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Dichloroacetic acid up-regulates hepatic glutathione synthesis via the
induction of glutamate–cysteine ligase
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A B S T R A C T

Dichloroacetic acid (DCA) has potential for use in cancer therapy and the treatment of metabolic acidosis.

However, DCA can create a deficiency of glutathione transferase Zeta (GSTZ1-1). Gstz1 knockout mice

have elevated oxidative stress and low glutathione levels that increases their sensitivity to

acetaminophen toxicity. As it is highly likely that patients that are treated with DCA will develop

drug induced GSTZ1-1 deficiency we considered they could be at risk of elevated toxicity if they are

exposed to other drugs that cause oxidative stress or consume glutathione (GSH). To test this hypothesis

we treated mice with DCA and acetaminophen (APAP). Surprisingly, the mice pre-treated with DCA

suffered less APAP-mediated hepatotoxicity than untreated mice. This protection is most likely due to an

increased capacity for the liver to synthesize GSH, since DCA increased the expression and activity of

glutamate–cysteine ligase GCL, the rate-limiting enzyme of GSH synthesis. Other pathways for

acetaminophen disposal were unchanged or diminished by DCA. Pre-treatment with DCA may be of use

in other settings where the maintenance of protective levels of GSH are required. However, DCA may

lower the efficacy of drugs that rely on oxidative stress and the depletion of GSH to enhance their

cytotoxicity or of drugs that are detoxified by GSH conjugation. Consequently, as the use of DCA in the

clinic is likely to increase, it will be critical to evaluate the interactions of DCA with other drugs to ensure

the combinations retain their efficacy and do not cause enhanced toxicity.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

There is an increasing interest in the therapeutic use of
dichloroacetic acid (DCA) in the treatment of cancer and lactic
acidosis [1–4]. The use of DCA in the treatment of lactic acidosis
and as an anti-cancer agent results from its capacity to inhibit
pyruvate dehydrogenase kinase that inturn regulates pyruvate
dehydrogenase and subsequently the metabolism of lactate and/or
pyruvate through the citric acid cycle. Many tumor cells have a
glycolytic phenotype and derive most of their ATP from glycolysis.
DCA can reverse the glycolytic phenotype, depolarise the
hyperpolarized inner mitochondrial membrane to normal levels
and increase mitochondrial metabolism. It has been demonstrated
that these effects can inhibit the growth of metastatic breast
cancer, pancreatic cancer and glioblastoma in vivo [1–3,5].
Previous clinical trials in mitochondrial disorders have indicated
that DCA has low toxicity and can be taken orally [4,6]. Several
clinical trials of DCA against cancer are underway, including for
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brain cancer [2], metastatic solid cancers, metastatic breast cancer
and head and neck cancers, often combining DCA treatment with
current chemotherapy or radiation therapy approaches (clinical-
trials.gov). Although clinical trials demonstrating the efficacy of
DCA in cancer therapy have not been completed, the wide spread
publicity of Bonnet et al.’s report [1] together with the ready access
and oral availability of DCA has created patient demand for DCA
treatment, and in some cases extensive patient self medication [7].

DCA is a substrate for glutathione transferase Zeta (GSTZ1-1)
but can also act as a mechanism-based inactivator. Consequently,
the treatment of mice with DCA creates a severe deficiency of
GSTZ1-1 [8–10] and it is likely that DCA therapy in humans could
also cause a significant GSTZ1-1 deficiency. Because of the role of
GSTZ1-1 in tyrosine catabolism (GSTZ1 catalyses the isomerisation
of maleylacetoacetate to fumarylacetoacetate [11]), Gstz1-defi-
cient mice accumulate electrophilic intermediates such as
maleylacetoacetate and are subject to constitutive oxidative stress
resulting in chronically low hepatic GSH levels [12].

GSH is vitally important for the maintenance of intracellular
redox balance and the disposition of a range of therapeutic drugs
and other xenobiotics [13]. Low GSH levels can result in adverse
chemical toxicity. It is highly likely that patients who are treated
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with DCA or patients who self-medicate with DCA will also be
exposed to a range of other compounds that may require GSH for
their function or disposition. Acetaminophen (APAP) is a prime
example as it is widely available and causes hepatotoxicity when
GSH is depleted. We considered that patients taking APAP or other
GSH-consuming drugs could be at risk of hepatotoxicity if the
doses of DCA are high enough to inactivate most of the GSTZ1-1
and recapitulate the oxidative stress and low GSH levels that occur
in Gstz1-deficient mice. To evaluate this possibility, we treated
mice with DCA to inactivate GSTZ1-1, and then evaluated hepatic
GSH levels and markers of oxidative stress. Surprisingly, the mice
treated with DCA exhibited an enhanced capacity for GSH
synthesis as a consequence of elevated levels of the catalytic
subunit of glutamate–cysteine ligase (GCLC). When subsequently
treated with APAP the DCA-treated mice suffered less apparent
hepatotoxicity than untreated mice. The capacity of DCA to
replenish GSH levels in response to high levels of GSH consumption
is an unexpected discovery that has implications for the use of DCA
in conjunction with other therapies.

2. Materials and methods

2.1. Reagents

All chemicals were obtained from Sigma unless otherwise
noted.

2.2. Animals

All mice used in this study were of the BALB/c strain and all
treatment was approved by the Institutional Animal Experimen-
tation Ethics Committee and were consistent with the NHMRC
code of practice. Male mice, 10–15 weeks old were injected
intraperitoneally (i.p.) with DCA (pH 7.2) at a daily rate of 250 mg/
kg diluted in normal saline. APAP was given as a single i.p. injection
of 300 mg/kg diluted in normal saline.

2.3. Western blotting and antiserum

Livers were homogenised in T-PER lysis buffer (Thermo
Scientific, Rockford, IL, USA). Proteins were quantitated with
the BCA protein assay kit (Thermo Scientific, Rockford, IL, USA)
and 50 mg of total liver proteins were resolved per lane by SDS–
PAGE, transferred to PVDF membrane and probed with the
following: Anti-GSTZ1 and anti-glutathione synthetase (GS)
antisera (prepared in our laboratory from rabbits with recombi-
nant human GSTZ1-1 and recombinant human GS, respectively),
anti-glutamate–cysteine ligase modifier subunit (GCLM), anti-
NADPH quinone oxioreductase (NQO1) and b-actin antibodies
(Abcam, Cambridge, MA, USA), and anti-glutamate–cysteine
ligase catalytic subunit (GCLC) antibody (purchased from Novus
Biologicals, Littleton, CO, USA). Proteins were detected by
enhanced chemiluminescence reagents (GE Healthcare, NSW,
Australia).

2.4. Glutathione and enzyme assays

The concentrations of glutathione in mouse livers was
determined by a glutathione reductase recycling assay [14] as
previously described [12]. The level of plasma alanine amino-
transferase (ALT) was determined spectrophotometrically by
linking the reaction to the oxidation of NADH to NAD. The activity
of glutamate–cysteine ligase was determined in liver extracts by
an assay that detects g-glutamylcysteine after derivatization with
2,3-napthalenedicarboxaldehyde (Aldrich Castle Hill, NSW,
Australia) [15].
2.5. Real time RT-PCR

RNA was extracted from liver tissue using a Qiagen RNeasy kit
(QIAGEN Doncaster VIC Australia) and reverse transcribed into
cDNA using Superscript III reverse transcriptase (Invitrogen, VIC,
Australia). Real time PCR was performed with Power SYBR green
reagents (Invitrogen, VIC, Australia) and run on an ABI thermal
cycler (Applied Biosystems, VIC, Australia). Expression levels were
normalised to ubiquitin-conjugating enzyme E2D2 (UBE2D2)
expression.

2.6. UDP-glucuronidation

UDP glucuronyltransferase (UGT) activity was assayed in liver
microsomes with a UDP GLO Assay kit according to the
manufacturer’s instructions (Promega, WI, USA). Briefly, a UGT
substrate (lumiscent when glucuronic acid is unconjugated) was
incubated with liver lysates in the prescence of uridine 50-
diphosphoglucuronic acid. The loss of luminescence, was propor-
tional to the UGT activity and was measured in a Glomax 96
microplate luminometer (Promega, WI, USA).

2.7. Histopathology

Mice were sacrificed by cervical dislocation and livers were
fixed immediately in 10% neutral phosphate-buffered formalin
before processing and embedding into paraffin using standard
laboratory methods. Sections were cut from each sample (4 mm)
and stained with hematoxylin and eosin.

The following criteria were applied in grading the severity of
the hepatic congestion, necrosis and steatosis modified from
Blazka et al. [16].

Grade 0: normal histology.
Grade 1: characterized by minimal congestion and necrosis of
single hepatocytes (balloon degeneration), limited to the area
immediately around the centrilobular vein (zone 3); many of
the lobules not affected. Mild macrovesicular steatosis (fatty
change) with occasional groups of neutrophils [mild steatohe-
patitis].
Grade 2: characterized by moderate congestion and haemor-
rhage of the area around the centrilobular vein (zone 3) and
extending into the midzonal cells (zone 2); most lobules are
affected. Areas of confluent necrosis limited to the liver cells
surrounding the centrilobular vein. Moderate macrovesicular
steatosis with occasional groups of neutrophils [moderate
steatohepatitis].
Grade 3: characterized by widespread areas of congestion and
haemorrhage in the centrilobular (zone 3) and midzonal (zone
2) areas of the liver. Confluent coagulative necrosis involving all
hepatocytes in the centrilobular zone; bridging of areas of
necrosis between centrilobular zones is common. Moderate
macrovesicular steatosis with multiple groups of neutrophils
[severe steatohepatitis].

3. Results

We have previously shown that treatment of male BALB/c mice
with a single daily intraperitoneal injection of 250 mg/kg of DCA
for 5 days causes a significant decrease in the level of hepatic
GSTZ1-1 [17]. This dosing regimen was used in this study to create
a chemical knockout of GSTZ1-1. Genetic Gstz1 knockout mice
suffer from constitutive oxidative stress that results in the strong
induction of NADPH quinone oxidoreductase (NQO1) and other
enzymes that are regulated by the Keap1/Nrf2 pathway [12]. NQO1
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expression in the liver of mice treated with DCA was examined by
Western blotting (Fig. 1). There was at best a marginal increase in
NQO1 expression after DCA treatment that was far less than the
level of NQO1 expression in genetic Gstz1 knock out mice. This
indicates that the depletion of GSTZ1-1 induced by the DCA dosing
regimen used is insufficient to generate the level of oxidative stress
that occurs in genetic GSTZ1-1 deficiency. However, we noted that
the levels of the catalytic subunit of glutamate–cysteine ligase
(GCLC) were elevated but the levels of the modulating subunit of
glutamate–cysteine ligase (GCLM), and glutathione synthetase
were unchanged (Fig. 1). Consistent with this observation the
activity of glutamat–cysteine ligase was found to be significantly
elevated in mice treated with DCA (Fig. 2a). Glutamate–cysteine
ligase is considered to be the rate-limiting step in glutathione
synthesis and high activity would be conducive to an increased
capacity for glutathione synthesis [18]. The level of glutathione in
the liver of DCA treated mice is only slightly higher than in
untreated mice (Fig. 2b) but is strikingly higher than the low levels
of GSH (�2 mmol/g) we have previously noted in the liver of Gstz1

knock out mice [11]. The minimal NQO1 induction and the normal
GSH levels suggest that the DCA-mediated induction of GCLC is
independent of the oxidative-stress mediated-effects seen in
genetically determined GSTZ1-1 deficiency.

3.1. DCA up regulates GCLC, prevents GSH depletion and reduces

acetaminophen hepatotoxicity

As a model of the potential impact of DCA on drug therapy, we
evaluated the effect of DCA on APAP hepatotoxicity. APAP
hepatotoxicity occurs after cellular GSH is completely consumed
by its conjugation to N-acetyl-p-benzoquinone iminine (NAPQI), a
toxic intermediate produced from APAP [19,20]. Where APAP
administration resulted in complete depletion of hepatic glutathi-
one in control mice 3 h after the APAP dose, GSH levels remained at
near-normal levels in mice that had been pre-treated with DCA
(Fig. 3a). GSH levels had recovered by 6 h post-APAP administra-
tion in all treatment groups, as has been observed elsewhere [21].

The release of ALT into the circulation is a measure of hepatic
toxicity and we found that it was significantly elevated in control
mice 3 and 6 h after receiving APAP (Fig. 3b). Treatment of mice
Fig. 1. DCA attenuates GSTZ1 and enhances GCLC protein levels. Male BALB/c mice

(10–15 weeks old) were untreated (n = 6) or treated (n = 6) daily with 250 mg/kg

DCA i.p. for 5 days. Liver cytosolic proteins were resolved and probed with the

indicated antibodies. Samples from four different mice in each group are shown as

well as a BALB/c Gstz1�/� control mouse.
with DCA for 5 days prior to treatment with APAP prevented the
release of ALT into plasma that occurred in APAP-only treated mice.

Histological studies of the liver also confirmed that prior
treatment with DCA protected mice against the hepatotoxic effects
of APAP (Fig. 4). Light microscopy of the livers from the control
mice showed no histological abnormalities in the presence or
absence of DCA (Grade 0) (Fig. 4a). However, characteristic changes
due to NAPQI toxicity [16,19] were evident 3 h or 6 h after the
administration of APAP (Grade 1–2 at 3 h and Grade 2–3 at 6 h)
(Fig. 4b). The administration of DCA for five days prior to APAP
administration totally prevented the acute liver injury (Fig. 4c).

Light microscopy of the livers from the Gstz1�/� mice treated
with APAP showed that the administration of APAP for 3 h resulted
Fig. 2. The effect of DCA on glutamate–cysteine ligase and glutathione transferase

activity. Groups of male BALB/c mice (10–15 weeks old, n = 6 per group) treated

with 250 mg/kg DCA i.p. daily for 5 days. The data is shown as the mean � SEM.

Panel A shows glutamate–cysteine ligase activity. The significant difference shown (*)

is p < 0.01. Panel B shows glutathione concentration. Panel C shows glutathione

transferase activity with CDNB as a substrate.



Fig. 3. DCA protects mice from APAP-induced GSH depletion and liver

hepatotoxicity. Groups of male BALB/c mice (10–15 weeks old, n = 5–6 per

group) were either untreated or treated daily with 250 mg/kg DCA i.p. for 5 days.

After 5 days, some of these groups received a single i.p. injection of 300 mg/kg APAP

and were sacrificed either 3 h or 6 h after the APAP injection, at which time livers

were collected for GSH measurement (panel A) and blood was collected for serum

ALT measurement (panel B). Data shown as the mean � SEM.
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in more severe toxicity than occurred in wild-type mice [Grade 3]
(Fig. 4d) and resembled more the changes seen 6 h after the
administration of APAP in the wild-type control mice. The
administration of APAP for 6 h to the Gstz1�/� mice showed
similar or greater hepatocyte necrosis than occurred at 3 h.

3.2. The time course of DCA mediated protection against APAP

hepatotoxicity

Since the protective effect of DCA is closely correlated with the
levels of hepatic GSH, we measured liver GSH concentrations 3 h
after the injection of APAP in mice that had been administered
daily doses of DCA from 5 days prior, and 1 day prior to the APAP
injection and 1 h after the APAP injection. As shown in Fig. 5, mice
receiving DCA up to 1 day before the APAP challenge maintained
their hepatic GSH levels. In contrast, mice receiving DCA 1 h after
the APAP injection were not protected and showed significantly
diminished hepatic GSH levels. This time course suggests that the
DCA mediated protection against APAP hepatotoxicity requires a
change in gene expression and is consistent with increased
expression of GCLC after DCA treatment (Fig. 1).

As a GST enzyme is thought to be at least partially responsible
for the conjugation of NAPQI to GSH and since several GSTs are
elevated in Gstz1�/� mice [12] we investigated the level of GST
activity in the liver. DCA treatment failed to increase total hepatic
glutathione transferase activity as measured with 1-chloro-2,4-
dinitro benzene (CDNB) as a substrate (Fig. 2c). CDNB is a general
GST substrate for members of the Alpha, Mu and Pi classes and the
data suggests that none of these GSTs are substantially induced or
depleted by DCA. Consequently, if any of these GSTs are
responsible for the conjugation of NAPQI the reaction must be
limited by the availability of GSH.

While the protection mediated by DCA is consistent with an
increased capacity for GSH production via augmented GCLC levels
after GSH depletion, it is possible that DCA may also activate other
protective mechanisms that could prevent the formation of NAPQI
or promote its disposition via other pathways. APAP undergoes
three primary biotransformation reactions: sulfation, which
operates predominantly at low doses, glucuronidation, which is
the predominant pathway for APAP elimination at high doses, [22],
and a cytochrome P-450-catalysed formation of the toxic
electrophilic product, NAPQI, which is eliminated via GSH
conjugation [23]. Cyp2E1 is considered to be the major enzyme
contributing to NAPQI formation [24]. Real time RT-PCR studies
found the level of liver Cyp2E1 mRNA to be unchanged after
treatment with DCA for 5 days (data not shown). The expression of
sulfotransferase 1A1 (SULT1A1), a major APAP sulfator, was
similarly unchanged by DCA (data not shown). UGT activity was
assayed in liver microsome extracts and was down-regulated after
5 days of DCA treatment (percent substrate consumed: control –
71 � 2.8; DCA-treated – 58.2 � 3.0 (p = 0.011, n = 6 per group)). Since
DCA did not enhance other APAP detoxification pathways or
attenuate the pathway that produces NAPQI, it is likely that the
rapid replenishment of GSH after its depletion by APAP is the prime
mediator of protection.

4. Discussion

There has been increasing interest in the pharmacologic effects
of DCA since the discovery of its anti-cancer properties in vitro and
in vivo and its use in other conditions such as lactic acidosis and
inherited mitochondrial diseases [1–4,6,25]. Several clinical trials
evaluating the utility of DCA for a number of conditions are
currently underway (www.clinicaltrials.gov). Publicity surround-
ing the potential of DCA as an anticancer agent and its ready
availability has generated extensive self medication in patient
groups (www.dcasite.com) [7]. Therefore, because of the increased
use of DCA in the clinic and the unsupervised self-medication with
DCA, it is likely that it will be administered in combination with
other drugs. It is therefore important to better understand the
toxicology of DCA, especially how well it is tolerated and,
importantly, whether any adverse effects result from interactions
with other drugs.

DCA is a mechanism-based inhibitor of GSTZ1-1 [8] and the
treatment of rodents with DCA results in greatly lowered hepatic
GSTZ1-1 activity [17,26]. It has been demonstrated that mice with
a genetic deficiency in GSTZ1-1 exhibit greatly reduced levels of
hepatic GSH and greater hepatic levels of several enzymes
including NQO1, the catalytic and modifier subunits of gluta-
mate–cysteine ligase (GCL), and several glutathione tranferases
(GSTs) including GSTA1/2, GSTM1-1, GSTM5-5 and GSTP1-1 [12]. It
was proposed that the increase in expression of these molecules in
Gstz1�/�mice was mediated via activation of antioxidant response
elements (ARE) in their gene promoters, as a consequence of the
loss of GSH and oxidative stress attributed to the accumulation of
the electrophilic species maleylacetoacetate. Since DCA is an
irreversible inactivator of GSTZ1-1, we considered it possible that
it could induce the same oxidative stress and gene expression
changes as those observed in the livers of Gstz1�/�mice. However,

http://www.clinicaltrials.gov/
http://www.dcasite.com/


Fig. 4. Light microscopy of livers of mice treated with DCA and APAP. (A) Wild-type control mouse administered daily i.p. injections of 250 mg/kg DCA for five days showing

normal liver morphology. (B) Wild-type mouse 3 h after administration of APAP showing moderate congestion and haemorrhage in zones 3 and 2, patchy balloon

degeneration of hepatocytes and mild steatohepatitis (Grade 2). (C) Wild-type mouse administered daily injections of 250 mg/kg DCA for five days then administered 300 mg/

kg APAP showing normal liver morphology after 3 h. (D) Gstz1�/�mouse 3 h after receiving 300 mg/kg APAP showing widespread areas of congestion and haemorrhage with

areas of confluent necrosis and moderate steatohepatitis (Grade 3). #, balloon cell degeneration; *, congestion/haemorrhage and necrosis; >, macrovesicular steatosis (fatty

change); CV, central vein; PT, portal tract.

Fig. 5. DCA does not protect from APAP-induced GSH depletion and liver

hepatotoxicity if administered after APAP injection. Groups of male BALB/c mice

(10–15 weeks old, n = 6 per group) treated with 250 mg/kg DCA i.p. daily for 5 days

prior to, 1 day prior to, or 1 h after, a single i.p. injection of 300 mg/kg APAP. Mice

were sacrificed 3 h after the APAP injection, at which time livers were collected for

GSH measurement. Data shown as the mean � SEM.
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the results obtained in this study indicate that DCA treatment did
not completely eliminate hepatic GSTZ1-1 and that GSH levels
were elevated rather than depleted. In addition, there was no
evidence for the generation of significant oxidative stress and the
ARE mediated induction of NQO1 or Alpha, Mu and Pi class GSTs.

Normal therapeutic doses of APAP are primarily metabolised by
Phase II glucuronidation and sulfation to non-toxic metabolites
[27]. Approximately 5% is metabolised by the cytochrome P450
system (CYP2E1 in humans) to NAPQI [20]. NAPQI is a toxic
metabolite and is presumed to cause the liver toxicity observed
upon APAP overdose. Conjugation of GSH to NAPQI is partly non-
enzymatic and partly mediated by glutathione transferases [21],
and leads to the excretion of NAPQI as a mercapturic acid. Provided
there is sufficient GSH present, NAPQI can be readily detoxified and
eliminated. In the case of an APAP overdose, GSH is depleted and
the build up of NAPQI covalently binds to cellular macromolecules
causing hepatotoxicity and cell death [20,28].

We chose a mouse model of APAP overdose in order to
determine whether DCA could exacerbate the pathology induced
by APAP, since it is well established that APAP toxicity ensues upon
GSH depletion, and Gstz1�/�mice have low hepatic GSH levels. We
initially predicted that DCA would sensitize mice to APAP-
mediated hepatotoxicity since it depletes GSTZ1-1 levels but we
made the unexpected discovery that DCA is highly protective.
Although total glutathione levels appear to be maintained at
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normal or slightly higher levels after DCA treatment, the key to the
protective action of DCA is most likely due to an increased capacity
to maintain hepatic GSH levels in response to increased GSH
consumption. The synthesis of NAPQI-GSH conjugates normally
results in a severe loss of GSH from hepatocytes. If GSH levels are
maintained it is likely to be the result of increased de novo

synthesis. Mice maintained normal hepatic GSH after APAP
challenge only when given DCA at least 1 day in advance of APAP,
and DCA did not prevent GSH loss when given 1 h after APAP
(Fig. 5). This time lag between DCA administration and when the
hepato-protective effect is manifested suggests that the protective
effect requires a gene-induction phase in order express protein(s)
that confer protection, presumably GCLC. This delayed protection
also precludes DCA as an antidote for APAP overdose.

Glutamate–cysteine ligase (GCL) catalyses the formation of g-
glutamylcysteine, the first step in the synthesis of GSH. GCL is a
heterodimer composed of catalytic (GCLC) and modifier (GCLM)
subunits [29,30]. In the present study we found increased levels of
hepatic GCLC protein and GCL activity in mice treated with DCA for
5 days. However, glutathione synthetase levels appeared to be
unchanged. GCL is considered to be the rate-limiting step in
glutathione synthesis and is the critical enzyme that dictates the
rate of GSH production [30]. The levels of GSH synthesis are
normally regulated by the feedback inhibition of GCL by GSH [30].
When GSH is depleted by conjugation to NAPQI, GCL would be
released from inhibition to allow synthesis of new GSH. In the
present case the higher than normal levels of GCLC induced by DCA
would be expected to allow the rapid de novo synthesis of GSH. This
result is consistent with a previous study that reported that
transgenic mice over-expressing GCL are resistant to acetamino-
phen-induced hepatotoxicity, but do not exhibit elevated hepatic
GSH levels prior to challenge [31].

The mechanism by which DCA causes the up regulation of GCLC
expression is not clear and requires further investigation. The
timing of the response to DCA and the increase in GCLC protein
levels suggests that the response is due to an increase in
transcription rather than post-translational modifications. Many
previous studies have shown that transcription of GCLC can be up
regulated in response to oxidative stress via an ARE and the Nrf2-
Keap1 pathway (reviewed in [13,32]). However, oxidative stress
does not seem to be a major factor here since NQO1, which is also
regulated by oxidative stress through an ARE, is only marginally
induced in DCA treated mice. It is therefore more likely that the up-
regulation of GCLC by DCA is mediated by a ROS-independent
mechanism.

In this study, our aim was to examine the effects of GSTZ1-1
deficiency mediated by the administration of DCA. This study and
our previous work [17] clearly demonstrate that treatment of mice
with DCA does not mimic the oxidative stress and other deleterious
effects that characterize genetic deficiency of GSTZ1-1. Our
discovery that DCA can increase the liver’s capacity for GSH
synthesis suggests that it may be beneficial in settings where the
maintenance of protective levels of GSH are required [33–36], but
it may also increase the liver’s capacity to detoxify drugs and
reduce their effective dose. This produces a dilema for the potential
use of DCA in cancer therapy. The GCLC-inducing property of DCA
could be exploited in doxorubicin treatment, for example, where it
has been demonstrated that cardiac myocyte death, the major
limitation of anthracycline treatment, is mediated via reactive
oxygen species (ROS) while its anti-cancer properties are ROS-
independent [37]. However if this mechanism is happening in
tumor cells DCA could lower the efficacy of drugs that rely on
oxidative stress for cytotoxicity or where the depletion of
glutathione enhances their cytotoxicity [38–40].

In human subjects, as much as 80 mg/kg i.v. has been used to
reduce metabolic acidosis during liver transplantation [41],
indicating that doses of the order of those used in the present
study are clinically relevant. Further studies in the in vivo setting
are necessary to determine whether the overall outcome of hepatic
changes vs tumor changes from DCA treatment are a benefit or
detriment to specific cancer treatment regimes.
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