
Abstract. Both normal (PTN1A) and cancer (PC3) prostate
cells produce high levels of L-lactate because of a low energy
supply via the citric cycle and oxidative phosphorylation. Since
some mammalian mitochondria possess a mitochondrial
L-lactate dehydrogenase (mLDH), we investigated whether
prostate cells can take up L-lactate and metabolize it in the
mitochondria. We report here that externally added L-lactate
can enter both normal and cancer cells and mitochondria, as
shown by both the oxygen consumption and by the increase
in fluorescence of NAD(P)H which occur as a result of
L-lactate addition. In both cell types L-lactate enters mito-
chondria in a carrier-mediated manner, as shown by the
inhibition of swelling measurements due to the non-penetrant
thiol reagent mersalyl. An L-lactate dehydrogenase exists in
mitochondria of both cell types located in the inner
compartment, as shown by kinetic investigation and by
immunological analysis. The mLDHs proved to differ from
the cytosolic enzymes (which themselves differ from one
another) as functionally investigated with respect to kinetic
features and pH profile. Normal and cancer cells were found
to differ from one another with respect to mLDH protein
level and activity, being the enzyme more highly expressed
and of higher activity in PC3 cells. Moreover, the kinetic
features and pH profiles of the PC3 mLDH also differ from
those of the PNT1A enzyme, this suggesting the occurrence
of separate isoenzymes. 

Introduction

Cancer is considered a multi-step, complex genetic disease in
which oncogenes and tumour suppressor genes undergo
mutations with increase and decrease of their functions,
respectively. Because of the genetic background of the

disease, the study of cancer has traditionally been focused on
the identification and functional characterization of many of
these cancer genes. Nonetheless, metabolic anomalies in the
form of altered flux through key metabolic pathways are
primary hallmarks of many malignant tumours. Unfortunately,
at present, understanding of cancer cell metabolism remains
still partial and under-investigated, thus preventing for instance
development of drugs to directly target such altered metabolic
pathways of malignant tumours in a metabolic therapy.

There is an interest in the renaissance, from the early days
of the 20th century, of an old-fashioned and rather neglected
feature of cancer cells, namely their peculiar aerobic meta-
bolism in which a large amount of L-lactate (L-LAC) is
produced. In most cases cancer cells have an increased glucose
consumption rate in spite of a low respiration and in order to
prevent poisoning themselves, they have a concurrent high
rate of L-LAC release when compared to normal tissues
(1-3). This may result in an increase in L-LAC concentration
inside the tumour itself and in its close vicinity (4,5) which
could in turn produce local changes in metabolic activities
given that the increased local L-LAC concentration could
provide a possible source for cell energy requirements in
competition with glucose or other substrates (6). On the other
hand it was shown that various biological activities of L-LAC
can enhance the malignant behavior of cancer cells. They
include the activation of hyaluronan synthesis by tumour-
associated fibroblasts and direct enhancement of cellular
motility which generates favorable conditions for metastatic
spread (7). Thus, L-LAC accumulation not only mirrors but
also actively enhances the degree of tumour malignancy;
accordingly it was found that the mean L-LAC dehydrogenase
(LDH) level in breast carcinoma is two-fold greater than in
normal breast tissue (8) and a direct correlation was suggested
to exist between ovarian epithelial tumour grade and LDH
level (9). Thus the elucidation of the L-LAC metabolism and
its impairment in cancer cells is an essential goal to be
pursued.

A fundamental change in the overall view of the role of
L-LAC in metabolism occurred when it was shown that O2

limitation is not a requirement for net L-LAC formation in
normal cells and that L-LAC is an important intermediary in
glucose metabolism, a mobile fuel for aerobic metabolism,
perhaps a mediator of redox state among various compart-
ments both within and between cells and a signal in gene
expression (10,11). A basic revolution in thinking about
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L-LAC is actually occurring since it has been accepted that
mitochondria can participate in L-LAC metabolism by virtue
of a mitochondrial LDH (mLDH) shown to exist in a variety
of mammalian mitochondria (10) and recently included in the
MitoCarta (12) and that hydrogen peroxide production takes
place as a result of L-LAC metabolism via the putative
L-LAC oxidase (L-LAC-OX) in rat liver mitochondria (13).

These recent findings require a substantial revision of
views on cancer L-LAC metabolism. At present L-LAC
produced in cancer cells is commonly considered only as a
waste product to be exported to the bloodstream (1-3,14,15).
However, in light of the recent achievements in L-LAC
metabolism there is reason to suspect that L-LAC can be
metabolized inside the cells and possibly in the mitochondria.
In spite of this, to the best of our knowledge, the metabolism
of L-LAC has not yet been investigated in cancer cells. Thus,
whether cancer cells can take up L-LAC and whether mito-
chondrial L-LAC metabolism occurs, activities that would be
required for the substance to play a role in cancer cell energy
metabolism, remains to be established.

Prostate cells provide a good model for such studies.
Indeed both normal (PNT1A) and cancer (PC3) cells produce
high levels of L-LAC because the energy supply via the citric
cycle and oxidative phosphorylation are reduced due to
citrate production and export into the extracellular space and
into the cytosol in the case of the normal cells and of cancer
cells, in which high fatty acid synthesis occurs (16), respecti-
vely. Interestingly glutamine (17) and fatty acids (18,19) have
already been reported as energy fuel in prostate cancer cells.

We show here that both normal and cancer prostate
cells can take up externally added L-LAC which can enter
mitochondria in a carrier-mediated manner; in the inner
mitochondrial compartment a novel mLDH exists (different
from the cytosolic enzyme) which is highly expressed and
very active in cancer cells where it differs functionally from
that existing in normal cells. Interestingly cytosolic L-LAC
dehydrogenases (cLDHs) of normal and cancer cells proved
to differ functionally from one another. 

Materials and methods

Antimycin A, aprotinin, arsenite, bovine serum albumin (BSA),
cysteine, dithiothreitol, Na-EDTA, EGTA, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP), glucose, glucose-
6-phosphate, HEPES, KOH, L-glutamine, L-lactic acid, bovine
heart LDH (EC 1.1.1.27), leupeptin, malic acid, mersalyl,
porcine heart malate dehydrogenase (MDH) (EC 1.1.1.37),
NADH, NAD+, oxamate, penicillin/streptomycin, pepstatin,
phenylmethane-sulfonyl fluoride, potassium cyanide, pyruvic
acid, rotenone, sodium pyruvate (PYR), succinic acid, Tris,
Triton X-100 and Tween-20, were from Sigma-Aldrich Chemie
(Steinheim, Germany); skimmed milk powder and ouabain
were from Fluka (Mallinckrodt, Buchs, Switzerland). Sucrose
was from Baker (Deventer, The Netherlands). All chemicals
were of the purest grade available and were used as Tris salts at
pH 7.0-7.4. Rotenone, antimycin A and FCCP were dissolved
in ethanol. Fetal bovine serum and RPMI-1640 were from
BioSpa (Milan, Italy). Both primary goat polyclonal anti-LDH,
goat polyclonal anti-ß-tubulin (ß-TUB), rabbit polyclonal anti-
cytochrome c oxidase subunit IV (COX IV) and secondary

anti-goat and anti-rabbit horseradish peroxidase-conjugated
sera were from Abcam Plc. (Cambridge, UK).

Cell cultures. PNT1A cells (a human prostate normal cell
line established by immortalization of normal adult prostate
epithelial cells) and PC3 cells (a human prostate carcinoma
cell line derived from a bone metastasis) were obtained from
the European Collection of Cell Cultures (ECACC Salisbury,
UK). PNT1A cells were maintained at 37˚C in the presence
of 5% CO2 in RPMI-1640 supplemented with 10% inactivated
fetal bovine serum, 2 mM glutamine, 100 U/ml of penicillin
and 100 μg/ml of streptomycin. PC3 cells were maintained as
for PNT1A cells with the addition of 1 mM PYR.

Cell suspension, homogenate and mitochondria prepa-
rations. Before each experiment, the culture medium was
removed and the plated PNT1A or PC3 cells were washed
with phosphate-buffered saline (PBS) medium containing
138 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 15 mM
KH2PO4, pH 7.4, and then collected by gentle scraping into a
1 ml of PBS medium.

Cell suspension was obtained by centrifuging collected
cells at 3000 rpm for 2 min and suspending the pellet in the
same volume of PBS medium (pH 7.4). Cell membrane
integrity was assayed by trypan blue exclusion assay (20).
The final cell suspension routinely contained 85-95% intact
cells. Cell homogenates from a cell suspension were obtained
by 30 gentle strokes with a Dounce Potter homogenizer at
room temperature. Rupture of cell membranes was assayed
by trypan blue exclusion assay (20). Mitochondria were
isolated from cell homogenates as in Pallotti and Lenaz (21)
with minor modification. The cell homogenate was centri-
fuged at 1500 x g for 10 min. The pellet was re-suspended
and homogenised by 20 strokes with a Dounce homogenizer
and then centrifuged at 1500 x g for 10 min. The combined
supernatants were centrifuged at 1500 x g for 5 min. The
supernatant obtained was centrifuged at 17000 x g for 11 min.
The pellet, i.e. the mitochondrial fraction, was suspended in
standard medium consisting of 0.25 M sucrose, 10 mM KCl,
1.5 mM MgCl2, 1 mM Na-EDTA, and 20 mM HEPES-KOH
(pH 7.4). Cytosolic fractions were obtained by centrifuging
(105,000 x g for 60 min) the supernatant obtained during
mitochondria isolation. All the operations were made on ice
and the centrifugations at 4˚C. Mitochondria isolated from
cells or present in cell homogenates were checked for their
intactness by measuring the activities of adenylate kinase
(ADK) and glutamate dehydrogenase (GDH) (22) which are
marker enzymes of the mitochondrial intermembrane space and
matrix, respectively, in the supernatant obtained by centrifuging
either the mitochondrial suspension or the cell homogenate.
Glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49), a cyto-
solic marker, was assayed as described (23) in both mito-
chondrial and cytosolic fractions. Mitochondrial and cytosolic
protein content was determined by the Lowry method (24)
with bovine serum albumin (BSA) used as a standard.

Polarographic measurements. Oxygen consumption was
measured polarographically (25) using a Hansatech oxygraph
with a Clark electrode. Either cell suspensions (107 cells) or
cell homogenates (2 mg protein) were incubated in a
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thermostated (25˚C) water-jacketed glass vessel containing
PBS (final volume 0.5 ml) medium. Since the incubation
chamber required continuous stirring to allow oxygen to
diffuse freely, the design included a magnetic stirring system.
The rate of oxygen uptake was measured with the appropriate
software from the tangent to the initial part of the progress
curve and expressed as natom O x min-1 x 107 cells or natom
O x min-1 x mg-1 cell protein. The sensitivity of the instrument
was set so as allow rates of oxygen consumption as low as
0.2 natom O min-1 x mg-1 protein to be measured.

Fluorimetric assays of the redox state of pyridine nucleo-
tides. Changes in the redox state of pyridine nucleotides
were monitored fluorimetrically, using a Perkin-Elmer
(Beaconsfield, UK) LS50B spectrofluorimeter set at excita-
tion and emission wavelengths equal to 334 and 456 nm,
respectively. Uptake of L-LAC was monitored as described
(25). Either PNT1A or PC3 cell suspension (1 mg of protein
each) was incubated in 2 ml of PBS medium in the presence
of FCCP (1 μM) followed by addition of rotenone (ROT, 2
μg). NAD(P)+ reduction was observed as an increase in
fluorescence, and the rate of reaction was calculated as the

tangent to the initial part of the progress curve and expressed
as nmol NAD(P)+ reduced x min-1 x mg-1 protein. The
NAD(P)H fluorescence was calibrated as described (26).

Swelling experiments. Mitochondrial swelling was monitored
photometrically (25) at a wavelength of 546 nm. Mito-
chondria from PNT1A (PNT1A-M) or from PC3 (PC3-M)
(0.1 mg protein each) were rapidly added to isotonic
solutions of ammonium salts, the pH values of which were
adjusted to 7.4, and the decrease in absorbance was recorded.

Enzymatic assays. Assay of LDH was performed photo-
metrically at 25˚C by means of a Jasco (Tokyo, Japan) V570
spectrophotometer at a wavelength of 334 nm, as described
(25), by following the absorbance changes reflecting either
NADH oxidation or NAD+ reduction resulting from PYR or
L-LAC addition, respectively, as a function of time. For the
assays, either Triton X-100 (TX-100) solubilised mitochon-
dria or the cytosolic fractions from either PNT1A or PC3
cells (0.02 mg of protein each), were incubated in 2 ml of
standard medium with 0.2 mM NADH or 1 mM NAD+, in
the presence of ROT (2 μg) to avoid NADH oxidation by
complex I, and the appropriate substrate was then added to
start the reaction. Rates were obtained as the tangent to the
initial part of the progress curves and expressed as nmol/μmol
of NAD+ reduced or NADH oxidized x min-1 x mg-1 mito-
chondrial or cytosolic protein (Â334 nm = 6.22 mM-1 x cm-1).

Immunoblot analysis. Immunoblot analysis was performed
on either mitochondrial or cytosolic proteins by using
antibodies against LDH, COX IV and ß-TUB. Antibodies
recognizing COX IV and ß-TUB were used as markers of
mitochondria and cytosol, respectively. Either isolated
mitochondria or cytosolic fractions were added to a medium
consisting of 500 mM NaCl, 50 mM Tris/HCl (pH 7.5),
1 mM EGTA, 1 mM Na-EDTA, 0.5 mM dithiothreitol,
2 mM phenylmethanesulphonyl fluoride, 10 μg/ml aprotinin,
10 μg/ml leupeptin, 10 μg/ml pepstatin in the presence of 1%
Triton X-100, used to solubilise mitochondria as well as any
cell vesicles formed in the isolation of mitochondria. Protein
content was determined using the Bradford reagent (Bio-Rad
Laboratories, Hercules, CA, USA), with BSA as a standard.
Solubilised proteins (20 μg) were subjected to electro-
phoresis on 12% SDS/polyacrylamide gels (27). Following
electrophoresis, protein blots were transferred to a poly-
(vinylidenedifluoride) membrane. The membrane was blocked
with 5% non-fat milk in Tris buffer solution (pH 7.5), and
incubated overnight with the corresponding primary anti-
bodies at 4˚C. After washing three times with Tris buffer
solution (pH 7.5) plus Tween-20 (0.3%), the membrane was
incubated at room temperature for 1 h with horseradish
peroxidase-conjugated secondary antibody. The detected
protein signals were visualized with enhanced chemilumines-
cence Western blot reagents (Amersham, ECL, Little
Chalfont, UK). Relative absorbances and areas of bands were
quantified using a GS-700 Imaging Densitometer implemented
with Molecular Analyst software (Bio-Rad Laboratories).

Statistical analysis and computing. Data are reported as the
mean ± standard deviation (S.D.). Statistical analysis was
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Figure 1. Oxygen uptake by both PNT1A and PC3 cells added with either
L-lactate or glucose. Either PNT1A (A) or PC3 (B) cells (107 cells each)
were incubated in PBS (final volume 0.5 ml) medium at 25˚C and oxygen
uptake was measured as a function of time. At the arrows the following
addition were made: L-lactate (L-LAC, 5 mM), oxamate (OXAM, 10 mM),
glucose (10 mM), ouabain (OUA, 1 μM). Numbers along curves are rates of
oxygen consumption expressed as natom O x min-1 x 107 cells.
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performed by the Student's t test. Experimental plots were
obtained using Grafit software (Erithacus).

Results

Externally added L-lactate can enter both prostate cells and
isolated mitochondria. In order to gain insight into the L-
LAC metabolism in prostate cells, an initial set of experi-
ments was carried out to determine whether externally added
L-LAC can enter either PNT1A or PC3 cells. This was
investigated first by checking whether addition of L-LAC
to cells results in oxygen consumption (Fig. 1). As a result of
L-LAC (5 mM) addition to either PNT1A or PC3 cells oxygen
consumption was found to occur at a rate of 2.0 and 3.0 natom
O x min-1 x 107 cells, respectively, in a manner inhibited by
either 10 mM oxamate (OXAM), an inhibitor of LDH (28)

(Fig. 1Aa, Ba), or ROT (2 μg), an inhibitor of electron flow
in respiratory complex I (not shown). In three experiments
carried out with different cell preparations the rates of L-LAC
oxidation were 1.9±0.1 and 3.0±0.6 natom O x min-1 x 107

PNT1A or PC3 cells, respectively. In the same experiment,
to ascertain whether cells were intact, use was made of
glucose (10 mM) as a respiratory substrate either in the
absence or presence of ouabain (OUA, 1 μM), which can
prevent glucose transport into the cells by blocking the Na+-K+

pump which drives glucose uptake (29). Glucose oxidation
(2.0 and 5.0 natom O x min-1 x 107 PNT1A and PC3 cells,
respectively) was completely abolished by OUA in both
cases this showing that the cells were intact.

The results in Fig. 1 show that intact prostate cells can
take up externally added L-LAC and metabolise it in reaction/s
in which NAD+ is involved. Both to confirm such a conclusion
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Figure 2. Fluorimetric investigation of the redox state of the pyridine nucleotides caused by L-LAC addition to either PNT1A or PC3 cells. Either PNT1A (A)
or PC3 (B) cells (1 mg cell protein each) were incubated at 25˚C in 2 ml PBS medium in the absence or presence of arsenite (+ARS, 5 mM) or oxamate
(+OXAM, 10 mM) and reduction of pyridine nucleotides was followed fluorimetrically (Ïexc = 334 nm; Ïem = 456 nm) as a function of time. At the arrows the
following additions were made: FCCP (1 μM), rotenone (ROT, 2 μg), L-lactate (L-LAC, 5 mM). Numbers along curves are rates of fluorescence increase
measured as the tangent to the initial part of the progress curve and expressed as nmol of intramitochondrial NAD(P)+ reduced x min-1 x mg-1 of protein.
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and to ascertain how L-LAC metabolism occurs, we used a
procedure in which prostate cell intrinsic fluorescence was
monitored as a function of time, using a wavelength pair
designed to monitor the cellular NAD(P)H level (Fig. 2). In a
typical experiment, both prostate cell suspensions were
treated with the uncoupler FCCP (1 μM) which caused the
oxidation of the intramitochondrial NAD(P)H, and when the
fluorescence remained constant (~3 min later), with ROT
(2 μg), used to prevent the mitochondrial oxidation of the

NAD(P)H newly formed in the mitochondrial matrix from
externally added substrates. Following ROT addition, a small
increase in NAD(P)H fluorescence was found likely arising
from oxidation of NAD+-linked endogenous substrates. As
a result of the addition of 5 mM L-LAC, an increase in
fluorescence occurred in both PNT1A and PC3 cells at a rate
of 0.12 and 0.23 nmol NAD(P)+ reduced x min-1 x mg-1 cell
protein, respectively (Fig. 2A, B). In three experiments
carried out with different cell preparations the rates were
0.10±0.03 and 0.20±0.05 nmol NAD(P)+ reduced x min-1 x mg-1

PNT1A and PC3 cell protein, respectively, different as judged
by a statistical analysis carried out using the Student's t-test
(p<0.05). This confirms that L-LAC can enter both PNT1A and
PC3 cells where it is metabolised in a NAD+ linked reaction/s.

One possible explanation of the fluorescence increase
is that the imported L-LAC can be oxidized to PYR in the
cytoplasm via cLDH and then PYR can enter mitochondria to
be metabolized via pyruvate dehydrogenase (PDH) with
intramitochondrial NAD+ reduction. On the other hand, since
a mitochondrial LDH exists in a variety of mitochondria
(10,12) there is the possibility that L-LAC itself is taken up
by mitochondria and oxidized via a putative prostate mLDH
with further oxidation of the newly synthesised PYR via
PDH.

The results in Fig. 2 are consistent with both these mecha-
nisms and to distinguish between them we used OXAM
and arsenite (ARS) specific inhibitors of LDH and PDH,
respectively. In both PNT1A and PC3 cells no fluorescence
increase occurred when L-LAC was added in the presence
of OXAM (10 mM), this showing the crucial role of LDH in
the formation of NAD(P)H (insets to Fig. 2). In a parallel
experiment, the addition of ARS (5 mM), which can enter
both cells and mitochondria and inhibit PDH (30), decreased
the rate of NAD(P)H formation by ~50% showing that
NAD(P)H formation is partially independent of PDH (insets
to Fig 2). PYR (1 mM) itself failed to cause increase in
NAD(P)H fluorescence when added to either cell suspension
under the same experimental conditions (data not shown),
strongly suggesting that the fluorescence increase is due to
further oxidation of PYR newly synthesised from L-LAC,
via the PDH complex and not to uptake and oxidation of the
pyruvate newly synthesised in the cytoplasm from L-LAC.
In a control experiment we found that no change of
fluorescence takes place in the absence of FCCP, this
excluding the possibility that an increase in NADH level had
occurred in the cytoplasm by the cLDH reaction. The results
of the above experiments require that L-LAC is taken up by
mitochondria and that mitochondria contain an mLDH.

To gain insight into the mechanism by which mito-
chondria from both PNT1A (PNT1A-M) and PC3 (PC3-M)
cells can take up externally added L-LAC, mitochondrial
swelling in 0.1 M ammonium L-LAC (NH4-L-LAC) solution
was monitored as absorbance decrease at 546 nm (Materials
and methods). Swelling in an isotonic solution of the ammo-
nium salt of a penetrant anion is characteristic of mitochondria
(31). The decrease of absorbance of the prostate mitochondria
suspensions in NH4-L-LAC (Fig. 3) shows that they can take
up L-LAC and that this occurs in a proton-compensated
manner. Both the rate and the amplitude of swelling were
lower than that which occurred in 0.1 M ammonium acetate
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Figure 3. Swelling in ammonium L-lactate solution of mitochondria isolated
from either PNT1A or PC3 cells. Either PNT1A-M or PC3-M (0.1 mg
protein each) were added to ammonium acetate (NH4-Ac), ammonium phos-
phate (NH4-Pi), ammonium L-lactate (NH4-L-LAC), ammonium pyruvate
(NH4-PYR) (0.1 M each) or 0.25 M sucrose. Where indicated mersalyl
(MERS, 200 nmol/mg mitochondrial protein) was present in either NH4-L-
LAC or NH4-Ac mitochondrial suspension. Mitochondrial swelling was
monitored at the wavelength of 546 nm as described in Materials and
methods.
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(NH4-Ac), a highly penetrant anion which enters mitochondria
via diffusion (31). No significant swelling was found in 0.25 M
sucrose, showing the intactness of the mitochondrial
membranes. Both PNT1A-M and PC3-M were also found to
swell in ammonium pyruvate (NH4-PYR) and ammonium
phosphate (NH4-Pi) solutions. In the presence the thiol
reagent mersalyl (200 nmol/mg mitochondrial protein) which
cannot enter mitochondria and can inhibit a variety of
carriers (32), inhibition of swelling in NH4-L-LAC, but not in
NH4-Ac, was found, this showing that L-LAC transport
occurs in a carrier-mediated manner and that thiol group/s
is/are present in the carrier/s. Consistently, cysteine (2 mM)
addition resulted in the removal of swelling inhibition by
mersalyl (not shown).

Mitochondria isolated from prostate cells contain their own
L-lactate dehydrogenase. Having established that L-LAC can
enter mitochondria, the existence of the mLDH was monito-
red via immunological analysis. In a first set of experiments
Western blot analysis was carried out by using anti-LDH
antibody. COX IV was used as a mitochondrial marker and
challenge with an anti-COX IV antibody showed constant
levels of protein (Fig. 4) (for details Materials and methods).
Fig. 4 shows the occurrence of the novel mLDH in both
PNT1A-M and PC3-M but at different protein levels. The
ratio mLDH/COX IV used to normalize protein levels, was
~2.00±0.01 times higher in PC3-M compared with that
found in PNT1A-M (p<0.05). As a control of mitochondrial
purity, both mitochondrial samples were subjected to immuno-

logical analysis by using an antibody raised against ß-TUB, a
protein restricted to cytoplasm. No cross-reacting material was
found, this confirming that all mitochondrial preparations were
completely free of cytosolic contamination.

In parallel the same analysis was carried out on the cyto-
solic fraction of either PNT1A (PNT1A-C) or PC3 cells
(PC3-C). As expected both cLDH and ß-TUB, but not COX
IV, were recognized by their antibodies. The ratio cLDH/ß-
TUB used to normalize protein levels, was ~1.9±0.01 times
higher in PC3-C compared with that found in PNT1A-C
(p<0.05).

In another set of experiments the existence of the prostate
mLDH was functionally investigated by checking (Fig. 1)
(25), the ability of externally added L-LAC to cause uptake
of oxygen, using either PNT1A or PC3 cell homogenates (2 mg
cell protein each) (Fig. 5). First we confirmed that mito-
chondria were essentially intact as shown by the lack of
activity of both ADK and GDH, marker enzymes of the
intermembrane space and of the matrix, respectively (22), in
homogenate supernatants (Materials and methods). Homo-
genates were incubated in the presence of 1 μM FCCP, used
to maximize the rate of the intramitochondrial oxidation of
respiratory substrates. Following the addition of 5 mM L-LAC
to either PNT1A or PC3 cell homogenates, oxygen uptake
occurred at a rate of ~0.6 and 1.4 natom O x min-1 x mg-1 cell
protein, respectively, thus showing that prostate cell mito-
chondria oxidize L-LAC rather poorly but that the rate of
L-LAC oxidation increases in cancer cells (Fig. 5A and B).
In three separate experiments the rates were 0.60±0.05 and
1.3±0.2 natom O x min-1 x mg-1 protein in PNT1A and PC3
cell homogenates, different as judged by a statistical analysis
carried out using the Student's t test (p<0.05), respectively. In
both cases oxygen consumption was abolished by OXAM
(10 mM). Interestingly PYR (5 mM) failed to cause oxygen
consumption when added to either cell homogenate under the
same experimental conditions (data not shown). In the same
experiment, we checked whether prostate mitochondria oxi-
dized succinate (SUC, 5 mM), used as a respiratory substrate,
either in the absence or presence of 1 mM ADP. The
respiratory control ratios (i.e. the ratio of the rate of oxygen
uptake in the presence, state 3, or absence of ADP, state 4),
were 3.5 in PNT1A and 2.5 in PC3 cell homogenates (insets
to Fig. 5). Rates of SUC oxidation found in PC3 cell
homogenates were higher than those found in PNT1A cell
homogenates, both in state 4 (0.2 and 0.6 natom O x min-1 x
mg-1 protein, respectively) and state 3 (0.7 and 1.5 natom O
x min-1 x mg-1 protein, respectively). In three separate
experiments oxygen consumption by PNT1A and PC3 cell
homogenates added with SUC (5 mM) occurred with rates of
0.25±0.1 and 0.60±0.1 natom O x min-1 x mg-1 protein in
state 4 and 0.75±0.05 and 1.50±0.1 natom O x min-1 x mg-1

protein in state 3, respectively. These results confirm that
energy metabolism in prostate cells is poorly dependent on
oxidative phosphorylation (15,16). In the same experiment
L-LAC, but not PYR, addition was found to cause increase
of the intramitochondrial pyridine nucleotide fluorescence
(Fig. 2) (data not shown).

Thus, both to confirm that PNT1A-M and PC3-M
contain their own mLDH, and to determine the LDH intra-
mitochondrial localization, we investigated the presence of
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Figure 4. Western blot analysis of either PNT1A-M or PC3-M extracts.
Solubilised mitochondria (PNT1A-M, PC3-M) and cytosolic fractions
(PNT1A-C, PC3-C) (20 μg protein loaded in each lane) were analyzed by
Western blot analysis using LDH-specific antibody, as described in
Materials and methods. Mitochondrial purity was confirmed by detection of
the presence of the mitochondrial marker protein COX IV and by the
absence of the cytosolic marker protein ß-TUB.
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mLDH activity in isolated mitochondria. To do this, both
PNT1A-M (Fig. 6A) and PC3-M (Fig. 6B) (0.02 mg each)
were incubated with ROT (2 μg) followed by either NADH
(0.2 mM) plus PYR (1 mM) (traces a and b) or NAD+ (1 mM)
plus L-LAC (5 mM) (traces a' and b'). These substrate pairs
allow for monitoring the LDH reaction in the sense of NADH
oxidation or NAD+ reduction, respectively; in both cases the
absorbance at 334 nm was measured as a function of time
(Materials and methods). No significant change in the absor-
bance was found in either case (Fig. 6A and B), this showing
both the absence of cytosolic LDH contamination and more
importantly the absence of a mitochondrial NAD+-linked
LDH located in external mitochondrial compartments which
include the outer membrane, the intermembrane space and
the outer side of the inner mitochondrial membrane. To
reveal the existence of mLDH inside mitochondria, they were
solubilised by adding the detergent Triton X-100 (TX-100,
0.1%). mLDH activity was then found as revealed by the
decrease/increase of absorbance for NADH plus PYR or

NAD+ plus L-LAC used as substrate pair, respectively. In a
parallel experiment control was also made that after TX-100
addition, mitochondrial solubilisation led to an immediate
absorbance decrease after which no further significant
absorbance change occurred (not shown). The reaction rates
were 0.40 or 0.95 μmol NADH oxidised x min-1 x mg-1

mitochondrial protein and 0.10 or 0.27 μmol NAD+ reduced
x min-1 x mg-1 mitochondrial protein for either PNT1A-M or
PC3-M, respectively. In all cases the changes of absorbance
were abolished when OXAM (10 mM) was included in the
reaction system. These results clearly demonstrate the presence
of mLDH located in the inner mitochondrial compartments
which include the inner side of the inner mitochondrial mem-
brane and the matrix, and that at the substrate concentrations
used mLDH is most active in cancer cells.

Moreover, the possibility was considered that mitochondria
were contaminated by plasma membrane vesicle releasing
cLDH on TX-100 treatment. That this is not the case is shown
in Fig. 6: in both TX-100-treated PNT1A-M and PC3-M,
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Figure 5. Oxygen uptake by homogenates from either PNT1A or PC3 cells added with L-lactate. Homogenates (2 mg protein) from either PNT1A (A) or PC3
cells (B) were incubated at 25˚C in PBS medium (final volume 0.5 ml) in the presence of FCCP (1 μM) and oxygen uptake was measured as a function of
time. At the arrows the following additions were made: L-lactate (L-LAC, 5 mM), oxamate (OXAM, 10 mM). In the insets cell homogenates were incubated
under the same experimental conditions in the absence of FCCP. At the arrows the following additions were made: rotenone (ROT, 2 μg), succinate (SUC,
5 mM), ADP (1 mM), antimycin A (AA, 1.5 μg). Numbers along the curves are rates of oxygen uptake expressed as natom O x min-1 x mg-1 protein.
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where mLDH was found (traces c in the insets to Fig. 6), no
activity of the glucose-6-phosphate dehydrogenase a cytosolic
marker enzyme, occurs (traces d in the insets to Fig. 6).

On the other hand, both cLDH and glucose-6-phosphate
dehydrogenase activities were found in PNT1A-C and in
PC3-C cells (c' and d' in the insets to Fig. 6). Interestingly
cLDH reaction rate was 0.35 and 0.70 μmol NAD+ reduced x
min-1 x mg-1 protein for either PNT1A-CFor PC3-C,
respectively, this showing that cLDH activity increases in
cancer cells.

In order to ascertain whether mLDHs in PNT1A-M and in
PC3-M differ from one another, solubilised PNT1A-M and
PC3-M (0.02 mg protein each) were used and the depen-
dence of LDH reaction rate was studied as a function of
increasing concentrations of either PYR (in the presence of
0.2 mM NADH) or L-LAC (in the presence of 1 mM NAD+)
at pH values ranging from 6.5 to 8.0 (Fig. 7A). Saturation
kinetics were found in all cases. The Km i.e. the substrate
concentration at which half Vmax is measured, and Vmax values
of the reaction from three separate experiments are reported

DE BARI et al: L-LACTATE MITOCHONDRIAL METABOLISM IN PROSTATE CELLS1614

Figure 6. LDH assay in mitochondria from either PNT1A or PC3 cells. Mitochondria (0.02 mg protein) from either PNT1A (A) or PC3 (B) cells were
incubated at 25˚C in 2 ml standard medium consisting of 0.25 M sucrose, 10 mM KCl, 1.5 mM MgCl2, 1 mM Na-EDTA, 20 mM HEPES-KOH (pH 7.4) plus
rotenone (ROT, 2 μg) and then added with either NADH (0.2 mM) (a, b) and NAD+ (1 mM) (a', b'). In the insets both LDH (c, c') and glucose-6-phosphate
dehydrogenase (d, d') activity were assayed in either mitochondrial (PNT1A-M, PC3-M) or cytosolic (PNT1A-C, PC3-C) fractions incubated in 2 ml standard
medium (pH 7.4) plus rotenone (ROT, 2 μg) and then added with either NAD+ (1 mM) or NADP+ (0.25 mM), respectively. At the arrows the following
additions were made: pyruvate (PYR, 1 mM), L-lactate (L-LAC, 5 mM), Triton X-100 (TX-100, 0.1%), glucose-6-phosphate (G6P, 10 mM). Where indicated
oxamate (OXAM, 10 mM) was previously incubated with mitochondria. The rate of absorbance change at 334 nm, measured as the tangent to the initial part
of the progress curve, is expressed as μmol NADH oxidized/NAD(P)+ reduced x min-1 x mg-1 mitochondrial or cytosolic protein.
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with their standard deviations in Table I. As expected in the
light of the results in Fig. 4, the comparison of Vmax values
confirms that PC3 mLDH exhibits activity significantly higher
(p<0.05) than that of the enzyme from PNT1A-M at all the
pH values investigated. Significant differences in mL-LDH
Km values (p<0.05) were found only for PYR at pH 7.0 and
for L-LAC at pH 7.4.

A similar experiment was carried out to compare the
mLDHs with the cytosolic enzymes (Fig. 7B). The Km and
Vmax values of the reaction from three separate experiments
are reported with their standard deviations in Table I. In a
fairly good agreement with Figs. 4 and 6, Vmax values for the
LDH in PC3-C were higher than those of PNT1A-C. On the
other hand, cLDH Km values for PYR differ significantly in
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Figure 7. The dependence of mLDH activity on increasing concentrations of either L-lactate or pyruvate, measured at different pH values. Experimental
conditions were as in Fig. 6. Solubilised mitochondria (A) or cytosolic fractions (B) (0.02 mg protein each) from either PNT1A or PC3 cells were incubated in
2 ml of standard medium, the pH of which was adjusted to 6.5 (‡), 7.0 (●), 7.4 (∫) or 8.0 (■) with either HEPES or KOH. Pyruvate or L-lactate was added at
the indicated concentrations in the presence of either NADH (0.2 mM) or NAD+ (1 mM), respectively. The rates of absorbance change at 334 nm, measured
as the tangent to the initial part of the progress curve, are expressed as nmol NADH oxidized/NAD+ reduced x min-1 x mg-1 mitochondrial or cytosolic protein.
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normal with respect to cancer cells at pH 6.5 and 7.4.
Moreover, significant differences between mLDH and cLDH
Km values for PYR were found at pH values ranging from 6.5
to 7.4 in both PNT1A and PC3 cells.

The results in Table I show that both mLDHs and cLDHs
of PC3 cells differ from those of PNT1A cells. Such a
conclusion was confirmed by plotting the Vmax mean values
reported in Table I as a function of the pH (Fig. 8): the pH
profiles provide further evidence that c and mLDHs differ
from one another in both PNT1A and PC3 cells with PYR
plus NADH (compare traces, Fig. 8Aa, Ba) or L-LAC plus
NAD+ (Fig. 8Ab, Bb) used as substrate pairs and that the
cLDHs differ from mLDHs. In particular the slopes of the
lines fitting the experimental data were different as judged by
a statistical analysis carried out with the Student's t-test, with
the exception of Fig. 8Ba.

Discussion

Even though a detailed research into the intermediary meta-
bolism of normal and neoplastic prostate is essential to future

significant advances in understanding and dealing with
prostate cancer in a metabolic therapy, to date in terms of
(19) ‘the metabolism of the prostate has been a seriously
neglected and largely ignored area of prostate research’. In
particular, given that L-LAC was commonly considered as a
waste product of metabolism in cancer cells (14), including
prostate cancer cells (15), to be exported to the bloodstream,
L-LAC metabolism in prostate cells was completely neglected.
Herein we show (Fig. 9) i) that externally added L-LAC can
enter both normal and cancer prostate cells; ii) that L-LAC is
metabolized essentially by mitochondria, iii) that as in other
mammalian cells (10,25,26,33), an mLDH exists different
from the cytosolic enzyme and highly expressed and more
active in PC3 cells, and iv) that in cancer cells the cLDH
level and activity are higher with respect to those of normal
cells and that these cLDHs are functionally different.

As neurons and muscle cells (10), both normal and cancer
prostate cells can take up and metabolise externally added
L-LAC (Figs. 1 and 2). This has definitely been shown in
experiments in which we found NAD(P)H fluorescence
increases as a result of the addition of L-LAC to either
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Table I. The kinetic parameters of the LDH reactions as calculated in pH range 6.5-8.0.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
L-lactate dehydrogenase reactions

Pyruvate➝ L-lactate
pH 6.5 7.0 7.4 8.0

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
PNT1A-M Vmax 237±92 357±127 432±43 359±28
PC3-M Vmax 851±108 1177±122 1021±51 1245±157

PNT1A-M Km 0.015±0.005 ✕ 0.03±0.008 ● 0.04±0.003 § 0.15±0.07
PC3-M Km 0.02±0.009 + ✕ 0.05±0.005 0.05±0.002 ▼ 0.19±0.08

PNT1A-C Vmax 1594±173 1759±348 2120±653 2170±477
PC3-C Vmax 5525±755 5642±516 6170±425 5658±458

PNT1A-C Km ◆ 0.03±0.01 0.05±0.01 ● * 0.09±0.02 § 0.21±0.01
PC3-C Km ◆ 0.06±0.01 + 0.07±0.01 * 0.13±0.005 ▼ 0.20±0.06
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

L-lactate➝ Pyruvate
pH 6.5 7.0 7.4 8.0

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
PNT1A-M Vmax 77±23 79±10.5 150±45 115±35
PC3-M Vmax 267±79 476±38 417±89 552±130

PNT1A-M Km 3.3±1.9 1.8±0.4 1.5±0.2 ▲ 3±1.6
PC3-M Km 4.0±0.7 2.8±1.1 2.7±0.6 ▲ 2.6±1.2

PNT1A-C Vmax 240±31 371±43 425±40 468±21
PC3-C Vmax 643±96 980±156 1325±226 1827±283

PNT1A-C Km 2.6±0.9 2.1±0.8 2.0±1.0 1.5±0.4
PC3-C Km 2.3±0.6 2.1±0.1 2.3±0.6 3.3±2
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aThe mean values of the kinetic parameters of the L-lactate dehydrogenase were obtained from three separate experiments carried out as in
Fig. 7 on either solubilised PNT1A-M and PC3-M or the respective cytosolic fractions (PNT1A-C and PC3-C). Vmax and Km values (with
their standard deviations) are expressed as nmol of NAD+-reduced/NADH-oxidized x min-1 x mg-1 mitochondrial or cytosolic protein and mM,
respectively. Each symbol pair indicate Km values which differ significantly from one another according to the Student's t test (p<0.05).

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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PNT1A or PC3 cells. At first glance, one could explain such
a result as depending on PYR formation in the cytoplasm and
subsequent PYR uptake and metabolism inside mitochondria
via PDH. However, the failure of externally added PYR to
cause both oxygen uptake and NAD(P)H formation in not
consistent with such a conclusion; in addition ARS a powerful
inhibitor of PDH (30), does not completely prevent NAD(P)H
formation. Thus we are forced to conclude that L-LAC once
inside the prostate cells is essentially metabolised inside
mitochondria. Accordingly, due both to the high affinity of
the cLDHs for pyruvate (Km values ~0.06 mM) and to the
thermodynamics of this reaction, which is completely shifted
to the right, we assume that L-LAC is the ultimate product of
glycolysis. Such a conclusion is consistent with the special
prostate metabolism which results, mainly in normal cells, in

a huge formation of citrate to be exported outside mitochon-
dria and in the extracellular fluid, with a truncated citric cell
cycle and a poor oxidative phosphorylation, this requiring
glycolysis as the main ATP producing pathway.

Although in this study we have not investigated L-LAC
transport in prostate mitochondria in great detail, in light of
the swelling experiments, in which we found spontaneous
swelling of mitochondria suspended in NH4-L-LAC (Fig. 3),
we confirm that prostate mitochondria can take up L-LAC
with net carbon uptake in a proton-compensated manner (31).
That L-LAC uptake can occur in a carrier-mediated manner,
and not via diffusion, is suggested by the evidence that
PNT1A-M and PC3-M show different swelling rate and
amplitude in NH4-L-LAC and other ammonium salt solutions,
including ammonium acetate which can enter mitochondria
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Figure 8. The pH profile of mLDH and cLDH of either PNT1A or PC3 cells. The pH profiles were obtained by plotting the Vmax mean values reported in
Table I as a function of pH. Pyruvate plus NADH or L-LAC plus NAD+ were used as substrate pairs. Dotted lines have been obtained from linear best fitting
of the experimental data.
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via diffusion; more importantly, the inhibition of swelling by
the non-penetrant thiol reagent mersalyl shows definitively
the occurrence of carrier-mediated transport for L-LAC. The
identity of the mitochondrial carrier/s that can transport
L-LAC into mitochondria remains to be established. Unfortu-
nately, at present, in spite of the enormous advances of
proteomics (12) and genome data, a number of members of
the mitochondrial carrier family remain uncharacterized. This
applies to L-LAC transporter/s in prostate mitochondria.
Thus, further functional studies are needed similar to those
already reported (25,26,32,33).

We found that in isolated mitochondria from prostate
L-LAC oxidation took place at a rate low with respect to that
found in mitochondria from other cells (10). Since SUC itself
is oxidized at a rate ~20-30 times lower than those found
either in rat liver mitochondria (26 and refs. therein) or in
cerebellar granule cell homogenates (25 and refs. therein), in
agreement with (34,35) we conclude that in prostate mito-
chondria energy production from both glycolitic substrates,
such as L-LAC, and SUC is very poor. These findings are
consistent with a previous report (18) where fatty acid
oxidation was reported as a dominant bioenergetic pathway
in prostate cancer. In light of initial experiments reported
in Fig. 5, we propose that mitochondrial coupling is less
efficient in PC3-M (14). Depressed expression levels of the
mitochondrial complexes of the oxidative phosphorylation
were found in breast cancer cell mitochondria (36) and more
recently reduced activity of the complex III and IV of the
respiratory chain was reported in PC3 cells (37).

In light of (18) and since oxygen consumption in prostate
is either very low (34,37) or negligible when L-LAC and
PYR, respectively, were used as substrate, L-LAC oxidation
plays a minor/negligible role in energy production in prostate
cells. Nonetheless, comparison made between PNT1A and
PC3 cells suggests that L-LAC is oxidised with higher
efficiency in cancer cells by a factor of ~1.5. In both cases we
do not know the rate limiting step of oxygen consumption
which involves transport across the plasma membrane and
the multistep processes occurring inside the cell (Fig. 9);
however since the relative increase of the rate of L-LAC
oxidation when investigated in cell homogenates was higher
(the ratio was ~2.3), we might assume that the rate of
oxidation of L-LAC derived from extracellular compartments
depends on the rate of L-LAC uptake into the cells perhaps
mediated by a carrier belonging to the monocarboxylate
carrier family (38). This issue requires further investigation.

Prostate mLDH is localised in the inner mitochondrial
compartments as shown essentially by enzymatic assay
(Fig. 6). The mLDH is an NAD(P)+-dependent enzyme, as
shown by reduction of the intramitochondrial pyridine
nucleotides (Figs. 2 and 6). In this regard, the mLDH of
prostate cells is similar to the enzymes found in mitochondria
from other sources (10). Normal and cancer mLDH differ
functionally from one another as shown by the different pH
profiles (Fig. 8) and by the difference in the kinetic
parameters (Table I). The PC3 cell mLDH is essentially
more active; consistently the mLDH level in PC3 cells is
higher than that in PNT1A cells as shown by immunological
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Figure 9. The L-lactate metabolism in prostate cells. L-LAC can both enter prostate cells perhaps via a monocarboxylate translocator and be formed in the
cytosol from glucose, taken up via its own translocator, via glycolysis. Inside the cell L-LAC can be i) hardly catabolized by cLDH, ii) transported into
mitochondria in a carrier-mediated manner via the putative L-LAC/H+ symporter inhibited by mersalyl. Inside mitochondria L-LAC is oxidised by the mLDH,
producing pyruvate. In light of the poor oxygen consumption (Fig. 5) and since fatty acid oxidation is the bioenergetic dominant pathway (18) in prostate, L-
LAC metabolism is suggested to lead to citric cycle anaplerosis to give OAA via pyruvate carboxylase, activated by acetyl-CoA. Citrate could be then formed
to be used essentially in fatty acid synthesis in PC3 cells and exported in the extracellular fluid in PNT1A cells. In both cases citrate transport outside
mitochondria is assumed to occur via the tricarboxylate translocator. Glucose metabolism is assumed to produce NADPH needed for fatty acid synthesis to

membrane; OAA, oxaloacetate; PM, plasma membrane; PYR, pyruvate; R.C., respiratory chain; RIB 5P, ribose 5-phosphate; TCA cycle, tricarboxylic acids
cycle. Enzymes: cLDH, cytosolic LDH; CL, citrate lyase; CS, citrate synthase; mLDH, mitochondrial LDH; PDH, pyruvate dehydrogenase; PC, pyruvate
carboxylase; MERS, mersalyl; mitochondrial carriers: 1, putative L-lactate/H+ symporter; 2, tricarboxylate carrier. Plasma membrane carriers: a,
monocarboxylate carrier; b, glucose translocator; c, citrate translocator.

occur. refers to increase in the indicated processes occuring in PC3 cells. Main abbreviations: AcCoA, acetyl-CoA; MAL, malate; MIM, mitochondrial interal
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analysis (Fig. 4). Based on different Km values and different
pH profiles, cLDHs of PNT1A and PC3 cells which are
apparently different from one another, differ also from the
mitochondrial isoenzymes.

The existence of the mLDH (10,12) raises the question as
to whether an active mitochondrial LDH would destroy the
cytosolic/mitochondrial differences in the NADH/NAD+ ratio
that are fundamental to metabolism. This issue has already
been discussed (32); thus by assuming that in prostate mito-
chondria, as in brain mitochondria the NAD+ concentration is
8-20-fold higher than that of NADH and that PYR is actively
oxidized via PDH, we suggest that mLDH in vivo catalyses
essentially L-LAC oxidation. Ultimately, the removal of the
oxidation product by mitochondrial metabolism and perhaps
by carrier-mediated transport (10) could overcome any
thermodynamic difficulty. For instance the regulation of the
carrier-mediated L-LAC traffic across the mitochondrial
membrane could itself prevent the breakage of the redox
compartmentation expected in the case of unregulated
uptake/metabolism of L-LAC.

Prostate cells produce net citrate accumulation. Indeed,
although glucose is the ultimate precursor for acetyl-CoA,
only one quarter of it is metabolized in the mitochondria via
the PDH reaction to acetyl-CoA mainly in cancer (39),
probably due to the fact that prostate cancer exhibits slow
glycolysis associated with increase of fatty acid metabolism
relative to normal prostate (18). Since prostate cells cannot
oxidize pyruvate (see above and ref. 40 in which externally
added pyruvate proved to be ineffective in increasing the
citrate level, in rat ventral prostate) we exclude that acetyl-
CoA production is a result of the mitochondrial metabolism
of L-LAC, being most of acetyl-CoA provided by fatty acid
oxidation (18,40). This raises the question as to the role of
L-LAC metabolism in prostate. The new L-LAC scenario in
both normal and cancer prostate cells is described in Fig. 9.
We propose that inside mitochondria, metabolism of L-LAC
produced via glycolysis and/or taken up from bloodstream,
could lead to anaplerosis of citric acid cycle intermediates
leading to oxaloacetate (OAA) production via mLDH and
pyruvate carboxylase. As discussed in (15), OAA is supposed
to derive from aspartate, but aspartate pools are modest
compared to the cumulative huge amount of citrate secreted
out of the tissue in normal cells and oxidized in the mito-
chondrial matrix/exported in the cytoplasm for fatty acid
synthesis to occur in cancer cells. Moreover OAA could be
also provided by the combined pool of proline, glutamine
and glutamate, which via 2-oxoglutarate can supply carbon
for the Krebs cycle. In initial experiments not reported here
we found that both citrate and OAA can accumulate inside
the mitochondria as a result of L-LAC addition.

Other fate of PYR might be to participate in the L-LAC/
PYR shuttle already shown to occur (10) thus contributing to
transport of reducing equivalents from cytosol to mito-
chondria and reducing the cell acidosis. The occurrence of
L-LAC metabolism in tumours is not unique; for instance as
early as 1985 it was reported that some tumours release while
others utilize blood L-LAC, and a few other tumours did
neither (41,42). Our work is novel, however, in showing that
mitochondria can play a major role in L-LAC metabolism in
cancer cells and that the LDH levels and activities increase in

cancer cells. This might be used to develop an L-LAC-based
metabolic therapy (43).
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