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Abstract The pyruvate mimetic 3-bromopyruvate (3-BP) is
generally presented as an inhibitor of glycolysis and has shown
remarkable efficacy in not only preventing tumor growth, but
even eradicating existant tumors in animal studies. We here
review reported molecular targets of 3-BP and suggest that the
very range of possible targets, which pertain to the altered
energy metabolism of tumor cells, contributes both to the
efficacy and the tumor specificity of the drug. Its in vivo
efficacy is suggested to be due to a combination of glycolytic
and mitochondrial targets, as well as to secondary effects af-
fecting the tumor microenvironment. The cytotoxicity of 3-BP
is less due to pyruvate mimicry than to alkylation of, e.g., key
thiols. Alkylation of DNA/RNA has not been reported. More
research is warranted to better understand the pharmacokinetics
of 3-BP, and its potential toxic effects to normal cells, in
particular those that are highly ATP-/mitochondrion-dependent.

Keywords 3-bromopyruvate - Cancer - Energy metabolism -
Chemotherapy - toxicity

Introduction

At first glance, 3-bromopyruvate (3-BP) seems unlikely as a
novel candidate anti-cancer drug. In contrast to many other
novel drugs, e.g., receptor tyrosine kinase inhibitors which are
non-polar, non-reactive and tailored to target a specific mole-
cule or class of molecule, 3-BP is a highly reactive electrophilic
alkylator, and can be expected to unspecifically affect a number
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of macromolecules. Indeed, its reactivity towards protein thi-
ols/cysteines has made it useful for affinity labeling of protein
thiols (Apfel et al. 1984; Banas et al. 1988). In line with this
property, the literature reports many targets of 3-BP, some of
which will be discussed below. Briefly, these targets include,
but are not restricted to, hexokinase-II (HK-IT) (Mathupala et
al. 2009) and GAPDH (Dell’Antone 2009; Ganapathy-
Kanniappan et al. 2010a; da Silva AP et al. 2009) in the
glycolytic pathway, and mitochondrial succinate dehydroge-
nase (da Silva AP et al. 2009), the endoplasmic reticulum
(Ganapathy-Kanniappan et al. 2010a) and the lysosomes
(Dell’Antone 2006). Most of the known targets are thus
involved in energy metabolism, and the anti-cancer effect of
3-BP is accordingly proposed to be due to the high depen-
dence of tumor cells on glycolysis (Mathupala et al. 2009).

With this range of key metabolic targets, and the combina-
tion of effects on both glycolysis and mitochondria/mitochon-
drial respiration (Ko et al. 2001; Geschwind et al. 2002), it is
not surprising that 3-BP efficiently kills proliferating tumor
cells with a high demand for ATP as well as anabolic building-
blocks. However, such a wide range of targets would also be
expected to lead to serious side toxicity in normal tissues,
especially in those which are highly dependent on functional
glucose metabolism and on mitochondrial oxidative phos-
phorylation, e.g., in heart, brain and kidney. One may compare
3-BP with the clinically indispensable chemotherapeutic
drugs cisplatin and doxorubicin—they are both electrophilic
alkylators with multiple intracellular targets ranging from
nuclear DNA to mitochondria, and have the disadvantage of
being neuro-, nephro-and/or cardiotoxic; in particular cisplatin
is also extremely emetic (induces vomiting). By contrast, 3-
BP has been reported to elicit a massive anti-tumoral effect but
no or low-level concomitant toxic effects in in vivo models of
implanted hepatocarcinomas (Geschwind et al. 2002; Ko et al.
2004).
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This review presents an overview of molecular targets
and/or mechanisms of 3-BP, and a discussion of possible
reasons for its tumor specificity and relative lack of toxicity.

Targets and mechanisms
Glycolysis
Hexokinase and its molecular partners

Glycolysis as a target pathway and HK-II as a target mole-
cule of 3-BP have been extensively reviewed (Mathupala et
al. 2009; Mathupala et al. 2006). Importantly, many tumors
show greatly increased glucose uptake and glycolysis, and
preferential overexpression of HK-II, whose association
with mitochondria via the voltage-dependent anion channel
(VDAC, or porin) is essential for the tumor cell metabolic
phenotype and also contributes to chemoresistance
(Mathupala et al. 2009; Mathupala et al. 2010; Shoshan-
Barmatz et al. 2010). The vital role of the mitochondrial
complex of HK-II, VDAC and the adenine nucleotide trans-
porter (ANT) in particular in tumor cells has also been
extensively reviewed (Mathupala et al. 2009; Shoshan-
Barmatz et al. 2010; Ramsay et al. 2011; Pastorino &
Hoek 2003); briefly, this complex regulates life and death
by coordinating energy metabolism, metabolite transport
between cytosol and mitochondria and also the opening of
the mitochondrial permeability transition pore involved in
cell death (Mathupala et al. 2009; Shoshan-Barmatz et al.
2010; Ramsay et al. 2011; Pastorino & Hoek 2003).
Altogether, glycolysis, HK-II and VDAC are now estab-
lished as potential therapeutic targets (Mathupala et al.
2010; Pelicano et al. 2006; Hanahan & Weinberg 2011;
Tennant et al. 2010; Shoshan-Barmatz et al. 2011).

In vitro inhibition of HK-II activity by 3-BP has been
demonstrated (Ko et al. 2001). In a study on cellular HK
activity it was found that in HepG2 cells, treatment with
150-5,000 pM 3-BP for up to 30 min had only minor
inhibitory effects, while as little as 100 uM led to substantial
loss of cell viability (da Silva AP et al. 2009). It is thus
unlikely that 3-BP-induced cell death is due only to inhibi-
tion of HK-II activity per se. Instead, disruption by 3-BP of
the vital HK-VDAC complex may be crucial. In support of
this model, it was recently reported that 3-BP (100 uM, 3—
6 h) caused covalent modification of HK-II, likely at cys-
teines, leading to its dissociation from mitochondria and to
release of the mitochondrial apoptosis-inducing factor
(AIF), to which it was otherwise bound (Chen et al. 2009).
Secondly, using N-HK-II (2-30 uM), an HK-II derived
dissociating peptide, dissociation of HK-II from mitochon-
dria (in fact, from VDAC) was shown to be sufficient to
induce cell death, but unlike 3-BP it did so without
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induction of reactive oxygen species (ROS) or loss of mito-
chondrial membrane potential (Chen et al. 2009). Another
suggestion to explain the observed dissociation of HK-II (da
Silva AP et al. 2009) is based on inhibition of GAPDH and
phosphoglycerate kinase further downstream in the glyco-
lytic pathway leads to accumulation of glucose-6-phosphate
which is known to lead to feed-back dissociation of HK-II.

That 3-BP induces release of AIF and its translocation to
the nuclei has been shown also by others (Kim et al. 2008).
In this scenario, loss of glycolytically produced ATP might
be regarded as a secondary effect which in turn could further
stimulate cell death and/or induce a necrotic rather than
apoptotic, ATP-requiring death. It would therefore be inter-
esting to assess the effects of 3-BP in AIF-deficient cells.

Despite its name and its ability to induce chromatinolysis
in the nucleus, AIF function is not restricted to apoptosis.
On the contrary, it is becoming clear that AIF is involved in
maintaining oxidative phosphorylation, and at least in part
by regulating complex I content (Vahsen et al. 2004; Porter
& Urbano 2006; Joza et al. 2009; Sevrioukova 2011). It is
thus possible that in addition to inhibiting HK-II activity
and/or dissociating it from mitochondria, 3-BP supports
further dysregulation of energy metabolism by forcing AIF
to abandon its role(s) in mitochondrial metabolism. It would
thus be interesting to compare cell death events induced by
3-BP, N-HK-II and other agents shown to dissociate HK-II
from mitochondria, e.g., clotrimazole (Penso & Beitner
1998; Majewski et al. 2004) and methyl jasmonate (Goldin
et al. 2008).

Due to the pro-survival role of the HK-II/VDAC com-
plex, dissociation of HK-II from mitochondria would fur-
thermore sensitize cells to pro-apoptotic Bcl-2 family
signaling, e.g., via Bax (Pastorino & Hoek 2003; Pastorino
et al. 2002). Accordingly, N-HK-II and also clotrimazole,
have been found to potentiate apoptosis induced in HCT116
colon cancer cells by cisplatin (30 uM) (Shulga et al. 2009).
Although we did not assess displacement of HK-II, we have
reported that while 3—-5 uM cisplatin did not induce cell
death in HCT116 cells (Berndtsson et al. 2007; Thrlund et al.
2008), cell death (necrosis in particular) was greatly en-
hanced by combinations of low-dose cisplatin and 3-BP at
25 uM (Thrlund et al. 2008). We also compared cellular
effects of 3-BP and 2-deoxyglucose (2-DG), a more specific
inhibitor of glycolysis as it is phosphorylated by HK but not
further metabolized, and concluded that at low doses
(<100 uM) 3-BP acts less as an inhibitor of glycolysis than
as a double-edged sword with effects also on mitochondria,
e.g., mitochondrial depolarization within 3 h that was not
seen with 2-DG (Thrlund et al. 2008).

Might 3-BP target VDAC or ANT in such a manner as to
disrupt the HK/VDAC complex? Cysteines are the major
alkylating targets of 3-BP, but the two cysteines of VDAC
were recently shown to not be required for VDAC channel



J Bioenerg Biomembr (2012) 44:7-15

activity, oligomerization and apoptosis (Aram et al. 2010).
Furthermore, the interaction of VDAC with HK occurs
within two cytosolic loops that do not contain the cysteines
(Abu-Hamad et al. 2008). ANT contains three cysteine
residues that are differentially critical to the opening of the
MPT pore; modification of one of these, Cys-56, leads to
permeabilization that cannot be blocked by anti-apoptotic
Bcl-2 proteins (Halestrap et al. 2002; Costantini et al. 2000).
There is, however, as yet no report of 3-BP alkylation of
ANT.

Glycolysis downstream of hexokinase

Several reports show alkylation and inhibition of GAPDH
by 3-BP (Dell’Antone 2009; da Silva AP et al. 2009;
Ganapathy-Kanniappan et al. 2009). Cytosolic fractions
from rat liver were treated with 3-BP and among the six
glycolytic enzymes tested, including HK, GAPDH was by
far the most affected (70% inhibition) by 150 uM 3-BP for
30 min (da Silva AP et al. 2009). In another report, HepG2
cells were first treated with 3-BP and GAPDH activity was
then assessed; the K; for this inhibition was 25 uM
(Dell’ Antone 2009). Boar spermatozoal GAPDH was found
to be inhibited by 3-BP at 500 uM (Jones et al. 1996).
Obviously, GAPDH inhibition leads to loss of both of the
ATP-producing steps downstream of this enzyme. However,
new non-glycolytic roles of GAPDH are emerging, e.g., as
regulator of gene expression and apoptosis via the nucleus
(Sirover 2005). Although these functions are regulated
mainly via nitrosative modification (Sirover 2005; Hara et
al. 2006), they may turn out to be of interest with respect to
3-BP. Of note, GAPDH is nitrosylated on the active site
Cys-150 (Hara et al. 20006), but it remains to be seen wheth-
er this is also the site of alkylation by 3-BP (Ganapathy-
Kanniappan et al. 2009).

In vitro treatment of yeast and human pyruvate kinase
with 3-BP has been reported to result in alkylation of active
site cysteines (Yun & Suelter 1979; Acan & Ozer 2001).
Presumably, this would inactivate the kinase, but in the
above mentioned study on cytosolic fractions, pyruvate
kinase activity was almost doubled by 3-BP treatment
(Dell’ Antone 2009). There is, to our knowledge, no cellular
study on 3-BP effects on pyruvate kinase.

Post-glycolytic targets
Pyruvate dehydrogenase and lactate dehydrogenase

Pyruvate is the end-product of glycolysis, and is normally then
converted by the pyruvate dehydrogenase complex (PDC) into
acetyl-CoA for further metabolization in the Krebs’ cycle. A
major metabolic difference between normal and cancer cells is
that in the latter, PDC activity is often inhibited by pyruvate

dehydrogenase kinase (PDK), and pyruvate is then instead
converted by lactate dehydrogenase (LDH) into lactate.
Normal oxidative metabolism is thus suppressed (Ralph et al.
2010). Restoration of oxidative metabolism by inhibition of
PDK, and/or stimulation of PDC activity, has been suggested
as a possible therapeutic strategy; the pyruvate mimetic
dichloroacetate which inhibits PDK1-4 is likely the best ex-
ample of this (Bonnet et al. 2007; Pan et al. 2007; Papandreou
et al. 2011). Although 3-BP is a pyruvate analog, it does not
appear to have a similar effect as dichloroacetate; in a cell-free
system, 3-BP (6 uM) inhibited pyruvate dehydrogenase
(PDH), the first catalytic component of the PDC
(Korotchkina 1999). 3-BP has also been used as an inhibitor
of PDH in intact hamster spermatozoa (Kumar et al. 2008). It is
unclear whether this inhibition is due to alkylation or to com-
petitive titration of endogenous pyruvate. Either way, inhibi-
tion of PDH does not explain the anticancer efficacy of 3-BP
since it would support rather than counteract the tumor cell
metabolic phenotype. To our knowledge, there are no reports
on 3-BP and PDK.

In line with being a pyruvate mimetic, 3-BP was found to
be a substrate for LDH (Dell’ Antone 2009). Based on the low
affinity and the fact that NAD" is produced, the same study
argues that the production of 3-bromolactate is not critically
involved in 3-BP antiproliferative effects (Dell’ Antone 2009).
However, it might be speculated that this effect could have a
role in vivo for at least some tumors, since an ensuing decrease
in lactate export would affect neighboring tumor cells depen-
dent on lactate for energy (Sonveaux et al. 2008).

Other mitochondrial targets

Isolated mitochondria treated with 1.2 mM 3-BP showed
rapid inhibition of ADP-driven oxygen consumption in the
presence of succinate, as assessed in a Clark electrode (Ko et
al. 2001). In line with this, inhibition of succinate dehydro-
genase (SDH), i.e., complex II of the electron transport
chain but also part of the citric acid cycle, and of
succinate-driven ATP production has been reported as im-
portant for 3-BP-induced loss of ATP and induction of
cytotoxicity (Dell’Antone 2009; da Silva AP et al. 2009).
Because inhibition of SDH in the citric acid cycle would
also impair glutaminolysis—a major source of energy and
building-blocks in tumor cells—this effect may be important
for the tumor specificity of 3-BP (Dell’ Antone 2009).
Likely depending on molecular mechanism, inhibition of
SDH/Complex II may lead to induction of reactive oxygen
species (ROS), more specifically superoxide, and to tumor
cell death, as exemplified by x-tocopheryl succinate (Neuzil
et al. 2007). It is not known if 3-BP, similar to this agent,
acts by displacing ubiquinone binding in SDH, but ROS
induction by 3-BP has indeed been reported (Ganapathy-
Kanniappan et al. 2010a; Kim et al. 2008; Qin et al. 2010).

@ Springer



10

J Bioenerg Biomembr (2012) 44:7-15

There are no reports on 3-BP acting on complex III, which is
generally seen as a major source of ROS.

Within 15 min of treatment with 100 uM 3-BP, two
hepatoma cell lines showed ROS induction, as determined
by CM-H,DCFDA staining and flow cytometry, and within
1-6 h necrosis ensued (Kim et al. 2008). Although the cell
line with lower expression of HK-II was, as expected, more
resistant to 50200 uM 3-BP over 72 h, ROS induction was
higher in these cells (Kim et al. 2008). This might be
explained by HK-II displacement being a key effect of 3-
BP but per se not leading to ROS induction, as shown using
the N-HK-II peptide (Chen et al. 2009).

Another study reports the opposite result; after treatment
with 200 uM 3-BP for 0.5-6 h, two resistant melanoma cell
lines showed no induction of superoxide, as assessed by
dihydroethidium staining, and a 20% decrease in ATP, while
sensitive cells showed 2—3 fold superoxide induction after 3 h
(Qin et al. 2010). However, these cells were nearly completely
depleted of ATP within 1 h, i.e., before superoxide could be
detected (Qin et al. 2010), suggesting that inhibition of com-
plex II was not a primary cause of superoxide formation.
Although HK-II levels were not determined, the same study
also showed that glutathione levels were critical determinants
for the effect of 3-BP, and indeed that 3-BP depleted the cells
of this important thiol (Qin et al. 2010).

The affinity of 3-BP to thiols should be kept in mind
when agents such as NAC (N-acetylcysteine) and DTT
(dithiothreitol) are used to assess the role of ROS in 3-BP-
induced effects. NAC was found to prevent cell death in-
duced by 25-200 uM BP in different cancer cell lines
(Ihrlund et al. 2008; Qin et al. 2010); similarly, also DTT
(Dell’ Antone 2006), but this may to a significant degree be
due to mere titration of 3-BP. To obtain unequivocal data on
the role of ROS in cell death induction by 3-BP therefore
requires further investigation.

Degradation of cytochrome c, possibly as a consequence of
oxidative damage, was observed in glioblastoma cells treated
with 3-BP (60-80 uM, 18 h). The outcome was autophagic
rather than apoptotic or necrotic cell death (Macchioni et al.
2011). Complex V, or the 3-ATP synthetase/ATPase which
either phosphorylates ADP to ATP, or consumes ATP when
required to pump out protons from the mitochondrial matrix,
could be another putative target of 3-BP. However, it was
reported that in submitochondrial particles, proton pumping
was not affected by 3-BP (500 uM), and the ATPsynthase
function was suggested not to be affected either (Dell’ Antone
2009).

Other targets and mechanisms
Uptake of the dye acridine orange into acidic organelles, and

acidification of lysosomes, were inhibited by 3-BP (20—
500 puM), indicating inhibition of vacuolar H+ATPase,
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likely via modification of key cysteines (Dell’Antone
2006). The resulting dissipation of pH gradients was found
to precede ATP depletion and could be important as a
determinant of more general toxicity (Dell’ Antone 2006).

While massive depletion of ATP leads to necrosis, a
moderate decrease leads to induction of cellular autophagy,
a common cancer cell strategy to overcome situations of
energetic or metabolic stress (White & DiPaola 2009).
Autophagy induction by 3-BP has been reported, but its role
in the overall cytotoxicity is not clear (Ganapathy-
Kanniappan et al. 2010b). Given the ability of 3-BP to
interfere with thiols and to induce ROS, oxidative damage
and loss of ATP, it is perhaps not surprising that it in
addition induces endoplasmic reticulum stress (unfolded
protein response) (Ganapathy-Kanniappan et al. 2010b).

Although induction of ROS is known to cause DNA
damage, treatment with 3-BP (100-500 uM; 4 h) did not
induce phosphorylation of H2AX (y-H2AX), nor activation
of ATM, two well-known markers of DNA strand breaks.
On the contrary, 3-BP decreased endogenous y-H2AX and
ATM activation, and interestingly, dichloroacetate had the
opposite effect (Zhao et al. 2007). To explain this, the
authors propose that reduced aerobic metabolism, i.e., some
effect on mitochondrial respiration, as induced by 3-BP
protects against oxidative damage to DNA (Zhao et al.
2007). This needs further investigation to be confirmed,
however, especially in view of demonstrated induction of
ROS (Kim et al. 2008).

Given its reactivity as alkylator, 3-BP would be expected
to alkylate not only proteins but also DNA and RNA,
similar to, e.g., cisplatin. No such DNA damage or DNA/
RNA alkylation have been reported, however.

Combinations with chemotherapeutic drugs

Metabolism-targeted drugs may turn out to be especially
efficient in combination with standard chemotherapy. A
chemopotentiating potential of 3-BP has been shown in
combination with platinum drugs (Berndtsson et al. 2007,
Ihrlund et al. 2008) and with 5-fluorouracil (Sanchez-Arago
& Cuezva 2011). The mechanism(s) of potentiation are not
known, but loss of ATP would affect a number of processes,
e.g., efficient DNA repair or the function of efflux pumps of
the ABC transporter type, a major factor of chemoresist-
ance. Accordingly, 3-BP (50 uM) led to a decrease in ATP
that was proposed to promote intracellular retention of dau-
norubicin and mitoxantrone by inhibiting the transporters
(Nakano et al. 2011). This would then contribute to 3-BP-
mediated potentiation of doxorubicin in a xenograft model
(Nakano et al. 2011). A recent study supports these findings
by demonstrating the role of higher absolute levels of intra-
cellular ATP for chemoresistance, and that 3-BP reverted
such resistance (Zhou et al. 2011).
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Mice expressing the RIP1-Tag2 transgene developed
multistage pancreatic carcinoma, and were treated intraper-
itoneally with 3-BP and in combination with the Hsp90
inhibitor geldanamycin. While 3-BP alone had no effect at
all on tumor volume, the combination elicited 90% inhibi-
tion of tumor growth, and also of metastasis. This was
attributed to reduced levels of VEGF and AKT in response
to geldanamycin combined with the energy starvation and
loss of anti-survival pathways elicited by 3-BP (Cao et al.
2008).

We have shown that in HCT116 colon cancer cells, 3-BP
at 25 puM potentiated cell death induced by 5 uM cisplatin
or 5 uM oxaliplatin, doses which otherwise have only little
effect in these cells (Thrlund et al. 2008). As 3-BP had a
greater decreasing effect on ATP levels than did the glycol-
ysis inhibitor 2-deoxyglucose, it was perhaps not surprising
that ATP-dependent apoptosis was not the main outcome,
but rather massive necrosis evident at 48 h of treatment
(Thrlund et al. 2008). Loss of p53 function is known to
contribute to chemoresistance, in particular to DNA-
damaging agents such as platinum drugs, wherefore it is of
interest that potentiation was observed also in HCT116 cells
lacking the p53 gene (Ihrlund et al. 2008).

Furthermore, we have recently created cisplatin-resistant
subclones of ovarian cancer cell lines by long-term treat-
ment schedules with increasing doses of cisplatin. One of
these cell lines, SKOV-3, lacks p53 expression due to an N-
terminal stop codon, and is per se fairly resistant to cisplatin
(ICs¢ over 72 h: 5 uM). In our cisplatin-resistant subclone,
the ICso had increased to 25 uM (manuscript in progress),
and we therefore wished to test whether 3-BP could reverse
this resistance. Since successful chemotherapeutic treatment
is defined by absence of tumor regrowth, cisplatin-resistant
SKOV-3R cells were treated with cisplatin and 3-BP for
48 h, and were then given the chance to recuperate in fresh,
drug-free medium during 2-3 days post-treatment. The
results show that, similar to low-dose cisplatin (2.5—
5 uM), 3-BP at 10 uM had little effect per se on the
cisplatin-resistant cells, both at 48 h and after an additional
48 h in drug-free medium. By contrast, the combination of
10 uM 3-BP with low-dose cisplatin led to massive cell
death and completely prevented re-growth of any survivors

(Fig. 1).

Tumor specificity, in vivo studies and toxicity

The tumor specificity of 3-BP and the lack of systemic
toxicity in animal models is generally attributed to tumor-
specific upregulation of, and dependence on, HK-II and
glycolysis (Mathupala et al. 2009). Accordingly, compared
to hepatocarcinoma cells, normal hepatocytes did not show
reduced ATP levels in response to treatment with 3-BP (Ko
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Fig. 1 3-BP prevents tumor cell regrowth in combination with low-
dose Cisplatin. SKOV-3 ovarian cancer cells resistant to cisplatin
(cDDP; ICs4 25 uM) were treated with low-dose cisplatin alone (2.5
and 5 uM) or in combination with 3-BP (10 uM) for 48 h, after which
time all media were exchanged for fresh, drug-free medium. Cells were
then allowed to recuperate for another 48 h. Growth was assessed as
fold increase in total cellular protein at 48 h and 96 h compared to the
level at 0 h. Cellular protein was quantified using the sulphorhodamine
B assay (Sigma-Aldrich). Error bars represent S.E.M. If absent, they
were smaller than the symbol

et al. 2004). Other explanations include tumor-specific up-
take of 3-BP via pyruvate-lactate transporters (Dell’ Antone
2009; Ko et al. 2001). Of these, MCT1 and 4 are often
upregulated in cancer cells, where they are of key impor-
tance for regulating intracellular pH (Pinheiro et al. 2009;
Pinheiro et al. 2010; Chiche et al. 2009). MCT1 expression
is promoted by loss of p53 (Le Floch et al. 2011; Boidot et
al. 2011). Altogether, these findings thus support the idea
that the tumor specificity of 3-BP is intimately linked to at
least two types of tumor-specific protein.

Mutations in KRAS and BRAF are other common onco-
genic alterations in human cancer; 3-BP (110 uM, 3 days in
vitro) was found to prevent colony formation preferentially
in cells with these mutations, and to significantly decrease
tumor growth of such cells in a xenograft model (Yun et al.
2009). It would be interesting to examine in particular MCT
in these models, but also HK-II, and also in the other in vivo
models outlined below.

The rabbit VX2 model of implanted liver cancer was first
used to demonstrate the in vivo anti-tumor effect of 3-BP
(Ko et al. 2001). In this study, 3-BP was injected at 0.5 mM
(25 mL) into the hepatic artery, resulting in massive loss of
tumor burden and with low or no toxic side effects (Ko et al.
2001). The model has been used in several studies, e.g., to
assess 3-BP effects on glucose uptake, and thus in effect on
glycolysis, using FDG-PET (Liapi et al. 2011). This study
showed a rapid inhibitory effect on uptake (within hours) of
intraarterially administered 3-BP (1.75 mM; 25 mL) and
substantial tumor necrosis after 1 week; there was, however,
no reduction in tumor volume over the same period (Liapi et
al. 2011). Longer times may be required, since with the
same tumor model and 3-BP dosage, treated animals
showed considerably better survival than controls over
2 months; death was most commonly due to lung metastases
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(Vali et al. 2008). When intravenous and intraarterial admin-
istration were compared (3-BP at 1.75 mM; 25 mL), the
latter route of delivery resulted in a better biodistribution
profile (Vali et al. 2008). In addition, intraarterial adminis-
tration reduces the risk of systemic toxicity. Nevertheless,
higher intraarterial doses (5—25 mM, %25 mL) were lethal to
rabbits, with toxicity to the gastrointestinal tract (Chang et
al. 2007).

A rat model of hepatocellular carcinoma either as an
ascitic or a solid cancer has also been used to demonstrate
the effects of 3-BP (Geschwind et al. 2002; Ko et al. 2004).
The animals were treated intraperitoneally (ascitic model) or
locally (solid subcutaneous tumors) with 2 mM 3-BP (1 mL)
repeatedly over several days, again with complete eradica-
tion of tumors and no side toxicity (Geschwind et al. 2002;
Ko et al. 2004). It may be noted in this context of hepatic
tumors that the liver isoform of hexokinase, glucokinase,
was reported to be more sensitive to 3-BP than the more
tumor-specific HK-II that is usually regarded as the prime
target of 3-BP (da Silva AP et al. 2009).

A rat model of breast cancer was used for a dose-
escalation study (Buijs et al. 2009). Here, the rats were
injected intravenously with 2.5 mL 3-BP at 5-50 mM.
With 30-50 mM, all animals died within 15 min, whereas
no deaths occurred with doses under 20 mM. Therefore,
15 mM was chosen for antitumor studies, which showed
greatly decreased FDG uptake in the tumors of treated
animals, but not in healthy tissue, thus supporting the tumor
specificity of 3-BP action. However, increased, rather than
decreased, FDG uptake was observed in liver and kidney
tissue; this was proposed to be due to energy-demanding
involvement of these tissues in the clearance of 3-BP (Buijs
et al. 2009). This implies that 3-BP affected mitochondrial
production of ATP in these normal cells which then
responded with a temporary upregulation of glucose uptake
to fuel glycolysis.

Other models include a mouse model of spontancous
pancreatic carcinoma, in which the animals were treated
intraperitoneally twice weekly with 5 mg/kg 3-BP, with no
reported toxicity (Cao et al. 2008). As mentioned, this
treatment did not affect tumor volume at all (Cao et al.
2008). In a recent study, SCID mice with highly aggressive
implanted lymphoma were also treated intraperitoneally
with 3-BP (10 mg/kg), resulting in significant reduction in
tumor growth in animals treated daily for 7 days, with
approx 20% weight loss compared to controls as the only
reported side effect (Schaefer et al. 2012).

Toxic effects of 3-BP have been reported for some types
of non-tumor cells in vitro. The effects on HK, GAPDH,
SDH and vacuolar H™ ATPase mentioned above were ob-
served in rat liver mitochondria and in normal rat thymo-
cytes (Dell’Antone 2009); it was indeed proposed that
above 20-30 uM, 3-BP may lead to severe toxic side effects
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(Dell’Antone 2006). Direct effects on highly ATP-
dependent spermatozoa have been reported (Jones et al.
1996; Kumar et al. 2008), and on similarly ATP-dependent
kidney proximal tubule cells (Jones et al. 1996); these find-
ings are in line with effects on mitochondria and with
increased uptake of FDG in liver and kidney (Vali et al.
2008; Buijs et al. 2009). Clearly, more investigation of 3-BP
effects on normal cells is warranted.

Concluding remarks

Many direct and indirect targets of 3-BP have thus been
reported. Although some of them have been investigated
only in normal cells, and others only in tumor cells, most, if
not all, of them are involved in energy metabolism.
However, their respective role(s) in the anticancer effect
and the toxic effects of 3-BP need to be further investigated.
The many targets may also allow 3-BP to as it were lay siege
to cancer cells: since these can adapt to various environ-
mental and energy-related challenges, e.g., can switch be-
tween glycolytic, glutaminolytic and oxidative metabolism
(Smolkova et al. 2010) and can use autophagy to overcome
metabolic stress (White & DiPaola 2009), an efficient drug
should target each of these escape routes.

Furthermore, the total antitumoral effect of 3-BP in vivo
may include as yet unexamined secondary effects on the
complex tumoral environment, e.g., via normalization of
extracellular pH. Increased extracellular pH can have sever-
al effects, e.g., it supports the activity of chemotherapeutic
drugs that are mildly basic and reduces metastasis (McCarty
& Whitaker 2010). Another secondary effect of 3-BP could
be to decrease extracellular lactate levels leading to starva-
tion of neighboring lactate-dependent tumor or stromal
cells. Indeed, the in vivo anticancer effect of inhibition of
lactate uptake combined with inhibition of glycolysis may
be considerable (Sonveaux et al. 2008).

As suggested above, the antitumor efficacy of 3-BP as
single agent in some reports might in part be due to an
extreme sensitivity of hepatical tumors to the drug. If other
tumor types turn out to be less sensitive, this does not
preclude the possible use of 3-BP in combinations with, e.
g., standard chemotherapeutic drugs. As we have discussed
earlier (Berndtsson et al. 2007; Thrlund et al. 2008), any
potentiating or synergistic effect of 3-BP with such drugs
could potentially both decrease the necessary dose of che-
motherapeutic drug and increase the tumor specificity of the
treatment.

Although 3-BP is often presented as a pyruvate mimetic,
its effects appear to be mediated mainly by its alkylating
properties, notably towards thiols. In addition to the
metabolism-modulating effects of the drug, 3-BP titrates
glutathione (Qin et al. 2010), the major cellular thiol; this
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may be of major importance for some of its chemopotenti-
ating effects. However, considering the importance of thiols
in many enzymes, the affinity for thiols increases the risk for
toxic side effects. Thus, the pharmacokinetics and other in
vivo properties of 3-BP need to be further investigated.
Possible toxicities must also be further examined both in
cell culture and in vivo. Optimal means of administration
must be determined; if low side toxicity turns out to depend
on low drug uptake from blood vessels during systemic
treatment, perhaps future nanoparticle technology may be
able to overcome this problem.

It is in the context of toxicity versus efficacy interesting
to compare 3-BP with cisplatin—a clinically very important
small-molecule drug (MW 301.1) that creates DNA adducts
but whose total cytotoxic effects involve its high reactivity
towards protein thiols, effects on mitochondria and induc-
tion of ROS (Goodisman et al. 2006; Custodio et al. 2009;
Rybak et al. 2007) and which via some such mechanism is
toxic to normal, non-dividing inner ear cells and kidney
tubule cells (Custodio et al. 2009; Rybak 2007; Kruidering
et al. 1997; Santos et al. 2007). The latter cells have been
reported to be sensitive to 3-BP, and 3-BP was also found to
induce diuresis (Jones et al. 1996). It may thus be important
to assess both ototoxicity and nephrotoxicity of 3-BP.

In summary, the hitherto impressive tumor-specific effi-
cacy of 3-BP, its promise as a chemopotentiating agent and
its as yet unclear pharmacokinetics and possible side effects
together give reason to be both optimistic and cautious
about the future of 3-BP.
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