
Vol. 58, No. 4, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

EFFECTS OF SUPEROXIDE RADICALS ON MYOBLAST 

GROWTH AND DIFFERENTIATION 

A.M. Michelson a and M.E. Buckingham b 

a) Insiitut de Biologie Physico-Chimique, ]3, rue P. et M. Curie, 75005 Paris. 
b) Insiitut Pasteur, 25, rue du Dr Roux, 75015 Paris. 

Received May 3,1974 

SUMMARY. - The e f fec t s  of superoxide  r a d i c a l s  on m y o b l a s t  growth and 
d i f fe ren t ia t ion  in p r e s e n c e  and in absence  of c a r c inogen i c  h y d r o c a r b o n s  a r e  
desc r ibed .  Superoxide d i smu ta se  a f fo rds  s t rong  p ro tec t ion  in both c a s e s  
and a l so  p r o t e c t s  the ce l l s  aga ins t  the e f fec ts  of " r  i r r ad ia t ion .  

We have p rev ious ly  d e s c r i b e d  the toxic ef fec ts  of superoxide  r a d i c a l s  

on va r i ous  b iochemica l  s y s t e m s  including nuc leopro te ins ,  p ro te ins  and 

l ipopro te ins  as  well as  b a c t e r i a  (1). This  toxic i ty  r e s u l t s  not only f r o m  the 

e x t r e m e l y  ac t ive  oxidis ing capac i ty  of 0 2 -  but could a l so  be due in p a r t  to 

the r educ ing  p r o p e r t i e s  of such r ad ica l s .  It was a l so  shown that  superoxide  

d i s m u t a s e  (SOD) af forded  a high deg ree  of pro tec t ion .  We now d e s c r i b e  the 

e f fec ts  of superoxide  r a d i c a l s  on m a m m a l i a n  ce l ls  in cul ture  and the p r o t e c -  

tion given by exogenous  SOD. In such e x p e r i m e n t s  the r e l a t ive ly  long l ife t ime 

of superoxide  r a d i c a l s  c o m p a r e d  with diffusion r a t e s  r e n d e r s  poss ib le  the 

ac t ive  pa r t i c ipa t ion  of an exogenous  enzyme  which d e s t r o y s  0 2 - .  Thus  e x t e r -  

nal p ro tec t ion  b e c o m e s  feas ib le  and indeed p lays  a m a j o r  ro le  when the volu-  

me  of the med ium is c o m p a r e d  with the total  volume of the cel ls .  Mammal ian  

cel ls  p o s s e s s  a f u r t he r  advantage  in that  not only can toxic ef fec ts  be followed, 

but e f fec ts  on cell  growth,  m o r p h o l o g y  and d i f ferent ia t ion  a r e  a lso  r ead i l y  

visible.  This  is p a r t i c u l a r l y  t rue  for  m y o b l a s t  cel ls .  

The p r e sen t  s tudies  were  ini t iated to examine  the poss ib le  p ro tec t ion  

af forded  by SOD aga ins t  the e f fec ts  caused  by ca r c inogen i c  h y d r o c a r b o n s .  

An e a r l i e r  r e p o r t  had shown that ce r t a in  ant ioxidants  such as butyla ted 

hydroxyto luene  (BHT) were  quite eff ic ient  in d imin i sh ing  c h r o m o s o m e  b r e a -  

kage caused by ca rc inogen ic  h y d r o c a r b o n s  (2). However ,  in the cou r se  of 

this work it b e c a m e  evident  that  the e f fec ts  of superoxide  r a d i c a l s  led to 

much  wider  impl ica t ions  than s imple  ac t iva t ion  of h y d r o c a r b o n s .  We t h e r e -  

fore  examined the e f fec t s  on m a m m a l i a n  ce l ls  in cul ture  of h y d r o c a r b o n s  
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a l o n e ,  h y d r o c a r b o n s  a c t i v a t e d  b y  s y s t e m s  p r o d u c i n g  s u p e r o x i d e  r a d i c a l s  

and  02  - a l o n e ,  a s  w e l l  a s  t he  p r o t e c t i o n  a f f o r d e d  b y  SOD. In g e n e r a l  w e  

h a v e  u s e d  a s i m p l e  p h o t o c h e m i c a l  s y s t e m  f o r  p r o d u c t i o n  of  O 2 -  but  e x t e n s i o n  

to  t he  u s e  of  ~- r a y s  w a s  a l s o  s t u d i e d ,  s i n c e  i t  h a s  b e e n  shown  t h a t  the  

m a j o r  c h e m i c a l  l e s i o n  p r o d u c e d  b y  h i g h  e n e r g y  i r r a d i a t i o n  u n d e r  a e r o b i c  

c o n d i t i o n s  i s  i n d e e d  p r o d u c t i o n  of  s u p e r o x i d e  r a d i c a l s  (3). I t  w a s  a l s o  of  

i n t e r e s t  to s e e  w h e t h e r  g e n e t i c  e f f e c t s  cou ld  be  o b s e r v e d  in  m a m m a l i a n  c e l l s  

t r e a t e d  wi th  O2 r" s i n c e  we h a v e  shown (4) the  s t r o n g  m u t a t i o n a l  e f f e c t s  on 

T 4 b a c t e r i o p h a g e  by  s y s t e m s  p r o d u c i n g  O 2 - .  I n d e e d ,  a p r o b a b l e  c a u s e  of  

s o m e  s p o n t a n e o u s  m u t a t i o n s  i s  f o r m a t i o n  of  s u p e r o x i d e  r a d i c a l s  (5, 6) 

e i t h e r  w i t h i n  t he  c e l l  o r  in  the  m e d i u m  i t s e l f  ( c / f  a c c u m u l a t i o n  of  m u t a n t s  

in  T 4 on s t o c k a g e  (7) f o r  s e v e r a l  y e a r s ) .  

1VIATERIALS A N D  M E T H O D S  

C e l l  c u l t u r e  : P r i m a r y  m y o b l a s t  c u l t u r e s  w e r e  d e r i v e d  f r o m  s k e l e t a l  m u s c l e  

of  3 m o n t h s  o ld  f o e t a l  c a l v e s  (8). A l l  h y d r o c a r b o n s  (10 -2 M) and  b u t y l a t e d  

h y d r o x y - t o l u e n e  (2 x 10 - 4  M) w e r e  s t o r e d  in  a c e t o n e  a t  - 20% and  a d d e d  to 

g ive  f i n a l  c o n c e n t r a t i o n s  of  10 -5  M f o r  t he  h y d r o c a r b o n s  and  2 x 10 -7  M f o r  

B H T  e x c e p t  in  one  c a s e  when 10 -5  M BHT ( f ina l  c o n c e n t r a t i o n )  w a s  u s e d .  
-5  -5  

F l a v i n  m o n o n u c l e o t i d e  a t  10 M in 10 M E D T A  ( f ina l  c o n c e n t r a t i o n )  and  

s o l u t i o n s  of  s u p e r o x i d e  d i s m u t a s e  w e r e  s t e r i l i s e d  b y  f i l t r a t i o n  t h r o u g h  45 

m i c r o n  m i l l i p o r e  f i l t e r s .  E n e r g y  i n p u t  w a s  a t  365 n m  wi th  a B l a c k  R a y  B 100 

l a m p  a t  a p p r o p r i a t e  d i s t a n c e s .  T h e  p r o c e s s  of  p r o d u c t i o n  of  s u p e r o x i d e  r a d i -  

c a l s  v i a  p h o t o r e d u c t i o n  of  F M N  h a s  b e e n  p r e v i o u s l y  d e s c r i b e d  (5). 

S u p e r o x i d e  d i s m u t a s e  w a s  e i t h e r  100 % p u r e  b o v i n e  e r y t h r o c u p r e i n  (9) o r  

t he  b a c t e r i a l  f e r r o e n z y m e  f r o m  P h o t o b a c t e r i u m  l e i o g n a t h i  (10). U n i t s  w e r e  

a s  d e f i n e d  p r e v i o u s l y  (1). D e n a t u r e d  e n z y m e  w a s  p r e p a r e d  b y  h e a t i n g  d i l u t e  

s o l u t i o n s  a t  pH 7 to  100° f o r  10 m i n s .  

- r  i r r a d i a t i o n .  A c a e s i u m  s o u r c e  g i v i n g  a p p r o x i m a t e l y  100 f a d s / r a i n  u n d e r  

s t a n d a r d  c o n d i t i o n s  w a s  u s e d .  In  t h e s e  e x p e r i m e n t s ,  5 x 10 -4  M s o d i u m  

f o r m a t e  ( f ina l  c o n c e n t r a t i o n )  w a s  a d d e d  to the  c u l t u r e  m e d i u m  to c o n v e r t  

o t h e r  o x y g e n  r a d i c a l s  to  O2W. 

R E S U L T S  

C a l f  p r i m a r y  m y o b l a s t  c u l t u r e s  u n d e r g o  c e l l  d i v i s i o n  (0 - 42 h),  f611owed 
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by a s t a t i ona ry  phase  dur ing  which the ce l l s  b e c o m e  aligned. This  p r e c e d e s  

the onse t  of cell  fusion (52 h). In i t ia l ly  two to th ree  nuclei  fus ions  a re  o b s e r -  

ved, followed by the deve lopment  of long mul t inuc lea te  fus ions  and the ap-  

p e a r a n c e  of the m u s c l e  con t rac t i l e  appara tus .  The cu l tu res  underwent  

t r e a t m e n t  at 24 h, du r ing  exponent ia l  cel l  growth ; obse rva t i ons  were  made  

at 12 h in t e rva l s  t h e r e a f t e r .  Str iking s t imula t ion  or  ampl i f i ca t ion  by 0 2 -  

(via photoreduced  F1V[N) of the ef fec ts  of the ca rc inogen ,  me thy lcho lan th rene  

was obse rved  (Table Ia). A p ropor t i on  of the ce l l s  r ap id ly  a s s u m e  an abno r -  

ma l  h y p e r p l a s m i c  m o r p h o l o g y  with a v e r y  l a r g e  cell nuc leus  and extended 

cy top l a sm (Fig. la,  lb). The re  is some  cell death, cell  d ivis ion is inhibited, 

and v e r y  few fusions  occur .  This  type of ef fec t  is seen to a l e s s e r  deg ree  on 

t r e a t m e n t  with flavin mononucleo t ide  and i r r ad i a t i on  alone, and is due e s s e n -  

t ia l ly  to the unique ac t ion of superoxide  r ad i ca l s .  The addit ion of superoxide  

d i s m u t a s e  i n c r e a s e s  cell  v iabi l i ty  and the extent  of cell  d ivis ion and fusion 

(Fig. lc).  Toxic i ty  is a funct ion of the quanti ty of O 2 -  genera ted .  I n c r e a s i n g  

t imes  of i r r ad i a t i on  at 1 7 0 0 ~ W / c m  2 in p r e s e n c e  of F1ViN i n c r e a s e s  toxic i ty  

and a f t e r  30 rain few cel ls  surv ive ,  but again SOD a l l ev ia te s  the r e su l t an t  

abno r m a l i t i e s .  In absence  of exogenous  FMN, much  longe r  t i m e s  of i r r a d i a -  

t ion a re  n e c e s s a r y  to ach ieve  the same  effec ts .  It is  the accumula t i ve  dose 

of i r r ad i a t i on  (i. e. of 02 - )  which is impor t an t  over  va r i ous  t ime pe r iods  and 

in tens i t ies .  I r r a d i a t i o n  for  10 mn at 850 /a ,W/cm 2, for  5 rain at 1700 ~ W / c m  2 
f 

3400~w,W/ all  gave r e s u l t s  s i m i l a r  to those  shown in or  for  2. 5 min at , c m  2 

the table.  

Table  lb shows the r e s u l t s  of e x p e r i m e n t s  s i m i l a r  to those  with me thy l -  

cho lan threne  but with an th r acene  or  benzpyrene .  Both were  highly toxic in 

the p r e s e n c e  of O2 v'. I r r a d i a t i o n  with an th racene  alone added to the cu l tu res  

(no FMN) had l i t t le  effect  w h e r e a s  b e n z p y r e n e  continued to be toxic  in the 

absence  of flavin. It  m a y  be noted that  under  the condi t ions  used,  the va r i ous  

h y d r o c a r b o n s  were  comple te ly  non- tox ic  (or p roduced  v e r y  m i n o r  effects)  

in the absence  of i r r ad i a t i on  (plus or  minus  F1V[N). 

The toxic  e f fec t s  of i r r ad i a t i on  on cu l tu r e s  to which h y d r o c a r b o n  and 

flavin had been added at d i f fe ren t  t i m e s  p r i o r  to and dur ing  m y o b l a s t  diffe-  

r en t i a t ion  were  examined  (Table lc).  Dur ing  the per iod  of cell  division,  m e s -  

s enge r  RiNA spec ies ,  spec i fy ing  d i f fe ren t ia ted  p ro te ins ,  notably  myos in ,  a re  

t r a n s c r i b e d ,  but a re  unstable .  In the s t a t i ona ry  per iod  p r e c e d i n g  fusion these 
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TABLE I 

The effects of superoxide radicals on cell morphology and fusion in the presence and absence of hydrocarbons. Protection by 
super oxide dismuta se. 

Without SOD Plus  bovine e ry th rocupre in  (50 un i t s /ml )  

Control ce l l  d iv is ion  and subsequent fusion s i m i l a r  

(a) FMN 
MC 
FMN + MC 

h~ 
FMN + h~ 
MC + h~ 
MC + FMN + h 

(b) A + F M N + h ~  
A + h ~  
BP  + FMN + h~ 
BP+h~% 

(e) MC + FMN + h~ 
at  24 h 

4 7 h  

52 h 
70 h 

no rma l  
n o r m a l  
s l ight  abnorma l i ty  in morphology and growth 
fusion no rma l  
some dead ce l l s ,  fusion no rma l  
ce l l s  abnorma l ,  some fusions 
no rma l  
ve ry  abnorma l  growth and morphology, few fusions 

v e r y  few l ive  ce l l s ,  abnormal  
ce l l s  m o r e  no rma l ,  fusions 
v e r y  few l ive  ce l l s  
m o r e  ce l l s ,  abnormal ,  no fusions 

ce l l s  abnormal ,  some fusions 
ce l l s  approx imate ly  normal ,  fusions shor t  and 
not well  a l igned 
v e r y  minor  effect  on number  and length of fusions 
n o r m a l  

I 
(d) -¢ - i r r a d i a t i o n  I 

at  24 h 4000 r a d s  I ce l l  death, abnormal  ce l l s ,  fusions reduced 
m 

8000 r a d ~ m o s t l y  abnormal  ce l l s ,  no fusion, ce l l  death 
48 h 4000 r a d ~ f u s i o n s ,  but few single ce l l s  

8000 rads lmorphology  of fusions abnormal ,  no single ce l l s  

normal 
normal 
slightly abnormal, but fusion normal 

normal 
more cells, some fusions 
norma l  
ce l l s  more  numerous ,  more  fusions 

m o r e  ce l l s ,  but s t i l l  no fusions 
no rma l  
m o r e  ce l l s  
s i m i l a r  

more cells and fusions 
fusions reduced 

no rma l  
no rma l  

more cells, fusions 
more cells, some fusions 
fusions normal, mononueleafe cells 
fusions normal, mononucleate cells 

TABLE II 

The e f fec ts  of d i f fe ren t  concent ra t ions  and p r e p a r a t i o n s  of superoxide d i smutase  on ce l l s  exposed to superoxide r a d i c a l s .  
Compar i son  with a chemica l  antioxidant,  BHT. 

Control  ce l l  divis ion and subsequent fusion 

(a) MC + FMN + h@ 
MC + FMN + h# + b a c t e r i a l  d i smutase  100 u n i t s / m l  
MC + PMN + h 9  + b a c t e r i a l  d i smutase  20 u n i t s / m l  
b a c t e r i a l  d i smutase  100 u n i t s / m l  

- MC + FMN + h 9 + denatured b a c t e r i a l  d i smutase  100 un i t s /m]  
MC + FMN + h 9  + bovine d i smutase  50 u n i t s / m l  
MC + FMN + b ~) + bovine d i smutase  100 u n i t s / m /  
bovine d i smutase  100 u n i t s / m l  

cells abnormal, some fusions 
more cells, fusions longer and more normal 
more cells, but morphology abnormal, some fusions 
normal 
~ells abnormal, some fusions 
more cells, fusions longer and more normal 
more cells, fusions longer and more normal 
normal 

(b) BHT 10 -5 Mv(fresh solution) cells and fusions fairly normal, some dead cells 
BHT 2 x ]0"~ M (fresh solution) normal 
BHT 2 x i0-- M (old solution) 7 all cells dead 
MC + FMN + h~ + BHT 2 x 10- M (fresh solution) some protection 

(c) Fremy salt at 10 -5 M cell morphology slightly abnormal, fusions less well aligned 

The following abbreviations are used : FMiN, flavin mononucleotide ; MC, 
methylcholanthrene ; A, anthracene ; BP, benzpyrene ; h$ , irradiation at 
385 nm. Irradiation was at an intensity of 1700~,W/cm 2 for 7. 5 min. All 
substances were added during logarithmic growth at 24 h, except in the case 
of I (c). 

m e s s e n g e r  RNA m o l e c u l e s  a r e  s t a b i l i s e d ,  and u s e d  in the s y n t h e s i s  of  c o n -  

t r a c t i l e  p r o t e i n s  d u r i n g  the s u b s e q u e n t  f o r m a t i o n  of  l o n g  f u s i o n s .  T r a n s c r i p -  

t ion  i s  t h e r e f o r e  l e s s  n e c e s s a r y  for  d i f f e r e n t i a t i o n ,  o n c e  the  s t a b l e  m e s s e n g e r  
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Fi~. I - Morphological effects on myoblasts. (a) untreated cells, (b) cells 
irradiated in the presence of NIC and FMN (Table I), (c) as (b), but in pre- 
sence of SOD. 

RNA species are present (8). In fact, myoblast differentiation was severely 

affected on treatment during the period of cell division. If treatment occured 

during the stationary period, fusion although initiated, proceeded abnormally, 

whereas if cells were treated once fusion had begun:rxo effects could be detec- 

ted. This would suggest that the primary toxic effect of superoxide radicals 

alone or via hydrocarbons is at the nuclear level affecting DNA synthesis 

and RNA transcription. The molecular basis of this is presently under inves- 

tigation. Preliminary results indicate possible formation of purine 8-hydro- 

peroxides and 8-hydrocarbon derivatives respectively. Such modified nuele- 

1083 



Vol. 58, No. 4, 1 9 7 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

osides would be forced out of the anti-conformation towards a syn structure, 

leading to the impossibility of complementary hydrogen bond base pairing, 

thus providing an explanation for a deletion typemutation or phenotypic RNA 

changes. In this connection it is perhaps noteworthy that we have recently 

isolated a specific superoxide dismutase from rate liver nuclei (ii). 

The effects of ~,- irradiation and the protection afforded by SOD were 

then examined (Table id). With increasing doses of irradiation, changes 

in cell viability and morphology were essentially similar to those observed 

with the previous 02- generating system. Superoxide dismutase greatly 

diminished the toxic effects. Irradiation in the stationary phase, just prior 

to fusion had no effect on fusion at low doses ; morphological abnormalities 

were induced at higher doses. Contaminating mononucleate cells were much 

more sensitive and were eliminated. It may thus be concluded that the pri- 

mary chemical lesion leading to biological destruction by ~ irradiation under 

aerobic conditions is in fact production of superoxide radicals, which act at 

the nuclear level, and that SOD provides at least a partial protection of 

living cells against "6" rays (and presumably other high energy irradiation). 

Even at very high doses of y rays (10,000 rads) SOD reduced cell death 

significantly. 

Table II (a) provides more information on the effects of superoxide 

dismutase on myoblast cultures. Both the bacterial enzymes and the homo- 

logous bovine enzyme have no effect whatsoever (even at very high doses) 

when added alone to the cultures. Both alleviate the toxic effects resulting 

from exposure to irradiation in the presence of hydrocarbons and flavin 

mononucleotide. In contrast, the denatured enzyme has no remedial action, 

as was also noted in the case of "I" irradiation. Table II (b) demonstrates 

the effects of the antioxidant, butylated hydroxytoluene. This gives some 

protection, although it is less effective than SOD. It should be noted that 

at higher -concentrations BHT is toxic to some extent. If aged preparations 

(several weeks at -20 ° C in acetone) are used, this toxicity becomes extre- 
-7 

mely striking and is evident at 2 x I0 IVi, at which concentration essential- 

ly I00 % lethality is observed. 

In view of theories of aging implicating free radicals (12) we examined 

the effect of a non-biological radical° Fremy's salt (13~ 14) on mammalian 

cells in culture° At relatively high levels (10 -5 M) some effects could be 
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seen as summarised in Table IIc, but much less than those observed with 

02- (approx. I0 -8 M). Superoxide radicals, or rather a diminished cellular 

protection against such radicals, may well be a primary cause of aging pro- 

cesses. 

DISCUSSION 

The above results provide a convincing demonstration that the effects 

of carcinogenic hydrocarbons on mammalian cells are greatly stimulated 

and amplified in presence of a system producing 02-. It may even be pro- 

visionally concluded that such effects are normally mediated by endogenous 

production of 02 -- within the cell. Indeed the amplification is so powerful 

that hydrocarbons such as anthracene (not normally regarded as carcino- 

genic) show most of the effects of benzpyrene or methyleholanthrene in pre- 

of 02-. The degree of 02"- induced stimulation of hydrocarbon activity sence 

is a function of the nature of the hydrocarbon and is for example greater for 

methylcholanthrene than for benzpyrene activated by simple irradiation. A 

striking parallel exists between the results described above and the stimu- 

lation of covalent fixation of hydrocarbons on DNA in vitro by superoxide 

radicals (15) and the effects of SOD. It is clear that the primary target is 

the nucleus in dividing cells ; after fusion, the cells become much more 

r e si stant. 

Of more general interest, is the effect of superoxide radicals alone in 

the absence of specific carcinogens. Again SOD protects against the toxic 

effects expressed by this radical, which as in the case of hydrocarbon me- 

diated effects, occur principally (if not entirely at the doses used) on divi- 

ding cells, l\~utational effects can be seen and indeed a significant number 

of cells with an abnormal morphology can be observed, the incidence of 

which is markedly reduced by SOD. Inhibition of differentiation is also 

striking and again is reduced in presence of exogenous SOD. This raises 

the possibility that superoxide radicals and SOD may play a role in the ini- 

tiation and protection against certain malignant processes. Similar conside- 

rations may be applied to the results obtained with -~ irradiation. 

In view of the extremely common utilisation of chemical anti-oxidants 

in a wide variety of foodstuffs, the results with BHT are of some interest. 

• It is clear that whereas fresh BHT is relatively non-toxic, aging produces 

products with extremely dangerous properties, at least for mammalian cells 
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in cu l ture .  Such o b s e r v a t i o n s  sugges t  tha t  a m o r e  r e s t r i c t i v e  lega l  con t ro l  

should be e x e r c i s e d  with r e s p e c t  to food stuff  add i t ives .  

It  would be of g r e a t  i n t e r e s t  to r e p e a t  t hese  e x p e r i m e n t s  u s ing  ano the r  

technique  for  p roduc t ion  of supe rox ide  r a d i c a l s  such as  e l e c t r o n  pulse  r a d i o -  

l y s i s .  The  m e d i c a l  i m p l i c a t i o n s  of th i s  work  a r e  i m m e d i a t e l y  a p p a r e n t .  In 

th is  r e s p e c t  i t  i s  no t ewor thy  that  the l eve l  of e r y t h r o c u p r e i n  in n o r m a l  

h u m a n s  (populat ion of 100 s a m p l e s )  e x p r e s s e d  as  amoun t  of e n z y m e  p e r  

e r y t h r o c y t e ,  p e r  uni t  of hemog lob in  or  uni t  vo lume  of blood is  r e m a r k a b l y  

cons tan t  (16). We a r e  p r e s e n t l y  engaged in e x a m i n a t i o n  of a n u m b e r  of c a s e s  

( including c a n c e r  pa t ien t s )  to d e t e r m i n e  a p o s s i b l e  m o l e c u l a r  b a s i s  of v a r i o u s  

d i s e a s e s .  

We thank J a c q u e s  Monod and F r a n 9 o i s  Gros  fo r  t h e i r  i n t e r e s t  and encou-  

r a g e m e n t  in th is  work.  M . E .  Buck ingham a l so  thanks  the DGRST for  a 

fe l lowship .  
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