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Abstract
Dichloroacetate (DCA), a chemical relevant to environmental science and allopathic medicine, is
dehalogenated by the bifunctional enzyme glutathione transferase zeta (GSTz1)
maleylacetoacetate isomerase (MAAI), the penultimate enzyme in the phenylalanine/tyrosine
catabolic pathway. The authors postulated that polymorphisms in GSTz1/MAAI modify the
toxicokinetics of DCA. GSTz1/MAAI haplotype significantly affected the kinetics and
biotransformation of 1,2-13C-DCA when it was administered at either environmentally (μg/kg/d)
or clinically (mg/kg/d) relevant doses. GSTz1/MAAI haplotype also influenced the urinary
accumulation of potentially toxic tyrosine metabolites. Atomic modeling revealed that GSTz1/
MAAI variants associated with the slowest rates of DCA metabolism induced structural changes
in the enzyme homodimer, predicting protein instability or abnormal protein-protein interactions.
Knowledge of the GSTz1/MAAI haplotype can be used prospectively to identify individuals at
potential risk of DCA’s adverse side effects from environmental or clinical exposure or who may
exhibit aberrant amino acid metabolism in response to dietary protein.
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INTRODUCTION
The xenobiotic dichloroacetate (DCA) is ubiquitous in our biosphere as a product of water
chlorination and as a metabolite of certain industrial solvents and pharmaceuticals.1 As such,
it has generated interest among environmental scientists as a potential human health hazard.
However, DCA has long been used as an investigational drug for the treatment of several
acquired or congenital disorders of intermediary metabolism, particularly genetic
mitochondrial diseases,2,3 which have a frequency in the general population of >1 in 5000.4

Interest in its therapeutic potential has recently intensified, based on reports of its selective
proapoptotic and antiproliferative actions in human cancers5–15 and in pulmonary arterial
hypertension16–19 that have led to several early phase clinical trials (E. D. Michelakis,
personal communication, 2010).20–26 In turn, the possibility of increased long-term exposure
to DCA for the treatment of both rare and common diseases has heightened attention about
its pharmacokinetics, biotransformation, and chronic safety in humans.

DCA is dehalogenated to glyoxalate, a naturally occurring compound in mammals, by the
zeta-1 family isoform of cytosolic glutathione transferase (GSTz1).27 GSTz1 is identical to
maleylacetoacetate isomerase (MAAI), the penultimate enzyme of the phenylalanine/
tyrosine catabolic pathway28 (Figure 1). DCA inhibits GSTz1/MAAI, which leads to a
marked decrease in its plasma clearance.1,29 Enzyme inhibition by DCA also results in the
accumulation of the potentially hepatotoxic tyrosine intermediates maleylacetoacetate and
maleylacetone30 and of delta-aminolevulinate, a precursor of heme synthesis that has been
associated with neurotoxic effects, including peripheral neuropathy.28 Reversible increases
in serum transaminases and reversible peripheral neuropathy have been reported in
association with chronic DCA exposure.1,31 Although the plasma clearance of DCA has
been demonstrated in rats and humans to be inversely related to age,32 there remains marked
variability in both the clinical pharmacokinetics and toxicity of the drug that cannot be
explained by age alone.

The human GSTz1/MAAI gene is located on chromosome 14q24.3. Three nonsynonymous
single-nucleotide polymorphisms (SNPs) have been reported for GSTz1/MAAI that show
different activity toward DCA and certain other xenobiotic haloacids.33 The allele and
haplotype frequencies for the known SNPs are known to vary among racial and ethnic
groups.2 In vitro studies using purified proteins corresponding to the 4 haplotypes revealed
the rare KRT haplotype to have 10-fold higher Km and Vmax values for DCA and
glutathione compared to the other haplotypes. This finding suggested that humans who
possess the KRT variant might exhibit a markedly different pharmaco-kinetic and
toxicological profile to DCA than would those who possessed the more common haplotypes.
We tested this hypothesis by determining the relative effect of the GSTz1/MAAI haplotype
on the kinetics of DCA and on tyrosine metabolism in healthy adults exposed to short-term
administration of DCA at both environmental and clinically relevant concentrations. We
compared these findings to those obtained from patients with genetic mitochondrial diseases
who participated in a clinical trial of chronic DCA treatment.
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METHODS
Materials

Crystalline sodium 1,2-13C-DCA (99% pure) was custom synthesized (Cambridge Isotope
Laboratories, Cambridge, Massachusetts). Crystalline sodium 12C-DCA (99% pure) was
purchased from TCI America (Portland, Oregon). Other chemicals and materials were
obtained from previously reported sources.29

Clinical Studies
All studies were approved by the institutional review board of the University of Florida and
were conducted in the Clinical Research Unit (CRU) in Shands Hospital at the University of
Florida. Informed consent was obtained from all participants prior to their enrollment. We
enrolled 588 healthy adults into a screening database to identify individuals with various
GSTz1/MAAI haplotypes. Twelve individuals (5 men), aged 21 to 37 years, were consented
to undergo detailed pharmacokinetic evaluation of DCA, based on the GSTz1/MAAI
haplotype. Participants received a weight-maintaining diet that was prepared by the
bionutrition staff of the CRU, using distilled water for food preparation and drinking, to
minimize daily fluctuations in environmental intake of DCA. Diets began 4 days before each
kinetic investigation and continued until completion of blood and urine collections. Oral
DCA (2.5 μg/kg) was administered daily after an overnight fast for 5 consecutive days to
reflect a dose similar to that obtained from consumption of chlorinated municipal drinking
water.34 The plasma kinetics of 1, 2–13C-DCA was determined on the first and fifth days of
drug administration. 12C-DCA was administered on days 2 to 4. After at least a 30-day
washout, the same participants received oral DCA for 5 days at a dose of 25 mg/kg/d to
reflect a typical exposure level of the compound when administered as a therapeutic agent to
patients.3,31 Blood was withdrawn from an antecubital vein on each day of 13C-DCA
administration at –10, 0, 5, 10, 20, and 30 minutes and at 1, 2, 3, 4, 6, 8, 12, and 24 hours
and placed into heparinized Vacutainer tubes from which the stopper had been removed.
Urine was collected at 24 hours during each kinetic investigation. Blood samples and urine
were processed as previously described.29,35

Analytical Methods
Plasma concentrations of DCA and tyrosine and urinary levels of maleylacetone were
measured by gas chromatography–mass spectrometry (model 5973C; Agilent Technologies,
Santa Clara, California).36 Urinary delta-aminolevulivate was quantified by liquid
chromatography–mass spectrometry (model TSQ 7000; Thermo Scientific, San Jose,
California).37 Breath samples were collected by direct exhalation using a common straw into
10-mL Exetainer tubes (Labco Ltd, Buckinghamshire, UK). The amount of 13CO2 in the
Exetainer breath storage tubes was measured38 with a Europa Scientific 20/20 gas isotope
ratio mass spectrometer (Europa Scientific, Cincinnati, Ohio).

Pharmacokinetic Analysis
The plasma-concentration time curve for all DCA measurements was fitted into a
noncompartmental pharmacokinetic model for each patient using WinNonlin, version 5.01
software (Pharsight, Mountain View, California), obtained through the academic license
program. We determined the maximum plasma concentration of DCA (Cmax) and the time
to achieve Cmax (tmax). Through the WinNonlin software, we calculated the area under the
plasma concentration-time curve from time 0 to 1440 minutes (24 hours) for DCA
(AUC0–1440 min) using the linear-trapezoidal method. At least 3 sampling points were used
by the modeling software to estimate the first-order elimination rate constant (λz) for each
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time-concentration curve. The software calculated the terminal phase elimination half-life
(t1/2) as ln (2)/λz and the total body clearance (CL) of DCA as the dose/AUC (0–1440 min).

DNA Isolation, Genotyping, and Haplotype Analysis
DNA was isolated from mouth wash, blood, and plasma samples from 588 healthy adults,
comprising 200 (34%) males and 388 (66%) females. Of this population, 355 (60%) were
white, 96 (17%) were black, 83 (14%) were Asian, and 54 (9%) were Hispanic. They were
aged 20 to 55 years. DNA was also isolated from 6 children aged 2 to 10 years with
congenital lactic acidosis. DNA was isolated using Qiagen Gentra Puregene Buccal Cell and
Blood Kits (Qiagen, Valencia, California).

DNA samples were genotyped for 3 nonsynonymous SNPs: G94>A (rs3177427) Glu → Lys
at position 32, G124>A (rs7972) Gly → Arg at position 42, and C245>T (rs1046428) Thr
→ Met at position 82 in the GSTz1/MAAI gene by pyrosequencing.2 Haplotypes were
inferred by computational methods using the Bayesian haplotype reconstruction program,
PHASE version 2.1.39

Resequencing and Mutation Discovery
A DNA sample from an individual with the KGM/KGT haplotype who showed the lowest
DCA metabolism among participants was selected for further analysis by resequencing and
mutation discovery. The exons and intron/exon boundaries of 5′ and 3′ untranslated regions
(UTR) of the GSTz1/MAAI gene were amplified by polymerase chain reaction (PCR), and
the purified PCR products were evaluated by direct sequencing using the Amersham
Biosciences (Piscataway, New Jersey) ET-terminator chemistry method. Bidirectional DNA
sequence data were compiled and polymorphic sites were identified using PolyPhred.40

After identifying the novel Val99Met mutation in this participant, DNA samples from
individuals who showed fast or slow DCA metabolism were also resequenced to determine
whether they carried this mutation.

Structural analysis
PDB code 1FW1 was displayed in PyMol. Atomic homology models were generated by
substituting amino acids in the GSTz1/MAAI sequence at positions 32 (Lys → Glu), 42
(Gly → Arg), 82 (Thr → Met), and 99 (Val → Met). This sequence was used for generation
of an atomic homology model using SWISS-Mod in the automated mode. Figure 5 was
made with PyMol.

Statistical Analyses
We determined the mean, standard deviation, and statistical significance of the data using
Excel software (Microsoft, Redmond, Washington). A 2-sided Student t test was used to
analyze kinetic and metabolic data between groups, and in all cases, a P value of ≤.05 was
considered statistically significant.

RESULTS
Figure 2 shows the GSTz1/MAAI haplotype frequencies among 588 healthy participants
comprising this study. The 4 most common haplotypes (EGT, KGT, EGM, and KRT)
showed a distribution consistent with those previously reported across racial and ethnic
populations.2 The frequency of the wild-type (EGT) haplotype was similar among racial and
ethnic groups: 46% in whites, 56% in blacks, 45% in Hispanics, and 49% in Asians,
respectively (χ2 test P = .34). A novel KGM haplotype was detected in 5 individuals (0.4%).
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Resequencing of the GSTz1/MAAI gene in the individual with unusually low DCA
metabolism resulted in identification of 4 novel SNPs that are not reported in the National
Center for Biotechnology Information (NCBI) dbSNP database. A G>A missense mutation
(nonsynonymous SNP) at Contig position 58794086 results in substitution of (Val99Met)
Val(GTG) to Met(ATG) in GSTz1/MAAI exon 5 (transcript variant 1). Amino acid Val99 is
conserved in the following species: Homo sapiens, Canis lupus familiaris, Bos taurus, Mus
musculus, Gallus gallus, and Danio rerio (http://www.ncbi.nlm.nih.gov/sites/entrez). The 3
other SNPs were located in intronic regions: a C>T transition at Contig position 58787368
and 2 G>T transversions at Contig positions 58795801 and 58797488. Figure 3 shows the
sequence chromatogram of mutation (NM_145870:c.259G>A) in exon 5 of GSTz1/MAAI
(transcript variant 1).

To investigate whether haplotype was a major determinant of DCA kinetics, we focused
recruitment on individuals with different GSTz1/MAAI haplotypes. As shown in Table I,
the GSTz1/MAAI haplotype had major effects on how participants responded to repeated
exposure to 25 mg/kg/d of DCA on the basis of plasma elimination half-life (t1/2), area
under the concentration curve (AUC), and clearance (CL). The most rapid plasma clearance
after 5 consecutive days of DCA administration was observed in participants who harbored
at least 1 wild-type (EGT) allele. The mean ± SD plasma clearance of the first dose of DCA
was similar between the 7 participants who carried at least 1 EGT allele and the 5
participants who did not (10.7 ± 6.9 vs 7.1 ± 6.9 mL/min; P = .36). However, clearance after
the fifth drug dose was 3-fold greater in EGT carriers than in noncarriers (2.2 ± 0.7 vs 0.73
± 0.84 mL/min; P = .01) and was highest in participants who were homozygous for the wild-
type EGT allele (Table I and Figure 4A, B). The fraction of 13C-DCA biotransformed in 24
hours to13 CO2 after the first and fifth drug doses was identical in the EGT carriers (24% ±
4% vs 24% ± 2%). In contrast, biotransformation to13 CO2 decreased after the fifth dose in
the other participants (21.2% ± 3% vs 12% ± 8%; P = .013), resulting in a marked separation
between participants who harbored the wild-type allele and those who did not in the fraction
of13 CO2 formed within 24 hours after the fifth DCA dose (24% ± 2% vs 12% ± 8%; P = .
01).

The most striking changes in DCA kinetics were found in participant 12, who possessed the
rare KGM haplotype with the novel Val99Met SNP. Plasma clearance was greatly
prolonged in this individual even after the first drug dose and was almost absent during the
first 24 hours following the fifth dose (Table I and Figure 4C, D). Consequently, conversion
of13 C-DCA to13 CO2 after the fifth dose was lowest (2.2%) in this participant.

There was a strong association between plasma clearance of DCA and the urinary
concentration of both DCA and maleylacetone, a substrate for the MAAI-catalyzed reaction.
Although no detectable urinary 12C-DCA or maleylacetone was found in any EGT carrier,
both accumulated in the urine of 4 of the 5 other participants after 5 days of drug
administration (Table II).

We also determined the impact of 5 days of environmental DCA exposure on its kinetics and
biotransformation in the same participants (Table III). Repeated DCA administration led to a
1.8-fold increase in AUC (596 ± 234 vs 1063 ± 237 ng/mL/min; P < .01) and to a 2-fold
decrease in Cl (4.8 ± 1.8 vs 2.5 ± 0.5 mL/min; P < .01). Participants with the EGT allele
cleared the fifth DCA dose 17% more rapidly than did those who did not possess this allele
(2.6 ± 0.4 vs 2.2 ± 0.7 mL/min; P = .31). The percentage of13 C-DCA biotransformed to13

CO2 was similar between the first (15.6% ± 4.9%) and the fifth (12.5% ± 3.3%) doses.
There was no obvious effect of the GSTz1/MAAI haplotype on the biotrans-formation of a
2.5-μg/kg/d dose of DCA to CO2.
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Because of these new findings in healthy participants between the GSTz1/MAAI genotype
and DCA metabolism, we genotyped 6 children (3 males) with genetic causes of
mitochondrial diseases who had participated in a randomized clinical trial of DCA
administered orally at a dose of 12.5 mg/kg/12 hours.3 Patients ranged in age from 2 to 10
years at the time DCA administration commenced. Their diagnoses were pyruvate
dehydrogenase deficiency (3 participants) or 1 or more defects in a respiratory chain enzyme
(3 participants). We reexamined the kinetic data from these individuals that were obtained
after they had received 12 continuous months of DCA and found that, as for the healthy
adults, the kinetic parameters for DCA in the patients segregated according to haplotype
(Table IV). Moreover, patient 6, who is homozygous for the EGM haplotype, had the
slowest clearance and the highest urinary excretion of unmetabolized 13C-DCA and of
maleylacetone and delta-aminolevulinate. Indeed, the urinary concentration of
maleylacetone in these children chronically exposed to DCA was similar to the levels that
we have measured in the urine of 19 children with untreated tyrosinemia type 1 (5.8 ± 6.1
mmol/mol creatinine; range, <1.0–27 mmol/mol cre-atinine). In contrast, urinary delta-
aminolevulinate levels in DCA-treated patients were much lower than those found in
tyrosinemic individuals (44 ± 21 mmol/mol creatinine; range, 20–94 mmol/mol creatinine).

Structural Consequences of Polymorphism in GSTz1/MAAI
To determine the potential effects of polymorphisms on GSTz1/MAAI enzymatic function
and DCA clearance, we mapped the polymorphic positions on the solved crystal structure,
PDB code 1Fw1.41,42 As shown in Figure 5A, polymorphic residues associated with
differential metabolism of DCA are located at positions in the crystal structure that suggest
multiple potential effects on GSTz1/MAAI enzymatic activity. The novel variant discovered
in this study, position 99, the site of the Val99Met polymorphism, is located in an alpha
helical bundle in which the side chain is completely buried. Unlike previously described
variants of GSTz1/MAAI, position 99 is not exposed to solvent. Based on the crystal
structure, positions 32 (Lys → Glu), 42 (Gly → Arg), and 82 (Thr → Met) are located on
the solvent-accessible surface.

To gain insight into the specific structural consequences of expression of the GSTz1/MAAI
variants, we generated atomic models of the protein43 in which each polymorphic position
was represented by side chains expressed in individuals who exhibited different rates of
DCA clearance. As shown in Figure 5B, the Val99Met substitution, associated with the
slowest rate of DCA clearance, results in steric hindrance due to the bulky nature of the Met
residue compared to Val. Based on the atomic model, this buried bulky side chain is
expected to form repulsive contacts with buried side chains at residues 89, 90, 103, 155,
160, and 161. In contrast, the Lys32Glu, Gly42Arg, and Thr82Met side chains are located at
the solvent-accessible surface of GSTz1/MAAI. It is noteworthy that the surface residue
Thr82Met substitution results in an alteration that is likely to affect protein stability. This
effect may be due to alteration of intra-molecular contacts with GSTz1/MAAI residues 65,
78, and 83 because Met cannot form hydrogen bonds with side chains at these positions. It is
also notable that the Lys32Glu substitution results in an oppositely charged side chain
oriented toward solvent, suggesting potential effects on protein-protein interactions.
Variation at position 42 is also expected to alter the surface charge by changing the nature of
the side chain from neutral to positive.

DISCUSSION
DCA retards its own metabolism at both environmental and clinical exposure levels by
reversibly inhibiting the activity and expression of GSTz1/MAAI, an effect accentuated by
increased age of the host.32 Although various human polymorphisms of GSTz1/MAAI were
known to exist and to have different affinities for DCA in vitro, the in vivo relationship
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between genotype and DCA kinetics remained unknown. The present work firmly
establishes the significance of the GSTz1/MAAI haplotype on the kinetics and
biotransformation of DCA in humans. The importance of haplotype is further illustrated by
our discovery of a new coding SNP (G → A) in the GSTz1/MAAI gene that was observed in
an individual with a profound slowing of DCA plasma clearance and metabolism.

A limitation of this study is the lack of statistical power to determine the impact of each
haplotype on DCA metabolism. However, the detailed clinical experimental approach that
was necessary to identify haplotype-specific differences in DCA kinetics and
biotransformation makes resolution of this issue impracticable by in vivo studies alone.
Alternatively, the application of in vitro techniques, such as site-directed mutagenesis, may
afford a means by which the differential effects of genetic variants of drug-metabolizing
enzymes can be dissected.44

In addition, our atomic modeling of GSTz1/MAAI provides new mechanistic insight into
how polymorphisms affect enzymatic function and DCA clearance rates. The structural
consequence of Met residues at positions 82 and 99 is striking and is predicted to affect
protein stability. In addition, substitution of Met at position 82 may impair GSTz1/MAAI
dimerization because the altered side chain is located at the solvent-accessible surface that is
oriented toward the opposing subunit (Figure 5A). The newly discovered G>A substitution
at position 99 (Val99Met) is predicted to cause a decrease in protein stability that inhibits
enzyme activity. Consistent with this notion that effects on protein stability are causally
related to perturbation of DCA kinetics is the additional finding that Thr82Met is also
associated with a markedly delayed clearance of the drug. Accordingly, persons who are
heterozygous (eg, participants 11 and 12, Table I and participant 5, Table IV) or
homozygous (eg, participant 6, Table IV) for either of these substitutions would be predicted
to have very slow rates of DCA kinetics and biotransformation and persistently elevated
plasma concentrations of DCA.

On the basis of in vitro enzyme kinetic studies,2 we originally postulated that the KRT
haplotype would also be associated with decreased DCA clearance. In fact, KRT
herterozygocity does not appear to affect DCA kinetics when it is paired with either the
wild-type EGT allele or the less common KGT allele, both of which are associated with
relatively rapid metabolism of DCA (Table I). In contrast, KRT homozygosity (participant
10, Table I) results in a rate of DCA clearance similar to that of persons who possess 1 or
more KGM or EGM alleles. Atomic modeling of the Lys32Glu side chain reveals a potential
mechanism for the effect of KRT polymorphism in the GSTz1/MAAI gene involving altered
protein-protein interactions of the enzyme.

Our studies also help clarify important relationships between the GSTz1/MAAI genotype
and DCA toxicity. In general, healthy adult participants and children with mitochondrial
diseases who lack the EGT allele had the highest urinary concentrations of maleylacetone, a
substrate of the GSTz1/MAAI-catalyzed step in the tyrosine catabolic pathway. Both
maleylacetone and maleylacetoacetate are reactive molecules that can form adducts with
proteins and DNA. It is hypothesized that the accumulation of these molecules and related
tyrosine intermediates in patients with hereditary tyrosine type 1 is causally related to the
hepatotoxicity associated with this disease.28 Patients with tyrosinemia also accumulate
increased amounts of succinylacetetone, which inhibits a proximal step in heme synthesis,
leading to elevated urinary levels of the heme precursor, delta-aminolevulinate. Both
increased delta-aminolevulinate concentrations per se and/or downstream disruption of heme
metabolism have been implicated in the neurotoxicity of tyrosinemia type 1, including
peripheral neuropathy.28 Although no delta-aminolevulinate was detected in the urine of the
healthy adult participants who received 5 days of 25 mg/kg/d DCA, this metabolite was
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measured in the urine of each child who had received the same DCA dose continuously for
12 months, with the highest levels being recorded in the 2 patients harboring the EGM
haplotype (Table IV).

In 4 adult patients with glioblastoma multiforme who received 6.25 mg/kg DCA twice daily
by mouth for at least 3 months, the mean ± SD plasma DCA trough concentration was 0.44
± 0.16 mM (range, 0.27–0.63 mM).26 In contrast, the trough level in our 6 children who
received 12.5 mg/kg DCA twice daily for 6 months averaged only 0.11 ± 0.11 mM (range,
0.004–0.30 mM), although the trough levels of the 2 participants who possessed the EGM
haplotype were among the highest levels in this group (0.14 and 0.30 mM; Table IV). These
limited data do not allow valid associations to be made between DCA dosing and its
pharmacodynamics. However, it is noteworthy that several of the cancer and mitochondrial
disease patients achieved DCA trough levels similar to the 0.2 mM Ki of DCA for the
mitochondrial pyruvate dehydrogenase kinase isoform 2 (PDK2).45 PDK2 is ubiquitously
expressed in tissues and is the principal therapeutic target of DCA relevant to its use in
genetic mitochondrial diseases, cancer, and pulmonary hypertension. It remains to be
determined whether plasma DCA trough levels that approximate the Ki for this isoform
become a desirable target in future clinical trials with the drug.

Although randomized controlled trials have not described hepatotoxicity from chronic DCA,
open-label studies have occasionally reported individual cases of asymptomatic and
reversible elevations in serum alanine aminotransferase and aspartate amino-transferase
concentrations. More problematic is the association of DCA with exacerbation or new onset
of reversible peripheral neuropathy. However, such data are difficult to interpret because
patients with mitochondrial diseases are already at high risk for manifesting signs of
hepatotoxicity46 and peripheral neuropathy.47 In the glioma trial,26 peripheral neuropathy
was reported to be moderate to severe at twice-daily DCA doses of 12.5 to 25 mg/kg but
minimal to absent at twice-daily doses of 6.25 mg/kg.

Our findings also have potentially important implications for populations that are
chronically exposed to DCA present in the environment, either through chlorinated drinking
water48 or, less frequently, from water sources contaminated with trichloroethylene or other
industrial solvents that are biotransformed to DCA.49 It has been estimated that the daily
consumption of 2 L of chlorinated drinking water provides about 2 to 4 μg DCA/kg body
weight. Short-term oral administration of 2.5 μg/kg/d of13 C-DCA to healthy participants is
sufficient to cause significant inhibition of DCA plasma clearance (Table III),50 albeit to a
far lesser degree than does exposure to the clinically relevant doses administered in the
present study. Nevertheless, our findings suggest that daily consumption of chlorinated
water by individuals whose GSTz1/MAAI genotype confers slow metabolism of DCA could
predispose them to health complications associated with chronic trichloroethylene exposure.

Last, our data also suggest that the GSTz1/MAAI haplotype may determine flux through the
phenylalanine/tyrosine catabolic pathway, thereby influencing an individual’s capacity to
metabolize a diet containing these amino acids. It would be anticipated, therefore, that
persons who metabolize DCA slowly would also metabolize phenylalanine and tyrosine at
reduced rates and might be more likely to accumulate potentially toxic tyrosine
intermediates, particularly with chronic consumption of a high-protein diet. This postulate is
amenable to direct clinical experimentation using well-validated procedures for measuring
amino acid turnover in humans.

We conclude that the toxicokinetics of DCA can be predicted, at least in part, by knowledge
of the GSTz1/MAAI genotype and that individuals enrolled in clinical trials of DCA for
treatment of mitochondrial diseases, cancer, or other conditions who possess at least 1 KGM
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or EGM allele may be at heightened risk for developing adverse drug effects unless dose
adjustments are made. Moreover, the GSTz1/MAAI genotype may confer added risk to
populations who are chronically exposed to environmental levels of DCA or its precursors
and/or to chronic consumption of protein-enriched diets.
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Figure 1.
Bifunctionality of glutathione transferase zeta (A)/maleylacetoacetate isomerase (B)
(GSTz1/MAAI). See text for details.
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Figure 2.
Glutathione transferase zeta/maleylacetoacetate isomerase (GSTz1/MAAI) haplotype
frequencies in 588 participants.
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Figure 3.
Sequence chromatogram of mutation G259A (NM_145870) in exon 5 of GSTz1/MAAI.
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Figure 4.
Plasma kinetics and biotransformation of dichloroacetate (DCA; 25 mg/kg/d). All panels
show plasma 13C-DCA concentrations over 24 hours following 1 and 5 days, respectively,
of oral administration of 25 mg/kg dose of 1,2-13C-DCA. Also shown is the time course
of 13CO2 accumulation in exhaled breath as a percentage of the administered dose 13C-
DCA. Panels A and B show representative data from participant 1 (EGT/EGT) in Table I, a
fast metabolizer of DCA. Panels C and D show data from participant 12 (KGM/KGT), a
slow metabolizer of DCA.
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Figure 5.
Structural variance in glutathione transferase zeta/maleylacetoacetate isomerase (GSTz1/
MAAI). Panel A shows homodimeric GSTz1/MAAI as a ribbon diagram in which each
subunit is colored gold or blue. Polymorphic side chains are depicted as spheres colored
yellow for carbon, blue for nitrogen, and red for oxygen. Panel B shows the crystal structure
of GSTz1/MAAI and model containing the Val99Met mutation. GSTz1/MAAI is
represented as a ribbon diagram. Covalent bonds of side chains in close proximity to
position 99 (within 4 Å) of GSTz1/MAAI are shown as sticks colored as in A. The Met 99
residue is colored magenta for carbon and yellow for sulfur.
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Table II

Urinary Levels of 12C-DCA and Maleylacetone After 5 Days of 25 mg/kg/d DCA

Participant Genotype DCA, mmol/mol Cr MA, mmol/mol Cr

9 KGT/KGT 7.4 3.3

11 KRT/KRT 6.1 4.7

10 KRT/EGM 122.2 8.5

12 KGM/KGT 75.7 12.4

Participants from Table I. Urine was collected during the final 12 hours of day 5 of DCA administration. MA, maleylacetone; Cr, creatinine; DCA,
dichloroacetate.
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