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Tumour necrosis factor-a (TNF-a) was found to be a cell 
cycle-independent apoptogenic cytokine in cultured 
fibroblast L929 cells. This assertion is based on the 
observations (1) TNF-a increased the number of cells 
with hypo-diploid DNA in a time dependent manner 
as revealed by flow cytometry, and (2) TNF-a induced 
DNA fragmentation as resolved by agarose gel elec- 
trophoresis. When cells were exposed to TNF-a 
(50 ng/ml), a slow rise in intraceUular free Ca 2+ level 
and a delayed increase in the production of reactive 
oxygen species (ROS) (both observed 3h  after the 
addition of TNF-a) were observed in fluo-3 and fura- 
red or dichlorofluorescein loaded cells, respectively. 
Interestingly, challenge of cells with TNF-a in the 
presence of BAPTA/AM, an intracellular Ca 2+ chelator, 
decreased the release of ROS. Removal of ROS by 
4-hydroxy 2,2,6,6-tetra-methyl-piperidinooxy (4OH- 

2+  TEMPO) blocked the TNF-a-mediated Ca rise. More- 
over, when cells were exposed to TNF-a with both 
4OH-TEMPO and BAPTA/AM, more viable cells 
were found than from treatment with either BAPTA/ 
AM or 4OH-TEMPO. These results suggest that ROS 
and cellular Ca 2+ are two cross-talk messengers 
important in TNF-a-mediated apoptosis. 

Keywords: TNF-a, L929 cells, apoptosis, cross talk, 
ROS, Ca 2+ 

Abbreviations: TNF-a, murine recombinant tumour necrosis 
factor-o.; [Ca2+]i, intracellular free calcium concentration; 
DCF, dichlorofluorescein; 4OH-TEMPO, 4-hydroxy 2,2,6,6- 
tetra-methyl-piperidinooxy; BAPTA/AM, [1,2-bis(2)amino- 
phenoxy]ethane-N,N,N1,Nl-tetra-acetic, acetymethyl ester; 
ROS, reactive oxygen species; Nac, N-acetyl-L-cysteine 

I N T R O D U C T I O N  

T u m o u r  necrosis  f ac to r -a  (TNF-o~) is a p le io t ropic  

cy tok ine  p r imar i l y  p r o d u c e d  b y  ac t iva ted  m a c r o -  

phages .  Different  m e c h a n i s m s  have  b e e n  sug-  

ges ted  to con t r ibu te  to the  T N F - ~ - m e d i a t e d  cell 
killing. (1'2] These  inc lude  the gene ra t ion  of  reac-  

t ive o x y g e n  species (ROS), [3'4] ac t ivat ion of  phos -  
pho l ipase  a n d  release of  a rach idon ic  acid,  I5"6] 

ac t iva t ion  of  p ro tease  and  caspases  E7"s] a n d  
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impairment of mitochondrial functions. ~9-1~1 
However, the mechanism of TNF-a cytotoxicity 
is not fully understood. Even the mode of cell 
death is still controversial. Necrosis and apop- 
tosis were reported in murine L929 cells after 
TNF-a treatmentJ ~2'~3] 

Considering the important role of cellular Ca 2+ 
in apoptosis and necrosis mediated by other 
death-inducing agents, I141 the role of Ca 2+ in the 
TNF-a-mediated cytotoxicity is unclear. Results 
in U937 lymphoma indicate that neither an 
immediate increase in cellular Ca 2+ level nor 
Ca 2+ influx was found after TNF-a treatment. E151 
However, treating L929 cells with TNF-a with 
LiC1 induces an increase in the accumulation 
of inositol trisphosphate, and cytotoxicity sug- 
gests a role of intracellular Ca 2+ in the TNF-a- 
mediated cell death. E16J Evidence also indicates a 
positive role of intranuclear [Ca 2+] in TNF-a- 
mediated cell death in mammary adenocarci- 
noma cells. ~71 Here, we investigate the role of 
Ca 2+ in TNF-a-mediated cytotoxicity in L929 
cells, with emphasis on the effect of Ca 2+ on 
ROS production. 

MATERIALS AND METHODS 

Materials and Cell Culture 

Recombinant murine TNF-a was purchased from 
Boehringer Mannheim (Mannheim, Germany). 
The diacetate form of dichlorofluorescein (DCF- 
DA), fluo3/AM, fura-red/AM and BAPTA/AM 
were from Molecular Probes (Eugene, USA). 
Other reagents were from Sigma (St. Louis, 
USA). L929 cells, a TNF-a sensitive cell line from 
the American Type Culture Collection, were cul- 
tured in RPMI 1640 medium supplemented with 
10% (v/v) fetal calf serum (Gibco, Gaithersburg, 
USA) at 37°C, 5% CO2. The generation time of 
L929 cells is about 36h at 37°C, 5% CO2. Cells 
after treatments were trypsinized and all the 
cells (adherent and non-adherent) were collected 
for flow analysis. 

Isolation and Electrophoresis of DNA 

L929 cells (1 x 106/ml) treated with TNF-c~ or 
medium were pelleted by centrifugation and 
resuspended in 270 gl pre-cooled cell lysis buffer 
(in raM: 10 Tris/HC1, 10 NaC1, 10 EDTA, pH 7.4) 
with 30 ~tl 10% SDS. Subsequently, Proteinase K 
was added to a final concentration of 100 ~tg/ml. 
After incubation overnight at 37°C for complete 
digestion, DNA was extracted twice with equal 
volumes of phenol followed by two extractions 
with chloroform. The DNA was then further 
extracted by two volumes of absolute ethanol fol- 
lowed by centrifugation at 13,000 rpm for 10 min. 

Extracted DNA was resuspended in 40 ~tl TE 
buffer (in mM: 10 Tris/HC1, 1 EDTA, pH 7.6). 
Loading buffer (10 mM EDTA, 0.25% bromophe- 
nol blue, 30% glycerol) was then added at a 1 : 5 
ratio. Samples were then loaded onto a 1.5% 
agarose gel and electrophoresis was carried 
out at 50 V in TBE buffer (in mM: 2 EDTA, 90 
Tris/HC1, 90 boric acid, pH 8.0). One hundred 
base-pair ladder molecular weight markers 
(Gibco) were used. After electrophoresis, DNA 
was visualized by soaking the gel in TBE buffer 
containing 1.5 gg/ml ethidium bromide. 

Cell Cycle Analysis 

L929 cells incubated with TNF-a or medium alone 
were washed and fixed with 70% ethanol over- 
night. After centrifugation, cells were rehydrated 
in PBS for 30 min in the presence of RNase A 
(8 ~tg/ml) for 20min. Subsequently, cells were 
labelled with propidium iodide (PI) (40 ~tg/ml) 
and analysis was carried out with a flow cyto- 
meter (FACSort, Becton Dickinson). Laser excita- 
tion was set at 488 nm and signals for PI were 
obtained with a 570 nm band pass filter. 

ROS Determination by Flow Cytometry 

The release of ROS was measured by flow 
cytometry with DCF-DA. Briefly, cells treated 
with different agents were suspended in PBS 
(5 x 105/ml) and incubated with DCF-DA (final 
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concentrat ion 10 pM) at room temperature.  Cells 
were  then submit ted to flow analysis with 
FACSort (Becton Dickinson). Forward  and side 
scatters were  used to establish size gates and 
exclude debris f rom the analysis. The excitation 
wavelength  was 488 nm while the emit ted fluo- 
rescence was collected at 510 nm. For one single 
analysis, the fluorescence propert ies  of 10,000 
cells within the gates were  collected. 

Ca 2+ Determination by Flow Cytometry 

The intracellular free Ca 2+ level ([Ca2+]i) was 
de termined  by  flow cytomet ry  with fluo-3 and 
fura-red to increase the resolution of the change of 
([Ca2+]i). Briefly, cells t reated with different 
agents were suspended  in PBS (5 x 105/ml) and 
incubated with fu ra - red /AM (final concentrat ion 
10~tM) and f luo-3/AM (final concentrat ion 
10 pM) at room tempera ture  for I h. After wash- 
ing, cells were submit ted to flow analysis with 
FACSort (Becton Dickinson). Forward  and side 
scatters were  used to establish size gates and 
exclude debris from the analysis. The excitation 
wavelength  was 488 nm while the emit ted fluo- 
rescence was de termined at 510 nm for fluo-3 and 
570 nm  for fura-red. 

Neutral Red Assay 

L929 cells (3 x 104/welt) in a 96-well plate were 
treated with different agents as indicated at 37°C, 
5% CO2. After incubation, cells were  washed  
twice and neutral  red (0.5% w/v,  50 pl/well)  was 
added.  After I h incubation, cells were  washed  
and the wells were  air-dried. Subsequently, cells 
were lysed with 1% SDS and absorbance was 
de te rmined  at 540 nm. 

RESULTS 

Murine Recombinant TNF-o¢ Induced 
Apoptosis  in L929 Cells 

L929 cells have long been used as a model  cell line 
to examine the cytotoxic action of recombinant  

h u ma n  TNF-c~. Figure 1 shows the effect of 
mur ine  recombinant  TNF-o~ on the induct ion of 
apoptosis in L929 cells. It is clear in Figure l (a)-(d)  
that incubation of cells with TNF-~ (50 ng/ml)  
f rom 15 min to 6 h did not  alter much  the pat tern 
of the cell cycle. When  cells were  incubated with 
TNF-c~ for 10h, a cell popula t ion with a DNA 
content below a normal  G0/G1 value was found  
(Figure l(e)). Cells at all phases in the cell cycle 
were  affected. Under  identical conditions, a time- 
dependen t  DNA fragmentat ion was observed 
by  agarose gel electrophoresis (Figure l(f)). These 
observations unequivocal ly  indicate that mur ine  
recombinant  TNF-c~ is not an immedia te  death  
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DNA Content 

FIGURE l(a)-(e) 
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i nduce r  in L929 cells, b u t  requires  t ime to initiate 

a dea th  p r o g r a m m e .  As s h o w n  in Figure  l(g),  
the longer  was  the incuba t ion  t ime wi th  TNF-a ,  

the h igher  the cy to toxic i ty  w a s  observed .  D u e  to 

its simplicity,  this neu t ra l  red  u p t a k e  a s say  w a s  

used  in the later exper iments .  

100 g 
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[TNF-oq (ng/ml) 

FIGURE l(f) and (g) 

FIGURE 1 Effect of TNF-a on the induction of apoptosis 
in L929 cells. L929 cells (1 x 106/ml) were treated with med- 
ium alone (a) or TNF-a (50ng/ml) at 37°C, 5% CO2 for 
15min (b), 3h (c), 6h (d) or 10h (e). After treatment, cells 
were fixed and stained with propidium iodide (43 ~g/ml) 
for 30 min. The DNA content was then determined by flow 
cytometry. (f) DNA from cells (1 x 106/ml) treated with 

TNF-0t I n c r e a s e d  t h e  C e l l u l a r  

R O S  C o n t e n t  

G r o w i n g  ev idence  indicates  tha t  ROS p l a y  a key  
role in apoptos is .  [ls'19l To d e t e r m i n e  the  release of  

ROS in T N F - a - t r e a t e d  cells, the D C F - D A w a s  used  
to m o n i t o r  the f o r m a t i o n  of  in t racel lular  ROS. [19] 

The ox ida t ion  of the non- f luo rescen t  D C F - D A  b y  

ROS yields  the f luorescent  f o r m  of DCF and  the 

f luorescence  of  the in t racel lu lar ly  a c c u m u l a t e d  
DCF  therefore  represents  the a m o u n t  of ROS 

released.  Wi th  an  aid of  a f low cytometer ,  the 

a m o u n t  of  ROS re leased f r o m  ind iv idua l  cells wa s  

s tudied.  As  s h o w n  in Figure  2(a), i ncuba t ion  of  
cells wi th  T N F - a  (50 n g / m l )  for 15 m i n  d id  no t  

p r o d u c e  s ignif icant  change  in the ROS con ten t  as 

c o m p a r e d  to control .  H o w e v e r ,  w h e n  cells w e r e  

t reated wi th  T N F - a  (50 n g / m l )  for  a longer  t ime, 

the DCF  pa t t e rn  shif ted to the r ight  h a n d  s ide 

as c o m p a r e d  to their  c o r r e s p o n d i n g  control  

(Figure  2(b)-(d)).  The longer  was  the incuba t ion  

t ime wi th  TNF-a ,  the m o r e  ROS w a s  released.  In 
the 10 h t r ea tmen t  g r o u p  (Figure  2(d)), a p o p u l a -  

t ion of  h igher  r e s p o n d e r  on  the r igh t  and  a 

l ower  r e s p o n d e r  on  the left in t e rms  of  DCF  
f luorescence  w e r e  found .  The  occur rence  of  the 

two  p o p u l a t i o n s  was  no t  clear in the 6 h t r ea tmen t  

(Figure  2(c)). W h e n  the  l ower  r e s p o n d e r s  in the 

10h  t r ea tmen t  w e r e  sor ted  ou t  for  the deter -  

m ina t ion  of  viability, all of t h e m  were  d e a d  cells 

medium or TNF-a (50ng/ml) as indicated was extracted 
and analysed by agarose gel electrophoresis. (g) L929 cells 
(3 x 10S/ml) were treated with various concentrations of 
TNF-a at 37°C, 5% CO2 for 3h (0), 6h ( . ) ,  10h (A) or 20h 
(V). Subsequently, cytotoxicity was determined by neutral 
red uptake assay. Results are mean ± SD for 7 determina- 
tions. Data shown here are from a single experiment repre- 
sentative of several independent experiments. 

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

/2
1/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CROSS-TALK EVENTS IN TNF-c~ APOPTOSIS 299 

I a , . , ,  : ,  . .  

1 0  e 1 0 '  " " " ' " i ( Y  

Z 
lb " fo ~ lo ~ 'ib ~ 

e 

lb ° ' ' i b '  I 

i[ A b 
1~ . . . .  ib' i b  ~ 5 b '  ib ~ 

d 

lb' i iY iiY ib '  

f 

e ib '  f0 ~ ib ~ i'0' 

D C F  Fluorescence  

100 

90 

8O 

70 
o 

~ 6o 

,~ 50 

.~ 40 

0 
E 3o 

r...) 20 

10 

I I F I L I 

0 5 10 15 20 25 30 

[TNF-oq (ng/ml) 

FIGURE 2 Generation of ROS by TNF-c~ in L929 cells. L929 
cells (1 x 106/ml) were treated with medium alone (hair line), 
or TNF-c~ (50 ng/ml) (thick line) at 37°C, 5% CO2 for 15 min 
(a), 3 h (b), 6 h (c) or 10 h (d). L929 cells were also treated with 
medium alone (hair line), Nac (20 mM) (curve with grey area), 
TNF-c~ (50 ng/ml) (thick line) or TNF-c~ (50 ~g/ml) together 
with Nac (20mM) (dotted line) at 37°C, 5% CO2 for 6h (e). 
Treatments in (f) were similar to (e) except that Nac was 
replaced with 4OH-TEMPO (5 mM). The release of ROS was 

( d a t a  no t  show n) .  Resu l t s  in  F i g u r e  2 (a ) - (d )  the re -  

fo re  s u g g e s t  tha t  the  r e l ease  of  ROS m i g h t  be  

a m e d i a t o r  for  the  i n d u c t i o n  of a p o p t o s i s .  

Nex t ,  the  effect  of a n t i o x i d a n t s  such  as  N -  

a c e t y l - L - c y s t e i n e  (Nac)  a n d  4 - h y d r o x y  2,2,6,6- 

t e t r a m e t h y l p i p e r i d i n o o x y  ( 4 O H - T E M P O )  o n  the  

T N F - c ~ - m e d i a t e d  ROS p r o d u c t i o n  w a s  e x a m i n e d .  

N a c  a n d  4 O H - T E M P O  are  k n o w n  as  ROS sca-  

venge r s .  [2°] T rea t ing  cel ls  w i t h  N a c  ( 2 0 m M )  

( F i g u r e  2(e)) o r  4 - O H - T E M P O  (5 m M )  ( F i g u r e  2(f)) 

a l o n e  d i d  n o t  a l t e r  the  r e l ease  of  ROS w h e n  

c o m p a r e d  to the  u n t r e a t e d  g r o u p .  In  the  p r e s e n c e  

of  t he se  a n t i o x i d a n t s ,  the  l eve l  of  ROS p r o d u c -  

t ion  e l i c i t ed  b y  TNF-c~ (50 n g / m l ,  6 h) w a s  g r e a t l y  

r e d u c e d  ( F i g u r e  2(e) a n d  (f)). Th is  s u p p r e s s i v e  

effect  w a s  n o t  d u e  to a ' t o o - e a r l y '  t ox ic i ty  s ince  

p r o t e c t i o n s  b y  N a c  a n d  4 O H - T E M P O  w a s  

o b s e r v e d  in  t he  v i a b i l i t y  a s s a y  ( F i g u r e  2(g)). These  

r e su l t s  t h u s  s u g g e s t  tha t  ROS w a s  i m p o r t a n t  in  the  

T N F - ~ - m e d i a t e d  cy to toxic i ty .  H o w e v e r ,  a l t h o u g h  

the  p r o t e c t i v e  effect  of  4 O H - T E M P O  s e e m e d  to 

be  g r e a t e r  t h a n  tha t  of  N a c  ( F i g u r e  2(g)), i t  c o u l d  

no t  t o t a l l y  r e m o v e  the  TNF-c~ cy to toxic i ty .  This  

s u g g e s t s  tha t  m e c h a n i s m s  o t h e r  t h a n  the  f o r m a -  

t ion  of  ROS m i g h t  be  i n v o l v e d  in the  TNF-c~ 

a p o p t o s i s .  

T N F - ~  I n d u c e d  t h e  R i s e  o f  C e l l u l a r  [Ca 2+] 

The  effect  of TNF-c~ on  the  i n t r a c e l l u l a r  f ree  Ca 2+ 

leve l  ([Ca2+]i) w a s  a l so  i n v e s t i g a t e d .  In  th is  s tudy ,  

t w o  f l u o r e s c e n t  Ca  2+ i n d i c a t o r s ,  f luo-3  a n d  fu ra -  

r ed ,  w e r e  l o a d e d  in to  L929 cel ls  to m o n i t o r  the  

c h a n g e  of  [Ca2+]i. S i m u l t a n e o u s  l o a d i n g  of  

cel ls  w i t h  f u r a - r e d  a n d  f luo-3  w h i c h  e xh ib i t  

r e c i p r o c a l  shi f ts  in  f l u o r e s c e n c e  i n t e n s i t y  u p o n  

then determined by flow cytometry with DCE Data shown 
here are from a single experiment representative of several 

cells (3 x 10/ml) were treated with experiments. (g) L929 5 
various concentrations of TNF-c~ in the absence (O) or pre- 
sence of Nac (20 raM) ( I )  or 4OH-TEMPO (5 raM) (A) at 
37°C, 5% CO2 for 20h. Cytotoxicity was then determined 
by neutral red uptake assay. Results are mean ± SD for 7 
determinations. The cytotoxicity of cells treated with Nac 
or 4OH-TEMPO was ~ 80% of the one treated with med- 
ium alone. *P < 0.01, **P < 0.05. 
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binding with Ca 2÷ provides a better resolution 
of the change of [Ca2+]i after stimulation. [211 As 
shown in Figure 3(a), each dot in the dot-plot 
represents the fluorescence intensities of fluo-3 
and fura-red of a single cell. In the resting stage, 
most of the dots were found in the lower part 
of the dot-plot (Figure 3(a)). When the [Ca2+]i 
increases, more dots will theoretically move anti- 
clockwisely to the upper left quadrant. This 
phenomenon was observed when L929 cells 
were incubated with TNF-oe (50 ng/ml) for 3 h 
(Figure 3(a) and (b)), 6 h (Figure 3(c) and (d)) or 
10h (Figure 3(e) and (f)). Similar to the ROS 
responses, the longer was the incubation time 
with TNF-~, the higher was the [Ca2+]i observed. 
Again, the role of cellular Ca 2+ in the cytotoxicity 
was investigated with the cellular Ca 2+ modula- 
tors. As depicted in Figure 3(g) and (h), pre- 
treatment of cells with thapsigargin (2 ~tM), an 
inhibitor that blocks the microsomal Ca2+-ATPase 
activity, [221 for 10 h altered [Ca2+]i a little. When 
cells were treated simultaneously with both 
thapsigargin (2 ~tM) and TNF-o~ (50 ng/ml), the 
[Ca2+]i was much higher than when treated with 
TNF-c~ alone (Figure 3(f) and (h)). In the presence 
of thapsigargin, the cytotoxic effect elicited by 
TNF-c~ was more pronounced too (Figure 3(i)). 
These results suggested that a marked increase 
in [Ca2+]i promotes the TNF-~ cytotoxic effect. 

Relationship Between the Rise of 
[Ca2+]i and the Release of ROS in 
TNF-~-Treated L929 Cells 

The rise of [Ca2+]i and the release of ROS by 
TNF-o~ were both a slow process. However, the 
relationship between these two cellular mes- 
sengers under TNF-c~ challenge was not clearly 
defined. We therefore examined the relationship 
between ROS and [Ca2+]i. As shown in Figure 4(a) 
and (b), incubation of cells with 4OH-TEMPO 
(5 mM) for 10 h only produced a little change in 
the [Ca2+]i. Interestingly, incubation of cells with 
TNF-c~ (50 ng/ml) in the presence of 4OH-TEMPO 
(5mM) for 10h reduced the TNF-c~-mediated 

[Ca2+]i rise (Figure 4(c)-(d)). This suppressive 
effect was not due to an early death since the 
introduction of ionomycin (8 btg/ml) to the cells 
treated with TNF-c~ and 4OH-TEMPO at the 
end of the experiment could produce an abrupt 
rise in [Ca2+]i (Figure 4(e)-(h)). The spur and 
the slope of dots in Figure 4(g) also indicate that 
pre-treating cells with TNF-o~ potentiated the 
ionomycin-induced Ca 2+ rise. 

With the use of BAPTA/AM, an intracellular 
Ca2+chelator [231, the role of [Ca2+]i in inducing 
the release of ROS was also investigated. 
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FIGURE 3(i) 

Effect of TNF-c~ on the rise of [Ca2+li in L929 
cells. L929 cells (1 x 106/ml) were treated wi th  med i u m alone 
(left panels) or TNF-c~ (50ng/ml)  (right panels) at 37°C, 5% 
CO2 for 3h  (a,b), 6 h  (c,d) or 10h (e,f).  L929 cells were also 
treated wi th  thaps~gargin (2 txM) (g) or thapsigargin (2 ~tM) 
together with TNF-c~ (50 ng/ml)  (h) at 37°C, 5% CO2 for 10 h. 
Cells were then loaded with f luo-3/AM (10 ~tM) and fura- 
r e d / A M  (10~tM) for l h and the fluorescence of fluo-3 and 
fura-red were  de termined by a flow cytometer. Each dot  in 
the dot-plot  represents  the fluorescence intensities of the 
two indicators in one single cell. Data shown  here are from 
a single exper iment  representative of several experiments.  
(i) L929 cells (3 x 105/ml) were treated wi th  various concen- 
trations of TNF-c~ in the absence (@) or presence of thapsi- 
gargin (2~tM) (11) at 37°C, 5% C O  2 for 20h. Cytotoxicity 
was  then de termined  by neutral  red uptake assay. Results 
are m e a n + S D  for 7 determinations.  The cytotoxicity of 
cells treated wi th  thapsigargin was ~ 70% of the one treated 
with m e d i u m  alone. 

Interestingly, loading cells with BAPTA/AM 
suppressed the TNF-a-elicited release of ROS 
while BAPTA itself did not alter much the release 
of ROS at the resting state (Figure 5). With a longer 
incubation time with TNF-c~ and BAPTA/AM, a 
stronger suppression was observed (Figure 5). 
Again, the effect of BAPTA and 4OH-TEMPO on 
the TNF-a-mediated cytotoxicity was examined. 
As shown in Figure 6, treating cells with either 
BAPTA/AM (10~tM) or 4OH-TEMPO (5mM) 
could block the TNF-c~-mediated cytotoxicity. The 
protection elicited by BAPTA/AM was weaker 
than that elicited by 4OH-TEMPO. However, 
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FIGURE 4 Effect of 4OH-TEMPO on the TNF-c~-mediated 
increase in [Ca2+]i. L929 cells (1 x 106/ml) were  treated wi th  
m e d i u m  alone (a,e), 4OH-TEMPO (5mM) (b, f),  TNF-c~ 
(50ng/ml)  (c,g), or 4OH-TEMPO (5mM) together wi th  
TNF-a (50 ng/ml)  (d, h) at 37°C, 5% CO2 for 10 h. Cells were 
then loaded with f luo-3/AM (10~tM) and fu ra - red /AM 
(101xM) for 1 h. After  washing,  the fluorescence of fluo-3 
and fura-red were  de termined  by  a flow cytometer. Cells 
under  different t reatments  were  subsequent ly  s t imulated 
with ionomycin (5 ~M) for 10 rain at room temperature  and 
the fluorescence was then de termined (e-h). 

incubation of cells with both BAPTA/AM and 
4OH-TEMPO produced a stronger protective 
effect in rescuing more cells from the TNF-~ 
mediated cytotoxicity (Figure 6). These results 
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FIGURE 5 Effect of BAPTA/AM on the TNF-a-elicited 
generation of ROS in L929 cells. L929 cells (1 x l06/ml) 
were treated with medium alone (hair line curve), BAP- 
TA/AM (10gM) (curve with grey area), TNF-cr (50ng/ml) 
(thick line) or TNF-a (50ng/ml) together with BAPTA/AM 
(10gM) (dotted line) at 37°C, 5% CO2 for 15rain (a), 3h (b), 
6h (c) and 10h (d). The release of ROS was then deter- 
mined by flow cytometry with DCE Data shown here are 
from a single experiment representative of several indepen- 
dent experiments. 
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FIGURE 6 Effect of Ca 2+ chelator and anti-oxidant on the 
TNF-a-elicited cytotoxicity in L929 cells. L929 cells (3 x 
105/ml) were treated with various concentrations of TNF-a 
in the absence (@) or presence of BAPTA/AM (10~tM, 2h) 
(11), 4OH-TEMPO (5mM) (A) or 4OH-TEMPO (5mM) 
together with BAPTA/AM (10gM, 2h) (V) at 37°C, 5% 
CO2 for 20 h. Cytotoxicity was then determined by neutral 
red uptake assay. Results are mean ± SD for 7 determina- 
tions. The cytotoxicity of cells treated with 4OH-TEMPO 
and BAPTA was ~ 75% of the one treated with medium 
alone. Data shown here are from a single experiment repre- 
sentative of several independent experiments. 

thus indicate that both the Ca 2+ and ROS are 
executors for the TNF-a cytotoxic actions. More- 
over, upon TNF-a stimulation, the slow rise of 
[Ca2+]i was a promoting factor on the release of 
ROS and vice versa. 

DISCUSSION 

TNF-a alone exerts cytotoxic effect against a 
number of tumour cells including L929 cells. As 
mentioned earlier, TNF-o~ was found to induce 
necrosis [11 or apoptosis. [21 In our study, the 
occurrence of a hypo-dipoid peak and DNA 
fragmentation (Figure 1) support the notion that 
TNF-a induces apoptosis in L929 cells. Moreover, 
that translocation of phosphatidyl-serine to the 
outer plasma membrane without the loss of 
membrane integrity was observed in the TNF-a 

treated L929 cells further supports our conclusion 
(data not shown). 

To initiate and trigger apoptosis, cellular Ca 2+ 
was demonstrated to be a key signal molecule in 
many experimental studies. [141 However, the 
role of Ca 2+ in the TNF-oz-mediated cytotoxicity 
is controversial (see Introduction). In the present 
study, we showed a slow increase in [Ca2+]i in 
L929 cells after TNF-a treatment (Figure 3). This 
finding is consistent with our previous observa- 
tion that no rapid change in [Ca2+]i was found 
immediately after the addition of TNF-c~. [241 
With the use of thapsigargin to inhibit the Ca 2+ 
pump to maintain a high [Ca2+]i (Figure 3(g)-(h)), 
a more pronounced cytotoxicity was observed 
after TNF-a treatment (Figure 3(i)). In agreement 
with this finding, chelating cellular Ca 2+ by 
BAPTA/AM could alleviate the TNF-oz-elicited 
cytotoxicity (Figure 6). These results thus provide 
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s t rong  ev idence  for  the i m p o r t a n t  role of cel lular  

Ca 2+ in the TNF-c~-mediated cytotoxicity.  

The  role of  ROS in the T N F - a - m e d i a t e d  cell 

dea th  has  been  pos tu l a t ed  b y  m a n y  labora-  
tories. [25"26] O u r  s t u d y  conf i rms  the fact tha t  

TNF-c~ p r o d u c e d  ROS (Figure  2). The enhance-  

m e n t  of the release of ROS b y  T N F - a  was  no t  

a r ap id  process .  It took  6 h  for  a s ignif icant  

increase. R e m o v i n g  ROS b y  N a c  or  4 O H - T E M P O  
r e d u c e d  bo th  the release of ROS (Figure  2(e) 

and  (f)) a n d  cy to toxic i ty  (Figure  2(g)) after  

TNF-c~ t reatment .  These  obse rva t ions  sugges t  

that  the release of  ROS is also an  i m p o r t a n t  
m e d i a t o r  in L929 cells l ead ing  to cell dea th  

after incuba t ion  wi th  TNF-c~. 
Interest ingly,  chela t ing the cellular Ca 2+ b y  

B A P T A / A M  w a s  able to r educe  the release of  

ROS (Figure  5). Similarly, r e m o v i n g  ROS b y  4 O H -  
T E M P O  r e d u c e d  the rise of  [Ca 2+] (Figure  4). 

These  supp re s s i ve  effects cou ld  be exp la ined  b y  
an  ear ly  cell dea th  a nd  therefore  no  a p p a r e n t  

increase in [Ca2+]i no r  release of  ROS was  

obse rved  w h e n  cells w e r e  t rea ted  wi th  TNF-c~ 

in the p resence  of  4 O H - T E M P O  or B A P T A / A M .  

Howeve r ,  tha t  exposure  of  cells to TNF-c~ toge ther  
wi th  ei ther  4 O H - T E M P O  or B A P T A / A M  gave  a 

h igher  viabi l i ty  (Figure  6) e l iminates  this possi -  

bility. In  fact, m o r e  viable cells w e r e  f o u n d  w h e n  

bo th  4 O H - T E M P O  a n d  B A P T A / A M  were  used.  

For ou r  curiosity,  w e  h a d  cha l l enged  the cells w i th  

i o n o m y c i n  a nd  f resh ly  p r e p a r e d  H202,  however ,  

no  change  in the release of  H202 a n d  [Ca2+]i was  

obse rved  respec t ive ly  (data  not  shown) .  These  

results  i m p l y  that  the d e a t h  p r o g r a m m e  i n d u c e d  

b y  TNF-c~ is a compl i ca t ed  pa thway .  Increase  in 
the [Ca2+]i a lone  is no t  suff icient  to s t imula te  the 

rise of H 2 0  2 a nd  vice versa.  
In  conclus ion ,  ou r  resul ts  indica te  tha t  T N F - ~  is 

an  apopto t ic  agen t  in L929 cells, w h i c h  d id  no t  

cause  an  i m m e d i a t e  bu t  a s low increase in cellu- 
lar [Ca 2+] a nd  ROS. Interest ingly,  app l ica t ion  of 

Ca 2+ chela tor  B A P T A / A M  s u p p r e s s e d  the for- 

ma t ion  of ROS a nd  the  use  of  ant ioxidant ,  

4 O H - T E M P O ,  b locked  the  rise of  [Ca2+]i. These  

results  indica te  a cross- ta lk  a nd  a poss ib le  

a m p l i f y i n g  loop  b e t w e e n  cel lular  Ca 2+ a n d  ROS 

in L929 cells after TNF-c~ s t imula t ion.  
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