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A NOTE ON THE SYNTHESIS OF 

FATTY ACIDS IN BONE MARROW HOMOGENATES AS 

AFFECTED BY X-RADIATION* 

by 

KURT I. ALTMAN, JONAS E. RICHMOND**, AnD KURT SALOMON 

Departments o/Radiation Biology and Biochemistry, The University o/ Rochester School 
o~ Medicine and Dentistry, Rochester, N .Y .  ( U.S..4.) 

In  the course of studies on the effect of X-radia t ion  on hemoglobin synthesis  in  
bone marrow homogenates  1, exper iments  were carried out  with the a im to explore the  
effect of radia t ion on synthesis  of bone marrow fats. Histological observat ions  indicate  
tha t  s ta r t ing  at  the  th i rd  or fourth day after exposure of the an ima l  to rad ia t ion  fat  
begins to fill the marrow cavi ty  to a degree proport ionate  with the prevai l ing  myeloid 
hypoplasia.  An invest igat ion of the abi l i ty  of animals  previously exposed to X- rad ia t ion  
to synthesize marrow fats is, therefore, of interest  inasmuch as such in format ion  ma y  
shed light upon  the quest ion of whether  the increased amount s  of marrow fat  are due 
to in  s i tu synthesis  or are derived from fats mobilized elsewhere in the body. 

Since it  has been shown by  GOLDINGER, LIPTON, AND BARRON 2 tha t  bone  marrow 
utilizes acetate,  and  since fat synthesis  in bone marrow slices as well as in homogenates  
has been demons t ra ted  8,~, bone marrow homogenates were used in this s t u d y  on the 
effect of rad ia t ion  o n ' f a t  synthesis.  The homogenates  were ob ta ined  from the marrow 
of the long bones of rabbi t s  at  va ry ing  times after exposure to X-rays.  In  these experi- 
ments  14CHsCOONa*** was used as a f a t ty  acid precursor. The results of this  invest iga-  
t ion are reported in this paper. 

METHODS 

Six rabbits weighing 6 to 8 pounds each were used in this investigation. Two rabbits served 
as controls, whereas the other rabbits received 80o r (25o kv.) total body X-radiation and were sacri- 
ficed either immediately, 48 hours, 72 hours, or I week after exposure to radiation. Homogenates 
from the marrow of the long bones were prepared by a procedure described previously ~, 5 and were 
incubated in modified 3o0 ml Warburg vessels at 38° C for 3 hours with constant shaking. The experi- 
mental design permitted manometric measurement of oxygen consumption. The composition of the 
vessel content is shown in Table I. 

After the incubation period the vessel content was high-speed centrifuged at 4 ° C and the top 
layer containing the bone marrow fats was removed. The liquid intermediate layer was set aside for 

* This paper is based on work performed under contract with the United States Atomic Energy 
Commission at The University of Rochester Atomic Energy Project, Rochester, New York. 

** AEC National Research Council Fellow in Radiological Physics. 
*** We are indebted to the Isotopes Branch of the U. S. Atomic Energy Commission, Oak Ridge, 

Tenn., for making available the x4CHsCOONa I8.57/~c/mg sodium acetate) used in these studies. 
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t h e  i so la t ion  of p r o t o p o r p h y r i n  I X  d i m e t h y l  ester,  a n d  t he  res idue  a t  t he  b o t t o m  of t he  cen t r i fuge  
t u b e  was  d i sca rded .  

T A B L E  I 

COMPOSITION OF VESSEL CONTENT 

A d d i t i o n s  

M a i n  Compartment  

o.I  M P h o s p h a t e  buffer  PH 7.3 
o. 5 M Glyc ine  
o.I  M S o d i u m  Ace ta t e  
a-X¢C-Acetate 

Side A r m s  

a N Su l phu r i c  Acid  
5 N P o t a s s i u m  H y d r o x i d e  

A m o u n t  a d d e d  
per  g we t  we igh t  
of  bone  m a r r o w  

a.2 ml  
0.2 ml  
0. 5 m l  
o . i6  #tc 

2.o m l  
2.0 ml  

F ina l  
concen t r a t i ons  

0.0250 M 
o.ooz3 M 
0.0063 M 
o.o2/~c /ml  

The  to t a l  f a t t y  ac ids  were i so la ted  e s sen t i a l l y  as descr ibed b y  KORRODI °. A sepa ra t ion  of t he  
s a t u r a t e d  a n d  u n s a t u r a t e d  f a t t y  ac ids  was  effected b y  t he  m e t h o d  of TWlTCHELL as descr ibed b y  
HILDITCH ?. F u r t h e r  pur i f i ca t ion  of t he  s a t u r a t e d  a n d  u n s a t u r a t e d  f a t t y  ac id  f rac t ions  was ach ieved  
b y  low t e m p e r a t u r e  f rac t iona l  c rys t a l l i za t ion  of t he  f a t t y  acid m e t h y l  esters  in accordance  w i th  t h e  
p rocedures  of  BROWN AND SHINOWARA 8. On  t he  bas i s  of  saponi f ica t ion  e q u i v a l e n t s  an  average  
molecu la r  we igh t  of 274 a n d  270 was  ca l cu l a t ed  for t he  s a t u r a t e d  a n d  u n s a t u r a t e d  f a t t y  acid f ract ions ,  
respect ive ly ,  in  t he  u n t r e a t e d  mar rows .  A d e t e r m i n a t i o n  of iodine  n u m b e r s  revea led  t h a t  t h e  s a t u r a t e d  
f a t t y  ac id  f r ac t ions  con t a i ned  no u n s a t u r a t e d  c o m p o n e n t s  a n d  t h a t  t he  iodine  n u m b e r s  ob ta ined  for 
t he  u n s a t u r a t e d  f rac t ions  were in  t he  r ange  u s u a l l y  obse rved  for u n s a t u r a t e d  f a t t y  acids.  

Carbon  d ioxide  was  col lec ted  in  K O H  in  one of t h e  s ide a r m s  of t h e  W a r b u r g  vessel  and  was  
i so la ted  as  BaCO 8. I n  order  to c o m p a r e  t he  response  of t h e  a n i m a l s  to r ad i a t i on  w i t h  t h a t  of ano ther ,  
larger  ser ies  1, p r o t o p o r p h y r i n  I X  d i m e t h y l  es ter  was  i so la ted  accord ing  to  GEINSXXSIN g, excep t  t h a t  
no c h r o m a t o g r a p h y  was  ca r r ied  out .  Carbon- I  4 a c t i v i t y  was  d e t e r m i n e d  b y  m e a n s  of a n  ion iza t ion  
c h a m b e r  as  desc r ibed  br ief ly  e lsewhere  10. 

RESULTS AND DISCUSSION 

In order to facilitate the comparison of the biosynthetic capacity of organs with 
respect to one specific process, and also in order to make possible a comparison of the 
synthetic capacity with respect to two or more different processes within the same organ, 
the term W* has been introduced 1. It is felt that the term W might be found generally 
useful in comparing the biosynthetic capacity of different organ systems under various 
physiological and pathological conditions. On this basis it is then possible to compare 
saturated and unsaturated fatty acid synthesis in bone marrow homogenates before and 
after exposure to radiation. The pertinent experimental findings are presented in Table II. 

In the untreated animals saturated fatty acid synthesis proceeds somewhat faster 
than unsaturated fatty acid synthesis. This is in agreement with the findings of PIHL 
AND BLOCH 11 for liver slices although the difference between the incorporation of 14C 
into saturated and unsaturated fatty acids is considerably smaller in the case of the 
bone marrow homogenate. The relationship between saturated and unsaturated fatty 
acid synthesis changes considerably during the post-radiation period. Immediately after 
radiation there is a marked increase in fatty acid synthesis similar to the increase in 

* Def in i t ion  a n d  ca lcu la t ions  are  g iven  in  t he  Append ix .  
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T A B L E  I I  

Series 

Sa tura ted  
F a t t y  Acids 

Per  cent  

W*. I0 -I 

Hemin  

Io 4 dis int . /min Per cent 
per  m m  per g 

wet  weight  
bone mar row 

pre- 
radia t ion 

value 

156 
25 
17 
4 

0 2 14COz 
Uptake  Act ivi ty  

Unsa tu ra t ed  
F a t t y  Acids 

Per  cent  
pre- W**. IO -1 pre- 

radia t ion  radia t ion 
value value 

No radia t ion  6.31 5.50 
o hour  14.6o 231 18.9o 344 

4 8 hours  5.96 lO8 
72 hours  20.00 363 I.OO 18 

158 hours  3.21 58 15.6o 283 

1 . 2 2  

1.9 ° 
o.31 
o.21 
0.05 

pl  05 per g IO a disint. 
wet  wt. m i n / m m  

per 3 hrs  

3OO 
81o 
280 

8o 
280 

5.66 
8.40 
4.7 ° 
1.14 
O. I8 

*l, lzacetate 
" sat'd, fatty acid 

* * w a c e t a t e  
unsat'd, fatty acid 

heroin synthesis observed at this time. The changes in rate of hemin synthesis observed 
throughout the experimental period are in agreement with those encountered in another 
more extensive investigation 1, thus indicating that  the animals are exhibiting a behavior 
characteristic for the post-radiation period studied. Unfortunately, it is not possible to 
calculate wa~tate,, heroin since information is as yet lacking concerning the number of carbon 
atoms contributed by acetate to protoporphyrin synthesis. It  is of interest to note that  
immediately and one week after radiation the incorporation of the isotope into the 
unsaturated fat ty acid fraction is greater than the incorporation into the saturated fa t ty  
acid fraction. The unsaturated fat ty acid fraction into which 14C has been incorporated 
consists largely of the monounsaturated fat ty  acids (primarily oleic acid) since poly- 
unsaturated fat ty  acids should not have incorporated any isotopO 2. Although there is 
good evidence that C16 and C18 monoethenoid fat ty  acids can be formed by desaturation 
of the corresponding or closely related saturated fat ty  acids is, it is as yet uncertain 
whether desaturation is an obligatory pathway in the biosynthesis of monoethenoid 
fat ty  acids. The high isotope concentration found in the unsaturated fat ty acids, 
particularly one week after radiation at a time when saturated fat ty  acid synthesis 
proceeds at a substantially slower rate, suggests that saturated fa t ty  acids need not 
constitute the main source of unsaturated fat ty acids .  

The high W values observed immediately, 72 hours, and I week after radiation 
tend to support the postulate that  bone marrow fats which fill a hypoplastic marrow 
cavity can be synthesized in situ. The data presented do not eliminate the possibility 
that  depot fats at other sites of the body might have been mobilized and transported 
to the marrow. However, since marked lipemias have only been observed I to 2 days 
after radiation 14,15, and since these lipemias are transitory and occur at times when there 
is neither histological nor biochemical evidence for increased marrow fat, these lipemias 
are probably not related to the process of intramedullary deposition of fat mobilized 
from extramedullary depots. 

I t  is evident from the increased 02 consumption and C02 evolution that not only 
the anabolic but also the catabolic phases of bone marrow metabolism are stimulated 
immediately after radiation. That  this stimulating effect might be a general one, is seen 

• from the increased hemin synthesis shown in Table II. The nature of this stimulation 
of over-all metabolic activity by radiation cannot be explained adequately at this time. 
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T h e  r a p i d  r a t e  of i so tope  i n c o r p o r a t i o n  i n t o  t h e  u n s a t u r a t e d  f a t t y  ac id  f rac t ion  is 

c o n t r a s t e d  w i t h  t h e  cons ide r ab ly  s lower  r a t e  of  i n c o r p o r a t i o n  i n t o  s a t u r a t e d  f a t t y  ac ids  

o n e  w e e k  a f t e r  r ad i a t i on .  T h i s  o b s e r v a t i o n  p o i n t s  t o w a r d  a poss ib le  c h a n g e  in m a r r o w  

c o m p o s i t i o n  one  w e e k  a f t e r  r a d i a t i o n  in  t h e  d i r ec t ion  of an  inc rease  in u n s a t u r a t e d  f a t t y  

ac ids .  A l t h o u g h  th is  p o i n t  r e m a i n s  t o  be  t e s t e d  e x p e r i m e n t a l l y  as r ega rd s  r a d i a t i o n  
a n e m i a ,  i t  w o u l d  be  ana logous  to  t h e  f indings  of KRAUSE ae w h o  has  o b s e r v e d  h i g h e r  

t h a n  n o r m a l  iod ine  n u m b e r s  in t h e  b o n e  m a r r o w  fa t s  of  a n e m i c  cats .  

T h e  p r e s e n t  d a t a  sugges t  t h a t  t h e  syn thes i s  of f a t t y  ac ids  as wel l  as  t he i r  o x i d a t i o n  

in  b o n e  m a r r o w  h o m o g e n a t e s  is a f fec ted  b y  r ad i a t i on .  T h e  e x p e r i m e n t s  desc r ibed  il lus- 

t r a t e  h o w  X - r a d i a t i o n  m a y  se rve  as a usefu l  too l  in t h e  e luc ida t i on  of f u n d a m e n t a l  

p rocesses .  
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SUMMARY 

I. The synthesis of saturated and unsaturated fatty acids in bone marrow homogenates from 
untreated and X-radiated rabbits has been studied with a-a4C-acetate as a precursor. 

2. Two and three-fold increases, respectively, over preradiation levels in saturated and un- 
saturated fat ty acid synthesis were observed immediately after radiation. 

3 Whereas saturated fat ty acid synthesis, which approached control values at 48 hours after 
radiation, again increased 3 ~  times 72 hours after radiation, unsaturated fatty acid synthesis had 
fallen to I8~/o of the preradiation value. At I58 hours after radiation, the relationship between 
saturated and unsaturated fatty acid synthesis was reversed since unsaturated fatty acid synthesis 
had risen to 283~/o and saturated fat ty acid synthesis had dropped to 58% of the preradiation value. 

4- Oxygen uptake and 14COa production increased immediately after radiation, reaching pre- 
radiation values 48 hours after exposure. 14CO2 evolution decreased steadily throughout the experi- 
mental period while oxygen uptake was unchanged 158 hours after exposure. 

5. Hernia synthesis after radiation has been found to behave in a manner similar to that  observed 
in other studies. 

6. The term W has been introduced to denote the capacity of the bone marrow to synthesize 
fat ty  acids from a-a4C-acetate. 

R~SUM]~ 

I. NOUS avons 6tudi6 la synth~se des acides gras satur6s et non-satur6s ~ partir de l 'ac~tate 
a-14C dans la moelle osseuse homog6nis~e de lapins non trait6s et de lapins irradi6s aux rayons X. 

2. Nous avons observ6 que la synth~se des acides gras satur6s avait  doubl6 et celles des acides 
gras non-satur6s tripl~ par rapport ~ la valeur initiale (avant irradiation). 

3. Tandis que la synth~se des acides gras satur6s qui, apr~s 48 heures, approchait les valeurs 
de l'essai de comparaison, augmentait  de nouveau 31//z lois au bout de 72 heures apr~s l 'irradiation, 
la synth~se des acides gras non-satur6s 6talent tomb6e ~ i8~/o de la valeur initiale. 158 heures apr~s 
l ' irradiation la relation entre la synth~se des acides satur~s et nomsatur6s fitait invers6e: en effet, 
la synth~se des acides gras non-satur~s 6taft montfie ~ 283~/o et celle des acides gras satur6s ~tait 
tomb6e ~ 58~/o de la valeur initiale. 

4. La consommation d'oxyg~ne et la production de 14CO 2 augmentaient imm6diatement apr~s 
l 'irradiation, atteignant les valeurs initiales 48 heures apr~s l'exposition. Le d6gagement de 14CO~ 
diminuait r6guli~rement pendant toute la dur6e de l'exp6rience, tandis que la consommation d'oxy- 
g~ne 6taft inchang~e 158 heures apr~s l 'exposition. 

5. Nous avons trouv6 que la synth~se d'h6mine apr&s irradiation se comportait d'une mani~re 
semblable ~ celle observ6e dans d'autres travaux. 

6. Nous avons introduit le terme W pour repr6senter la capacit$ de la moelle osseuse de syn- 
thfitiser des acides gras ~ partir  de l 'ac6tate a-14C. . 
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Z U S A M M E N F A S S U N G  

I. Die S y n t h e s e  yon  ges i t t t ig ten  u n d  ungesAt t ig t en  Fe t t sAuren  in  K n o c h e n m a r k h o m o g e n a t e n  
yon  n i ch t  b e h a n d e l t e n  u n d  R 6 n t g e n - b e s t r a h l t e n  K a n i n c h e n ,  m i t  a- t4C-Acetat  a ls  A u s g a n g s m a t e r i a l  
w u r d e  u n t e r s u c h t .  

2. I n  der  Syn the se  yon  ges~ t t ig ten  u n d  unges i i t t i g t en  F e t t s ~ u r e n  wurde  u n m i t t e l b a r  n a c h  der  
B e s t r a h l u n g  eine r e spek t ive  2- u n d  3-fache Z u n a h m e  w a h r g e n o m m e n .  

3. Wl ih r end  die  S y n t h e s e  der  gesi~tt igten Fe t t sgu ren ,  welche  48 S t u n d e n  nach  der  B e s t r a h l u n g  
ghn l iche  W e r t e  zeigte wie  in  den  Para l l e lve r suchen ,  72 S t u n d e n  nach  der  B e s t r a h l u n g  wieder  au f  
das  31/~-fache ans t ieg ,  war  die  S y n t h e s e  der  ungesAt t ig t en  Fe t t s i tu ren  au f  18% des  Wer t e s  vor  der  
B e s t r a h l u n g  gefal len.  I58 S t u n d e n  n a c h  der  B e s t r a h l u n g  war  das  Verhg l tn i s  zwischen  der  Syn these  
der  gesi~tt igten u n d  der  ungesAt t ig t en  Fe t t sAuren  u m g e k e h r t ,  d a  die Syn these  der  unges i i t t ig ten  
Fe t t sAuren  au f  2 8 3 %  ges t i egen  u n d  d ie  der  ge sg t t i g t en  au f  5 8 %  des  W e r t e s  vor  der  B e s t r a h l u n g  
gefa l len  war .  

4. Der  Sauers to t~verbrauch  u n d  die  14CO2-Entwicklung n a h m e n  gleich nach  der  B e s t r a h l u n g  zu, 
wi ihrend sie n a c h  48 S t u n d e n  d iese lben W e r t e  e r re ich ten  wie vor  der  Behand lung .  Die  14COz-Ent- 
wick lung  n a h m  w~hrend  der  ganzen  V e r s u c h s d a u e r  regelmAssig ab, w~.hrend der  Saue r s to f fve rb rauch  
158 S t u n d e n  n a c h  der  B e s t r a h l u n g  unved~nde r t  war.  

5- Die H A m i n s y n t h e s e  verh ie l t  s ich  n a c h  der  B e h a n d l u n g  in  Ahnlicher Weise  wie in  ande ren  
U n t e r s u c h u n g e n  b e o b a c h t e t  wordeI1 war .  

6. Die  Fi~higkeit des  K n o c h e n m a r k e s  Fe t t sAuren  aus  a-14C-Acetat zu syn the t i s i e r en  wird  m i t  W 
beze ichnet .  
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A P P E N D I X  

I. Calculation o[ the number o[ 14C atoms incorporated in [arty acids. The  14C concen t r a t ion  was  
d e t e r m i n e d  w i th  t h e  a id  of an  ion iza t ion  chamber .  T he  charge,  Q, col lected on  t he  p la tes  is g iven  b y  

Q = cA v (1) 
where  C is  t he  capac i t y  in  f a r ads  a n d  d V t he  change  in  po ten t i a l  per  minu te .  Q is also g iven  b y  n, 
t h e  n u m b e r  of  a t o m s  d i s i n t eg ra t i ng  per  m i nu t e ,  mu l t i p l i ed  b y  t he  average  ene rgy  in  ev  per  dis-  
in tegra t ion ,  d iv ided  b y  32. 5 ev, t he  ion iza t ion  po t en t i a l  of air, a n d  reduced  to  cou lombs  b y  mul t i -  
p l i ca t ion  b y  1.6. lO -19. 

The  capac i ty ,  C, i s  d e t e r m i n e d  b y  m e a n s  of a s t a n d a r d  s amp le  of 14C to  be 7.5" lO-12 farads .  
F r o m  th i s  va lue  a n d  f rom e q u a t i o n  (i) i t  is  f ound  t h a t  

n = 3.07 • lo*A V (ra) 
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Since t h e  n u m b e r  of a t o m s  d e c a y i n g , / i N ,  per  u n i t  t i m e , / i t ,  is  p ropor t iona l  to t he  n u m b e r  of 
r ad ioac t ive  a t o m s  present ,  N , / i N  can  be s h o w n  to be 

~iN = - -  AN/It  (2) 
and ,  therefore ,  

N -  No e-• (2a) 

where  2 is  t h e  decay  c o n s t a n t  (2.59. lO - l °  for uC) .  
F r o m  (2) a n d  w i t h  t he  use  of t h e  va lue  for n p r ev i ous ly  ob ta ined ,  N can  now be ca lcu la ted  and  

is f o u n d  to  be  I . I 9 .  io14/i V. 
2. Calculation o / the  number  o / /a t t y  acid molecules synthesized. A s s u m i n g  t h a t  t he  biological  ha l f -  

l ife of t h e  to t a l  r a t  l ip ids  (9 days  xT) also ho lds  for r a b b i t  bone  m a r r o w  fa t s  a n d  t h a t  t h e  newly  fo rmed  
fa t  is  syn the s i zed  f rom ace ta te ,  i t  is  poss ib le  to  ca lcu la te  t he  ra te  of  s y n t h e s i s  of f a t t y  acids.  Thus ,  
in  6 g of  bone  m a r r o w  c o n t a i n i n g  1.8 g of fa t ,  12. 5 m g  of f a t  are  rep laced  eve ry  3 hours .  If  one a s s u m e s  
t h a t  t h e  ace t a t e  neces sa ry  for t h e  r e s y n t h e s i s  of  f a t s  is  supp l i ed  b y  t he  bone  m a r r o w  in  add i t i on  
to  t he  ace t a t e  a d d e d  du r i ng  t h e  i n c u b a t i o n  period,  i t  c a n  be ca l cu l a t ed  t h a t  57.5 m g  of ace t a t e  are  
p r e s e n t  t h r o u g h o u t  t h e  e x p e r i m e n t a l  per iod.  Since 

I ~uc = 9.24" Io -4 m g  laCHaCOOH 

the  ra t io  of  non- rad ioac t ive  ace t a t e  molecu les  to r ad ioac t ive  ace t a t e  molecules  is, therefore,  6.1. lO 4 . 
F r o m  th i s  v a l u e  a n d  f rom t h e  va l ue  o b t a i n e d  for N ,  t h e  to t a l  n u m b e r  of ace t a t e  res idues  incorpora ted  
in to  t he  f a t s  c an  be  c a l c u l a t e d  to  be  7.26. lO 18/i V ace t a t e  res idues .  Since t h e  ave rage  f a t t y  acid of 
t h e  bone  m a r r o w  c o n t a i n s  9 ace t a t e  res idues ,  t he  a m o u n t  of  f a t t y  ac id  s y n t h e s i z e d  is o . I 3 4 / i  V micro-  
moles  of  f a t t y  acid.  

3. Calculation o / t h e  capacity o /bone  marrow homogenates to synthesize fatty acids. The  capac i t y  
of t h e  s y s t e m  to  syn the s i ze  s a t u r a t e d  a n d  u n s a t u r a t e d  f a t t y  ac ids  in  u n i t  t i m e  f rom ace t a t e  as  a 

• • acetate acetate p recursor  xs expressed  in  t e r m s  Wsaturate d fatty acids a n d  Wunsaturate d fatty acids, respect ive ly .  T h e  
s y n t h e t i c  c apac i t y  of  t he  s y s t e m  h a s  been  ca l cu l a t ed  on t he  bas i s  o f / * M  f a t t y  ac ids  syn thes i zed  per  g 
we t  we igh t  of t i s sue  in  3 hour s .  


