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Levels of Cytochromes in Heart, Liver, Kidney and 
Cytoch romes  b, c l, c a n d  aa 3 are t he  c o m p o n e n t s  in t h e  

t e r m i n a l  por t ion  of t he  m i t o c h o n d r i a l  r e s p i r a t o r y  chain .  
The  concen t r a t i ons  of these  he ine -p ro t e ins  are i n d i v i d u a l  
for a g iven  t i ssue  ~ and  v a r y  accord ing  to t he  h o r m o n a l  2 
or func t iona l  a s t a t u s  of t he  organism.  I t  has  been  r epo r t ed  
t h a t  in  t h e  l iver  an d  h e a r t  m i t o c h o n d r i a  of t he  ra t ,  
severa l  c o m p o n e n t s  of t he  r e s p i r a t o r y  cha in  a n d  t he  
ac t iv i t i es  associa ted  w i t h  ox ida t ive  p h o s p h o r y l a t i o n  in- 
crease p o s t n a t a l l y  4. 

I n  th i s  s t u d y  ind iv idua l  r e s p i r a t o r y  cha in  cy t och r omes  
were assayed  in r a t s  of va r ious  ages r a n g i n g  f rom 20-day 
fetuses  to  adul t s .  The  c o n t e n t s  of c y t o c h r o m e s  increased  
sho r t l y  a f te r  b i r th .  I n  b r a i n  a n d  k idney ,  b o t h  o rgans  t h a t  
are  i m m a t u r e  a t  b i r t h ,  t h e  c o n t e n t s  of cy toch romes  
increased  m a r k e d l y  even  a f t e r  t h e  f i rs t  p o s t n a t a l  week. 
The  changes  observed  were due  p a r t l y  to  a n  increase  in  
the  c o n c e n t r a t i o n  of cy t och r om es  in t he  m i t o c h o n d r i a ,  
p a r t l y  to  increase  in m i t o c h o n d r i a l  p ro t e in  in  i n d i v i d u a l  
organs.  The  rise in  t he  c o n t e n t  of c y t o c h r o m e  c, w h i c h  is 
syn thes i zed  outs ide  t he  m i t o c h o n d r i a ,  p receded  t h a t  of 
the  m e m b r a n e - b o u n d  cy tochromes ,  wh ich  are d e p e n d e n t  
on  i n t r a m i t o c h o n d r i a l  p r o t e i n  synthes is .  

�9 E x p e r i m e n t a l .  R a t s  of t he  Sp rague -Dawley  s t r a i n  were 
used. Cy toch romes  in t i ssue  h o m o g e n a t e s  were assayed  
w i t h i n  less t h a n  2 h of decap i t a t i on .  I n  excep t iona l  cases 
t he  o rgans  were s to red  a t  - -80~ before  t he  assays.  The  
c y t o c h r o m e  spec t ra  were m e a s u r e d  w i t h  a l abo r a t o ry -  
bu i l t  dua l  w a v e l e n g t h  s p e c t r o p h o t o m e t e r .  T he  assay  
m e d i u m  c o n t a i n e d  50 m M  Tris-C1 (pH 7.4), 85 m M  KC1, 
1 m M  E D T A ,  3 ~ M  ro tenone ,  0.1 m M  m a l o n a t e  a n d  
0.1% sod ium deoxychola te .  T he  r educ t i on  of cy t och r omes  
was accompl i shed  b y  a d d i t i o n  of 1 m M  K CN  (for cyto-  
ch romes  aaa, c a n d  cl) or 2 ~g/ml  a n t i m y c i n  (A) (for cyto-  
ch rome  b). A d d i t i o n a l  de ta i l s  of t he  assay  p rocedure  are  
descr ibed  e lsewhere  5. Hear t ,  l iver  a n d  k i d n e y  mi to -  

B r a i n  i n  t h e  D e v e l o p i n g  R a t  

c h o n d r i a  were i so la ted  as descr ibed  ear l ier  ~." B r a i n  mi to -  
e h o n d r i a  were o b t a i n e d  b y  t he  m e t h o d  of L~VTRUP a n d  
ZXLANDEI~ 6. P r o t e i n  was m e a s u r e d  b y  a mod i f i ca t i on  of 
t he  b i u r e t  me thod ,  w i t h  b o v i n e  s e rum a l b u m i n  as s t an -  
d a r d  4. Dry  we igh t  was  ca lcu la ted  b y  i n c u b a t i n g  t h e  
homogen ized  samples  a t  80~ for 17 to  20 h. The  d ry  
we igh t  of t he  assay  m e d i u m  was s u b t r a c t e d .  

Resu l t s  a n d  d i scuss ion .  The  age of t he  r a t s  r a n g e d  f rom 
20-day fetuses  to  y o u n g  adul t s ,  a n d  t h e  c y t o c h r o m e  
c o n t e n t s  of b ra in ,  hear t ,  k i d n e y  a n d  l iver  were assayed.  
As shown  in t he  Figure ,  t he  c o n c e n t r a t i o n s  a n d  t he  
d e v e l o p m e n t a l  p a t t e r n s  of these  p ro t e in s  are specific for 
each  tissue. However ,  ill each  case t h e  c o n c e n t r a t i o n s  of 
cy toch romes  increased  sho r t l y  a f t e r  b i r th .  F u r t h e r m o r e ,  
in  b r a i n  t he  c o n c e n t r a t i o n s  of c y t o c h r o m e s  a p p r o x i m a t e l y  
doub led  be tween  t h e  8 th  a n d  30 th  p o s t n a t a l  days,  whi le  
in k i d n e y  t h e  c y t o c h r o m e  levels increased  c o n t i n u o u s l y  
b y  3- to  4-fold d u r i n g  t he  d e v e l o p m e n t a l  pe r iod  s tud ied .  

As a check on  w h e t h e r  t h e  increase  is due  to a change  
e i the r  in  m i t o c h o n d r i a l  p r o t e i n  or in  t h e  c y t o c h r o m e  
c o n t e n t s  of t h e  m i t o c h o n d r i a ,  t h e  a m o u n t s  of m i t o c h o n -  
d r ia l  p ro t e in  pe r  g d ry  we igh t  were ca lcu la ted  accord ing  
to SCHOLLMEYER and KLINGENBERG 7. This method is 
based on assays of the contents of the mitochondrial mark- 
er both in the total homogenate and in the isolated 
mitochondria, The purity of heart and liver mitochondria 

1 j .  N. WILLIAMS, Biochim. biophys. Aeta 762, 175 (1968). 
2 g. KADENBACH, Bioehem. Z. 344, 49 (1966). 
3 j .  O. HOLLOSZr, J. biol. Chem. 242, 2278 (1967). 
i M. I-IALLMAN, Bioehim. biophys. Acta 253, 360 (1971). 
5 IVJ[. HALLMAN, Biochem. Pharmac. 20, 1797 (1971). 
6 S. L@VTRUP and T. ZELANDER, Expi. Cell Res. 27, 468 (1962). 

P. SCHOLLMEYER and M. KLINGENBERG, Biocheln. Z. 335, 426 
(1962). 
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Table I. The amounts  of mitoehondrial protein and cytochrome aa a at different stages of development 

1409  

Heart  Kidney Liver Brain 

Cytochrome a% 
(nmoles/g dry wt.) 
A 36 (1.0) 26 (1.0) 17 (1.0) 14 (1.0) 
]3 89 (2.5) 42 (1.6) 52 (3.1) 23 (1.6) 
C 135 (3.7) 99 (3.8) 80 (4.7) 53 (3.8) 

Mitochondrial protein 
(mg/g dry wt.) 
A 159 (1.0) 128 (1.0) 130 (1.0) 145 (1.0) 
B 231 (1.5) - -  212 (1.6) --  
C 356 (2.2) 296 (2.3) 305 (2.3) 178 (1.2) 

Total protein 
(mg/g dry wt.) 
A 821 (1.0) 790 (1.0) ~90 (1.0) 622 (1.0) 
B 817 (1.0) --  791 (1.6) - -  
C 827 (1.0) 831 (1.1) 843 (1.7) 684 (1.1) 

Mitochondrial protein was calculated as follows: 

eyt a% (nmoles/mg tissue prot.) 
• total protein (mg/g dry wt.) 

eyt aa 8 (nmoles/mg mitoch, prot.) 

A, Fetus 22 days; ]3, Newborn 4 days; C, Adult 3 5 months.  

Table II. Ratios of mitochondrial cytochromes c, ass, b and c 1 in rat heart  during development 

Age c/a% c/b clq 

A, Fetus 22 days 0.96 • 0.13 ~ 1.72 ~ 0.09 1.45 ~ 0.20 

t3, Newborn 20 h 1.35 -L 0.10 2.17 • 0.19 1.96 4- 0.31 

C, 30 days 0.85 :~ 0.09 b 1.60 -1- 0.12 ~ 1.48 =E 0.22 

The results are the mean of 4 experiments ~- S.E.M. ~Significant difference (p < 0.05) as compared to B. bSignificant difference (p < 0.01) 
as compared to B. 

o b t a i n e d  f r o m  f e t u s  a n d  a d u l t  w a s  t e s t e d  b y  e l e c t r o n  
m i c r o s c o p y .  T h e s e  p r e p a r a t i o n s  c o n t a i n e d  w e l l - p r e s e r v e d  
m i t o c h o n d r i a  a n d  o n l y  s m a l l  a m o u n t s  of  m i t o c h o n d r i a l  
m e m b r a n e s .  A s  s h o w n  i n  T a b l e  I ,  in  e a c h  o r g a n  s t u d i e d  
t h e  c o n c e n t r a t i o n  of  m i t o c h o n d r i a l  p r o t e i n  in  t h e  t i s s u e  
w a s  g r e a t e r  in  a d u l t s  t h a n  in  f e t u s e s .  H o w e v e r ,  in  l i ve r  
a n d  b r a i n  t h e  i n c r e a s e  in  t h e  c y t o c h r o m e  c o n t e n t s  of  t h e  
t i s s u e  w a s  l a r g e l y  d u e  t o  a q u a l i t a t i v e  c h a n g e  in  t h e  
m i t o c h o n d r i a  t h e m s e l v e s .  

T h e r e  is  e v i d e n c e  t h a t  t h e  n e o n a t a l  i n c r e a s e  in  a m b i e n t  
o x y g e n  t e n s i o n  t r i g g e r s  t h e  m e c h a n i s m  t h a t  l e a d s  t o  t h e  
i n c r e a s e  in  t h e  c o m p o n e n t s  of  t h e  r e s p i r a t o r y  c h a i n  4. T h e  
a s s a y s  s h o w n  h e r e  a r e  in  a g r e e m e n t  w i t h  t h i s  s u g g e s t i o n .  
H o w e v e r ,  i t  is e v i d e n t  t h a t  o x y g e n  t e n s i o n  is n o t  t h e  so le  
f a c t o r  t h a t  r e g u l a t e s  t h e  c o n t e n t s  of  t h e  r e s p i r a t o r y  
c h a i n  d u r i n g  d e v e l o p m e n t .  I n  b r a i n  a n d  k i d n e y  t h e  
c o n t e n t s  of  c y t o c h r o m e s  i n c r e a s e d  m a r k e d l y  e v e n  a f t e r  
t h e  8 t h  p o s t n a t a l  d a y .  D u r i n g  t h i s  p e r i o d  s e v e r a l  e n z y m e s  
t h a t  a r e  n e e d e d  for  t h e  f u n c t i o n a l  m a t u r a t i o n  of  t h e  
r e s p e c t i v e  o r g a n s  i n c r e a s e  i n  a c t i v i t y  (e.g. N a +  a n d  K +- 
a c t i v a t e d  A T P  p h o s p h o h y d r o l a s e  in  b r a i n  s, c a r b o n i c  
a n h y d r a s e  a n d  g l u t a m i n a s e  i n  k i d n e y g ) .  

T h e  p o s s i b i l i t y  t h a t  t h e  i n c r e a s e s  in  c y t o c h r o m e s  a f t e r  
t h e  8 t h  p o s t n a t a l  d a y  a r e  d u e  t o  a c h a n g e  in  t h e  r e p r e s e n -  
t a t i o n  of  d i f f e r e n t  cel l  l i nes  (e.g. n e u r o n s  a n d  g l ia  in  
b r a i n )  c a n n o t  be  e x c l u d e d .  O n  t h e  o t h e r  h a n d ,  t h e r e  is 

c o n s i d e r a b l e  e v i d e n c e  t h a t  in  t h e  l i ve r  t h e  r a p i d  i n c r e a s e  
in  t h e  c o n t e n t s  of  f u n c t i o n a l  r e s p i r a t o r y  c h a i n  c o m p o -  
n e n t s  d u r i n g  t h e  f i r s t  n e o n a t a l  d a y  o c c u r s  o n  m e m b r a n e s  
e x i s t i n g  b e f o r e  b i r t h  10 

I n  T a b l e  I I  t h e  r a t i o s  of  c y t o c h r o m e s  c, a a  3, b a n d  c 1 in  
h e a r t  a r e  p r e s e n t e d .  T h e  r a t i o s  b e t w e e n  c y t o c h r o m e s  
v a r y  d u r i n g  d e v e l o p m e n t ;  in  n e w b o r n  r a t  t h e  c o n c e n -  
t r a t i o n  o f  c y t o c h r o m e  c is h i g h  in  r e s p e c t  t o  t h e  o t h e r  
c y t o c h r o m e s .  M o r e o v e r ,  t h e  i n c r e a s e s  i n  t h e  a b s o l u t e  
a m o u n t s  of  c y t o c h r o m e  c in  h e a r t  d u r i n g  t h e  22rid f e t a l  
d a y ,  1s t  p o s t n a t a l  d a y  a n d  3 0 t h  p o s t n a t a l  d a y  w e r e  47, 
122 a n d  1 . 5 ~  r e s p e c t i v e l y .  T h e r e f o r e ,  i t  s e e m s  t h a t  
d u r i n g  t h e  r a p i d  p h a s e  of  i n c r e a s e  of t h e  r e s p i r a t o r y  
c h a i n  c o m p o n e n t s ,  c y t o c h r o m e  c i n c r e a s e s  in  c o n t e n t  
s o m e w h a t  ea r l i e r  t h a n  t h e  o t h e r  c y t o c h r o m e s .  T h e  s a m e  
t e n d e n c y  is  a l so  s e e n  in  o t h e r  t i s s u e s  of  t h e  r a t .  

C y t o c h r o m e  c, w h i c h  is a s s o c i a t e d  w i t h  t h e  i n n e r  
m e m b r a n e ,  is s y n t h e s i z e d  o u t s i d e  t h e  m i t o c h o n d r i a l l  O n  

s C. A. CARCiA ARGIZ, J. M. PASQUINI, B. KAPL(IN and C. J. G6MEZ, 
13rain Res. 6, 635 (1967). 

9 G. R. WACKER, H.S.ZARKOWSK? and H. B. BORCIr Am. J. Physiol. 
200, 367 (1961). 

10 M. HALLMAN and P. KANKARE, Bioehem. biophys. Res. Commun. 
a#, 1004 (1971). 

xl B. KADENBACH, Eur. J. Biochem. 10, 312 (1969). 
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~he other  hand, the  cy tochromes  bound to the  inner  
membrane  need bo th  int ra-  and ex t rami tochondr ia l  
prote in  synthesis  for the i r  fo rmat ion  ~2. After  b i r th  in t ra-  
mi tochondr ia l  prote in  synthesis  is ra te - l imi t ing  for the  
format ion  of cy tochrome aaa s. The changes in the  pro-  
port ions of the  respi ra tory  chain cy tochromes  dur ing 
deve lopment  possibly reflect  a difference in the  factors 
t ha t  control  the  format ion  of these components  (but see 
ref. 1). I t  is also possible t h a t  this  phenomenon  is due to 
differences in the  assembly of var ious cytochromes.  
The la t ter  a l te rna t ive  would suppor t  the  v iew t h a t  
mechanisms tha t  regulate  the  ra te  of bo th  intra-  and 
ex t rami tochondr ia l  pro te in  synthesis  are somehow cou- 
pled to each other.  

wurde bes t immt .  Ihre  Vermehrung  nach der Gebur t  er- 
wies sich in den Geweben als re la t iv  individuelh Die Ver- 
mehrung  des ausserhalb der Mitochondrien synthet is ier-  
ten Cytochromen c ging den iibrigen, yon der in t rami to-  
chondrialen Pro te insynthese  unabh/ingigen Cytochromen 
voraus, 

M. HALLMAN, P. MAENPs and I. HASSINEN 

Department o/ Medical Chemistry, University o/ 
Helsinki, Siltavuorenpenger 70 A, Helsinki 77 
(Finland), 7 June 7972. 

Zusammen/assung. Der  Gehal t  all Cytochromen (c+c 1, is W. L. CHEN and F. C. CHARALAMPOUS, J. biol. Chem. 2d4, 2767 
a% und b) in Herz,  Leber, Gehirn und Niere der R a t t e  (1969). 

A b s e n c e  of  N a t u r a l l y  O c c u r r i n g  C o r o n a r y  A t h e r o s c l e r o s i s  in  S q u i r r e l  M o n k e y s  (Saimiri sciurea) 
T r e a t e d  w i t h  C h o n d r o i t i n  S u l f a t e  A 

Previous  studies indicate  t ha t  adminis t ra t ion  of chon- 
droi t in  sulfates, which are widely  d is t r ibuted in m a m m a -  
lian, fish and fowl connect ive  tissues, have  an inhib i tory  
effect  on the  deve lopment  of exper imenta l ly  induced 
atherosclerosis. KURITA 1 in 1955 repor ted  t h a t  i.v. 
inject ions of 5 mg/kg  of body weight  dai ly  of chondroi t in  
sulfate C inhibi ted  atherosclerosis in cholesterol-fed 
rabbits .  O~tDOI 2 found t h a t  sodium chondroi t in  sulfate 
inhibi ted  the  fo rmat ion  of a the romatous  aort ic  lesions 
in cholesterol-fed cockerels when adminis tered  oral ly a t  
a level  of 20 mg/kg  of body  weight  per  day.  MURATA a 
noted tha t  dai ly i.v. inject ions of 5 mg/kg  of body weight  
of a chondroi t in  polysulfa te  prepared by  sulfat ion of 
chondroi t in  f rom shark cart i lage reduced the  sever i ty  of 
cholesterol- induced atherosclerosis in rabbits .  MORRISON 
et al. * observed t h a t  when chondroi t in  sulfate A (CSA) 
was adminis tered  for 9 months  at  a level  of 10 mg daily 
by  s.c. in ject ion to squirrel  monkeys  (Saimiri sciurea) 
fed a diet  consist ing of 1.5% cholesterol,  20% bu t t e r  and 
78.5% ground Pur ina  Monkey Chow, the  sever i ty  of 
a theromatous  aort ic  lesions was subs tant ia l ly  less t han  
t h a t  of animals  fed a s imilar  diet  which did not  receive 
the  chondroi t in  sulfate A t r ea tment .  More recent ly ,  
MORRISON et al.5 found t h a t  oral ly adminis tered  chon- 
droi t in  sulfate A was h ighly  effect ive in reducing the  
incidence and sever i ty  of coronary  atherosclerosis in x- 
i r radia ted cholesterol-fed rats  and in p reven t ing  the  
occurrence of aort ic  and coronary  athero-ar ter ioscterot ic  
lesions in rats  fed a hyperv i taminos i s  D atherogenic  d i e t  ~ 

Ava i lab le  da ta  indicate  t ha t  the  adul t  squirrel  monkey  
as a sub-human p r ima te  is unique among  a number  of 
an imal  species s tudied for its deve lopment  of a high 
incidence of na tu ra l ly  occurr ing aort ic  and coronary 
atherosclerot ic  lesions s imilar  in m a n y  respects to those 
in adul t  m a n L  These lesions a l though macroscopical ly  
rare in younger  animals,  occur wi th  increasing f requency 
and sever i ty  wi th  advanc ing  age as in humans .  They  are 
especially pronounced and most  marked  in sever i ty  and 
number  in the  coronary  arteries of the  basal  section of the  
hear t  as has  been found in human  subjects  at  necropsy s, 9. 
In  the  present  exper iment  i t  was observed tha t  coronary  
atherosclerot ic  lesions were comple te ly  absent  bo th  
microscopical ly and macroscopical ly  in the  basal  section 
of the  hear t  of 71/2 - to 8-year-old squirrel  monkeys  
adminis tered  dai ly i.m. inject ions of CSA for 90 days  
preceding necropsy in cont ras t  to thei r  presence in 

squirrel  monkeys  of s imilar  age adminis tered  physiologic 
saline solution. 

E igh t  squirrel  monkeys  of app rox ima te ly  71/2 to 8 
years  of age were employed  in the  present  exper iment .  
The  males averaged 727 g (range 649 to 818 g) and the  
females 586 g (range 534 to 675 g) in body  weight.  The 
animals  were obta ined  at  app rox ima te ly  21/2 to 3 years 
of age as judged by the i r  weight,  sexual  deve lopmen t  and 
dent i t ion  and were f lown f rom a m o n k e y  compound  in 
Leticia,  Columbia,  to our l abora to ry  where they  were fed 
a diet  of Pur ina  Monkey Chow and w a t e r  ad l ibi tum.  
Twice weekly  they  were fed fresh frui t  such as grapes, 
apples, oranges and bananas.  For  5 years t hey  were kep t  
on the  above  regime dur ing which  t h e y  main ta ined  a 
good s ta te  of hea l th  wi th  min imal  changes in body weight.  
The animals  were weighed once mon th ly  dur ing this  
period. 

A t  the  outse t  of the  exper iment  the  squirrel  monkeys  
were d iv ided  into 2 groups:  Group I controls  consisted 
of 3 females and 1 ma le ;  Group I I  consisted of 2 males 
and 2 females. Weigh ts  were comparable .  Group I was 
adminis tered  dai ly  i.m. inject ions (6 days  per  week) of 
sterile physiologic saline solut ion;  Group I I  was admin-  
istered dai ly  i.m. inject ions (6 days per  week) of a sterile 
solut ion of 20 mg chondroi t in  sulfate A (CSA) dissolved 
in physiologic saline solut ion and wi th  the  p H  adjus ted  to 
7.0. Each  inject ion consisted of 0.5 ml  of solution, i.e., 
ei ther physiologic saline solut ion or CSA solution. The  
ident ical  d ie tary  regime was followed as in the  pas t  
5 years. 

t H. t{URITA, Med. J. Shinshu Univ. 7, 23 (1955). 
2 S. OHDOI, Tokyo med. J. 67, 1291 (1959). 
3 I~. MURATA, Jap. Heart J. 2, 198 (1961). 
4 h M. MORRISON, t{. IV~URATA, J. J. QUILLIGAN JR., O. A. SCHJEIDE 
and L. FREEMAN, Circulation Res. 79, 358 (1966). 
L. M. MORRISON~ S. BERNICK, R. B. ALFIN-SLATER and B. H. ERS- 
HUFF, Proc. Sue. exp. Biol. Med. 123, 904 (1966). 

6 L. ~r MORRISONj G. S. BAJWA, R. B. ALFIN-SLATER and B. H. ERS- 
~OFF, Atherosclerosis, 76, 105 (1972). 

2 C. C. MIDDLETON, T. B. CLARKSON, H. B. LOFLAND and R. W. PRI- 
CHARD, Arch. Path. 78, 16 (1964). 

s W. T. ENOS, H. R. HOLMES and J. BEYER, J. Am. med. Ass. 752, 
1090 (1953). 

s j .  L. TITUS, in Coronary Heart Disease (Ed. A. N. BREST; F. A. Da- 
vis Co., Philadelphia 1969), p. 15. 


