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Anticancer Properties

Ramindhu Galgamuwa,* Kristine Hardy,† Jane E. Dahlstrom,‡ Anneke C. Blackburn,*
Elize Wium,* Melissa Rooke,* Jean Y. Cappello,* Padmaja Tummala,* Hardip R. Patel,§

Aaron Chuah,| Luyang Tian,¶ Linda McMorrow,** Philip G. Board,* and
Angelo Theodoratos*

*Departments of Cancer Biology and Therapeutics and §Genome Sciences, and |Genome Discovery Unit, John Curtin
School of Medical Research, Australian National University, Australian Capital Territory, Australia; †Faculty of
Education, Science, Technology and Mathematics, University of Canberra, Australian Capital Territory, Australia; ‡ACT
Pathology and ANU Medical School, The Canberra Hospital, Australian Capital Territory, Australia; ¶Institute of
Biophysics, Chinese Academy of Sciences, Beijing, China; and **Archaeogeochemistry and Marine Biogeochemistry
Groups, Research School of Earth Sciences, Australian National University, Australian Capital Territory, Australia

ABSTRACT
Cisplatin is an effective anticancer drug; however, cisplatin use often leads to nephrotoxicity, which limits
its clinical effectiveness. In this study, we determined the effect of dichloroacetate, a novel anticancer
agent, in a mouse model of cisplatin-induced AKI. Pretreatment with dichloroacetate significantly
attenuated the cisplatin-induced increase in BUN and serum creatinine levels, renal tubular apoptosis,
and oxidative stress. Additionally, pretreatment with dichloroacetate accelerated tubular regeneration
after cisplatin-induced renal damage. Whole transcriptome sequencing revealed that dichloroacetate
prevented mitochondrial dysfunction and preserved the energy-generating capacity of the kidneys by
preventing the cisplatin-induced downregulation of fatty acid and glucose oxidation, and of genes
involved in the Krebs cycle and oxidative phosphorylation. Notably, dichloroacetate did not interfere with
the anticancer activity of cisplatin in vivo. These data provide strong evidence that dichloroacetate pre-
serves renal function when used in conjunction with cisplatin.
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Cis-diamminedichloroplatinum (cisplatin; CP) has
proven to be a highly effective chemotherapeutic
drug against awide range of cancers. It is a mainstay
for the treatment of bladder, cervix, head and
neck, esophageal, and small cell lung cancer, among
others,1,2 and more recently in the treatment of
triple-negative breast cancers.3 Unfortunately, its
therapeutic effectiveness is limited due to the man-
ifestation of severe side effects in normal tissues,
primarily nephrotoxicity, which occurs in up to
one-third of patients undergoing CP therapy.2,4 Pa-
tients exhibit a progressive decline in renal function
after a single dose of CP that is characterized by a
decreased GFR and increased serum creatinine,
urea, sodium, and potassium levels.5 The

antineoplastic effect of CP has been principally as-
cribed to its ability to form intra- and interstrand
DNA crosslinks that interfere with DNA replication
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and synthesis, and lead to cell death.6 Multiple pathways me-
diate CP-induced nephrotoxicity, but a complete understand-
ing of the mechanisms involved and how they cooperate to
cause renal failure have remained elusive. CP primarily targets
proximal renal tubular cells ultimately causing their death via
mechanisms that involve the induction of inflammation,7 ox-
idative stress,8 mitochondrial dysfunction,9,10 formation of
nephrotoxins,11 intrinsic and extrinsic apoptotic path-
ways,12,13 cell-cycle perturbations,14 and DNA damage signal-
ing.15,16 The discovery of novel approaches to prevent

nephrotoxicity during CP chemotherapy
is, therefore, a high priority in order to in-
crease the clinical utility of this drug.

A resurgence of interest in cancer
bioenergetics has established that the
reprogramming of tumor cell metabolism
to a glycolytic phenotype (the “Warburg
Effect”) represents a cause and not a
consequence of carcinogenesis, and is asso-
ciated with apoptosis resistance.17 By
inhibiting pyruvate dehydrogenase kinase,
thereby activating pyruvate dehydrogenase
(PDH), and directing energy metabolism
through the Krebs cycle, dichloroacetate
(DCA) reverses the glycolytic phenotype
in in vitro and in vivo settings, sensitizing
cancerous cells to apoptotic stimuli.18–22

DCA therefore has considerable potential
as a novel anticancer agent. A number of
clinical trials assessing the potential anti-
cancer properties of DCA are in progress
(www.clinicaltrials.gov; trials NCT01163487,
NCT00566410, and NCT01386632). It
is therefore highly likely that DCA will
be used in combination with other well
established anticancer drugs. Consequently,
it is crucial to determine the effects DCA
has on the anticancer activity and off-
target toxicities of existing frontline anti-
cancer drugs. In this study, we sought to
determine what influence DCA potentially
had on the antineoplastic and nephrotoxic
effects of one of the most common
anticancer drugs, CP.

RESULTS

DCA Attenuates CP-Induced Renal
Injury
Toexamine the renal damage inducedbyCP
and any potential effect of DCA on CP-
induced nephrotoxicity, the severity of
renal dysfunctionwas assessed by measure-
ment of the levels of BUN (Figure 1A) and

serum creatinine (sCr) (Figure 1B) in mice treated with DCA,
CP, or both, as described in the CP-induced AKI section of the
Concise Methods. The significant increases in both these tox-
icity markers caused by CP were completely prevented in the
CP–DCAcotreatedmice. Similar results were obtained inmice
pretreated with DCA for only 1 day prior to CP, and in mice
that were only pretreated with DCA and not cotreated during
CP administration (data not shown). In a separate experi-
ment, mice were treated as described in the CP-induced AKI
section of the ConciseMethods, but were observed for 21 days

Figure 1. Effect of DCA on sCr, BUN, and mortality in CP-induced AKI. Mice were
treated with sal, DCA, CP, or CP and DCA, as outlined in the CP-induced AKI model
section in the Concise Methods. The mice were sacrificed 72 hours after CP admin-
istration and levels of (A) BUN and (B) sCr were determined. Results are expressed as
mean6SEM, n=8 animals per group. ***P,0.001. For (C), (D), and (E), mice were
treated with sal, DCA, CP, or CP and DCA as outlined in the CP-induced AKI model
section in the Concise Methods, but were observed for 21 days post CP adminis-
tration. At this time point, BUN (C) and sCr (D) were determined. Mortality was also
assessed up to day 21 post CP administration (E). Results are expressed as mean6
SEM, n=8 animals per group. §Measurements conducted on remaining mice.
***P,0.001; **P,0.01; *P,0.05; #P,0.05 CP versus CP+DCA, CP versus Sal and CP
versus DCA by log-rank test.
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post CPadministration.CPsustained increases in bothBUNand
sCr even at this later time point, and DCA cotreatment signifi-
cantly attenuated theCP-induced increases in both BUN (Figure
1C) and sCr (Figure 1D). Mortality was also assessed in this
experiment and it was demonstrated that the high proportion
of mortality in the CP-only group (75%) was completely
prevented in the CP–DCA cotreated group (Figure 1E).

DCA Ameliorates CP-Induced Renal Morphologic
Damage
To assess renal tissue damage histologically, hematoxylin and
eosin-stained sectionsof kidney specimenswereprepared from

mice 72 hours post CP administration.
Whereas the normal saline (sal)- (Figure
2A) and DCA-only (Figure 2B) groups
exhibited normal renal morphology,
kidneys from CP-treated mice exhibited
features of acute damage to the tubules
(Figure 2). The most marked changes
were in the proximal tubules, character-
ized by numerous apoptotic bodies, as
well as individual necrotic cells. CP–DCA
cotreated mice were almost completely
protected from renal tubular damage,
with only the occasional cell displaying nu-
clei with apoptotic morphology (Figure
2D). Pathologic features were also graded
to derive an acute tubular necrosis (ATN)
score for each treatment group (Figure
2E), which demonstrated that DCA con-
ferred significant protection to the kidneys
of mice challenged with CP.

DCA Ameliorates CP-Induced Renal
Apoptosis
Programmed cell death plays amajor role in
CP-induced nephrotoxicity.23–25 Apoptosis
in the kidney was assessed using the termi-
nal deoxynucleotidyl transferase–mediated
dUTP nick-end labeling (TUNEL) assay on
kidney sections, which assesses DNA frag-
mentation as an index of apoptosis in vivo.
Compared with the sal- (Figure 3A) and
DCA-only groups (Figure 3B) in which
no TUNEL-positive nuclei were present,
CP significantly increased the number of
apoptotic nuclei (Figure 3C). DCA
cotreatment significantly decreased the
number of TUNEL-positive cells (Figure
3, D and E), indicating that DCA confers
potent antiapoptotic properties in the
kidneys of CP-treated mice.

The renal activity of caspase 3, an exe-
cutioner caspase that plays a major role in
mediating cell death during CP-induced

nephrotoxicity,26 was increased significantly in mice adminis-
tered CP (Figure 4A). DCA cotreatment significantly de-
creased cleaved caspase 3 activity providing strong evidence
that DCA attenuates cell death by attenuating apoptotic
signaling.

CP-induced genotoxic stress induces p53 expression and
phosphorylation in proximal tubule cells, which activates
caspases, induces key proapoptotic genes and cell death.12,15

CP induced renal p53 transcription (Figure 4B), total, and
phospho(ser15)-p53 levels (Figure 4C). DCA cotreatment
abolished the CP-mediated induction of p53 transcription
and p53 phosphorylation, and significantly reduced p53

Figure 2. DCA prevents CP-induced renal morphologic changes. Representative
photomicrographs (magnification 3630) of hematoxylin and eosin staining in paraffin-
embedded kidney sections 72 hours after CP administration from mice treated with
(A) saline, (B) DCA, (C) CP, or (D) CP and DCA, as outlined in the CP-induced AKI
model section in the Concise Methods. Circles indicate glomeruli. Arrows indicate
condensed nuclei of apoptotic proximal tubule cells. Insets in (C) show detail of ap-
optotic nuclei. Bar=50 mm. (E) ATN scoring of histopathologic features in kidney
sections. The scoring system is outlined in the Concise Methods. Results are
expressed as mean6SEM, n=6 animals per group. ***P,0.001.
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protein levels. Therefore, DCA attenuates CP-induced p53-
mediated proapoptotic signaling.

In rodentmodels, renalCP levels peak at or prior to 2 hours
post CP administration after which the levels fall and stabi-
lize.27–29 To examine the possibility that DCA mediates
nephroprotection by decreasing CP in the kidney, renal plati-
num levels 2 and 24 hours after CP administration were
determined. Compared with CP only–treated mice, DCA
cotreatment did not alter the platinum level in the kidney at
either of these time points (Figure 5A). The transcript levels of
the transporters involved inCP importation,OCT2/SLC22A2,30

and CTR1/SLC31A131 were reduced 24 hours after CP admin-
istration, with DCA cotreatment increasing the expression of
OCT2/SLC22A2 (Figure 5, B and C). Transporters that

contribute to CP efflux, ATP7A, ATP7B,32

and MATE1/SLC49A133 were increased,
remained unchanged, or were reduced by
CP, respectively (Figure 5, D–F). DCA did
not further alter these expression patterns.
Therefore, DCA does not influence renal
platinum levels during the critical 24-hour
period after CP administration and does
not alter the expression of CP transporters
to an extent that would result in increased
renal CP.

DCA Prevents CP-Induced Inhibition
of ATP-Generating Pathways and
Renal ATP Levels
In order to gain a global perspective of the
gene expression changes that contribute
to DCA-mediated nephroprotection dur-
ing CP-induced nephrotoxicity, whole
transcriptome sequencing was conducted
on the kidneys of mice treated with saline,
DCA, CP, or both CP and DCA. Compared
with sal-treated mice, CP upregulated the
transcription of 1490 genes (Figure 6A Sets
I and II; Supplemental Table 1). These
genes are principally involved in apoptotic
and ribosome biogenesis pathways. The
upregulation of 367 (24.5%) of these genes
was significantly inhibited by cotreatment
with DCA (Set II) and these primarily in-
cluded genes involved in apoptosis, DNA
damage response, p53, and MAPK signal-
ing pathways (Figure 6A and Supplemental
Table 2). Compared with sal-treated mice,
CP downregulated the transcription
of 2048 genes (Figure 6B Sets V and VI;
Supplemental Table 1). These genes are
involved in aerobic respiration, ATP syn-
thesis, and fatty acid oxidation path-
ways (Figure 6B and Supplemental
Table 2). DCA significantly prevented the

downregulation of 797 (38.9%) of these CP-induced genes
(Set VI). This set was significantly enriched in genes involved
in ATP-producing pathways (Figure 6B; Supplemental
Table 2). Few significant changes were seen with DCA alone
(Sets IV and VIII).

Western blotting on kidney lysates was performed to
qualitatively assess the levels of key proteins involved in the
principal pathways revealed by this analysis to mediate the
nephroprotective effect of DCA, namely fatty acid oxidation
and aerobic respiration. CP decreased renal PDH activity,
assessed by the marked induction of phospho-PDH levels and
DCA prevented this downregulation (Figure 7A). DCA also
prevented the CP-mediated reduction of peroxisome proliferator-
activated receptor‑a (PPARa), the master transcriptional

Figure 3. DCA decreases renal cell apoptosis in CP-induced AKI. Representative
photomicrographs (magnification 3100) of TUNEL staining in the kidneys of mice
treated with (A) sal, (B) DCA, (C) CP, and (D) CP and DCA, as outlined in the CP-
induced AKI model section in the Concise Methods, 72 hours after CP administration.
Green fluorescent staining indicates TUNEL-positive nuclei. Bar=100 mm. (E) Quan-
titative analysis of TUNEL-positive cells. Results are expressed as mean6SEM, n=8
animals per group. ***P,0.001.
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regulator of fatty acid b‑oxidation (Figure 7A). Therefore, DCA
restored renal capacity for glucose and fatty acid oxidation. Fur-
thermore, DCA prevented CP-mediated reduction of key Krebs
cycle and respiratory chain proteins (Figure 7A), and completely
prevented CP-induced ATP depletion (Figure 7B).

Taken together, these data provide compelling evidence that
CP-impaired energy production and increased apoptotic
signalingwere prevented byDCA.DCAprevented CP-induced

inhibition of glucose and fatty acid oxidation, in addition to
preventing the downregulation of components of the ATP-
generating machinery. This led to the prevention of ATP
depletion and ultimately the prevention of cell death.

DCA Treatment Prevents Oxidative Stress in the
Kidneys of CP-Treated Mice
Oxidative stress is a major cause of CP-induced nephrotox-
icity.34,35 Therefore, we determined whether DCA contrib-
uted to nephroprotection by attenuating oxidative stress.
Indices of reactive oxygen species (ROS) generation including
lipid peroxidation estimated by measuring thiobarbituric
reactive substances (Figure 8A), 29,79‑dichlorofluorescein
diacetate conversion to dichlorofluorescein (Figure 8B),
and oxidized glutathione (Figure 8C) significantly increased
in the kidneys of mice 72 hours after CP treatment. These
increases were abolished in the DCA–CP cotreated mice. In
addition, DCA significantly attenuated CP-induced reduced
GSH depletion (Figure 8D). GSH is a major endogenous
cellular antioxidant and it is well established that in this
capacity, it plays a protective role in CP-induced nephrotox-
icity.36–39 Therefore, DCA prevents the accumulation of
damaging levels of endogenous ROS, thereby preventing a
shift in the cellular redox status that would contribute to
cell death.

DCA Enhances Cellular Proliferation in the Kidneys of
CP-Treated Mice
To assess whether the nephroprotective effect of DCA was
due to enhanced renal cellular proliferation, the extent of
5‑bromo-29‑deoxyuridine (BrdU) incorporation into DNA
was assessed immunohistochemically on kidney sections
from mice treated with sal, DCA, CP, or CP and DCA. The
number of BrdU-positive cells was low in the sal (Figure 9A)
and DCA groups (Figure 9B) but increased significantly in
the CP-treated group (Figure 9) and, importantly, was sig-
nificantly increased further in the CP–DCA cotreated group
(Figure 9, D and E). Similar results were obtained in sec-
tions immunostained for the proliferation marker Ki67
(Figure 9, F–I). Therefore, DCA augments cellular prolifer-
ation in the presence of CP and indicates that enhanced
replacement of CP-damaged cells accelerates recovery
from nephrotoxicity.

DCA Does Not Attenuate the Anticancer Properties of
CP
It was of critical importance to establish whether the admin-
istration of DCA had a deleterious effect on the antitumor
efficacy of CP. To determine whether DCA could simulta-
neously mediate nephroprotection while preserving the anti-
cancer activity of CP, the syngeneic 4T1 breast cancer model
was employed. Subcutaneous 4T1 tumors were induced in
female BALB/cmicewhichwere then treatedwithCP,DCA, or
both. CP significantly decreased the rate of tumor growth
(Figure 10, A and B), and crucially, DCAdid not attenuate this

Figure 4. DCA attenuates CP-induced p53-mediated apoptotic
signaling. Mice were treated with sal, DCA, CP, or CP and DCA, as
outlined in the CP-induced AKI model section in the Concise
Methods. (A) Renal caspase 3 activity expressed as mean6SEM,
n=6 animals per group. (B) Transcript levels of trp53 in the kid-
neys, derived from transcriptome data, expressed as trp53 tran-
scripts per million. Results are expressed as mean6SEM, n=3
animals per group. (C) Representative immunoblot of kidney ly-
sates for phospho-p53 (Ser15) and total p53 with b‑actin indi-
cating equal protein loading. ***P,0.001; **P,0.01. RFU, random
fluorescence units.
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antitumor response. Importantly, increased BUN (Figure
10C), and sCr (Figure 10D) levels were prevented when
CP-treated tumor-bearing mice were cotreated with DCA.
DCA also attenuated kidney pathology in these tumor-bearing
mice, as evidenced by the significant decrease in the sever-
ity of the ATN score (Figure 10E). Because the anticancer
activity of CP was unaffected, it can also be concluded that the
concurrent nephroprotection is not due to sequestration of
CP by DCA in the blood. Therefore, DCA does not interfere
with the antitumor properties of CP, while simulta-
neously effectively protecting the kidney from CP-induced
nephrotoxicity.

DISCUSSION

In this study, we determined whether DCA
could exacerbate or alleviate CP-induced
nephrotoxicity, an important clinical
question because DCA will likely be
coadministered with well-established che-
motherapeutic agents such as CP. The study
revealed that DCA conferred protection
againstCP-inducednephrotoxicity thatwas
mediated via the maintenance of cellular
respiration and antioxidant pathways, the
inhibition of cell death pathways, and en-
hanced tubular proliferation. This protec-
tion was imparted without diminishing the
anticancer activity of CP.

The discovery that DCA prevents renal
ATPdepletion reveals a keynephroprotective
mechanism. Renal proximal tubules are
reliant almost exclusively on ATP generated
by mitochondrial oxidative phosphoryla-
tion and are therefore especially susceptible
to mitochondrial damage.40–42 CP accumu-
lates in mitochondria and diminishes the
activity of all complexes (I–V) involved in
oxidative phosphorylation, resulting in ex-
cessive ROS formation and impairment in
ATP generation, leading to cell death.43,44 In
cancer cells, the restoration of mitochon-
drial activity by DCA confers sensitization
to cell death by reversing the glycolytic phe-
notype. By activating PDH, DCA restores
mitochondrial metabolism and the intrin-
sic apoptotic pathways are re-established,
facilitating cell death.18,45 However, in
normal proximal tubules, which are not
glycolytically programmed by hypoxia and
oncogenic mutations, mitochondrial im-
pairment represents an obstacle to survival.
DCA prevents mitochondrial dysfunction
and thereby proximal tubule death by
preventing CP-induced ATP depletion and
ROS formation.

In this study, we demonstrated that DCA prevented CP-
induced ATP depletion by maintaining glucose and fatty acid
oxidation pathways, processes that are critical for the pre-
vention of CP-induced nephrotoxicity.46,47 DCA prevented
CP-induced PDH inhibition, thereby permitting pyruvate de-
carboxylation to acetyl CoA to proceed unimpeded. DCA also
prevented PPARa depletion,maintaining the capacity for fatty
acid oxidation. The maintenance of PPARa likely accounts for
the sustained levels of oxidative phosphorylation components
by DCA because PPARa activation induces oxidative
phosphorylation-related genes48,49 and it has been shown
that DCA activates PPARa in vivo46 and in vitro.47,48

Figure 5. DCA nephroprotection is not mediated by reduced renal CP levels or by
transcriptional changes in CP transporters. Mice were treated with sal, DCA, CP, or CP and
DCA, as outlined in the CP-induced AKI model section in the Concise Methods. (A) Renal
platinum levels were measured in the kidneys of mice by ICP‑MS 2 and 24 hours after CP
administration. Results are expressed as mean6SEM, n=8 animals per group. Transcript
levels of (B) OCT2/SLC22A2, (C) CTR1/SLC31A1, (D) ATP7A, (E) ATP7B, and (F) MATE1/
SLC49A1 in the kidneys, derived from transcriptome data (Supplemental Table 1),
expressed as transcripts per million, from kidneys of mice treated with sal, DCA, CP, or
CP and DCA, 24 hours after CP administration. Results are expressed as mean6SEM,
n=3 animals per group. ***P,0.001; **P,0.01. NS, not significant.
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Maintenance of these components by DCA in the presence of
CP ensured that inputs into the respiratory chain could effi-
ciently be utilized for ATP generation.

The ability of DCA to accelerate the
regeneration of the proximal tubule epi-
thelium represents another major protec-
tive function mediated by DCA revealed in
this study. Kidneys have a high capacity for
regeneration following tubular damage,
with repair ensuing as a result of the pro-
liferation of a subset of sublethally dam-
aged, yet surviving, proximal tubule cells.50

The acceleration of this process, as demon-
strated in the present study and elsewhere,
is sufficient to confer nephroprotection
following CP treatment.51,52 DCA acceler-
ates tubule regeneration to an extent that is
sufficient for the recovery of renal function,
whereas the rate of cellular regeneration in
the CP-only group is insufficient to achieve
tubule repair, resulting in renal failure. Sev-
eral mechanisms may account for DCA-
enhanced proliferation. The restoration of
mitochondrial function by DCA via the
upregulation of components of the respira-
tory chain may contribute to enhanced
proliferation.53 Themitochondrial respira-
tory chain plays a critical role in cellular
proliferation by controlling the rate of
ATP synthesis and hence the provision of
energy to proliferative pathways. Muta-
tions in mitochondrial respiratory chain
genes or agents that interfere with the ac-
tivity of their subunits cause a reduction in
intracellular ATP, which impedes progres-
sion through the cell cycle leading to a
block in proliferation.54–58 Additionally,
ROS alleviation by DCA may enhance
proliferation because excessive ROS gener-
ation in proximal tubules leads to cell-
cycle arrest59 and inhibits cell-cycle
progression.60–62

A highly significant and clinically rel-
evant finding of this study was that DCA
did not ameliorate the anticancer activity
of CP in an in vivo murine tumorigenic
model while simultaneously conferring
nephroprotection. CP effectively reduced
the rate of tumor growth and DCAdid not
affect this rate of reduction. DCA and CP
in combination exhibit a synergistic anti-
cancer effect in lung carcinoma,43 cervi-
cal,63 and small cell lung cancer64 cell
lines, and in an in vivo model of Dalton
lymphoma.65 In addition, a new experi-

mental drug, mitaplatin, a fusion of CP and DCA, exhibited
cytotoxic effects enhanced, or equivalent to, CP alone,
against human breast, testicular, ovarian, and osteosarcoma

Figure 6. Whole transcriptome sequencing reveals that DCA preserves energy-
generation pathways and prevents cell death in CP-induced AKI. Mice were treated
with sal, DCA, CP, or CP and DCA, as outlined in the CP-induced AKI model section in the
Concise Methods. Twenty-four hours after CP administration, total RNA was extracted
from kidneys and whole-transcriptome sequencing was performed. The overlap between
genes significantly induced (A) or repressed (B) byCP and those genes within these groups
significantly affected by DCA are shown. Pathways and biologic processes significantly
enriched in the different subgroups are listed. Heat maps show the scaled average ex-
pression from three mice per treatment group. A false discovery rate cut-off of,0.05 was
used for determining differential gene expression. A false discovery rate cut-off of ,0.25
was used for determining Gene Ontology (GO) biologic processes and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrichment. Blue, low expression; Red,
high expression.
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cell lines.66 A number of factors may account for the lack of
synergistic anticancer activity of CP and DCA in our tumor
model. First, 4T1 cells may have high intratumoral levels of
glutathione transferase zeta which can influence the concen-
tration of DCA reached in the tumor. DCA is a mechanism-
based inactivator of glutathione transferase zeta 67 and as
suchmay sequester a significant proportion of DCA. Second,
DCA inhibits the four pyruvate dehydrogenase kinase
isoforms to different extents,68 therefore, the relative expres-
sion and distribution of these isoforms will determine DCA
sensitivity, and 4T1 cells may have a pyruvate dehydrogenase
kinase isoform distribution that is unfavorable for inhibi-
tion by DCA. Finally, it has been demonstrated that CP in-
duces hypoxia-inducible factor 1-alpha (HIF1‑a) in 4T1
cells69 and that inhibition of HIF1‑a is a requirement for
sensitivity to DCA.70 Therefore, induction of HIF1‑a by CP
in 4T1 cells may prevent DCA from sensitizing these cells to
apoptosis.

In summary, our data demonstrate that DCA provides
extremely valuable protection against CP nephrotoxicity
without affecting its anticancer properties. DCA may, there-
fore, be an effective nephroprotective agent in chemotherapy
regimens that include CP. Given that DCA is well toler-
ated,21,71–74 there is a clear pathway for its translation into
clinical use as a therapy to prevent CP-induced nephrotoxicity.

CONCISE METHODS

CP-Induced Acute Nephrotoxicity Injury Model
All mouse studies were performed according to the animal experi-

mental guidelines issued by the Animal Experimentation Ethics

Committee (AEEC) at theAustralianNationalUniversity.MaleBALB/

c mice (6–10 weeks old) were used in all acute toxicity experiments.

Two groups of mice were pretreated intraperitoneally (ip) daily with

DCA (250 mg/kg; Sigma-Aldrich, St Louis, MO) and an additional

two groups with normal saline (sal) for 5 days. A single nephrotoxic

dose of CP (20 mg/kg; Sigma-Aldrich) was administered ip to one

DCA- and one sal-pretreated group, and then daily DCA or sal treat-

ment was continued for 3 days. The remaining DCA and sal pretreat-

ment groups were administered sal instead of CP, and daily DCA or

saline treatment was continued for 3 days. Mice were sacrificed

72 hours after the CP injection. Mice were monitored twice daily

and a scoring index of pathologic changes was recorded for each

animal. Mice were immediately euthanized if a threshold score

(according to criteria defined by the AEEC) was reached on any given

examination interval.

Serum Metabolites
Commercial kits were used to measure BUN (Bioassay Systems,

Hayward, CA), and sCr (Abcam, Melbourne, Australia).

Renal Histopathologic Studies
For light microscopy, 5‑mM thick sections were made from formalin-

fixed paraffin-embedded kidney tissue. Sections were stained with

Figure 7. DCA prevents CP-induced inhibition of proteins in-
volved in ATP production and prevents CP-induced ATP deple-
tion. Mice were treated with sal, DCA, CP, or CP and DCA, as
outlined in the CP-induced AKI section in the Concise Methods.
(A) Representative immunoblots of kidney lysates for pyruvate
dehydrogenase (phosphor S293) (phospho-PDH), total pyruvate
dehydrogenase (tPDH), PPARa, somatic cytochrome c (cycs),
cytochrome c oxidase IV (COXIV), ATP synthase subunit 5A
(ATP5A), isocitrate dehydrogenase (IDH1), succinate dehydro-
genase complex, subunit B iron sulfur (Ip) (SDHB), mitochondrial
cytochrome c oxidase III (mt‑CO3), and ATP synthase complex
V b subunit (ATPB). (B) ATP levels in the kidneys of mice treated
with sal, DCA, CP, or CP and DCA. Results are expressed as
mean6SEM, n=5 animals per group. *P,0.05.
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hematoxylin and eosin (Sigma-Aldrich). Images were captured using

an Olympus IX71 inverted brightfield/fluorescence microscope

(Olympus, NSW, Australia). The ATN score was derived using crite-

ria as outlined in Tavares et al.49 Individual pathologic features, if

present, were assigned a severity score: tubular dilatation, thinning of

the tubular epithelium, interstitial edema (0=absent, 1=mild;

2=moderate, 3=severe); cellular casts (0=absent, 1=minimal,

2=mild, 3=moderate, 4=many); protein in collecting system tubules

(0=absent, 1=minimal, 2=mild, 3=moderate, 4=severe, 5=granular

casts, 6=calcification); apoptosis and markers of epithelial regenera-

tion (0=absent, 1=minimal, 2=mild, 3=moderate).

Immunoblotting
Kidneys were homogenized using T‑PER buffer (Life Technologies,

Carlsbad, CA) supplemented with protease and phosphatase in-

hibitors (Roche, NSW, Australia). Total protein was quantitated

with a BCA protein assay (Life Technologies). Proteins were re-

solved by SDS–PAGE, transferred to polyvinylidene difluoride

membranes, which were probed with anti–phospho-p53 (S15)

(Cell Signaling Technology, Danvers, MA) antitotal p53 (Santa

Cruz Biotechnology, Santa Cruz, CA) anti–phospho-PDH

(S293), -tPDH, -PPARa, -cycs, -COXIV, -ATP5A, -IDH1,

-SDHB, -mt-CO3, and -ATPB (Abcam, Inc.). To verify equal pro-

tein loading, membranes were probed with anti-b–actin antibody

(Abcam, Inc.).

Renal Platinum Levels
Platinum levels (195Pt) were determined in kidney

homogenates by inductively coupled plasmamass

spectrometry (ICP-MS) using a Varian 820 ICP-

MS instrument (Agilent Technologies, Santa

Clara, CA). Approximately 200 mg of tissue was

digested in 1 ml aqua regia (3:1 hydrochloric

acid/nitric acid) for 24 hours, dried, redissolved

in2 ml2%HCl, andquantifiedagainstTracert 195

Pt standards (Sigma). Renal 195Pt levels were nor-

malized to kidney weight. The variation in

precision (10 replicates of a standard 195Pt con-

centration collected over 20 minutes) was,3%.

The detection limit for 195Pt was ,0.3 ng/L. To

account for any matrix interference or drift in the

instrument, 103Lr and 197Au were used as internal

standards.

Whole Transcriptome Sequencing
Mice were treated as outlined in the CP-Induced

Acute Nephrotoxicity Injury Model section

above, except that exposure to CP was for 24

and not 72 hours. At this time point after CP

injection, mice were sacrificed and whole kid-

neys were removed and homogenized. Total

RNA was extracted with RNeasy mini kits

(Qiagen, Venlo, The Netherlands) and treated

with Turbo DNAse (Life Technologies). RNA

quality and quantity were checked on an Agilent

2100 Bioanalyzer (Agilent Technologies). Li-

braries were prepared with a Truseq RNA Sample Preparation kit

(Illumina, San Diego, CA). RNA (1 mg/sample) was fragmented

and subject to first- and second-strand synthesis, 39‑end adenylation,

adaptor ligation, PCR amplification, and validated using the Agilent

2100 Bioanalyzer High Sensitivity DNAChip. One-hundred base pair

single-end sequencing was carried out on the Illumina HiSEquation

2500 using the TruSeq Rapid SBS Kit. Total RNA from three mice per

treatment group was sequenced. Sequencing reads were trimmed

with Trimmomatic (HEADCROP:14 LEADING:3 TRAILING:3

MINLEN:70)75 and mapped to the mouse genome (GRC38.72)

with tophat (–b2 -very sensitive).76 Cufflinks and HTSeq (-a -s

no)77 were used to count unique reads occurring in ENSEMBL genes

and to create wig files for visualization. DESEquation77 was used to

normalize the reads and edgeR78 to detect differential expression of

genes (false discovery rate ,0.05). Heatmaps were created using the

Heatplus package in R and show the average of the three replicates,

scaled across genes. Database for Annotation, Visualization and In-

tegrated Discovery (DAVID, v6.7)79 was used to detect significantly

(false discovery rate,25%, gene count$5) enriched Gene Ontology

groups (biologic processes) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathways. Functional Annotation Clustering

(high stringency) was used to group redundant Gene Ontology

groups into clusters and only one representative from each redundant

cluster is shown. Transcriptome data has been deposited in the NCBI

Gene Expression Omnibus database (accession number GSE69652).

Figure 8. DCA attenuates oxidative stress in during CP-induced AKI. Mice were
treated with sal, DCA, CP, or CP and DCA, as outlined in the CP-induced AKI model
section in the Concise Methods. The mice were sacrificed at 72 hours after CP
administration and renal levels of (A) thiobarbituric reactive substances, (B)
dichlorofluorescein, (C) oxidized glutathione, and (D) GSH were measured. Results
are expressed as mean6SEM, n=8 animals per group. ***P,0.001; **P,0.01;
*P,0.05.
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ATP Levels
ATP levels were determined in kidney homog-

enates using a commercial kit (Abcam, Inc.)

that uses the phosphorylation of glycerol to

generate a product that is quantified by fluo-

rometricmethods. The lower limit of detection

of the kit is 1 mM ATP.

Oxidative Stress Markers
GSHand oxidized glutathione weremeasured as

described previously.80 ROS were measured by

monitoring dichlorofluorescein diacetate con-

version to dichlorofluorescein as described else-

where.81 Lipid peroxidation was assessed by

measuring thiobarbituric reactive substances

using a commercial kit (Cayman Chemicals,

Ann Arbor, MI).

Caspase 3 Activity
Cleaved caspase 3 activity was measured in kid-

ney homogenates using a commercial fluoro-

metric kit (Abcam, Inc.).

TUNEL Staining
TUNEL was performed on formalin-fixed

kidney sections using aTACS 2Tdt Fluorescein

kit (Trevigen, GaithersburgMD). Images were

captured using an Olympus IX71 inverted

brightfield/fluorescence microscope. For each

kidney section, TUNEL-positive cells were

quantified in 20 nonoverlapping random fields

viewed at 3400 magnification.

In Vivo BrdU Labeling and Detection
and Ki67 Immunohistochemistry
Mice were treated with CP, DCA, or both

according to the scheme described above.

Mice were injected with 30 mg/g BrdU 2 hours

prior to sacrifice at 72 hours post CP. BrdU was

detected immunohistochemically on formalin-

fixed kidney sections using a commercial BrdU

detection kit (Life Technologies). Ki67 was de-

tected immunohistochemically on formalin-

fixed kidney sections. Slides were deparaffinized

in xylene and antigens unmasked in 10 mM

sodium citrate buffer. Sections were then incu-

bated in 3% H2O2, blocked with Tris-buffered

Figure 9. DCA enhances cellular proliferation in the kidneys during CP-induced AKI.
Representative photomicrographs (magnification 3100) of BrdU staining in the
kidneys of (A) Sal, (B) DCA, (C) CP, and (D) CP and DCA cotreated mice treated as
outlined in the CP-induced AKI model section in the Concise Methods. BrdU-positive
cells are stained brown. Bar=50 mm. (E) Quantitative analysis of BrdU-positive
cells. Representative photomicrographs (magnification 3100) of Ki67 staining in

the kidneys of (F) Sal, (G) DCA, (H) CP, and (I) CP
and DCA cotreated mice treated, as outlined in
the CP-induced AKI model section in the Concise
Methods. (J) Quantitative analysis of Ki67-positive
cells. Results are expressed as mean6SEM, n=8
animals per group ***P,0.001; **P,0.01.

3340 Journal of the American Society of Nephrology J Am Soc Nephrol 27: 3331–3344, 2016

BASIC RESEARCH www.jasn.org



saline/5% normal goat serum and incubated in anti-Ki67 antibody (Cell

Signaling Technology). The signal was developed using rabbit horseradish

peroxidase SignalStain Boost detection reagent and SignalStain DAB chro-

mogen (Cell Signaling Technologies). Images were captured using an

Olympus IX71 inverted brightfield/fluorescencemicroscope. For each kid-

ney section, BrdU- or Ki67-positive cells were quantified in 20 nonover-

lapping random fields viewed at320 magnification.

4T1 In Vivo Tumor Model
4T1 cells are derived from the 410.4 tumor which was isolated from a

spontaneously arisingmammary tumorof aMMTV+BALB/cmouse.82

4T1 cells (AmericanTypeCultureCollection,Manassas, VA)were cultured

in DMEMwith 10% FCS and antibiotics. 4T1 cells

(104) were injected subcutaneously into 6–10-

week–old female BALB/c mice. Tumor dimensions

weremeasuredwith calipers and volumes estimated

using the equation1/2(length3width2).83When tu-

mor sizes reached a value of 18 according to this

formula, the mice were divided into four groups: a

sal control group, a CP-treated group, a DCA-only

group, and aCP–DCAcotreated group. Two groups

ofmicewere pretreated daily with 250 mg/kgDCA

ip for 5 days and two groups were treated with

saline. On day 5 of pretreatment, one sal and one

DCA pretreated group were injected ip with

15 mg/kg CP, which was administered weekly

for two additional weeks. The remaining sal and

DCA-treated groups received a weekly sal injec-

tion in place of CP. Mice that received DCAwere

additionally injected with 250 mg/kg DCA daily

for 3 days prior to eachweekly CP injectionwhile

control groups were injected with sal. Tumor size

was measured every 7 days after the initial CP

injection and mice were sacrificed 7 days after

the final CP injection.

Statistical Analyses
All statistical analysis was conducted with the

Prism software package (GraphPad Software, La

Jolla, CA). One-way ANOVA, with the applica-

tion of a Bonferroni test to correct for multiple

comparisons, was used to determine whether

difference in means between multiple groups

were statistically significant. The log-rank

(Mantel–Cox) test was used to compare

survival curves.
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