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We have previoudy demonstrated that the redox reactant
pyruvate prevents apoptosisin the oxidant model of bovine
pulmonary artery endothelial cells (BPAEC), and that the
anti-apoptotic mechanism of pyruvate is mediated in part
via the mitochondrial matrix compartment. However,
cytosolic mechanisms for the cytoprotective feature of
pyruvate remain to be elucidated. This study investigated
the pyruvate protection against endothelial cytotoxicity
when the glycolysisinhibitor 2-deoxy-D-glucose (2DG) was
applied to BPAEC. Millimolar 2DG blocked the cdlular
glucose uptake in a concentration- and time-dependent
manner with >85% inhibition at >5 mM within 24 h. The
addition of 2DG evoked BPAEC cytotoxicity with a
substantial increase in lipid peroxidation and a marked
decrease in intracdlular total glutathione. Exogenous
pyruvate partially prevented the 2DG-induced cdl damage
with increasing viability of BPAEC by 25-30%, and the
total glutathione was also modestly increased. In contrast,
10 mM L -lactate, asa cytosolic reductant, had no effect on
the cytotoxicity and lipid peroxidation that are evoked by
2DG. These resaults suggest that 2DG toxicity may be a
consequence of the diminished potential of glutathione
antioxidant, which was partially restored by exogenous
pyruvate but not L-lactate. Therefore, pyruvate qualifies
as a cytoprotective agent for strategies that attenuate the
metabolic dysfunction of the endothelium, and cdlular
glucose oxidation is required for the functioning of the
cytosolic glutathione/NADPH redox system.
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Introduction

Pyruvate as a key anaplerotic redox reactant can be cardio-
protective during hypoxia, re-oxygenation, and cardioplegia,
as well as during hemorrhagic shock (Zhou et al., 1995;
Mongan et al., 1999; Dobsak et al., 1999). Cardiomyocytes
tolerate supraphysiologica  concentrations of nontoxic
pyruvate (Scholz et al., 1995; Malet and Sun, 1999),
stahilizing the ATP pool and raising the cytoplasmic redox
and phosphorylation potential (Mallet and Sun, 1999). In
addition, pyruvate has the ability to scavenge peroxides and
metal ionsin cell free systems (Herz et al., 1997; Kang et al.,
2001; Kang et al., 2002). We demonstrated that millimolar
pyruvate prevents hydrogen peroxide (H,O,)-induced
apoptosis in cultured thymocytes and endothdid cdls
(Ramakrishnan et al., 1998; Kang et al., 2001). Pyruvate
appears to disable the mitochondrial death pathway via
metabolic improvement in the mitochondrid matrix
(Halestrap et al., 1998; Mallet and Sun, 1999; Kang et al.,
2001). However, the exact cellular mechanisms for this anti-
apoptotic feature of pyruvate are not firmly defined. Other
possible mechanisms for the cdlular antioxidant defenses of
pyruvate may relate to the pentose phosphate pathway linked-
NADPH/glutathione system (Tegero-Tado et al., 1999) and
the lactate dehydrogenase-controlled cytoplasmic NADH/
NAD* system (Mohazzab et al., 1997; Martin et al., 1998).
Thelatter has been implicated in the production of the reactive
oxygen species (ROS) via an NADH oxidase that catalyzes
the single dectron transfer from NADH to molecular oxygen
(Mohazzab et al., 1997; Bassenge et al., 2000).

We examined the cytotoxicity of 2-deoxy-D-glucose
(2DG), a non-metabolized glucose analogue that is known to
inhibit the glycolytic pathway by competing with glucose for
cellular transport (Brown, 1962; Abbink et al., 2001), in
bovine pulmonary artery endothelia cells (BPAEC). We
hypothesized that pyruvate per se can improve cdlular
antioxidant defenses through the stabilization of subcellular
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energetics. To test this hypothesis, BRPAEC was treated with
millimolar pyruvate in the presence of 2DG. The cytosolic
reductant L-lactate was used for comparisons. Measuring the
cell viability, lipid peroxidation, and total glutathione level
determined the cytotoxicity after 2DG stress in the vascular
endothelium.

Materials and Methods

Culture of endothdial cdls and in vitro 2DG injury mode
BPEAC were obtained from the American Type Culture Collection
(Rockville, USA). The cells were plated in aM 199 medium (+1 g/l
glucose) that was supplemented with 25 mM HEPES and 10% fetal
bovine serum and grown in air for 24 h at 37°C under 5% CO.. To
examine the time course and doseresponses of 2DG to cell
viahility, the cells were incubated for 24 h with 1-15mM 2DG
(Sigma, S Louis, USA). The cells were dso incubated for 24 h
with 10mM pyruvate or L-lactate in the presence of various
concentrations of 2DG in order to determine whether pyruvate may
improve the cellular response that is impaired by 2DG.

To determine whether 2DG blocks the cellular glucose uptake,
medium L-lactate was enzymatically measured (Kontron Inc,
Tegimenta, Switzerland) at A =340 nm, essentially according to
Bergmeyer (Bergmeyer, 1974).

Cdl viability At the end of the 24 h-incubation period, a 3-(4,5-
dimetylthiazol-yl)-diphenyl tetrazolium bromide (MTT) assay was
performed to determine the growth rate and quantitate cellular
viability (Denizot and Lang, 1986). Absorbance of the purple
formazan product was measured colorimetricaly a A =570 nm
with background subtraction using A = 690 nm.

Lipid peroxidation To examine whether 2DG causes lipid
peroxidation, thiobarbituric acid reactive substances (TBARS) were
measured in BPAEC that was exposed to 2DG. The incubation
medium was subjected to the thiobarbituric acid assay. The
absorbance of the medium was determined a A =535nm,
according to the previous method with a minor modification (Buege
and Augt, 1978). The cell protein contents were determined by the
Lowry method (Lowry et al., 1951). TBARS were expressed as
nmol malondialdehyde (MDA) as a lipid peroxidation product per
mg protein.

Activation of xanthine oxidase By competing with glucose for
the cellular membrane transport, the glycolytic blockade of 2DG
may decrease the ATP pool (Abbink et al., 2001). Thus, it was
speculated that 2DG could produce ROS via the activation of
xanthine oxidase catalyzing hypoxanthine/xanthine to uric acid, a
breakdown end product of ATP (Becker et al., 1985). To determine
whether xanthine oxidase is activated by 2DG, medium uric acid
was enzymatically measured at A = 293 nm using uricase degrading
uric acid to alantoin (according to Bergmeyer); a this wavelength
2DG did not interfere with the absorbance.

Cdlular glutathione level Total glutathione was examined using
the previous 5,5-dithio-bis(2-nitro-benzoic acid) assay with aminor

modification (Baker et al., 1990). After experimental protocols, the
cells were washed with PBS and extracted with ice-cold 2.25% (w/
v) 5Saulfosalicylic acid. The cel extracts were centrifuged at
12,000 x g for 20min a 4°C. The supernatant was used for the
subsequent determination of total glutathione, whereas the pellet
was dissolved in alysis buffer of 0.1 M NaOH (+0.1% SDS) for the
determination of cell protein content. The total glutathione levelsin
the acid-soluble extracts were determined by an enzymatic
recycling assay with a 100 mM sodium phosphate buffer (pH 7.4).
The buffer contained 0.75 mM 5,5-dithio-bis(2-nitro-benzoic acid),
55mM EDTA, and 1 U/mL glutathione reductase, as well as 0.26
mM NADPH. The linear changes in absorbance a 405 nm were
recorded for 6min. Paradld measurements of the glutathione
standards were performed to quantify the total glutathione levels
that were expressed as nmol per 10° cells.

Data analysis The results are presented as mean+ SEM.
Statistical analyses were conducted using the Statistica Analysis
Systems datistical software package verson 6.12 (SAS Inditute
Inc., Cary, USA). A one-way analysis of the variance was used to
determine the differences between the effects of the two trestment
groups. The differences among the treatment groups were analyzed
with Duncans multiple range test and were considered significant.
Statistical significance was set at P<0.05.

Results

Blockade of glucose uptake by 2DG  To confirm that 2DG
competitively inhibits the cellular uptake of glucose under the
present protocols, medium L-lactate was measured. Compared
to that observed in 2DG-free incubations (Fig. 1), 2DG
sgnificantly blocked the L-lactate release in a concentration-
dependent manner after 12 h with >85% inhibition at >5 mM
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Fig. 1. Blockade of glucose uptake by 2-deoxy-D-glucose (2DG)
in bovine pulmonary artery endothdia cdls over 24h. The
direct effect of 2DG on L-lactate release was determined.
Contral cells were dso incubated with 2DG-free M199 media
Medium L-lactate was enzymaticaly measured. Data are
presented as mean+ SEM of 5 separate incubations. *P<0.05,
relative to no 2DG controls. "P<0.05, relative to both no 2DG
controls and 1 mM 2DG.
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Fig. 2. Typica time course response of the bovine pulmonary
artery endothelia cell growth under different conditions of
energy supply. Cells were incubated in M199 media containing 1
o/l glucose in the absence and presence of 10 mM pyruvate for
72 h. Céls were dso grown in M199 media with no substrate
(none). Data (mean+ SEM, n=4) are expressed as percent cdl
growth relative to none (cell growth =100%). *P<0.05, relative
to none. "P<0.05, relative to pyruvate alone.

within 24 h. This indicates that 2DG amost completely
inhibited the glucose uptake and glycolysis of BPAEC.

2DG toxicity BPAEC did not grow in the glucose-free
media, while cdlls grew rapidly after 48h in the glucose-
containing media, which indicates that glucose is essentia for
cel growth (Fig. 2). The addition of 10 mM pyruvate to the
glucose-free media modestly increased cell growth. Thus,
pyruvate per sein glucose-free mediais a good energy source
that doubles cdll growth.

Figure 3A shows that millimolar 2DG decreased cdll
viability in a concentration- and incubation time-dependent
manner with a rapid decline within 6 h, and thereafter near-
linearly. Thekillingwasupto=30% a 4ha 5 mM 2DG. The
decreased viahility was possbly due to the inhibition of
glycolysis by 2DG, as shown in the lactate release data of Fig.
1. The blockade of the glucose uptake by 2DG increased the
TBARS formation in concentration and incubation time
dependent manner (Fig. 3B). At 25 mM, TBARS significantly
accumulated in the medium over 6-24 h.

Cytoprotection of pyruvate againg the toxicity of 2DG
Figure 4A shows the cytoprotective effect of exogenous
pyruvate against 2DG toxicity. The 24 h-incubation with 2DG
decreased the cell viability concentration-dependently with
killing up to =50% at 15 mM. Pyruvate at 10 mM inhibited
the toxicity of 2DG at al of the tested concentrations, with a
small but still significant increase in the cdl viability by 5
10%. In contrast, equimolar L-lactate had no protective effect
on cell injury that was evoked by 10mM 2DG (Fig. 4B).
Lipid peroxidation was induced by 2DG within 24 h, as
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Fig. 3. Doseresponse relationships between 2-deoxy-D-glucose
(2DG) and bovine pulmonary artery endotheia cdl viability
(panel A). Cells were treated with various concentrations of 2DG
over 24 h. Cdl viability was assessed by MTT test. Data (mean
+ SEM, n=5) are expressed as percent cell survival relative to
2DG-free controls. *P<0.05, relative to 2DG-free controls
(viability = 100%). *P<0.05, relative to cell viability with 1 mM
2DG after 24 h. Concentration-response in TBARS formation
(pane B). TBARS data (mean+ SEM, n=5) was expressed ac
nmol MDA/mg protein. *P<0.05, relative to 2DG-free incubation
(no 2DG) a respective incubation time. "P<0.05, relative to 2 h-
incubation at respective concentration of 2DG.

shown in the TBARS data of Fig. 3B. Pyruvate, but not L-
lactate, significantly lessened the TBARS formation in the
2DG-exposed cdls (Fig. 5A). In addition, pyruvate inhibited
the H,O, toxicity in the 2DG-exposed cdlls (data not shown).
However, the substantial peroxidative injury that isinduced by
2DG may be responsble for the incomplete pyruvate
cytoprotection. Figure 5B depicts the dependence of
endothelia cell viability on lipid peroxidation, measured as
TBARS formation. There was a highly significant inverse
linear correlation (R?=0.9257) between the degree of lipid
peroxidation and endothelial cell viability, indicating that the
cytotoxicity of 2DG was at least partially mediated via lipid
peroxidation.

Peroxidative injury by 2DG It has been demonstrated that
xanthine oxidase is responsible for hypoxia/re-oxygenation-
induced ROS formation and renal epithelid cdl injury
(Greene and Pdler, 1992). One can assume possble
mechanisms for the 2DG-induced endothelia toxicity.
Possibly, 2DG produces ROS during the activation of xanthine
oxidase, perhaps due to an accumulation of the ATP
breakdown  products, hypoxanthine and  xanthine.
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Fig 4. Effects of pyruvate on viability of 2-deoxy-D-glucose
(2DG)-treated bovine pulmonary artery endothdlia cells (pane A).
Cdls were incubated with and without 10mM pyruvate in the
presence of various concentrations of 2DG for 15h. After a 15 h-
incubation, the cdl viability was assessed. Data (mean+ SEM,
n=6) are expressad as percent cdl survivd of 2DG-untrested
controls  (viability=100%). *P<0.05, relative to incubations at
respective concentration of 2DG. In pand B, cedlls were incubated
with and without 10mM L-lactate in the absence and presence of
10mM 2DG for 15h. Data (mean+ SEM, n= 5) are expressed as
percent cdl survivd of 2DG-untreated controls. *P<0.05, relative
to respective 2DG-free incubation (no 2DG).

L-lactate-free control

Hypoxanthine and xanthine appeared to modestly accumulate
with incubation times over 24 h. However, there was no
sgnificant increase in their accumulation in 2DG-treated
BPAEC (Fig. 6), suggesting that the 2DG-induced
peroxidative injury was probably not due to the ROS
formation via an activation of xanthine oxidase.

Blocking the glucose uptake, and in turn glycolysis by
2DG, may modulate the subcellular NADH/NAD* system,
which has been implicated in the production of ROS via
NADH oxidase activity that catayzes the single eectron
transfer from NADH to molecular oxygen (Mohazzab, H. et
al., 1997; Bassenge et al., 2000). Such a mechanism can be
speculated in the 2DG-induced peroxidative injury. As shown,
exogenous NADH measurably potentiated the 2DG toxicity,
and pyruvate did not protect against 2DG plus NADH-
induced cellular demise (unpublished data).

2DG toxicity and intracelular total glutathione level
Applying 10 mM 2DG to BRPAEC caused a =40% decline in
the intracellular total glutathione (Table 1, row 3), which
could be due to the possible inhibition of the pentose
phosphate flux that resulted from the cellular uptake and
utilization of glucose. However, pyruvate produced asmall but
sgnificant increase in the total glutathione level (row 4).
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Fig. 5. Lipid peroxidation in 2-deoxy-D-glucose (2DG)-treated
cels (panel A). Bovine pulmonary artery endothelia cells were
incubated with and without 10 mM pyruvate or L-lactate in the
absence and presence of 10mM 2DG. After a 15 h-incubation,
TBARS data (mean + SEM, n=6) are expressed as nmol MDA/
mg protein. *P<0.05, relative to respective 2DG-free controls (no
2DG). +P<0.05, reldive to 10 mM 2DG-controls. Panel B shows
a direct relationship between cell viability and TBARS in 2DG-
treated BPAEC. Endothelia cells were incubated with various
concentrations of 2DG over 24h. TBARS was expressed as
nmol MDA/mg protein, and cell viability was expressed as
percent viability of 2DG-free incubations.
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Fig. 6. Endothdia uric acid production over 24h with and
without 10 mM 2-deoxy-D-glucose (2DG). Bovine pulmonary
artery endothdial cells were incubated with 10 mM 2DG over
24h. All data are presented as mean+ SEM of 5 separate
incubations.
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Discussion

There are four maor observations from this study: (1)
Millimolar 2DG reduced cdll viability in a concentration and
incubation time dependent manner with killing up to =45%
within 24 h a 15 mM. The decreased cell viability by 2DG
might be aresult of the virtual de-energization by blocking the
endothelia glucose uptake. (2) The 2DG-induced cdl injury
appeared to be due to lipid peroxidation and not ROS
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Table 1. Effect of exogenous pyruvate on intracellular tota
glutathione of 2DG-exposed endothelia cells

total glutathione

conditions (mol/10° calls)
control 13.39+ 0.65°
pyruvate 1458 £ 1.07#
2DG 7.74+0.34°
2DG plus pyruvate 9.25+0.57°

Bovine pulmonary artery endothelia cells were cultured with and
without 10 mM pyruvate in the absence and presence of 10 mM
2-deoxy-D-glucose (2DG). Control cultures were conducted with
glucose-only-containing media. After a 24 h-incubation, intracel-
lular total glutathione was extracted and spectrophotometricaly
measured. Data are mean+ SEM from 4 separate incubations.
Vaues with different superscripts are significantly different at P
<0.05.

formation via the possible activation of xanthine oxidase. (3)
Exogenous pyruvate, but not L-lactate, ameliorated
cytotoxicity and TBARS formation that was induced by 2DG.
(4) Applying 2DG to BPAEC caused a marked depletion of
intracellular total glutathione, which was probably caused by
the impaired pentose phosphate flux. Pyruvate, however,
improved the total glutathione level that was reduced by 2DG.
These observations make it likely that the pyruvate per se can
improve cellular antioxidant defenses through the stabilization
of subcellular energetics.

We have demonstrated that BPAEC, when subjected to
submillimolar H,O,, is letha and millimolar pyruvate almost
completely inhibits H,O,-induced toxicity. Also, the
cytoprotective mechanism of pyruvate is partly mediated via
the mitochondrial desth pathway (Kang et al., 2001). The
current study elucidates whether pyruvate per se can protect
the endothelium without functional availability and cellular
oxidation of glucose. 2DG has been known to compete with
glucose on the cell membrane, and hence inhibit glycolysis
and ATP production (Brown, 1962). Our data in Fig. 1 show
that the 2DG incubation markedly decreased the endothelial
L-lactate release, which was consistent with the selective
blockade of the glucose uptake on the plasma membrane.
Accordingly, the 2DG inhibition of glycolysisreflectsthe ATP
depletion, resulting in endothelial de-energization. It has been
reported that 2DG results in virtudly instantaneous de-
energization during ischemic reperfuson (Abbink et al.,
2001). Thus, it is assumed that the 2DG toxicity was a
consequence of endothelial de-energization, indicating that the
glucose oxidation was essential for normal cell growth.

Millimolar 2DG induced a concentration- and time-
dependent cytotoxicity. Cell injury by 2DG also appeared to
result from the membrane lipid peroxidation, as shown by the
cell viability and TBARS datain Fig. 3. Exogenous pyruvate,
but not exogenous L-lactate, diminished the lipid peroxidation
of 2DG-exposed cdls. In addition, the membrane lipid
peroxidation was suggested as an important factor in cell

damage that resulted from oxidative stress (Nishida et al.,
1982; Carini et al., 1992; Rice-Evans and Burdon, 1993
Kamat et al., 2000; Park et al., 2001; Yoon et al., 2002). From
these reports, we can speculate that lipid peroxidation in the
presence of 2DG may result from 2DG-induced generation of
ROS. Assumedly, there are at least two mechanisms of 2DG-
gimulated production of ROS and endotheiad lipid
peroxidation: (1) Xanthine generates ROS in the posthypoxic
injury of renal epithdlid cells (Greene and Pdller, 1992). In the
present study, 2DG-induced de-energization did not
accompany significant activation of endothelid xanthine
oxidase. Accordingly, the 2DG-induced cdl injury was
unlikely due to the xanthine oxidase-stimulated production of
ROS. (2) Cytosolic NADH accumulation causes the reductive
release of complex ferritin iron producing free Fe*, the
catalyst of the hydroxy! radicalsin the Fenton reaction (Voogd
et al., 1994; Park et al., 2001). NADH oxidase generates ROS,
providing free eectrons from NADH+H" in the cytosol
(Mohazzab, H. et al., 1997; Ellis et al., 1998). Blocking
glucose uptake by 2DG may increase the intracel lular NADH/
NAD? ratio, which in turn activates NADH oxidase. Although
we did not measure cytosolic NADH, we found that 2DG did
not dter the medium L-lactate/pyruvate ratio, indicating an
increase in cytosolic NADH (data not shown). Therefore, the
activation of NADH oxidase may not be involved in
generating ROS. Possible sources of ROS that are generated
by 2DG were not discovered.

Under our glucose-free conditions, exogenous pyruvate
doubled cell growth within 72h. Under 2DG incubation
conditions, pyruvate inhibited the 2DG toxicity by 5-10%.
This incomplete cytoprotection of pyruvate againsgt 2DG
injury appeared to be due to lipid peroxidation. On the other
hand, L-lactate did not improve 2DG toxicity. One can predict
that L-lactate results in a massive accumulation of a cellular
reducing equivaent of NADH with an increased proton load.
Consequently, excess L-lactate in the presence of 2DG could
have facilitated the formation of ROS, rendering endothelial
cells more vulnerable to a given oxidant stress (Mohazzab, H.
et al., 1997).

The pentose phosphate pathway-linked NADPH supply and
activation of the glutathione redox cycle will be clearly
inhibited due to the blockade of the glucose uptake by 2DG in
the present cell system. Glucose 6-phosphate is the substrate
of the glucose 6-phosphate dehydrogenase, a rate-limiting
enzyme of the pentose phosphate pathway. As expected, the
addition of 2DG to BPAEC caused a marked decline in total
glutathione, which could be due to the inhibition of the
pentose phosphate pathway. In addition, the depletion of
cytosolic glutathione in the presence of 2DG may result in
ROS accumulation and lipid peroxidation. The glutathione/
NADPH system defends cells against oxidative stress at the
sngle cell level and in tissues (Kehrer and Lund, 1994; Park et
al.,, 2001). Oxidative damage is accompanied by the
production of ROS and impairment of anti-oxidative defense
systems following cerebral glutathione depletion (Gupta et al.,
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2000). Pyruvate increases the redox potential of cytosolic
glutathione and the NADPH reducing equivaent, possibly via
an anaplerotically metabolic regulation of cytosolic
phosphofructokinase (Tgjero-Taldo et al., 1999). In addition,
pyruvate ameiorates high glucose toxicity through the
activation of the pentose phosphate pathway and glutathione
redox cycle in endothdid cels (Kashiwagi et al., 1997).
Millimolar pyruvate significantly improved the glutathione
redox potential, but incompletely in the 2DG-treated
endothelid cels (Table 1). Therefore, the partid
cytoprotection of pyruvate against the 2DG toxicity may be
explained by its incomplete restoration of intracellular total
glutathione.

In summary, millimolar 2DG inhibited >85% glucose
uptake and induced BPAEC injury. Inhibition of glycolysis by
2DG resulted in the depletion of the intracellular glutathione,
which in turn mogt likely triggered ROS production. 2DG
evoked lipid peroxidation that may be, a least in part,
responsible for the BRPAEC injury. Exogenous pyruvate, but
not L-lactate, ameliorated cytotoxicity and TBARS formation
that are induced by 2DG, which might be a consequence of a
small but significant increase in intracellular total glutathione.
Therefore, the pyruvate per se can improve cdlular
antioxidant defenses through the stahilization of subcellular
energetics. Pyruvate activation of the lactate dehydrogenase-
controlled cytoplasmic NADH/NAD* redox system and/or
pyruvate inhibition of NADH oxidases-stimulated ROS
production may be involved in the pyruvate cytoprotection.
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