12C-DCAA po (open circles) and 0.3 mg/kg 13C-DCAA iv (black squares) dose.

Data are expressed as mean ± SD for (A) n¼ 8 male and (B) n ¼ 8 female subjects. Solid lines are predicted values using the pharmacokinetic model. Data shown

are from the initial baseline pharmacokinetic assessment.
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FIG. 3. Model-predicted plasma DCAA concentration-time profiles in

a 70-kg human after consuming 1 l of water containing 15 lg DCAA. Values

were calculated using the pharmacokinetic model described in the text and

assuming oral absorption rate ¼ 5.7/h, bioavailability ¼ 0.53, and Vss ¼ 370 ml/

kg. Model simulation range was defined between a rapid Clb (4300 ml/h/kg,

lower curve on graph) and a slow Clb (716 ml/h/kg, upper curve).

48 SCHULTZ AND SHANGRAW

 at U
niversity of N

orth T
exas on January 21, 2017

http://toxsci.oxfordjournals.org/
D

ow
nloaded from

 

http://toxsci.oxfordjournals.org/


Previous studies in rodents have shown that reductions in hepatic
GST-zeta activity (> 25%) can reduceClb and in turn prolong the
presence of DCAA in plasma (Schultz et al., 2002). The present
study demonstrates that prolonged DCAA exposure at the
relatively low exposure rate of 20 lg/kg/day can induce similar
changes in healthy women volunteers. It is possible that a larger
sample size would have increased the power of our study
sufficiently to show a statistically significant inhibition of
clearance in men as well. It is worth noting the 20 lg/kg/day
DCAA dose is still > 10 times higher compared with typical
drinking water exposures of di-HAAs. Also, the observed
reductions in Clb (Table 3) may have been influenced by the
initial 2 mg/kg DCAA dose administered as part of the basal
pharmacokinetic study two weeks earlier. Keeping in mind these
considerations, we predict that typical drinking water exposure
exerts only a minimal effect on GST-zeta activity and Clb of
di-HAAs in the human population. However, additional expo-
sure to DCAA such as from clinical use or from chlorinated
swimming pools would likely cause a clinically significant
reduction in Clb.

Gender and Interindividual Differences

Two interesting findings from this study are the gender dif-
ferences and the large interindividual differences in DCAA
clearance. Although gender differences were not statistically
significant, there was a trend for women to have higher Cmax

values (Table 2; Fig. 2), which can be attributed to the modest
increase in Ka and decrease in Clb observed in women. The lack
of statistical significance is due to high interindividual varia-
tion in some pharmacokinetic parameters, especially clearance.
This large interindividual variation in DCAA Clb has been
reported since the 1970’s and has complicated the development
of appropriate clinical dosing regimens (Stacpoole et al.,
1998a). Because DCAA Clb is primarily determined by the
GST-zeta metabolism pathway, it is tempting to speculate that
the differences are attributable to variations in GST-zeta
activity and expression.

GST-zeta is polymorphic in the human population, with
at least four characterized variants (GST-Za, b, c, and d;
Blackburn et al., 2000, 2001). Experiments using recombi-
nantly expressed hGST-Z isoforms in cell-free test systems
indicate the hGSTZ1a-1a isoform has greater activity with
respect to DCAA metabolism and is less susceptible to
inactivation by DCAA than other isoforms (Lantum et al.,
2002b; Tzeng et al., 2000). Therefore, the potential exists for
individuals to express GST-Z variants with lower or higher
metabolic activity toward DCAA. Individuals expressing
a GST-Z variant more sensitive to di-HAA inactivation would
also be expected to be more susceptible to the effects of
repeated exposure to di-HAAs, particularly at lower exposure
rates where differences are likely to be more pronounced. Thus,
understanding the importance of specific GST-Z genotypes as it
relates to DCAA pharmacokinetics in humans should be
a priority in future studies.
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