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The proliferation of in vitro grown Ehrlich ascites tumor cells is inhibited by pyruvate concen­
trations > 2  m M .  In the presence of 4 —5 m M  pyruvate the growth is reduced to about 50%, in the 
presence of 20 mM to about 5 — 10%. Viability of the cells is not severely affected. Increase of 
D N A  corresponds to the cell growth. On recultivation in pyruvate free standard medium, growth 
is nearly normal. Flow cytometric analyses o f the proliferation kinetics of the cells in the presence 
of 20 m M  pyruvate revealed a retardation of the passage of all phases of the cell cycle. No phase 
specific effects could be detected though the S- and G 2M -phase are more afflicted than G l .  The 
growth inhibition of E A T  cells by pyruvate seems to depend on the presence of glucose.

Exogenous pyruvate ( > 1 —2 m M )  causes an activation of pyruvate dehydrogenase, a reduction 
of lactate production from glucose and a stimulation of lipid biosynthesis; the N A D /N A D H  ratio 
of the cells is reduced and a rise of glycolytic intermediates beyond glyceraldehyde-3-phosphate 
dehydrogenase is observed. Maximal activation of pyruvate dehydrogenase by non toxic concen­
trations of dichloroacetate is also accompagnied by an inhibition of cell growth. It is suggested  
that an increase of glyceraldehyde-3-phosphate level and the changes in the redox state of the cells 
are of relevance for the inhibition o f cell growth by pyruvate. 100—500 îm exogenous glycer- 
aldehyde-3-phosphate strongly inhibited cell growth.

It is becoming increasingly likely that pyruvate, a 
key anaplerotic m etabolite , may play a regulatory 
role in cell proliferation. Supplem ents of pyruvate to 
tissue culture m edium  enhance the proliferation  of 
certain types of m am m alian cells in culture [1—3], 
especially when cell densities are low. In som e types 
of cells an inverse relationship betw een levels of 
serum  derived growth factors and the enhancem ent 
of cell proliferation by pyruvate and 2-oxo-carboxy- 
lates has been dem onstrated  [4—7], Pyruvate not 
only stim ulates the growth of cells in culture, but also 
affects their differentiation [8 , 9].

M alignantly transform ed cells have altered  growth 
factor and nu trien t requirem ents in culture [10, 11]. 
W e therefore have studied growth and m etabolism  of 
Ehrlich ascites tum or cells in the presence of increas­
ing concentrations of exogenous pyruvate. These ex­
perim ents have shown tha t pyruvate is a growth in­
hibiting factor for these cells betw een 2 —20 m M , 

which causes a retardation  of the passage of all 
phases of the cell cycle. These effects o f pyruvate 
depend on the presence of glucose.
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Exogenous pyruvate causes further a strong activa­
tion of pyruvate dehydrogenase, a reduction of lac­
ta te  production from  glucose and a stim ulation of 
lipid biosynthesis; the N A D /N A D H  ratio  is reduced 
and  an increase of glycolytic interm ediates beyond 
glyceraldehyde-3-phosphate dehydrogenase could be 
detected . W e suggest that the rise of glyceraldehyde- 
3-phosphate and the changes of the redox state are 
relevant for the inhibition of cell proliferation by 
pyruvate.

Material and Methods

All chemicals, buffers and m edia com ponents 
w ere of the purest grade available from  M erck 
(D arm stad t), Serva (H eidelberg), Sigma (M ünchen) 
and B oehringer (M annheim ). L-U-[14C]lysine (s .a . 
287 Ci/m ol), 2-[14C]thym idine (s .a . 53—61 Ci/mol) 
w ere purchased from  A m ersham  Buchler (B raun­
schweig). Scintillation cocktail Rotiszint R l l  was 
from  R oth  (K arlsruhe). H orse serum  was from  Beh- 
ringw erke M arburg, it was essentially free of myco­
plasm a. Microcillin was from Bayer (E lberfeld).

Cells and grow th  techniques

H yperdiploid Ehrlich ascites tum or cells, strain 
ELT-B onn [12] were serially grown in the peritoneal
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cavity of fem ale N M R I mice. Cells for explantation 
to  cultures in vitro  were usually withdrawn from  mice 
inoculated 4 —5 days previously and transferred  to 
m odified E agle’s m edium  supplem ented with 15% 
horse serum , 30 mg/1 streptom ycin and 575 mg/1 
m icrocillin, to  obtain a suspension of 5 x  105 cells/ml 
of culture m edium  in 600 ml non-siliconized glass 
flasks. G row th was estim ated by counting the cells in 
a N eubauer cham ber or by turbidity m easurem ents. 
V iability of the cells was assessed by dye exclusion 
test with 0 .1% nigrosin.

A fter 13 — 15 h cultivation at 37 °C under standard  
conditions (first passage in v itro ) the cells were trans­
ferred  to  fresh culture m edium . The inoculum den­
sity in the second and subsequent passages was 
3 .5—4.0 x  105 cells/ml. The culture flasks were slowly 
ro ta ted  for 2 min every 2 h with a frequency of
2 m in-1. Pyruvate was added to the culture medium  
from  a 1 M solution of sodium  pyruvate, which was 
p repared  before every experim ent.

Cell cycle analysis

Cell cycle distribution of the cell populations was 
analyzed by flow cytom etry as described in [13] and
[14]. The fluorescence of D N A  bound dye was m eas­
u red proportionally , stored  and graphed with a flow 
cy tom eter ICP 11, Phywe G öttingen. The quan tita­
tive evaluation of the histogram s to obtain the frac­
tions of cells in the various com partm ents is illus­
tra ted  in [13].

M easurem ent o f  m etabolic param eters

Protein  content of cell cultures was quantified by 
the Lowry m ethod with cristallized bovine serum  al­
bum in (Behringw erke M arburg) as standard. D N A  
conten t of cell cultures was determ ined fluorom etri- 
cally as described by L abarca and Paigen [15]. The 
relative rates of D N A  and protein synthesis were 
m easured by incorporation  of 2-[14C]thym idine and 
U -[14C]lysine into acid insoluble fraction as described 
in [16]. L-Lactate production  of the cells was assayed 
as described by H ohorst [17], glucose consum ption 
was m easured with the glucose oxidase period test 
from  B oehringer (M annheim ).

A T P and A D P concentrations of the cells were 
assayed by applying the luciferin/luciferase system 
using a Biolum at 9500 (B ertholt). For further details 
see reference [13]. A TP and A D P in the cytosol were 
determ ined  as described by Z uurendonk and Tager
[18].

N A D H  and N A D  were determ ined with a bio­
lum inescence system as described by Stanley [19]. 
F or determ ination  of N A D  2 ml of cell suspension 
w ere depro te in ized  with 0.2 ml 3.3 n  perchloric acid. 
The precip itate was separated  by centrifugation and 
the superna tan t was neutralized with 3 n  K OH. 
200 nl o f the probe were utilized for the assay. For 
determ ination  of N A D H  1 ml of cell suspension was 
depro te in ized  with 0.5 ml 1 n  alcoholic K O H . For 
fu rthe r details of the m ethod see [13, 19].

T otal lipids of the cells were extracted from  the 
perchloric acid precip itate with chloroform /m ethanol 
(1:1 V/V) as described by Folch [20] and determ ined 
gravim etrically (C ahn electro balance [21].

In term ed iates of glycolysis (glucose-6-phosphate. 
fructose-1 .6-bisphosphate, glyceraldehyde-3-phos- 
phate  and dioxyaceton-phosphate) were assayed by 
standard  m ethods as described in [22]. 15 ml of cell 
suspension were deprotein ized with 1 ml 5 n  per­
chloric acid, after centrifugation the supernatan t was 
neu tralized  with 5 m  K2C 0 3 solution; 4 ml of the 
extract w ere used for the determ ination  in a 4 cm 
cuvette [13].

A ssa y  o f  p yru va te  dehydrogenase in v ivo

Pyruvate dehydrogenase activity of the cells in 
vivo  was assayed via the 14C 0 2 liberation from
l- [14C]pyruvate. Two m ethods were applied; first a 
continuous m easurem ent of produced 14C 0 2 as was 
developed earlier in our laboratory  [23] and further a 
discontinuous assay which provides only one single 
endpoin t from  each incubation vessel. In the last case 
essentially the m ethod of B orud and Strom m e [24] 
was applied; the experim ental p rocedure is described 
in detail in [13] and [24]. 2 ml cell suspension were 
used for each analysis.

Results

Proliferation kinetics o f  the cells

In o rder to  determ ine the dependency of growth 
response of E A T  cells on increasing concentrations 
o f pyruvate, we have com pared the production of 
cells in culture within 24 h in the presence of 
0 .5 —20 mM pyruvate. The results of these experi­
m ents have shown (see Fig. 1) a steady decrease of 
cell growth in pyruvate supplem ented m edium  above 
a concentration  of 1 m M . Viability of the cells is not 
significantly im paired up to 20 mM pyruvate. W e ob­
served fu rther that concentrations of 0.5 — 1 mM py-
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mM PYRUVATE
Fig. 1. Growth within 24 h of EAT-cells in the second pas­
sage in vitro in the presence of increasing concentrations of 
exogenous pyruvate. Cell density at the beginning of each 
experiment was 3 —4 x  105 cells/ml; cell density o f controls 
after 24 h was between 2 —3 x  106 cells/ml; Glucose 10 mM.

ruvate may not stimulate the proliferation of E A T  
cells even not at low cell densities (5 x  104 cells/ml). 
Results of experim ents which dem onstrate the sig­
nificance of glucose for the growth inhibiting activity 
of pyruvate are summ arized in Table I. In these ex­
perim ents we have taken advantage of the previous 
observation, tha t growth and viability of E A T  cells in 
glucose free m edium  can be sustained by uridine
[25]. In glucose free m edium supplem ented with

Table I. Effect o f pyruvate on cell proliferation of in vitro 
grown E A T  cells in different culture media. Inoculum den­
sity was 3 —4 x lO 5 cells/ml, cell density of controls after 
24 h was between 2 —3 x  106 cells/ml. Results of typical ex­
periments.

Medium com position Rel. growth 
%  of controls 
within 24 h

10 mM glucose (Controls) 1 0 0

1 0  mM glucose +  2 0  mM pyruvate 5 - 1 0
glucose free 0

1 0  mM glucose +  1 0  mM uridine 1 1 0

glucose free +  1 0  mM uridine 4 0 -6 0
glucose free +  1 0  mM uridine

+  2 0  mM pyruvate 40
1 0  mM glucose +  1 0  mM uridine

+  20 mM pyruvate 15

urid ine, addition of 20 m M  pyruvate does only slight­
ly im pair the growth of the cells. It seems further that 
uridine not only may stim ulate the growth of the cells 
under norm al conditions but also in the presence of 
pyruvate.

In fu rther experim ents we have characterized the 
grow th inhibiting properties of pyruvate in m ore de­
tail. The relative increase of cell num ber, D N A  and 
pro tein  w ithin 24 h of a typical experim ent are d e­
picted in Fig. 2 A , B and C. The production of cells 
in the presence of 20 mM pyruvate was reduced to

Glucose 10 mM; + 2 0  mM pyruvate - A - ;  recultivation in pyruvate free medium (3rd passage) -O - .
B. Relative increase of D N A . Controls - 0-  (D N A : 11.9 ^ig/106 cells at zero tim e); + 2 0  mM pyruvate - A - ;  3rd passage in 
the presence o f 20 mM pyruvate - A -  (D N A : 12.2 Mg/106 cells at zero time); recultivation in pyruvate free medium (3rd 
passage) - O - .  Cells were separated from 1 ml cell suspension, D N A  was measured fluorometrically as described in (15).
C. Relative increase of protein. Controls (at zero time 217 ng/106 cells); + 2 0  mM pyruvate - A - ;  3rd passage in the 
presence of 20 mM pyruvate - A -  (245 ng/106 cells); recultivation in pyruvate free medium (3rd passage) - O - .  Estimation of 
protein with Lowry reagent after separation of the cells from 1 ml of cell suspension.
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about 5 —10% of controls within 24 h (Fig. 2 A ). In 
the third passage in the presence of the sam e pyru­
vate concentration the increase of cell num ber was in 
the same range. On recultivation in norm al m edium  
an increase of cells of about 60—80% of controls was 
obtained. Increase of D N A  of the cultures corres­
ponds to the increase of cell num ber as is dem on­
strated  in Fig. 2B  while the increase of protein  
(Fig. 2C ) suggests, that the “growth cycle” of the 
cells is less im paired by pyruvate than the “chrom o­
som e cycle” . The effects of 20 m M  pyruvate on the 
rate of D N A - and protein synthesis of the cells are 
illustrated in Fig. 3 A and 3B . A  typical incorpora­
tion pattern  of [14C]thym idine was ob ta ined  under 
standard  conditions, while in the presence of 20 m M  

pyruvate the D N A  synthesis is dram atically reduced 
within 8 h and thereafter rem ains constant up to 
about 30 h. The rate of protein synthesis in the 
presence of 20 m M  pyruvate (Fig. 3B ) has already 
attained a minimum after 4 h and rem ains constant 
up to 30 h.

C ell cycle progression

In o rder to obtain further inform ation on the p ro ­
liferation kinetics of the cells, flow cytom etric ana­
lyses of the phase com position of controls and of 
cultures grown in the presence of 20 m M  pyruvate 
were perform ed. The results of a flow cytom etric 
analysis of a typical experim ent are sum m erized in 
Table II.

From  the increase of cell num ber and a com pari­
son of the phase com position at the beginning of the

Table II. Cell cycle distribution of EAT-cells grown in the 
presence and absence of pyruvate.

Controls 
h Gl S G 2M

+ 20 mM Pyruvate 
Gl S G 2M

0 41 39 2 0 38 42 2 0

1 2  26 44 30 23 56 2 1

24 22 45 33 24 47 29

dN 100 
dt No

in 24 h: 70%
dN
dt

1 0 0

No - in 24 h: 10%

culture period  and after 24 h, the following conclu­
sions may be drawn: A t the beginning of the experi­
m ent in the presence of 20 m M  pyruvat 38 out of 100 
cells are in G l ,  42 in S and 20 in G 2M . Since within 
24 h cell growth was about 10%, at the end of the 
culture period 26 cells are in G l  (24% from 110), 52 
are in S (47%  from 110) and 32 are in G 2 M  (29% 
from  110). W ithin 24 h only 10 from 20 cells being in 
G 2 M  at the beginning of the experim ent have di­
vided ( 10% growth) and have entered the G l  phase, 
which implies that only half of the G 2M  cells have 
passed mitosis within 24 h, while the norm al length 
of G 2 M  is 7 ±  1 h [19]. D uring the same tim e 22 S- 
cells have en tered  G 2 M  to yield 32 G 2M  cells. A f­
te r 24 h 20 S-cells out of 42 are yet in their com part­
m ent; the norm al length of S is 9 ± 1  h. W ithin the 
culture period  32 G 1 cells en ter the S-phase to  yield 
52 S-cells; 26 cells are in the G 1-com partm ent at the 
end of the culture period. From  38 cells being in G 1 
at the beginning of the experim ent, 32 leave the 
phase w ithin 24 h; the norm al length of G l  is

Fig. 3. A. Incorporation of [14C]thymidine into E A T  cells after a 15 min puls of 0.1 jxCi/ml. C o n tr o ls -# -;  in the presence 
of 1 0  mM dichloroacetate in the presence o f 2 0  mM pyruvate - A - .  Cell density between 3 .5 —4 x 1 0 5 cells/ml, glucose
5.5 mM.
B. Incorporation o f U -[14C]-L-lysine after a 15 min puls of 0.1 |xCi/ml. Cell density between 3 .5 —4 x  105 cells/ml, glucose
5.5 mM. Controls 2nd passage in the presence o f 20 mM pyruvate - A - .
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18 ±  1 h. From  these estim ations it is concluded that 
pyruvate causes a drastic re ta rda tion  of all phases of 
the cell cycle, the G l  phase being less afflicted than 
the S- and G 2 M  com partm ent. From  the growth of 
the control cultures a generation tim e of 32 h may be 
estim ated [26].

M etabolic features o f  the cells

The m ost prom inent alteration  of energy and  in­
term ediary  metabolism in the presence of exogenous 
pyruvate is a considerable increase of pyruvate dehy­
drogenase activity (Fig. 4). W ithin the first 6 h a 
stim ulation of the enzyme up to  15—20-fold was 
m easured; the activity runs through a maxim um  and 
attains 600% of controls after 24 h. The sam e effect 
on the enzyme activity in v ivo  was detected  in the

Fig. 4. Pyruvate dehydrogenase activity of EA T-cells in 
vivo. Controls cells grown in the presence o f 20 mM 
pyruvate or 10 mM dichloroacetate - A - ,  cells treated with 
2 0  mM pyruvate in the 2 nd passage and recultivated in 
standard medium (3rd passage) - O - .  Parameter of activity 
is 14C 0 2 liberated from l-[14C]pyruvate; s. a. of l-[C 14]pyru- 
vate was 14.4 Ci/mol, activity in the incubation medium  
(4 ml) was 1 fxCi, cell density was 2 x  106 cells/ml; the first 
point was obtained 4 min after addition o f 20 mM pyruvate. 
Activation of the enzyme is already detectable after this 
time. For further details see “M ethods” .

presence of 10 mM dichloroacetate, a specific ac­
tivator of pyruvate dehydrogenase [27]. Nontoxic 
concentrations of pyruvate or dichloroacetate, which 
give rise to  a maximal activation of pyruvate dehy­
drogenase, have qualitatively the same but quan tita­
tively different influences on proliferation and D N A  
synthesis (Fig. 3 A ). Proliferation of the cells in the 
presence of 10 mM dichloroacetate is reduced by 
abou t 50%  of controls within 24 h (data not shown).

G lucose consum ption and lactate production are 
illustrated  in Table III. This table dem onstrates that 
activation of pyruvate dehydrogenase reduces the 
glucose up take and lactate form ation of the cells. 
Pyruvate dehydrogenase activity and total lipid 
synthesis in the presence of increasing concentrations 
of exogenous pyruvate are com pared in Fig. 5. This 
figure dem onstrates tha t the incorporation of 14C 
from  U -[14C ]pyruvate into to tal lipids of the cells and 
the pyruvate dehydrogenase activity correspond very

Fig. 5. Pyruvate dehydrogenase activity and lipid synthesis 
in the presence o f increasing concentrations of exogenous 
pyruvate. 14C 0 2 evolution from l- [ 14C]pyruvate con­
ditions see Fig. 4. 14C incorporation into total lipids from 
U -[14C]pyruvate - A - .  Measurements after 90 min. EAT  
cells from the first passage were used. Cell density was 
2 —4 x  106 cells/ml; s .a . of U -[14C]pyruvate was 14 Ci/mol.

Table III. Glucose uptake and lactate production of E A T  cells be­
tween 4 and 24 h of the second passage in vitro. G lucose concentra­
tion 10 mM.

Conditions Glucose uptake 
|im ol/1 0 6 cells x  h

Lactate production 
li.mol/1 0 6 cells x  h n

Controls 0.431 ± 0 .0 5 8 0.694 ± 0 .0 8 2 32
+  2 0  mM pyruvate 0.361 ± 0 .0 4 7 0.524 ±0 .0 7 3 1 2

10 mM dichloro acetate 0.380 ± 0 .0 6 2 0.578 ± 0 .061 1 0

recovery
(after 20 mM pyruvate)

0.412 ±0 .0 7 3 0.557 ± 0 .0 9 8 8
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well. A ctivation of the enzyme and an increased level 
of acetyl CoA  (0.172 nmol/106 cells in controls,
0.299 nmol/106 cells in the presence of 20 m M  pyru­
vate) give rise to  a strong stim ulation of lipid syn the­
sis.

D ata  on the energetic state of the cells are given in 
Table IV. The A T P/A D P ratio  of the whole cells 
under all conditions is 5.9 ± 1 .0 , in the cytoplasm a
14.6 ± 0 .8 . The energy supply of the cells in the 
presence of exogenous pyruvate and dichloroacetate 
is not significantly im paired.

W hile the N A D /N A D H  ratio  of dichloroacetate 
trea ted  cells (specific activation of pyruvate dehy­
drogenase) is not changed as com pared to  controls, it

is significantly reduced during and after growth in 
pyruvate supplem ented m edium  (see Table V). A cti­
vation of pyruvate dehydrogenase does therefore not 
prim arily account for the shift of the redox state in 
the presence of exogenous pyruvate. O ther m etabol­
ic effects m ust be taken into consideration (see dis­
cussion).

A nalyses of the interm ediates of glycolysis have 
given fu rther inform ation. These experim ents were 
undertaken  because it is know n that pyruvate is an 
inhibitor of lactate dehydrogenase [28] and pyruvate 
kinase [29]. Indeed  an accum ulation of m etabolites 
above the glyceraldehyde-3-phosphate dehydrogen­
ase was observed (see Table VI) which possibly is of

Table IV. ATP-, AD P-content and A TP/A D P ratio of the cells between 4 and 24 h of the second  
passage in vitro.

Conditions ATP
nm ol/1 0 6 cells

A D P
nm ol/1 0 6 cells

A TP/A D P n

Controls 6 .8 6 ±  1 . 0 2 1 .4 3 ± 0 .2 6 4.79 90
+  2 0  mM pyruvate 7.27 ± 1 .0 7 1 .0 8 ± 0 .3 4 6.73 30

whole cells+  1 0  mM dichloro acetate 6.08 ±  0.71 1.17 ±  0.26 5.19 24
recovery
(after 2 0  mM pyruvate)

6 . 6 8  ± 0 .7 2 0.97 ±  0.31 6 . 8 8 36

Controls 6 .4 9 ±  1.21 0.48 ± 0 .9 9 13.5 18
+  2 0  mM pyruvate 7 .7 2 ±  1.25 0.497 ± 0 .9 9 15.44 18 cytoplasma+  1 0  mM dichloro acetate 6 .5 5 ± 0 .9 6 0.447 ±0 .0 8 5 14.88 18

Table V. N A D H -, NA D-content and N A D /N A D H  ratio of E A T  cells between  
8  and 24 h of the second passage in vitro.

Conditions N A D H  
nm ol/1 0 6 cells

N A D
nm ol/1 0 6 cells

N A D /N A D H n

Controls 0.336 ±0 .0 7 0 6.50 ± 1 .0 0 19.3 29
+ 2 0  mM pyruvate 0.884 ±0 .0 8 0 6.85 ± 1 .1 4 7.7 24
4- 10 mM dichloro acetate 0.496 ± 0 .082 9 .0 4 ±  1.32 18.3 18
recovery
(after 2 0  mM pyruvate)

0.750 ± 0 .146 6 .5 0 ±  1.18 8.7 18

Table VI. Concentration of intermediates o f glycolysis of in vitro grown 
E A T  cells between 4 and 24 h.

M etabolite Controls 
nm ol/1 0 8 cells

+  2 0  mM pyruvate 
nm ol/1 0 8 cells

n

G lucose-6 -phosphate 116 ± 3 2 155 ± 2 9 5
Fructose-2.6 -bisphosphate 64 ±21 169 ± 3 5 5
Glyceraldehyde-3-phosphate 71 ± 1 8 198 ± 4 2 5
Dioxyaceton-phosphate 65 ± 1 9 179 ± 3 7 5
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relevance with regard to the growth inhibition of 
cells in pyruvate m edium. W e have focussed our in­
terest on glyceraldehyde-3-phosphate, because Fen- 
selau et al. [30] have shown that aldosephosphates 
are inhibitors of cell growth and especially that 
glyceraldehyde-3-phosphate is a po ten t inhibitor of 
the growth of 3T 3  cells.

O ur experim ents have dem onstrated , tha t 
100—500 glyceraldehyde-3-phosphate inhibit se­
verely the growth of E A T  cells w ithout im pairm ent 
of viability. The analysis of the proliferation kinetics 
of these cultures (data not shown) revealed in a typi­
cal experim ent, that only cells which are at the begin­
ning of the experim ent in mitosis divide and en ter 
G 1 (3% ). A bout 5% of G1 cells en ter the S-phase 
and about 8% of S-cells en ter G 2  within 24 h. The 
small increase of cell num ber and the slow progress 
of cells through the cell cycle resem ble the pro lifera­
tion kinetics of the cells in the presence of pyruvate.

Discussion

The concentration dependent growth inhibiting ef­
fect of pyruvate on E A T  cells is som ew hat surpris­
ing, since pyruvate and o ther 2-oxoacids are known 
to prom ote the proliferation of in vitro  grown cells of 
different types [4—7]. These cell types include also 
m alignant cells as was shown for instance for W alker 
Carcino-sarcom a cells [1]. To our best knowledge 
there exists only one report on an inhibiting effect 
of pyruvate on cells in vitro: d ifferentiation of 
m ouseterato/carcinom a cells is restricted  by pyruvate
[9]. The actual concentration of pyruvate required  
for m aintaining inhibition of growth of E A T  cells is 
above 1—2 m M .

The growth inhibition by pyruvate of E A T  cells 
seem s to  depend upon the presence of glucose in the 
culture m edium  as is suggested by the experim ents in 
glucose free medium  supplem ented with uridine. 
This finding is consistent with the assum ption tha t 
in term ediates of glycolysis may play a role as growth 
inhibiting factors, because glycolysis in glucose free 
uridine containing medium  is reduced by m ore than 
90%  [25]. The flow cytom etric analyses of the cell 
cycle kinetics in the presence of 20 m M  pyruvate re ­
vealed tha t only a fraction of the cells being in G 2 M  
at the beginning of the culture period en ter mitosis 
and divide within 24 h, no G l-  nor S-cells pass the 
cell cycle during this time. It is evident tha t no com ­
plete arrest of cell growth takes place, obviously

even not in the second passage in the presence of 
high concentrations of pyruvate. The increase of 
D N A  and of p ro tein  confirms a slow progress of the 
cultures through the cell cycle, as does the rate of 
D N A  and p ro tein  synthesis. In the presence of lower 
concentrations of pyruvate, a corresponding sm aller 
re ta rda tion  of cell cycle progression is observed (data 
no t shown).

O ne of the m ost interesting aspect of these studies 
is the relation  betw een cell proliferation, rate of 
aerobic glycolysis (lactate production) and pyruvate 
dehydrogenase activity, since it is well known that 
high m alignancy (low degree of differentiation and 
fast growth) is always com bined with high aerobic 
glycolysis and low pyruvate dehydrogenase activity
[31]-

It appears tha t pyruvate potentially may influence 
the  in term ediary  m etabolism  and glycolytic/ 
m itochondrial energy production via the following 
m etabolic processes: activation of pyruvate-dehy- 
drogenase by inhibiting pyruvate dehydrogenase kin­
ase; reduction  of lactate production (aerobic glycoly­
sis) by inhibition of pyruvate kinase [29] and lactate 
dehydrogenase [28] and inhibition of glutam ate-oxal- 
acetate  transam inase, which is part of the malat- 
spa rta t shuttle o f the transport of cytosolic hydrogen 
in to  m itochondria [32].

A  global function which pyruvate could m odulate 
is the redox state of the cells [33]. M illimolar con­
cen trations could raise the N A D /N A D H  ratio by act­
ing as an electron sink for appropriate N A D H  oxi- 
doreductases. Stim ulation of cell proliferation and a 
m ore oxidizing state (higher N A D /N A D H  ratio) 
have been associated in some m am m alian cells [34] 
although the correla tion  is not universal [35] and may 
depend  on cell type. W hile an increase of N A D  by 
pyruvate and o ther 2-oxocarboxylates would possibly 
enhance glycolysis and increase A TP levels, recent 
evidence from  our laboratory  suggests, that the elec­
tron  flow per se is m ore im portant for cell cycle p ro ­
gression and cell’s transition from  G l  to  S-phase 
than  is the production  of A TP therefrom  [36].

A  fall in the N A D /N A D H  ratio (raise of N A D H ) 
as is observed in E A T  cells under the influence of 
pyruvate in our experim ents is associated with a de­
crease of glycolysis and inhibition of cell growth. The 
raise of the N A D H  level only transiently enhances 
the  oxygen consum ption; over 24 h there was no in­
crease in oxygen up take in the presence of pyruvate 
as com pared to  controls [13]. This is not surprising
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because we proceed from the assum ption tha t the 
aspartate-m alate shuttle of cytosolic hydrogen trans­
fer into m itochondria is im paired in the presence of 
high concentrations of the 2-oxoacid. D ionisi et al. 
[37] have shown, that in the presence of am inooxy- 
aceta te , a specific inhibitor of am ino transferases, 
the  N A D /N A D H  ratio  of E A T  cells is reduced. As 
we have shown [13] 2 mM am inooxyacetate also 
blocks the growth of E A T  cells. Inhibition of lactate 
dehydrogenase by pyruvate is a fu rther reason for 
the increase of the N A D H  level of the cells. Cell 
proliferation  and a m ore reducing state (decreased 
N A D /N A D H  ratio) seem not to  be com patible. A cti­
vation of pyruvate dehydrogenase (enhanced p ro ­
duction of acetyl C oA ) and a m ore reducing state 
(raise of cytosolic N A D H ) stim ulate how ever the 
lipid biosynthesis of the cells.

E xperim ents of O livotto et al. [38] have shown, 
th a t the incorporation  of [14C]thymidine and [3H]ly- 
sine into D N A  and protein  of Y oshida A H  130 hepa­
tom a cells is inhibited by pyruvate. These authors 
have also observed that the inhibition could be com ­
pletely reversed by addition of adenosine. In our ex­
perim ents this nucleoside had no effect on the inhibi­
tion  of cell proliferation of E A T  cells by pyruvate, 
ra th e r the inhibitory activity was enhanced [13].
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