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We examined the effect of hypoxia on apoptosis of human colorectal cancer (CRC) cells
in vitro and in vivo. All cell lines tested were susceptible to hypoxia-induced apoptosis.
DCA treatment caused significant apoptosis under normoxia in SW480 and Caco-2 cells,
but these cells displayed decreased apoptosis when treated with DCA combined with
hypoxia, possibly through HIF-1a dependent pathways. DCA treatment also induced signif-
icantly increased growth of SW480 tumor xenografts, and a decrease in TUNEL positive
nuclei in hypoxic but not normoxic regions of treated tumors. Thus DCA is cytoprotective
to some CRC cells under hypoxic conditions, highlighting the need for further investigation
before DCA can be used as a reliable apoptosis-inducing agent in cancer therapy.

� 2010 Elsevier Ireland Ltd. All rights reserved.
1. Introduction rather than respiration (oxidative phosphorylation of glu-
Pyruvate dehydrogenase kinase (PDK) inhibits phos-
phorylation of pyruvate dehydrogenase (PDH) and DCA
inhibits the activity of PDK, leading to the activation of
the pyruvate dehydrogenase multienzyme complex (PDC)
[1]. PDC catalyzes the aerobic metabolism of glucose, pyru-
vate and lactate, the latter of which is in equilibrium with
pyruvate. PDC increases irreversible oxidation of lactate via
pyruvate, which then enters the Krebs cycle as acetylCoA
and generates NADH and ultimately ATP [1]. The small
molecule dichloroacetate (DCA) has been in use for many
years to treat diseases such as lactic acidosis and inherited
defects in mitochondrial metabolism and is considered rel-
atively low in toxicity [1,2]. Lactic acidosis is also the com-
mon state of metabolism in cancer cells, which often have
inactivated PDC, and cancer cells generally use glycolysis
and Ltd. All rights reserved.
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cose) for energy (the Warburg effect) [3–7], possibly as a
result of hypoxia that exists in tumors and/or damaged
mitochondria [4].

High levels of extracellular lactic acid may contribute to
drug resistance [4–8], hence, treatments that reactivate
PDC may induce cell death, likely through generation of
reactive oxygen species (ROS) and subsequent oxidative
damage [2,7,9]. DCA can reprogram mitochondria by reac-
tivating glucose oxidation and has received a great deal of
attention for cancer treatment since 2007, when Bonnet
et al. showed that exposing rats to 75 mg/l in the drinking
water caused regression of their xenografted A549 lung
carcinoma cells [8]. Further, in vitro analysis demonstrated
that only cancer cells, but not normal somatic cells, were
killed by DCA [8], suggesting that DCA could be used as a
potent and safe neoadjuvant agent for cancer therapy
[9,10]. In addition, DCA significantly sensitized human
endometrial cancer cell lines to undergo apoptosis [11],
treatment with DCA was associated with decreased rates
of cellular proliferation and sensitization to irradiation in
prostate cancer cells [12], decreased metastatic breast
cancer cell growth in vitro and in vivo [13], and increased
cellular oxygen consumption in vitro with increased tumor
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hypoxia in vivo and led to decreased tumor growth in pan-
creatic SU86 and colorectal RKO xenografts [14,15]. Based
on these reports of anti-cancer activity and the low toxicity
of this drug, human clinical trials of DCA for cancer pa-
tients are currently planned and/or underway [16]. How-
ever, the anti-cancer effect of DCA has only been
examined in a limited number of cell lines. In fact,
although human colorectal cancer is one of the most pre-
valent solid tumors in North America, to date, anti-cancer
properties of DCA on this type of cancer have not yet been
evaluated.

Angiogenesis, the process of new blood vessel forma-
tion from pre-existing blood vessels, occurs normally dur-
ing wound healing, reproduction and fetal development
but is also a fundamental step in tumor establishment
and growth [17,18]. However, in solid tumors, blood ves-
sels are both structurally and functionally abnormal, with
increased permeability, disrupted hierarchical branching
and inconsistent flow in compressed or occluded segments
[19,20]. The net effect of this abnormality is that regions of
solid tumors are transiently and/or chronically exposed to
ischemia and reperfusion, leading to hypoxia/anoxia [21],
fluctuation in nutrient (especially glucose) levels, acidosis
and disruptions in pH, and toxic reactive oxygen species
(ROS) generation. These microenvironmental conditions
are also known to be mutagenic [22,23]. Thus, solid tumors
consist of cells exposed to normoxia and transient and
chronic ischemia, the impact of which on effectiveness of
anti-cancer therapies is not well understood.

We hypothesized that DCA may have differential effects
on hypoxic versus normoxic colorectal cancer cells, and
found that while some cell lines are refractory to DCA’s ef-
fects, most colorectal cancer cells examined actually dis-
played enhanced survival under hypoxic conditions in
the presence of DCA. Consistent with this, DCA treated
xenografts showed no anti-tumor effect but instead there
was enhanced growth of treated tumors. Our findings sug-
gest that DCA may have differential effects on cancer cell
survival depending on the regional microenvironment
within treated tumors, which may complicate its useful-
ness as an adjuvant anti-cancer therapy.
2. Materials and methods

2.1. Cell lines

Human colorectal cancer (CRC) cell lines LS174T,
SW480, HCT116, DLD-1, and Caco-2 were obtained from
ATCC (Manassas, VA, USA). Primary human dermal fibro-
blasts were also obtained from ATCC and used as non-car-
cinogenic control cells.
2.2. In vitro exposure to hypoxia and/or DCA

Cells were maintained in standard culture conditions:
DMEM (Sigma–Aldrich, Oakville, ON, Canada) cell culture
medium, supplemented with 10% heat-inactivated fetal
bovine serum, 50 lg/ml gentamicin, and 1 mM sodium
pyruvate and cultured at 37 �C in a humidified atmosphere
containing 5% CO2 (‘‘normoxia”). Anoxic conditions (LO)
were achieved using a Modular Incubator Chamber (Bill-
ups-Rothenberg Inc., Del Mar, CA, USA) modified to permit
continuous flushing of the chamber with a humidified mix-
ture of 95% N2 and 5% CO2; the oxygen content in the
chamber was less than 0.1% in all anoxia experiments. Con-
fluent monolayers of cells were trypsinized, and 5 � 105

cells were seeded into 6-well plates and incubated under
normal cell culture conditions overnight. Thereafter, the
plates were assigned to control and anoxia treatment,
and exposed to these conditions for 48 h. To investigate
the effects of DCA, cells were incubated under normoxia
or anoxia in the presence or absence of 10 mM DCA (Sig-
ma–Aldrich) for 48 h, or 48 h plus 48 h recovery in nor-
moxia. For the recovery time all cells received fresh
media and the DCA treated cells received an additional
treatment of 10 mM DCA. After incubation, cells were tryp-
sinized, pellets were washed twice with PBS, and used for
assays described below. Each experiment was performed
at least in duplicate and repeated at least three times.
2.3. FACS analysis of apoptosis

Apoptosis was quantified using the annexin V-FITC
Apoptosis Detection kit (BioVision Research Products,
Mountain View, CA, USA). Briefly, 5 � 105 cells/well were
seeded in six-well plates and exposed to DCA plus or minus
anoxia as described above. After incubation, cells were
resuspended in 500 ll binding buffer and stained with an-
nexin V-FITC and propidium iodide and fluorescence inten-
sity was detected and quantified using a FACScan BD
Biosciences with three fluorochrome scanner. In all,
10,000 events were counted for each sample.
2.4. Protein isolation and western blotting for caspase-3

Cell pellets were washed with PBS and resuspended in
0.5 ml of cold fresh lysis buffer [1% Triton X-100, 150 mM
NaCl, 0.5 mM MgCl2, 0.2 mM EGTA, and 50 mM Tris–HCl
(pH 7.5), with aprotinin (2 lg/ml), DTT (2 mM), and phen-
ylmethylsulfonyl fluoride (PMSF; 1 mM); all from Sigma–
Aldrich]. After vortexing and centrifugation (12,500g at
4 �C for 10 min), the supernatant was aliquoted and stored
at �80 �C for future use. 100 lg of total protein from sam-
ples were run on a 10% polyacrylamide gel under reducing
conditions using SDS–PAGE. Proteins were then trans-
ferred to polyvinylidene difluoride (PVDF) membrane
which was subsequently incubated in 5% milk diluted in
0.1% Tween 20 in TBS (TBST). The membrane was then
probed for chemiluminescent detection for caspase-3
using a rabbit primary antibody (1:1000; Cell Signaling
Technologies, Danvers, MA, USA), and a goat anti-rabbit
peroxidase-conjugated antibody (1:20,000; Sigma–Al-
drich) followed by BM chemiluminescence substrate
(Roche Applied Sciences, Laval, QC, Canada). Proteins of
cells treated with 10 lg/ml etoposide for 6 h were used
as positive controls for caspase-3 cleavage. Band intensity
was quantified using densitometry with Image J software
(NIH).
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2.5. Effect of DCA on HIF-1a

We determined whether DCA could influence the level
of hypoxia inducible factor 1-a (HIF-1a) stabilized under
hypoxic conditions by exposing cells to 150 lM CoCl2 with
and without 10 mM DCA for 48 h. Control cultures did not
receive CoCl2. After the incubation, protein extraction was
performed using a BioVision Nuclear/Cytosol Fractionation
Kit (BioVision Research Products). Twenty microgram of
the nuclear protein lysates were run on a 7.5% polyacryl-
amide gel under reducing conditions using SDS–PAGE. Pro-
teins were then transferred to PVDF membrane followed
by incubation in 5% milk diluted in TBST. Membrane was
then probed for chemiluminescent detection of HIF-1a
using a rabbit anti-HIF-1a (1:5000; R&D Systems, Minne-
apolis, MN, USA) and a goat anti-rabbit peroxidase-conju-
gated antibody (1:20,000; Sigma–Aldrich). Protein
loading was normalized using rabbit anti-lamin antibody
(1:2000; Cell Signaling Technologies).

2.6. AKT analysis

SW480, LS174T Caco-2, DLD-1 and HCT116 cells were
maintained in standard culture conditions and exposed to
DCA and anoxia as previously described. After 48 h, cells
were washed with PBS and lysed using 50 ll of cell lysis
buffer (Cell Signaling Technologies) supplemented with
aprotinin (2 lg/ml, Sigma–Aldrich), phosphatase inhibitors
(Phospho-Stop; Roche Applied Sciences), and PMSF (1 mM;
Sigma–Aldrich). Cells were scraped from the plates, incu-
bated on ice for 5 min and transferred to a 1.5 ml tube. After
vortexing and centrifugation (12,500g at 4 �C for 10 min),
the supernatant was aliquoted and stored at �80 �C for fu-
ture use. Sixty-five microgram of total protein lysates were
run on a 10% polyacrylamide gel under reducing conditions.
Protein was then transferred to PVDF membrane, which
was subsequently incubated in 5% milk diluted in TBST.
The membrane was then probed for chemiluminescent
detection using rabbit anti-Phospho-Akt (Ser473) primary
antibody (1:1000, Cell Signaling Technologies) and a sec-
ondary goat anti-rabbit peroxidase-conjugated antibody
(1:10,000; Sigma–Aldrich). Membranes were then stripped,
blocked with 5% milk in TBST for 30 min and reprobed with
rabbit anti-Akt (pan) monoclonal antibody (1:1000, Cell
Signaling Technologies) followed by secondary goat anti-
rabbit peroxidase-conjugated antibody (1:10,000; Sigma–
Aldrich). Band intensity was quantified using densitometry
with Image J software (NIH).

2.7. CRC xenografts

All in vivo procedures were performed according to the
guidelines and recommendations of the Canadian Council
on Animal Care (CCAC) and approved by the University of
Guelph local Animal Care Committee. 2 � 106 SW480 cells
and 5 � 106 LS174T cells were subcutaneously implanted
(in 100 ll of 0.1% BSA in PBS) into the right flank of im-
mune deficient RAG1� mice [24]. Tumor growth was mon-
itored using Vernier calipers and volume determined by
the standard formula (length �width2 � 0.5) [23]. When
the average tumor size passed 35 mm3 (25 days for
SW480 cells and 14 days for LS174T cells), mice were ran-
domly allocated into treatment and control groups. In the
SW480 trial there were eight mice in each group, and in
the LS174T trial there were four mice in each group. For
the treated group, drinking water containing 1 mg/ml of
DCA (a dose approximately equivalent to 150 mg/kg/day)
for 2 weeks for SW480 injected mice and 9 days for the
LS174T injected mice. Water was changed daily and con-
trol mice received plain drinking water. At the end of the
trial mice were euthanized by CO2 asphyxia followed by
cervical dislocation. Tumors were removed and formalin
fixed and paraffin embedded or snap-frozen in cryomatrix
(stored at �80 �C) for later sectioning.

2.8. Evaluation of hypoxic and necrotic areas

Six micrometer-thick paraffin sections were deparaffi-
nized and incubated in 3% hydrogen peroxide. Slides were
washed and underwent antigen retrieval by sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for
10 min at high in the microwave, and then incubated in
DAKO Protein Block (DAKO, Mississauga, ON, Canada) fol-
lowed by incubation in 5% normal goat serum (Vector Lab-
oratories, Burlington, ON, Canada). Sections were then
incubated in rabbit anti-carbonic anhydrase-IX (CA-IX)
overnight at 4 �C (1:500, Abcam, Cambridge, MA, USA) fol-
lowed by a biotiniylated goat anti-rabbit secondary anti-
body (1:500, Vector Laboratories). Slides were then
treated with RTU Vectastain Elite, ABC reagent (Vector Lab-
oratories) followed by incubation in DAB. Sections were
counterstained with Meyer’s hemotoxylin (Fisher Scien-
tific, Ottawa, ON, Canada) and images were captured using
an Olympus BX61 microscope. To consider changes in tu-
mor volume due to both viable and necrotic regions, we
quantified the relative cross-sectional area of SW480
tumors occupied by hypoxic cells as demonstrated by
CA-IX immunostaining and necrotic regions as demon-
strated by acellular eosinophilic regions in H&E stained
sections. Slides were coded and scored in a semiblinded
manner, and the areas of hypoxic and necrotic tissue were
scored and assessed by ImageScope software (Aperio,
Vista, CA, USA). The total hypoxic and necrotic area for
each section was divided by the total cross-sectional area
to obtain the proportion of hypoxic or necrotic area in each
tumor.

2.9. Dual immunofluorescence staining for hypoxia and
apoptosis

Six micrometer thick cryosections of SW480 tumors
were air-dried at room temperature (RT), fixed in 4% para-
formaldehyde for 15 min, blocked and stained by CA-1X as
described above. This was followed by goat anti-rabbit Cy3
secondary antibody (1:200) (Sigma–Aldrich) for 30 min at
RT. Slides were then stained via TUNEL reaction using the
In Situ Cell Death Detection Kit, Fluorescein Kit (Roche Ap-
plied Science) and counterstained with DAPI. Images were
captured using a Leica Opti-Tech epifluorescence micro-
scope equipped with appropriate excitation and emission
filters. Control sections received PBS in place of primary
antibodies. The number of TUNEL positive condensed
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nuclei and TUNEL positive apoptotic bodies were quanti-
fied in hypoxic and normoxic regions of five 40X objective
fields for each tumor.

2.10. Statistical analysis

Data are presented as means of several independent
measurements ± SD. Statistical analysis (one way ANOVA
followed by Tukey’s LSD, or unpaired t-test) was used to
determine differences between means of cell types for each
group of experiments. Significance level for all statistical
comparisons was p 6 0.05.

3. Results

3.1. DCA protects some CRC cells from apoptosis in anoxia

When cells were exposed to 10 mM DCA for 48 h, apoptotic rate var-
ied from non-significant (DLD-1, HCT116, and LS174T) to 1.8 and 6.0-fold
increase over control for Caco-2 and SW480, respectively (Fig. 1). DCA did
not alter apoptosis in the non-cancerous human dermal fibroblast cells.
Anoxia induced robust apoptosis in all cell lines. Surprisingly, DLD-1
and HCT116 cells exposed to DCA and anoxia for 48 h had no increase
in apoptosis compared to anoxia alone and apoptosis rates were actually
decreased for LS174T, SW480 and Caco-2 cells in DCA plus anoxia
(Fig. 1A). This apparent protective effect of DCA under hypoxic conditions
was more extensive when cells underwent a 48 h recovery in normoxic
conditions in the presence of DCA (Fig. 2).

3.2. Caspase-3 activation after DCA and/or anoxia in vitro

Similar to what we observed with annexin V staining, anoxia induced
increased caspase-3 fragmentation in all cell lines (Fig. 3A). DLD-1 cells
were less affected by anoxia and DCA did not alter the anoxia induced
caspase-3 cleavage in these cells. However, combined anoxia and DCA
treatment led to reduced caspase-3 fragmentation in Caco-2, LS174T
and SW480 cells (Fig. 3A).

3.3. Modulation of HIF-1a content by DCA

HIF-1a is the highly labile component of the HIF complex responsible
for regulating oxygen responsive gene expression. Since the half-life of
HIF-1a in normoxic cells is approximately 5 min, under normal condi-
tions or upon cellular re-oxygenation after hypoxia, HIF-1a is completely
degraded and can hardly be detected in cells or tissues. Hypoxia, transi-
tion metals such as CoCl2, or the iron chelator desferroxamine, provoke
HIF-1a stabilization leading to nuclear translocation and promoter bind-
Fig. 1. Average level of apoptosis calculated from three independent experime
fibroblasts was determined after incubation of the cells under normoxia and an
DCA on apoptosis of cancer cells is cell line-dependent and by comparing the ano
show cytoprotection from anoxic apoptosis in the presence of DCA. � Significantl
LO from LODCA for that cell line; p < 0.05.
ing. Since re-oxygenation at the end of the experiment could rapidly af-
fect the levels of HIF-1a before cell lysis was complete, CoCl2 was used
to mimic the anoxic conditions for these studies of HIF levels in cultured
cells. As shown in Fig. 3B, treatment of CRC cell lines with 150 lM CoCl2

led to nuclear accumulation of HIF-1a. Although DCA alone did not lead
to any changes in HIF-1a levels, DCA in combination with hypoxia (CoCl2)
decreased the accumulation of HIF-1a compared to treatment with CoCl2

alone in all five CRC cell lines (Fig. 3B).

3.4. Changes in AKT activation after DCA exposure

AKT (protein kinase B) was activated by anoxia in DLD-1, Caco-2, and
LS174T cells but not in HCT116 cells; SW480 cells did not show any
detectable pAKT under these non-stimulated conditions (Fig. 3C), as has
been reported previously [25–28]. Interestingly, DCA (in the presence or
absence of anoxia) increased phosphorylated AKT compared to control
or anoxia in all cell lines except SW480 (Fig. 3C); this response did not
correlate with DCA’s effects on apoptosis, suggesting other pathways
are likely involved in the differential cellular survival we report here.

3.5. Effect of DCA on CRC xenografts

SW480 tumors were significantly larger than their respective control
tumors after DCA treatment (Fig. 4A) but there was no significant effect of
DCA on LS174T tumor size (Fig. 4B). DCA significantly reduced anoxia-in-
duced apoptosis and CoCl2-induced HIF-1a accumulation in LS174T cells
(Figs. 1 and 3B). Consistent with this, DCA failed to inhibit LS174T tumor
growth (Fig. 4B). To consider both viable and necrotic regions for tumor
volume, we quantified the relative cross-sectional area of SW480 tumors
occupied by hypoxic cells (as demonstrated by CA-IX immunostaining;
arrows in Fig. 4C) and necrotic regions (as demonstrated by acellular
eosinophilic regions; asterisks in Fig. 4D) of adjacent sections of the same
tumor. There were no significant differences in the relative proportion of
tumors occupied by either hypoxic or necrotic tissue between control and
DCA treated SW480 xenografts (Table 1).

3.6. TUNEL staining in hypoxic regions

DCA is reported to induce apoptosis in cancer cells but our in vitro re-
sults indicated that this is cancer cell type specific and that some cell lines
including SW480 are protected from anoxia-induced apoptosis by DCA.
Therefore, we used dual immunostaining for CA-IX and TUNEL to quantify
apoptosis in hypoxic and normoxic regions in the SW480 xenografts.
There were no significant differences in the average number of apoptotic
nuclei per field between control and DCA treated tumors (Fig. 5A–C).
However, there were significantly fewer TUNEL positive nuclei in hypoxic
regions of DCA treated but not control tumors (Fig. 5D). Taken together,
these data support the possibility that DCA treatment enhanced SW480
tumor growth by preventing apoptosis in hypoxic regions of tumors, con-
sistent with our in vitro findings.
nts. Effect of 10 mM DCA on apoptosis in five CRC cell lines and normal
oxia (LO) in the presence or absence of 10 mM DCA for 48 h. The effect of
xia group with the group receiving combination treatment, most cell lines
y different from control for that cell line; p < 0.05, �� significantly different



Fig. 2. (A) Average level of apoptosis calculated from three independent
flow cytometry experiments. Effect of 10 mM DCA on apoptosis in Caco-2
and SW480 cell lines after incubation of the cells under normoxia and
anoxia (LO) in the presence or absence of 10 mM DCA for 48 h plus 48 h
recovery in normoxic conditions. � Significant difference from respective
control (p < 0.05). (B) Analysis of apoptosis in SW480 cells by flow
cytometry. The cells were incubated under normoxia and anoxia (LO) in
the presence or absence of 10 mM DCA for 48 h, or 48 h plus 48 h
recovery in normoxic condition. Percent value indicates the proportion of
dead cells.
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4. Discussion

In this study, we examined the effect of DCA on apopto-
sis of human CRC cells and demonstrated that not all cell
lines were susceptible to DCA induced apoptosis, and that
DCA could provide a cytoprotective effect under hypoxic
conditions. Consistent with this, we report a lack of thera-
peutic effect (and evidence of tumor promotion) likely due
to increased survival under hypoxia in SW480 xenografts
treated with DCA. Hypoxia caused by inadequate access
to blood vessels and/or their poor perfusion and function-
ality, plays a role in the development of drug resistance
and selection of cancer therapy for solid tumors [17–21].
Recently Anderson et al. [29] reported that DCA could pro-
mote proliferation and survival of hypoxic cells. Their find-
ing supports our study, which is the first to examine the
interaction between DCA induced apoptosis and tumor
microenvironmental conditions such as hypoxia.

Here we confirm that the apoptotic effects of DCA are
cancer cell line specific, as has previously been reported.
DCA treatment increased PUMA transcripts in endometrial
carcinoma cell lines with an apoptotic response, suggesting
a p53-PUMA-mediated mechanism may also be involved in
sensitizing cancer cell lines to DCA induced apoptosis [11].
Somewhat surprisingly, we found that DCA induced PKB/
AKT activation in Caco-2, LS174T, DLD-1, and HCT116 cells,
consistent with a pro-survival pathway. Lingohr et al. [30]
reported that when mice were administered 0, 0.5, or 1.0 g/
l DCA for 10 weeks, DCA decreased their liver PKB expres-
sion, although they did not measure levels of phosphory-
lated PKB/AKT.

Activated phosphorylated AKT (pAKT) has been shown
to protect normal and cancer cells against hypoxia and
p53-induced apoptosis [31]. The AKT survival pathway is
positively and negatively regulated by PI3 K and PTEN,
respectively, through their opposing effects on phosphati-
dylinositol-3-phosphate (PIP3) generation [32] and hypox-
ia protects PC12 cells from apoptosis through activation of
the PI3 K/AKT survival pathway [25]. Interestingly, mito-
chondrial respiration deficiency leads to activation of the
AKT survival pathway through NADH-mediated inactiva-
tion of tumor suppressor PTEN [26]. Under hypoxic condi-
tions, cancer cells use the glycolytic pathway to generate
ATP, leading to accumulation of high levels of NADH,
which is normally channeled to the electron transport
chain in respiration-competent cells. The increase in NADH
caused by respiratory deficiency inactivates PTEN through
a redox modification mechanism, leading to AKT activation
[26]. Since DCA inhibits PDK activity and consequently pre-
vents increased NADH production, we expected DCA
would reduce anoxia-stimulated activation of AKT. Instead
we observed increased p-AKT in DCA treated cells but no
significant modulation of this event by anoxia. Further,
we saw no correlation between AKT activation by DCA in
anoxia and avoidance of anoxia-induced apoptosis, sug-
gesting alternative survival pathways may be involved in
the differential cellular responses we report here. Bates
et al. [33] have shown that ligation of CD44 can lead to
up-regulation of PI3 K/Akt activity and reduced apoptosis.
Therefore, a CD44 survival pathway may be involved in
the observed AKT activation in our study.

Mitochondrial membrane integrity is disrupted upon
apoptotic signaling, leading to cytochrome c release and
subsequent activation of the pro-apoptotic caspase cascade
[34]. DCA is reported to induce mitochondrial metabolic



Fig. 3. (A) Caspase-3 western blot analysis of proteins from CRC cells; untreated (C), treated for 48 h with 10 lM DCA, anoxia (LO) or anoxia plus DCA
(Both). Etoposide-treated SW480 cells (E) were used as positive control. Anoxia induced caspase-3 cleavage (17 kDa fragment) in all cell lines, and cells
protected from apoptosis by DCA (CaCo-2 and SW480) displayed reduced caspase-3 cleavage under combined conditions compared to anoxia alone; Values
are proportion of 17 kDa band to 37 kDa band normalized to control for each cell line. (B) HIF-1a western blot analysis of nuclear proteins from CRC cell
lines; untreated (C), treated for 48 h with 10 mM DCA, 150 lM CoCl2 to mimic hypoxia (Co), or CoCl2 plus DCA (Both); lamin is shown for loading control. As
expected, CoCl2-induced HIF-1a stabilization in all cell lines. The combination of DCA and CoCl2 produced reduced amounts of HIF-1a, but only in cells
showing a DCA cytoprotective effect. (C) AKT activation in CRC cells when exposed to LO and/or DCA; untreated (C), treated for 48 h with 10 mM DCA,
anoxia (LO), or anoxia plus DCA (Both). DCA in the presence or absence of anoxia led to activation of AKT as demonstrated by phosphorylated protein in all
cell lines, regardless of whether they were protected from anoxia-induced apoptosis by DCA; values are proportion of pAKT to AKT normalized to control for
each cell line.
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changes by remodeling the glycolysis-biased state seen in
most cancer cells (due to the Warburg effect) to favour glu-
cose oxidation [8]. However, mitochondria undergoing aer-
obic glycolysis in favour of glucose oxidation are reported
to be relatively resistant to opening of the mitochondrial
permeability transition pore and release of cytochrome c.
We found that caspase-3 fragmentation in hypoxic cells
was decreased by DCA exposure, consistent with a cyto-
protective effect mediated through mitochondria that are
resistant to DCA induced metabolic switching [8,9].

Treatment with DCA led to decreased apoptosis in hy-
poxia, compared to anoxia alone, especially in CaCo-2
and SW480 cells. In agreement with these observations,
our in vivo studies show that SW480 and LS174T xeno-
grafts did not respond with growth inhibition when tumor
bearing mice were treated with DCA. In fact, SW480 tu-
mors showed significant growth enhancement. Since we
found fewer apoptotic cells in hypoxic regions of DCA trea-
ted SW480 compared to normoxic regions DCA modulated
inhibition of hypoxia-induced apoptosis apparently occurs
both in vivo and in vitro.

DCA led to decreased HIF-1a levels under hypoxic but
not normoxic conditions. Degradation of HIF-1a under
normoxic conditions is due to hydroxylation at proline
564 and/or proline 402, which is necessary and sufficient
for binding to the von Hippel-Lindau protein with concom-
itant ubiquitination and 26S proteasomal degradation of
HIF-1a [35–37]. Hypoxia or transition metals such as
CoCl2, or the iron chelator desferroxamine block HIF-PH
and stabilize HIF-1a. DCA binds to the N-terminal domain
of PDK and promotes conformational changes leading to
the inactivation of kinase activity [38]. PDK, a direct gene
target of HIF-1a, inactivates the enzyme complex PDH,
thus attenuating mitochondrial respiration and oxidative
phosphorylation. This lack of PDH activity enhances ATP
production via increased anaerobic glycolysis, which is



Fig. 4. Effect of DCA on CRC xenograft growth. Two human CRC cell lines
(SW480 and LS174T) were xenografted into immune deficient mice. After
25 days for SW480 cells and 14 days for LS174T cells, mice were
randomized into treatment and control groups; arrows indicate start of
daily DCA treatment. After DCA treatment, SW480 tumors (A) were
significantly larger than control (�p = 0.034) but there was no significant
effect of DCA on growth of LS174T tumors (B). Since increased tumor
volume could be due to both viable and necrotic regions, the relative
cross-sectional areas of SW480 tumors occupied by hypoxic cells (as
demonstrated by CA-IX immunostaining; arrows in C) and necrotic
regions (as demonstrated by acellular eosinophilic regions; asterisks in D)
were quantified in adjacent sections of the same tumor (scale
bar = 300 lm). See Table 1 for the results of quantification of C and D.

Table 1
Quantification of hypoxic and necrotic regions in SW480 tumors.

N CA-IX (%) Necrotic (%)

Control 7 44.9 (16.2) 25.7 (12.6)
DCA 6 36.5 (11.8) 29.2 (9.4)

Values are mean (SD). There are no significant differences in the pro-
portion of hypoxic (as CA-IX positive) or necrotic tumor tissue between
control and DCA treated tumors (p > 0.05).
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critical for the adaptation of cells to hypoxia [1,39]. The
ability of DCA to decrease HIF-1a levels in hypoxic cells
could lead to reduced PDK production, increased PDH
activity, and a shift in cellular metabolism from glycolysis
to glucose oxidation. A shift in metabolism from glycolysis
to glucose oxidation is thought to be the main mechanism
utilized by DCA to induce selective cancer cell killing, via
generation of excessive ROS [8]. However, HIF-1a also in-
duces synthesis of pro-apoptotic proteins, such as BNIP3
and Noxa [40,41], thus, a reduction in HIF-1a levels may
lead paradoxically to increased cell survival, as has been
recently reported with H9c2 cells, where knockdown of
HIF-1a protein via RNAi enhanced cell survival under hyp-
oxic conditions [42]. This finding is consistent with the re-
duced apoptosis in colorectal cancer cells exposed to DCA
and hypoxia/anoxia seen here.

Although there are reports that DCA led to decreased
tumor growth in some xenograft models [8,14,15], this
present study suggests that there are differences in tumor
response with different cells, and that the extent of hyp-
oxic/anoxic regions in tumors may influence DCA’s effects.
DCA has been in use for many years to treat metabolic con-
ditions and inherited mitochondrial diseases. However,
while early case reports and pre-clinical data suggested
that DCA might be effective for lactic acidosis, subsequent
controlled trials have found no clinical benefit of DCA in
that setting [43–45]. This agent is considered relatively
non-toxic, however, at 25 mg/kg/day DCA caused clinical
peripheral neuropathy [44]. In addition, liver toxicity, neo-
plasia and skin cancer are induced by DCA in experimental
studies [46–48] and some reports suggest that this sub-
stance is involved in increased risk of human liver tumor-
igenesis at high concentrations [49]. The effect of DCA has
yet to be evaluated in combination with other cancer ther-
apies, despite its purported usefulness as an anti-cancer
adjuvant. Based on these concerns and coupled with our
finding that DCA actually provides cytoprotection to cancer
cells under hypoxic conditions, we suggest that further
investigation of this substance is warranted before intro-
ducing it as a safe and effective treatment for cancer
patients.
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Fig. 5. Quantification of apoptosis in hypoxic and normoxic regions of SW480 xenografts using dual immunostaining for CA-IX (red) and TUNEL (green;
arrows) in Control (A) and DCA treated (B) tumors. DAPI counterstain demonstrates nuclei; scale bar = 25 lm. The number of TUNEL positive nuclei with
apoptotic features (TUNEL positive condensed nuclei and TUNEL positive apoptotic bodies) were quantified in five 40X objective fields for each tumor. There
were no significant differences in the average number of apoptotic nuclei per field between control and DCA tumors (C) p > 0.05. (D) Control tumors had
equal numbers of apoptotic nuclei in normoxic and hypoxic regions, but in DCA treated tumors there were significantly fewer apoptotic nuclei in hypoxic
regions compared to normoxic regions (�p = 0.037. These findings are consistent with the possibility that SW480 cells are relatively protected from
apoptosis in hypoxic regions of DCA treated tumors.
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