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Studies were carried out to investigate the protective 
effects of pyruvate, a key glycolytic intermediate 
and c~-keto-monocarboxylate, against oxidative stress- 
induced apoptosis. Oxidative stress was induced by 
treating mouse thymocytes with 25pM hydrogen 
peroxide for 15 min at 37°C under 5% CO2 in air. Pre- 
and post-treatment of cells with 10mM pyruvate 
inhibited morphological changes, internucleosomal 
DNA fragmentation, and translocation of phosphati- 
dylserine to the plasma membrane surface, which are 
characteristic features of apoptosis. L-lactate (10 mM) 
and acetate (10mM) were ineffective in inhibiting 
apoptosis and appeared to be toxic to the ceils under 
similar conditions. The results suggest that pyruvate 
has therapeutic potential for use in the treatment of 
oxidative stress-induced disorders associated with 
increased apoptosis. 

Keywords: Apoptosis, oxidative stress, hydrogen peroxide, 
pyruvate, lymphocytes, flow cytometry 

INTRODUCTION 

Hydrogen  peroxide has been implicated in a 
variety of oxidative stress-induced disorders 

including ischemia-reperfusion injury. Alzhei- 
mer ' s  disease, Parkinson's disease, cerebellar 
degeneration, and radiation sickness, tl-sl These 
disorders are associated with excess cell loss. 
Hydrogen  peroxide-induced oxidative damage  
to cellular membrane lipids, I6"7] proteins, [8'9] and  
DNA t1°'111 results in cell death. Hydrogen  per- 
oxide inflicts cellular injury either directly or 
through free radicals generated by the Fenton 
reaction. [121 It can also kill cells by  two mecha- 
nisms, necrosis and apoptosis. The severity of the 
damage  to macromolecules determines which 
form of cell death will occur. Necrotic cell death  
results from acute cellular injury and is char- 
acterized by rapid cell swelling and lysis. Low 
concentrations of hydrogen peroxide induce 
apoptosis in a variety of cell types, while high 
doses induce necrosis. I13-161 

Apoptosis is a morphologically distinct form of 
cell death  that is involved in m a n y  physiological 
and pathological processes. Apoptosis is char- 
acterized by cell shrinkage, cell surface blebbing, 
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chromatin condensation, and DNA fragmenta- 
tion into integer multiples of nucleosome or 
oligonucleosome sized units. [17] Membrane in- 
tegrity is not affected in the initial stages of 
apoptosis, which is in marked contrast to what 
is seen in necrosis. However, alterations in the 
plasma membrane of apoptotic cells, such as 
translocation of phosphatidylserine to the outer 
surface, signal neighboring phagocytic cells to 
engulf them and thus complete the degrada- 
tion process. [ls'191 Cells not immediately phagocy- 
tosed break down into smaller membrane-bound 
structures called apoptotic bodies. The mecha- 
nism of oxidative stress-induced apoptosis in- 
voices activation of various signal transduction 
pathways, and the details of the process are 
far from clear.  [20"21] The cell loss that occurs in 
neurodegenerative disorders appears to be 
primarily a result of oxidative stress-induced 
apoptosis. I221 In myocardial infarction and stroke, 
cells within the central area of ischemia appear 
to die rapidly as a result of necrosis. However, 
outside the central ischemic zone, cells die over a 
more protracted time period and, morphologi- 
cally, appear to die by apoptosis. I231 Ischemia of 
both neurons and cardiac myocytes in culture 
results in the induction of apoptosis. [24"2sl Reper- 
fusion is associated with an acute burst in free 
radical production and cardiomyocytes die by 
apoptosis during reperfusion. E261 In addition, we 
have shown earlier that hydrogen peroxide pro- 
duced during ionizing radiation kills lympho- 
cytes by apoptosis. !271 

Hollemann first described in 1904 the capacity 
of pyruvate and related c~-keto acids to reduce 
hydrogen peroxide to water while these acids 
concomitantly undergo non-enzymatic decar- 
boxylation at the one-carbon position. I2sl Sub- 
sequent studies demonstrated the protective role 
of pyruvate in hydrogen peroxide-induced renal 
injury, and ischemic and reperfusion injury in vivo 

and in vitro. [29-32] In the present study we 
investigated the protective effect of pyruvate vs 
acetate or lactate in inhibiting hydrogen perox- 
ide-induced apoptosis using thymic lymphocytes 

as a model system. The results of our study 
indicated that 10mM pyruvate inhibited the 
morphological and biochemical changes asso- 
ciated with peroxide-induced apoptosis. Acetate, 
a byproduct of pyruvate detoxification of H202, 
and lactate, produced by lactate dehydrogenase 
reduction of pyruvate, demonstrated no protec- 
tive effect at 10 mM concentration and appeared 
to be toxic to the cells. 

MATERIALS AND METHODS 

Tissue Culture Medium 

Tissue culture medium (TCM) consisted of 
RPMI 1640 medium supplemented with 25raM 
HEPES buffer, 2raM L-glutamine, 55~tM 2- 
mercaptoethanol, 100 U/ml pencillin, 100 ~g/ml 
streptomycin, 0.2511g/ml amphotericin B (all 
GIBCO/BRL, Grand Island, NY, USA), and 10% 
heat-inactivated fetal bovine serum (HyClone 
Laboratories, Logan, UT, USA). 

Thymocyte Isolation 

CD2F1 male mice, 6-7-weeks old were euthan- 
ized with CO2. Thymuses were removed asepti- 
cally, rinsed in RPMI, and homogenized by 
pressing in a Stomacher device (Techman Co., 
Cincinnati, OH, USA) for l min. Single-cell 
suspensions were prepared by filtering the 
homogenate through 100 ~tm nylon mesh. Sus- 
pensions were washed once and resuspended in 
TCM. Cell numbers were obtained using a 
Coulter Counter (model ZM, Coulter Industries, 
Luton, Beds, England), and cell viability was 
estimated by the capacity of the cells to exclude 
trypan blue. 

Hydrogen Peroxide Exposure and 
Pyruvate Treatment 

Cells were resuspended in TCM at a density of 
1 x 106 cells/ml. The cells were pre-incubated 
without and with different concentrations of 
pyruvate (0-20mM) for 30min at 37°C under 
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5% C O  2 in air. Cells were then exposed to 25 ~tM 
H202 for 15min at 37°C under 5% C O  2 in air. 
Following 15 rain incubation, catalase (100 U/ml)  
was added to all samples. The cells were pelleted 
by centrifugation (800g for 10rain) and resus- 
pended in fresh TCM without and with the 
same concentrations of pyruvate (0-20 mM) and 
returned to the incubator. 

DNA Fragmentation Assay 

DNA fragmentation was assayed as previously 
described, t331 Briefly, cells (2 x 106) were collected 
by centrifugation (800g for 10min), lysed with 
0.2 ml of ice-cold lysis buffer (10mM Tris-HC1, 
pH 7.5, 1 mM ethylenediaminetetraacetic acid, 
0.2% Triton X-100), and centrifuged at 13,000g for 
20 min to separate intact from fragmented DNA. 
The supernatant was conserved and the pellet 
resuspended in 0.2 ml of lysis buffer and soni- 
cated for 10s at 4°C. DNA concentration in 
the pellet and supernatant fraction was deter- 
mined by an automated fluorometric method 
that we designed using AutoAnalyzer II com- 
ponents (Technicon, Tarrytown, NY, USA) and 
the DNA-specific fluorochrome Hoechst 33258 
(Calbiochem-Behring, La Jolla, CA, USA). The 
percentage of DNA fragmentation refers to the 
ratio of the amount of DNA present in the 13,000g 
supernatant (fragmented) to the total of the 
DNA in the pellet (unfragrnented) and 13,000g 
supernatant. 

DNA Agarose Gel Electrophoresis 

Electrophoresis of DNA was performed accord- 
ing to the method of Gong et al., [341 which is 
particularly applicable to the qualitative detec- 
tion of internucleosomal DNA fragments typical 
of apoptosis. Briefly, 1-2 x 106 cells were pelleted 
from the medium, washed once with Hank's 
balanced salt solution (HBSS), resuspended in 
I ml of HBSS, diluted with 10ml of ice-cold 70% 
ethanol, and stored at -20°C for 24 h. The cells 
were then pelleted by centrifugation (800g for 

10 rain) and the ethanol completely removed. The 
pellet was resuspended and the cells lysed in 40111 
of phosphate-citrate buffer (192 parts of 0.2M 
Na2HPO4 and 8 parts of 0.1 M citric acid, pH 7.8). 
After incubation at room temperature for 30 min, 
the cell lysate was centrifuged (1000g for 5 rain) 
and the supernatant concentrated to about 20 ~1 
using a Speed Vac concentrator (Savant Instru- 
ments, Farmingdale, NY, USA). A 3 ~1 aliquot of 
0.25% Nonidet P-40 in distilled water was added 
to each sample followed by 3111of RNase A (1 rag/  
ml in water, Sigma Chemical Co., St. Louis, MO, 
USA) and the suspension incubated at 37°C 
for 30 min. A 3 ~1 aliquot of proteinase K (1 m g /  
ml in water, Boehringer Mannheim, Indianapolis, 
IN, USA) was added and the sample incubated 
for an additional 30min at 37°C. Each sample 
was then mixed with an appropriate volume of 
6x sample loading buffer (0.25% bromophenol 
blue/40% sucrose in water) and the entire 
mixture loaded onto a 0.8% agarose gel contain- 
ing 0.5 ~g ethidium bromide/ml.  Electrophoresis 
was performed at 1.5 V /cm of gel length for about 
16h. DNA bands were visualized using UV 
transillumination, and photographs of gels were 
obtained using Polaroid Type 665 positive/ 
negative film. 

Microscopy 

Cells (0.5-1 x 107) were pelleted by centrifugation 
(800g for 10 rain) and fixed by resuspension in 
1 ml of freshly prepared 3% formaldehyde in ice- 
cold HBSS. Fixed cells could be maintained under 
refrigeration for several weeks without any 
apparent degradation. Cells were concentrated 
for microscopy by allowing them to settle by 
gravity to the bottom of a test tube at 4°C. 
Centrifugation to pellet cells was avoided be- 
cause centrifugation of the fixed cells appeared to 
contribute to distorted morphology. For fluores- 
cence microscopy, all but about 0.1 ml of the 
fixing buffer overlaying the cells was removed, 
and the cells were resuspended gently in the 
remaining buffer. A 20 ~1 aliquot was removed 
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and mixed with 20 !~1 of 0.1 m g / m l  of ethidium 
bromide in HBSS (final concentration, 50 ~g/ml). 
The stained suspension was kept in the dark on 
ice until used. Ten microliters of suspension was 
placed on a microscopic slide and gently covered 
with a 20-mm square cover slip. The cover slip 
was sealed with cement to prevent drying. Cells 
were allowed to settle and adhere to the surface 
of the slide for 5-10rain before beginning 
observation. Photomicroscopy was performed 
with an Olympus AHBT3 Research Microscope 
with Nomarski-type differential interference con- 
trast and reflected-light fluorescence. Images 
were preserved on high-speed Polaroid Type 
57 film. 

Flow Cytometric Analysis 

Cells were incubated with fluorescein isothiocya- 
nate (FITC)-labeled annexin V and/or  propidium 
iodide using an ApoAlert Annexin V Apoptosis 
kit (Clontech, Palo Alto, CA, USA). Briefly, 1 x 106 
cells were washed with PBS and resuspended in 
200 ~1 of I x binding buffer (supplied in the assay 
kit). The cell suspension was incubated with 
annexin V-FITC (final concentration 1 ~g/ml) 
and/or  propidium iodide (final concentration 
1 ~tg/ml) at room temperature for 5-15min in 
the dark. The samples were analyzed by flow 
cytometry using a Becton Dickinson FACScan 
with Consort-32 operating system. 

RESULTS 

Cell death in thymic lymphocytes following 
exposure to 25 ~tM H202 for 15m in was char- 
acterized by morphological changes, DNA frag- 
mentation, and plasma membrane changes. The 
effect of pyruvate on morphological changes in 
H202-treated thymic lymphocytes, fixed 24h 
after exposure is shown in Figure 1. Panels A 
and B are bright-field and fluorescence photo- 
micrographs of H202-treated cells. The cells ex- 
hibited morphological changes characteristic of 
apoptosis following exposure to 25 ~M hydrogen 

peroxide. These morphological changes include 
cell shrinkage, chromatin condensation, m e m -  
brane blebbing, nuclear fragmentation, and for- 
mation of apoptotic bodies. Some of the apoptotic 
bodies contain fragments of DNA. Cells treated 
with pyruvate before and after exposure to H202 
exhibited morphology typical of normal cells 
with smoothly contoured cell membrane, uni- 
form size, and similarly sized cells containing 
evenly distributed DNA (Panels C and D), 
indicating that pyruvate inhibits the morpholo- 
gical changes associated with oxidative stress- 
induced apoptosis. 

The plasma membrane of a healthy cell gen- 
erally exhibits an asymmetric distribution of its 
major phospholipids. Apoptosis is accompanied 
by a loss of membrane phospholipid asymmetry, 
resulting in the translocation of phosphatidylser- 
ine from the inner face of the plasma membrane 
to the cell surface. [35--38] Annexin Visa member of 
a family of proteins that has a strong affinity for 
phosphatidylserine, t38-41~ In the present study, 
the changes in the phosphatidylserine distribu- 
tion at the plasma membrane were assessed by 
flow cytometry following labeling of the cells 
with the fluorescein isothiocyanate conjugate of 
annexin V (FITC-annexin V). The effect of H202 
and pyruvate on the translocation of phosphati- 
dylserine to the outer  surface of the plasma 
membrane in thymic lymphocytes is shown 
in Figure 2A-C. The results of dot-plot and 
histogram analysis are shown in Figure ZA and 
B, respectively. In both figures the cells on the 
right indicate annexin V positive cells. A small 
population of ceils displayed a uniform binding 
to annexin V before (5.6 + 0.7%; Figure 2C) and 
immediately after H202 exposure (5.4+0.6%; 
Figure 2C). The population of ceils labeled with 
annexin V increased to 92.2 ± 1.4% (Figure 2C) 
24 h following exposure to H202. The number of 
annexin V positive cells increased to 38.4 ± 1.2% 
in cells not treated with H202 (Figure 2C), which 
suggests that a small population of control cells 
undergo apoptosis following incubation at 37°C 
under 5% CO2 in air. H202 exposure increased 
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FIGURE 1 Effect of pyruvate on morphological changes in H202-treated thymic lymphocytes. Thymocytes were prepared 
for microscopy as described in Methods. Panels A and B show, respectivelY, bright-field and DNA-fluorescence images of 
H202-treated thymocytes 24 h after exposure to 25 ~ H202 for 15 mi~. H202 induces morphological changes characteristic 
of apoptosis, including cell shrinkage, plasma membrane blebbing (mb), and formation of apoptotic bodies (ab). DNA 
staining shows pronounced chromatin condensation (cc), nuclear fragmentation (nf), and presence of DNA fragments in 
apoptotic bodies. Panels C and D demonstrate effect of pyruvate on morphology of H202-treated cells. Cells in these images 
were treated with 10mM pyruvate before and after exposure to H202. Both bright-field and fluorescence images exhibit no 
apoptotic morphology. 

the number of annexin V positive cells by 54%, 
compared to controls. When cells were incubated 
with pyruvate before and after exposure to H202 
the number of annexin V positive cells decreased 
to that of cells not treated with H202 (36.8 + 0.9%; 
Figure 2C), which suggests that pyruvate inhibits 
the H202-induced plasma membrane changes. 
Pyruvate did not reduce the number of annexin 
V positive cells (37.84-0.9%; Figure 2C) that 
appeared in controls during in vitro incubation. 

Figure 3 shows the effect of pyruvate on 
internucleosomal DNA fragmentation, one of 
the biochemical markers for apoptosis in thymic 

lymphocytes. The fragmented DNA isolated 
from H202-treated cells exhibited a ladder pat- 
tern of DNA fragments with size multiples of 
approximately 200 bp (lane 4). There was a small 
amount of DNA fragmentation detected in con- 
trol cells (lane 2) that represented the background 
level of apoptosis. Pyruvate treatment reduced 
the level of DNA fragmentation in H202-treated 
cells to that of controls (lane 5), but it had no 
effect on the background level of DNA fragmen- 
tation that occurred in the controls (lane 3). 

Quantitative measurements of DNA fragmen- 
tation were performed using a fluorometric 
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method, as described in Materials and Methods. 
The results shown in Table I indicate that the 
level of DNA fragmentation in H202-treated 
cells was reduced to that of control following 
pyruvate treatment, which suggests that pyru- 
vate inhibits the H202-induced DNA fragmen- 
tat-ion in thymic lymphocytes. The results also 
show that pyruvate had no inhibitory effect on 
the background DNA fragmentation that oc- 
curred in control ceils. Acetate and lactate did 
not inhibit DNA fragmentation. In fact, they 
increased the level of DNA fragmentation in 
control cells. Acetate also increased the DNA 
fragmentation in H202-treated cells. 

The results described so far indicated that 
pyruvate inhibits the H202-induced changes in 
morphology, translocation of phosphatidylserine 
to the plasma membrane surface, and inter- 
nucleosomal DNA fragmentation in thymic lym- 
phocytes. Further studies were carried out to 
investigate the protective effect of pyruvate on 
the survival of cells after H202 exposure. Ceils 
were incubated with propidium iodide, which 
passes through the plasma membrane of dead 
ceils and binds to DNA. [36] These dead ceils can 
be enumerated by flow cytometry. The results 
shown in Figure 4A-C indicate that pyruvate 
protected the cells from H202-induced cell death. 
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FIGURE 2 Flow cytometric analysis of plasma membrane 
changes associated with H202-induced apoptosis. Thymo- 
cytes (1 × 106 ceils) were labeled with F1TC-annexin V using 
ApoAlert Annexin V Apoptosis kit. The samples were 
analyzed by flow cytometry using a Becton Dickinson 
FACScan with Consort-32 operating system. In each sample 
10,000 cells were analyzed. A: Dot-plot analysis. The cells 
towards the right indicate annexin V positive cells. B: 
Histogram analysis. Annexin V positive cells appear towards 
the right. C: Quantitative analysis of annexin V binding. 
Con -Pyr, control without H202 without pyruvate; Con 
+Pyr, control without H202 with pyruvate. The concentra- 
tion of pyruvate was 10 mM. The results are mean q-SEM 
of three independent experiments. 
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1 2 3 4 5  The p ro p i d i u m iodide posi t ive (dead) cells 
appea r  towards  the u p p e r  left in the dot-plot  
analysis (Figure 4A) and towards  the r ight  in the 
his togram analysis (Figure 4B). The n u m b e r  of 
dead  cells increased from 33.6± 1.4% (control 
24h;  Figure 4C) to 72.2±1.4% (Figure 4C) 24h  
fol lowing a 15rain exposure  to 25~M H202. 
Following pyruva te  t reatment  the n u m b e r  of 
dead  cells in the H202-exposed popula t ion  
decreased to 32.9±1.2% (Figure 4C). Again,  
py ruva t e  d id  not protect  the control  cells 
(32.7 ± 1.2%), which die by  apoptosis  dur ing  the 
24 h in vitro incubation. 

D I S C U S S I O N  

FIGURE 3 Effect of pyruvate on internucleosomal DNA 
fragmentation. Fragmented DNA was extracted from cells 
after various treatments and electrophoresed as described 
in Methods. Lane 1, standard I kb DNA ladder; lane 2, 
DNA from control cells; lane 3, DNA from control cells 
incubated with 10 mM pyruvate; lane 4, DNA from H202- 
treated cells; lane 5, DNA from H202-treated cells after in- 
cubation with pyruvate. 

TABLE I Effect of pyruvate on internucleosomal DNA 
fragmentation: quantitative analysis 

Condition DNA fragmentation (%) p 

Control 25 ~ H202 

No pyruvate 29.21 ± 2.38 42.02 ± 1.01 < 0.05 
5 mM pyruvate 27.95±1.71 33.17±2.38 NS 
10 mM pyruvate 28.67 + 1.93 31.27 ± 2.02 NS 
20 mM pyruvate 29.50 + 1.98 30.92 ± 2.19 NS 
10 mM acetate 36.26 ± 2.27 46.79 ± 1.83 < 0.05 
10 mM L-lactate 39.30 ± 1.20 41.04 ± 1.20 NS 

Thymocytes were incubated with pyruvate, acetate, L-lactate 
before and after exposure to H202. Fragmented DNA was 
separated from intact DNA and analyzed as described in 
Methods. The results are mean ± SEM of 12 measurements 
from four independent experiments. 

The results of the present  s tudy  indicate that 
thymic  lymphocytes  die b y  apoptosis  fol lowing 
exposure  to 25 ~tM H202 for 15 rain. O u r  earlier 
studies showed  that exposure  to 0.5-10 ~ H202 
for 10rain also induced  apoptosis  in these 
cells. I15I We observed that exposure  to higher  

concentrat ions of H202 (> 50 ~tM) induced  necro- 
sis (results not  shown) in these cells. The cells 
exhibited characteristics of both  apoptosis  and 
necrosis, including morphological  changes,  and 
r a n d o m  DNA cleavage along wi th  internucleo- 
somal breaks, following pro longed  incubat ion 
(> 30 min) wi th  25 pdVI H202 (results not  shown).  
This suggests that these cells undergo  secondary  
:necrosis after prolonged exposure  to H202. In the 
present  study, the secondary  necrosis was pre-  
ven ted  by  the addit ion of catalase after the 15 rain 

H 2 0  2 exposure.  
The resul ts  clearly indicate that py ruva t e  

protects thymic lymphocytes  f rom H202- induced 
apoptot ic  death. Pyruvate  inhibited the morpho-  
logical changes, translocation of phosphat idy l -  
serine to the plasma me mb ra n e  surface, and  
internucleosomal  f ragmentat ion of D N A  in cells 
exposed to 25~M H202 for 15m in. However ,  
py ruva te  did not  reduce the n u mb e r  of annexin  V 
positive cells that appeared  in controls dur ing  
in vitro incubation (Figure 2). In addit ion,  there 
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is a background level of DNA fragmentation 
(29.21 + 2.38%) in controls following 24 h incuba- 
tion that could not be inhibited by pyruvate 
(Table I). The results indicate that pyruvate 
could not protect approximately 30% of the 
control cells which die by apoptosis after in vitro 
incubation. It is possible that these control cells 
might have been committed to die by apoptosis 
before the addition of pyruvate. Apoptosis in- 
volves activation of several signal transduction 
pathways that are cell and stimuli specific. It is 
also possible that the signal transduction path- 
way by which the control cells die during in vitro 
incubation may be different from that activated 

by H202. Pyruvate may not be able to inhibit 
the pathway by which the control cells die 
during in vitro incubation. It has been suggested 
by Sellins and Cohen [42! that the background 
level of apoptosis seen in thymocytes during 
in vitro incubation is related to suboptimal culture 
conditions and pre-existing (in vivo) influences, 
e.g., exposure to glucocorticoids. 

The present studies ~lso indicate that pyruvate 
is effective in protecting the thymic lympho- 
cytes from oxidative stress-induced apoptosis at 
5-20 mM concentration (Table I). Pyruvate con- 
centrations less than 5 mM were not effective in 
inhibiting apoptotic death (results not shown)• 
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FIGURE 4 Effect of pyruvate on cell viability. Thymocytes 
were labeled with propidium iodide after various treat- 
ments and analyzed by flow cytometry. In each sample 
10,000 cells were analyzed. A: Dot-plot analysis. The cells 
towards the upper left are propidium iodide positive 
(dead) cells. B: Histogram analysis. Propidium iodide posi- 
tive cells appear towards the right. C: Quantitative analysis 
of propidium iodide positive (dead) cells. Con -Pyr,  con- 
trol without H202 without pyruvate; Con +Pyr, control 
without H202 with pyruvate. The concentration of pyru- 
vate was 10raM. The results are mean+SEM of three 
experiments. 
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It is possible that pyruvate may be inhibiting 
the apoptotic process by more than one mecha- 
nism. Apoptosis is associated with or preceded 
by substantial cytosolic deenergizations (large 
decrease in cytosolic [ATP]/[ADP] • [Pi]) due to 
mitochondrial failure or permeability transitions 
and inner membrane depolarizations. [43-4s] This 
will inhibit the energy-linked Na + and Ca 2+ 
pumps vital for intracellular calcium homeo- 
stasis; such conditions can result in sustained 
elevations of intracellular Ca 2+ and trigger 
apoptosis. I431 Pyruvate, at 5-10 mM concentra- 
tions, elevates cytosolic [ATPI/[ADP],  [Pi] and 
maintains the intracellular calcium homeosta- 
sis. [30"46"47] This may be one of the mechanisms 
by which pyruvate protects cells from apoptosis. 
Equimolar concentrations of acetate or lactate (5- 
10 mM) do not increase [ATP]/[ADP] • [pi].[30,471 
Also, in cell-free systems, pyruvate can protect 
the activity of SH-dependent enzymes, such as 
cardiac and renal Na +-, K+-ATPases, against 
oxidant injury. [32'48I A redox imbalance caused 
by a decrease in antioxidants seems to play a 
role in apoptosis. I20"21"49] The antiapoptotic con- 

centrations of pyruvate (5-10mM) double the 
N A D P H / N A D P  + and GSH/GSSG ratios and 
enhance the reductive potentials of the glu- 
tathione redox system. [3°'46"471 In addition, pyr- 
uvate is a potent non-enzymatic scavenger of 
H202. It detoxifies H202 on a 1 : 1 molar basis, by 
an interaction between its carbonyl group and 
H202 to yield acetate and CO2. Is°'511 Acetate and 
lactate do not scavenge H202 .[51"52] Exogenous 
catalase, too, is highly effective in detoxifying 
H202, but it is not permeable to intact cell 
membranes, and therefore removes H202 in the 
extracellular space only. Is31 In contrast, exogen- 
ous pyruvate has monocarboxylate-carrier facili- 
tated access to the cytosol, nucleoplasm, and 
mitochondrial matrix, Is41 and may be more 
effective than exogenous catalase in preventing 
oxidant injury intracellularly. Studies indicate 
that endogenous pyruvate scavenges H202 in 
biofluids, including human serum and inflamed 
knee-joint synovial fluid. [52] 

Results shown in Table I indicate that acetate 
and lactate increased the level of DNA fragmen- 
tation in controls and acetate alone increased the 
DNA fragmentation in H202-treated cells. The 
concentrations of acetate and lactate used in 
the present s tudy (10mM) appear to be toxic 
to thymic lymphocytes. High concentrations of 
lactate (5-10raM) are known to increase the 
intracellular H + ion concentration, which can 
induce cytotoxicity. I3°'471 High concentrations of 
acetate (5--10mM) lower [ATP]/[ADP],  [pi],Issl 
which can induce apoptosis. I43-'4sl At lower 
physiological concentrations (0.5-1 mM), these 
compounds, though non-toxic, were not effective 
in inhibiting apoptosis (results not shown). The 
results shown in the present and previous [30,46,47] 

studies indicate that 10 mM pyruvate is not toxic 
to the cells. The amount of acetate formed due 
to direct interaction of pyruvate with 25 ~M 
H202 will be too low to be toxic because pyruvate 
and H202 interact on a 1:1 molar basis. MiUi- 
molar concentrations of pyruvate in plasma, 
achieved by systemic administration of pyru- 
vate, are tolerated in humans without  any 
apparent adverse effects. [56"571 

Increased cell loss through apoptosis has been 
reported in several oxidative stress-induced 
pathological conditions, including reperfusion 
injury of ischemic tissues, renal injury, oxygen 
toxicity of the lung, Parkinson's disease, the 
familial form of amyotrophic lateral sclerosis, 
Alzheimer's disease, cerebellar degeneration, 
stroke, aplastic anemia, and AIDS. [1-4"22] Pyruvate 
has been shown to protect the heart and kidney 
from reperfusion injury in vivo and in vitro. [29-32] 

The results of the present study suggest that 
pyruvate has the therapeutic potential for use in 
the treatment of oxidative stress-induced disor- 
ders associated with increased apoptosis. 

Acknowledgment 

We thank Dr. J.E Kalinich, Armed Forces Radio- 
biology Research Institute for critical review of 
the manuscript. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



294 N. RAMAKRISHNAN et al. 

References  

[1] G.B. Bulkley (1983) The role of oxygen free radicals in 
human disease processes. Surgery, 94, 407-411. 

[2] B. Halliweil and J.M.C: Gutteridge (1989) Free Radicals 
in Biology and Medicine. Oxford Press, London. 

[3] W.R. Markesbery (1997) Oxidative stress hypothesis in 
Alzheimer's disease. Free Radicals in Biology and Medicine, 
23, 134-147. 

[4] J.T. Coyle and P. Puttfarcken (1993) Oxidative stress, 
glutamate and neurodegenerative disorders. Science, 262, 
689-695. 

[5] A.M. Palmer and M.A. Burns (1994) Selective increase in 
lipid peroxidation in the inferior temporal cortex in 
Alzhelmer's disease. Brain Research, 645, 338-342. 

[6] J. Van Der Zee, T.M.A.R. Dubbelman and J. Van Steveninck 
(1985) Peroxide-induced membrane damage in human 
erythrocytes. Biochimica et Biophysica Acta, 818, 38--44. 

[7] B. Halliwell and J.M.C. Gutteridge (1985) In Free Radicals 
in Biology and Medicine. Oxford, UK, pp. 1-346. 

[8] S.E.G. Fligiel, E.C. Lee, J.E McCoy, K.J. Johnson and 
J. Varani (1984) Protein degradation following treatment 
with hydrogen peroxide. American Journal of Pathology, 
115, 418-425. 

[9] K. Kako, M. Kato, T. Matsuoka and A. Mustapha (1988) 
Depression of membrane-bound Na+-K+-ATPase activity 
induced by free radicals and by ischemia of kidney. 
American Journal of Physiology, 254, C330-C337. 

[10] S.K. Jonas, P.A. Riley and R.L. W'fllson (1989) Hydrogen 
peroxide cytotoxicity. Biochemical Journal, 264, 651-655. 

[11] S.J. Duthie and A.R. Collins (1997) The influence of 
cell growth, detoxifying enzymes and DNA repair on 
hydrogen-peroxide mediated DNA damage (measured 
using the comet assay) in human cells. Free Radicals in 
Biology and Medicine, 22, 717-724. 

[12] R.V. Lloyd, P.M. Hanna and R.P. Mason (1997) The origin 
of the hydroxyl radical oxygen in the Fenton reaction. Free 
Radicals in Biology and Medicine, 22, 885--888. 

[13] A.M. Gardner, EH. Xu, C. Fady, EJ. Jacoby, D.C. Duffey, 
Y. Tu and A. Lichtenstein (1997) Apoptotic vs non- 
apoptotic cytotoxicity induced by hydrogen peroxide. 
Free Radicals in Biology and Medicine, 22, 73-83. 

[14] S.V. Lennon, S.J. Martin and T.G. Cotter (1991) Dose- 
dependent induction of apoptosis in human tumor cell 
lines by widely diverging stimuli. Cell Proliferation, 24, 
203-214. 

[15] V.J. Forrest, Y.H. Kang, D.E. McClain, D.H. Robinson and 
N. Ramakrislman (1994) Oxidative stress-induced apop- 
tosis prevented by trolox. Free Radicals in Biology and 
Medicine, 16, 675-684. 

[16] D.P. de Bono and W.D. Yang (1995) Exposure to low 
concentrations of hydrogen peroxide causes delayed 
endothelial ceil death and inhibits proliferation of surviv- 
ing cells. Atherosclerosis, 114, 235-245. 

[17] A.H. Wyllie, J.ER. Kerr and A.R. Currie (1980) Cell death: 
the significance of apoptosis. International Review of 
Cytology, 68, 251-262. 

[18] R.G. Morris, A.D. Hargreaves, E. Duval and A.H. Wyllie 
(1984) Hormone-induced death. II. Surface changes in 
thymocytes undergoing apoptosis. American Journal of 
Pathology, 115, 426-431. 

[19] J.S. SaviIl, V. Fadok, P. Henson and C. Haslett (1993) 
Phagocyte recognition of cells undergoing apoptoSis. 
Immunology Today, 14, 131-136. 

[20] T.M. Buttke and P.A. Sandstrom (1994) Oxidative stress as 
a mediator of apoptosis. Immunology Today, 15, 7-10. 

[21] G. Kroemer and C.A. Martinez (1994) Pharmacological 
inhibition of programmed lymphocyte death. Immunol- 
ogy Today, 15, 235-242. 

[22] C.B. Thompson (1995) Apoptosis in the pathogenesis and 
treatment of disease. Science, 267, 1456-1462. 

[23] J.J. Cohen (1993) Apoptosis: The physiologic pathway of 
cell death. Hospital Practice, 28, 35--43. 

[24] M. Tanaka, H. Ito, S. Adachi, H. Akimoto, T. Nishikawa, 
T. Kasajima, E Marumo and M. Hiroe (1994) Hypoxia 
induces apoptosis with enhanced expression of Fas 
antigen messenger RNA in cultures of neonatal rat 
cardiomyocytes. Circulatory Research, 75, 426--433. 

[25] D.M. Rosenbaum, J. Kalberg and J.A. Kessler (1994) 
Superoxide dismutase ameliorates neuronal death from 
hypoxia in culture. Stroke, 25, 857-863. 

[26] R.A. Gottlieb, K.O. Burleson, R.A. Kloner, B.M. Babior 
and R.L. Engler (1994) Reperfusion injury induces 
apoptosis in rabbit cardiomyocytes. Journal of Clinical 
Investigation, 94, 1621-1628. • 

[27] N. Ramakrishnan, J.F. Kalinich and D.E. McClain (1996) 
Ebselen inhibition of apoptosis by reduction of peroxides. 
Biochemical Pharmacology, 51, 1443-1451. 

[28] A.E Holleman (1904) Notice sur I' action de I' 
eau oxygenee sur les acides acetoniques et surf les 
Dicetones 1.2. Recueil Travaux Chimiques Pays-Bas Belgique, 
23, 169-171. 

[29] R. Bringer, B. Swiridall, D. Brodie, D. Zdunek, H. Stiegler 
and G. Walter (1986) Pyruvate attenuation of hypoxia 
damage in isolated working guinea-pig heart. Journal of 
Molecular Cell Cardiology, 18, 423--438. 

[30] R. Bringer, R.T. Mallet and D.A. Hartman (1989) Pyruvate- 
enhanced phosphorylation potential and inotropism in 
normoxic and postischemic isolated working heart. Near- 
complete prevention of reperfusi0n contractile failure. 
European Journal of Biochemistry, 180, 221-233. 

[31] L.W.V. Deboer, P.A. Bekx, L. Han and L. Steinke (1993) 
Pyruvate enhances recovery of rat hearts after ischemia 
and reperfusion by preventing free radical generation. 
American Journal of Physiology, 34, H1571-H1576. 

[32] A.K. Salahudeen, E.C. Clark and K.A. Nath (1991) 
Hydrogen peroxide-induced renal injury. A protective 
role for pyruvate in vitro and in vivo. Journal of Clinical 
Investigation, 88, 1886-1893. 

[33] N. Ramakrishnan, D.E. McClain and G.N. Catravas (1993) 
Membranes as sensitive targets in thymocyte apoptosis. 
International Journal of Radiation Biology, 63, 693-701. 

[34] J. Gong, E Traganos and Z. Darzynkiewicz (1994) A 
selective procedure for DNA extraction from apoptotic 
cells applicable for gel electrophoresis and flow cyto- 
me~¢. Analytical Biochemistry, 218, 314-319. 

[35] V.A. Fadok, D.R. Voelker, P.A. Campbell, J.J. Cohen, 
D.L. Bratton and P.M. Henson (1992) Exposure of 
phosphatidylserine on the surface of apoptotic lympho- 
cytes triggers specific recognition and removal by 
macrophages. Journal of Immunology, 148, 2207-2216. 

[36] V.A. Fadok, J.S. Savill, C. Haslett, D.L. Bratton, 
D.E. Doherry, P.A. Campbell and P.M. Henson (1992) 
Different populations of macrophages use either the 
vitronectin receptor or the phosphatidylserine receptor 
to recognize and remove apoptotic cells. Journal of 
Immunology, 149, 4029-4035. 

[37] V.A. Fadok, D.J. Laszlo, P.W. Noble, L. Weinstein, 
D.W.H. Riches and P.M. Henson (1993) Particle 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PYRUVATE INHIBITS APOPTOSIS 295 

digestibility is required for induction of phosphatidylser- 
ine recognition mechanism used by murine macrophages 
to phagocytose apoptotic cells. Journal of Immunology, 151, 
4274-4285. 

[38] S.J. Martin, C.EM. Reutelingsperger, A.J. McGahon, 
J.A. Rader, R.C.A.A. van Schie, D.M. LaFace and 
D.R. Green (1995) Early redistribution of plasma mem- 
brane phosphatidylserine is a general feature of apoptosis 
regardless of the initiating stimulus: inhibition by over 
expression of Bcl-2 and Abl. Journal of Experimental 
Medicine, 182, 1545-1556. 

[39] J.E Tait, D. Gibson and K. Fujikawa (1989) Phosphollpid 
binding properties of human placental anticoagulant 
protein-I, a member of the llpocortin family. Journal of 
Biological Chemistry, 264, 7944-7949. 

[40] H.A.M. Andree, C.P.M. Reutelingsperger, R. Hauptmann, 
H.C. Hemker, W.T. Hermens and G.M. Willems (1990) 
Binding of vascular anticoagulant a (VACa) to planar 
phospholipid bilayers. Journal of Biological Chemistry, 265, 
4923-4928. 

[4I] P. Thiagarajan and T.E Tait (1990) Binding of annexin V/ 
placental anticoagulant protein I to platelets. Evidence for 
phosphatidylserine exposure in the procoagulant 
response of activated platelets. Journal of Biological 
Chemistry, 265, 17420-17423. 

[42] K.S. Sellins and J.J. Cohen (1987) Gene induction by 
v-irradiation leads to DNA fragmentation in lympho- 
cytes. Journal of Immunology, 139, 3199-3207. 

[43] G. Kroemer, E Petit, N. Zamzami, J.L. Vayssiere and 
B. Mignote (1995) The biochemistry of programmed cell 
death. FASEB Journal, 9, 1277-1287. 

[44] C.C. Chou, C.Y. Lain and B.Y.M. "lung (1995) Intracellular 
ATP is required for actinomycin D-induced apoptotic cell 
death in HeLa cells. Cancer Letters, 96, 181-187. 

[45] N. Zamzami, P. Marchetti, M. Castedo, D. Decaudin, 
A. Macho, R. Hirsch, S.A. Susin, P.X. Petit, B. Mignotte 
and G. Kroemer (1995) Sequential reduction of mitochon- 
drial transmembrane potential and generation of reactive 
oxygen species in early programmed cell death. Journal of 
Experimental Medicine, 182, 367-377. 

[46] R.T. Mallet and R. Bringer (1994) Energetic modulation of 
cardiac inotropism and sarcoplasmic reticular calcium 
uptake. Biochimica et Biophysica Acta, 1224, 22-32. 

[47] B.J. Martin, R.D. Lasley, R. Bringer and R.M. Mentzer Jr. 
(1998) Pyruvate augments calcium transients and cell 

shortening in rat ventricular myocytes. American Journal of 
Physiology, 274, H8-H17. 

[48] D. Clough and R. Bringer (1995) Protection of pyruvate 
against inhibition of Na+-K+-ATPase by a free radical 
generating system containing t-butylhydroperoxide. Life 
Sciences, 57, 931-943. 

[49] T.M. Buttke and P.A. Sandstrom (1995) Redox regulation 
of programmed cell death in lymphocytes. Free Radical 
Research, 22, 389-397. 

[50] A. Pepera, H.G. Parkes, H. Herz, E Haycock, D.E Blake 
and M.C. Grootveld (1997) High resolution 1H NMR 
investigations of the reactivities of a-keto acid anions 
with hydrogen peroxide. Free Radical Research, 26, 
145-157. 

[51]A.R. Giandomenico, G.E. Cerniglia, J.E. Biaglow, 
C.W. Stevens and C.J. Koch (1997) The importance of 
sodium pyruvate in assessing damage produced by 
hydrogen peroxide. Free Radical in Biology and Medicine, 
23, 426--434. 

[52] H. Herz, D.R. Blake and M. Grootveld (1997) Multi- 
component investigations of the hydrogen peroxide- and 
hydroxyl radical-scavenging antioxidant capacities of 
biofluids: The roles of endogenous pyruvate and lactate. 
Free Radical Research, 26, 19-35. 

[53] EA. Sandstrom and T.M. Buttke (1993) Autocrine pro- 
duction of extracellular catalase prevents apoptosis of 
the human CEM T-cell line in serum-free medium. 
Proceedings of the National Academy of Sciences USA, 89, 
7924-7928. 

[54] R: Biinger and R.T. Mallet (1993) Mitochondrial pyruvate 
transport in working guinea-pig heart. Work-related 
vs carrier-mediated control of pyruvate oxidation. Bio- 
chimica et Biophysica Acta, 1151, 223-236. 

[55] Y.H. Kang, R.T. Mallet and R. B/inger (1992) Coronary 
autoregulation and purine release in normoxic heart at 
various cytoplasmic phosphorylation potentials: Dis- 
parate effects of adenosine. European Journal of 
Physiology, 421, 188-199. 

[56] U. Dijkstra, E Gabreels, E. Joosten, R. Wevers, K. Lamers, 
W. Doesburg and W. Renier (1984) Friedreich's ataxia: 
Intravenous pyruvate load to demonstrate a defect in 
pyruvate metabolism. Neurology, 34, 1493-1497. 

[57] G. Hasenfuss (1997) Influence of pyruvate on hemo- 
dynamics and calcium cycling in failing human hearts. 
Circulation (supplement), 96, 1-524-I-525. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


