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combustion of fat is forced by the 
failure of combustion of other fuel. 

Other methods of oxidation have 
been claimed and some of these ap- 
pear to be promising. Simultaneous 
oxidation at both ends of the chain 
as claimed by Verkade (23) is 
somewhat doubted as a general 
mechanism by Flaschentriiger and 
Bernhard (24). Simultaneous 
oxidation at various points in the 
chain as suggested by Smedley- 
MacLean and Pearce (25) and 
Jowett and Quastel (26) seems 
probable under certain conditions. 
According to Flaschentr~iger and 
Bernhard, B-oxidation is possible 
only with the free C O O H  group 
and the purpose of o-oxidation is 
to furnish C O O H  groups where 
these are lacking, e.g., when the 
fatty acid carboxyl is combined as 
it is in neutral fat. However, di- 
carboxylic acids are difficult to oxi- 
dize, the B-0xidations on the two 
ends interfering with each other. 
Protecting one carboxyl by an 

ester or amide group results in al- 
most complete ( 9 0 % + )  disappear- 
ance. Quantitatively this ~-oxida- 
tion is not very important. Even 
with the 9 and 10 acids which yield 
the most, the excretion of dibasic 
acids in the urine is not over 2-3 
per cent. 

Deuel and associates (27) bring 
evidence to show that caprylic, 
capric, lauric and myristic acids give 
more than double the acetone body 
excret ion when fed to rats as the 
lower fatty acids. Palmitic and 
stearic acids yield three of these 
fragments while odd-  numbered 
acids give none. 
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Abstract 
T h i s  I )aper  d e a l s  w i t h  t h e  b e a r i n g  of  

s o m e  of  t h e  r e c e n t  i n f o r m a t i o n  on t h e  
t h r e e  p r o p o s e d  f u n c t i o n s  of  t h e  p h o s -  
p h o l i p i d s :  t h a t  t h e y  a r e  i n t e r m e d i a r y  
m e t a b o l i t c s  in  f a t  m e t a b o l i s m ;  t h a t  t h e y  
s e r v e  a s  a n  o x i d a t i o n - r e d u c t i o n  s y s t e m ;  
a n d  t h a t  t h e y  a r e  e s s e n t i a l  e l e m e n t s  in  
eel l  s t r u c t u r e .  T h e  r a p i d  t u r n o v e r  of 
p h o s p h o l i p i d s  in  i n t e s t i n a l  m u c o s a ,  l i v e r  
a n d  blood p l a s m a  i n d i c a t e s  a n  a c t i v e  p a r t  
in  f a t  m e t a b o l i s m .  T h e  s l o w  t u r n o v e r  in 
o t h e r  t i s s u e s ,  n o t a b l y  s k e l e t a l  m u s c l e ,  
p o i n t s  to  a n o n - m e t a b o l i c  f u n c t i o n .  T h e  
a m o u n t  of p h o s p h o l i p i d  p r e s e n t  in  v a r i o u s  
s k e l e t a l  m u s c l e s  i s  s h o w n  to be  a f u n c -  
t i on  of t h e  r e l a t i v e  e x t e n t  to  w h i c h  t h e y  
a r e  u s e d .  T h e  a d a p t a t i o n  s e e m s  to be a 
s l o w  p r o c e s s  s i nce  f o r c e d  a c t i v i t y  of  a 
m u s c l e  p r o d u c e s  a c o m p a r a t i v e l y  s l i g h t  
i n c r e a s e  in  p h o s p h o l i p i d  c o n t e n t .  

Introduction 
Before proceeding with a discus- 

sion of the functions of the phos- 
pholipids in the animal body, it is 
perhaps advisable to review very 
briefly their chemical nature. At 
the present time, three distinct types 
of phospholipids, the lecithins, the 
eephalins and the sphingomyelins, 
are recognized as occurring in mam- 
mals on which, thus far, most of the 
work has been done. The general 
formulae are as follows: 

7 0  

Leeithins 

HH-o-~-RI 

H~-O-~-R 2 

HC-O- 

HH 

Cephalins 

H HH H H.C.-(CH2)I ~-C:C- ~- N-~- R 
H "" H(~-OH 

H I H H  
O-C-C- .N-(CH3), 

HHI -~ 
OH 

Sphingomyelins 
H HHHH ~R H.C.-(CH2), .,-C:C-C- N- - 
H I~  I 

HC-OH 
I 

HC-O- H C6HI105 

Cerebrosides 
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Each type of phospholipid is 
made up of a considerable number 
of individuals which differ from 
one another in the nature and rela- 
tive position of the fatty acid mole- 
cules occupying the positions indi- 
cated by R in the general formulae. 
In the case of the lecithins and 
cephalins, the phosphoric acid mole- 
cule may be attached to either the 
a- or fl-carbon o f  the glycerol, so 
that two lecithins ( a n d  two 
cephalins) containing the same two 
fatty acids may exist. 

The sphingomyelins are related 
to the lecithins and cephalins on the 
one hand and to the cerebrosides 
on the other. To make this clear, 
the general formula for the cere- 
brosides has been included above. 
Unfortunately very little is known 
at present as to the function or 
functions of the sphingomyelins in 
the body. The fact that they are 
most plentiful in the myelin sheaths 
of the nerve fibers suggests that, 
together with the cerebrosides and 
cholesterol, they contribute to the 
insulating property o f  myelin, if 
such, indeed, is its purpose. 

I t  is evident from the general 
formulae that the lecithins and 
cephalins are structurally related 
to the neutral fats. I f  one neglects 
for the moment differences in the 
nature of the fatty acids isolated 
from the phospholipids and the tri- 
glycerides, one can readily imagine 
that the phospholipids are derived 
from the neutral fats by the sub- 
stitution of the phosphoric acid- 
base complex for one of the fatty 
acid molecules. I t  was this seem- 
ingly simple inter-relationship to- 
gether with the fact that the phos- 
pholipids, in sharp contrast to the 
neutral fats, are miscible with water 
that led to the suggestion, many 
years ago, 1 that the phospholipids 
(at  that time called the !ecithins) 
are a machine for the t ransport  and 
burning of the fatty acids in the 
animal body. This I shall refer  to 
as the metabolic function of the 
phospholipids. 

In  the course of time, the results 
of numerous studies led to consider- 
able doubt in the minds of many 
concerning the correctness, or  at 
least the sufficiency, of the view 
that the phospholipids in tissues are 
intermediates in fat metabolism. It  
was consistently observed that the 
fatty acids in the tissue phospho- 
lipids are considerably more un- 
saturated than those of either the 
stored or the food fat. Although 
Leathes, 2 to the satisfaction of 
many, interpreted this as evidence 
that the fat ty acids, before or while 

they were combined as phospho- 
lipids, are desaturated as a pr imary 
step in their combustion, the idea 
persisted that the large number of 
double bonds in tissue phospho- 
lipids serve as a mechanism for 
alternately combining with and 
handing on oxygen within the cells. 
This may be called the oMdase 
function of the phospholipids. 

Contrary to what one would he 
inclined to expect of an interme- 
diary metabolite, it was observed 
that the amount of phospholipid in 
the various organs of the body, with 
the exception of the blood plasma 
and the liver, remains essentially 
constant regardless of the nutri-  
tional state of the animal. In this 
respect the phospholipids behave as 
if they were an essential component 
of the cell, an element in their 
structural make-up. This evidence, 
together with the observation that 
the ability of certain substances to 
penetrate into living cells is a func- 
ion of their solubility in organic 
solvents, thus suggesting that the 
permeabili ty of the cell to these sub- 
stances is governed by the presence 
of lipids in the cell membrane, has 
led to the view that the phospho- 
lipids are essential structural ele- 
ments of the cell. This may be 
called the structural function o f  
the phospholipids. 

Let  us now review some of the 
more recent evidence bearing on 
this question of the function of the 
phospholipids. 

The Rate of Turnover of Tissue 
Phospholipid 

If  t h e  phospholipids of any 
given organ are involved as inter- 
mediary products in the metabolism 
of fatty acids in that organ, it is 
evident that the fat ty acids which 
are present in the phospholipids at 
any one time must have come either 
from ingested fat o r  synthesized 
fat. By feeding a high fat diet, 
the synthesis of fat in the body 
can probably be reduced to negli- 
gible quantities. Now, since the 
amount of phospholipid even in the 
entire body of an animal is less 
than the customary fat intake, the 
passage of large amounts of fat 
through the stage of phospholipid 
in those organs 'which are most ac- 
tively burning fatty acids must in- 
volve a very rapid turnover  of 
phospholipid in those organs. On 
the other hand, if the phospholipids 
of those actively metabolizing or- 
gans are not involved as inter- 
mediaries in fat metabolism, then 
the rate  of turnover of phospholipid 
can be expected to be comparatively 

slow, since it will presumably be 
a consequence of wear and tear. 
The measurement of the rate of 
turnover of phospholipid ought 
therefore to provide direct evidence 

a s  to whether they have a metabolic 
or a non-metabolic function. 

Until  comparatively recent times, 
the only means of approach to the 
study of changes in t issue phos- 
pholipids has been to determine the 
amount present in any given organ 
and to observe whether or not that 
amount was affected by various ex- 
perimental conditions. I t  has al- 
ready been stated that this line of 
attack led to the indication that the 
amount of phospholipid in a tissue 
is rather constant. The inference 
was that the nature of the phos- 
pholipid was also constant. I t  is 
evident, however, that such an in- 
ference is entirely unjustified. One 
can obtain no information as to the 
rate or volume of flow of water 
in a river by measuring its level. 
Neither can one get any idea as to 
the rate of flow of phospholipid 
through an organ by measuring the 
amount present from time to time. 
Obviously, to measure the rate of 
turnover of phospholipid we must 
use some means of labelling the 
phospholipid in some way and then 
measure the rate at which this la- 
beled phospholipid appears in and 
disappears from the organ being 
studied. 

The first attempt to measure the 
rate of turnover of tissue phos- 
pholipid by following the rate of 
change in its composition involved 
the use of the degree of unsatura- 
tion of the constituent fat ty acids 
as a label. By this method it was 
shown that the phospholipids of the 
intestinal mucosa undergo a rapid 
turnover during fat absorption, a 
In the case of skeletal muscle, the 
results indicated a comparatively 
slow turnover2 However,  these r e -  
sults were complicated by the find- 
ing that phospholipids in muscle 
and other organs appear to select 
and retain highly unsaturated fat ty 
acids in preference to those of 
lower degree of unsaturation. The 
mechanism and the purpose of this 
selection has not yet been explained. 
Also we are still without an ade- 
quate explanation for the fact that, 
in general, the phospholipids con- 
tain large amounts of fatty acids, 
not only of higher degree of unsat- 
uration, but of greater molecular 
weight than those found in the 
stored or food fat of the animal. 

A few years later, iodized fatty 
acids were used as a means of label- 
ling ingested fat in order  to trace 
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fatty acids through the stage of 
tissue phospholipid and to measure 
the rate of turnover of the latter. 
While  this method did demonstrate 
beyond doubt that food fat ty acids 
do enter  into the phospholipids of 
intestinal mucosa, 5 liver, and bloodp 
the amounts found were so small, 
except in the case of intestinal mu- 
cosa, that it was difficult to draw 
any conclusions as to the metabolic 
or non-metabolic function of the 
phospholipids. 

A few years ago elaidic acid, the 
stereoisomer of oleic acid, was in- 
troduced as a means of labelling 
tissue phospholipids and measuring 
their rate of turnover.  At  about 
the same time deuterium was in- 
troduced by Schoenheimer and Rit- 
tenberg as a general method of 
labelling fatty acid molecules. How- 
ever, to date, the only use made of 
deuterium in the study of phos- 
pholipid metabolism has been to 
confirm the fact that ingested fatty 
acids do enter into the phospholip- 
ids of the l iverJ 

By the use of elaidic acid as a 
label, it has been possible to dem- 
onstrate clearly that the phospho- 
lipids of the intestinal mucosa, 8 the 
blood plasma, ~ and the liver ~0 un- 
dergo a rapid turnover during the 
process of fat absorption. In the 
skeletal muscles (Fig .  1), the 
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FIGURE i. 

brain 11 and red blood cells, ~ the or- 
gans, in addition to those above, 
'which were studied most extensive- 
ly, the phospholipids show a com- 
paratively slow rate of turnover. 
Such results as have been obtained 
indicate that there is also a slow 
rate of turnover of phospholipid in 
heart, kidneys, and smooth muscle. 
Recently it has been shown by 
means of the elaidic acid method, 
that the phospholipids in rat sar- 
coma show a comparatively slow 
rate of turnover.  12 

On the basis of these results, the 
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conclusion appears justified that 
certain organs of the body contain 
metabolic phospholipid while others 
contain very little if any, practically 
all being non-metabolic in function. 
In the case of the intestinal mucosa, 
though the evidence is quite clear 
that there is a rapid and extensive 
turnover,  the correct interpretation 
of that turnover is not yet settled, s 
I t  may mean that phospholipid is 
acting as an intermediary stage in 
the resynthesis of fat  in the epi- 
thelial cells, or that phospholipid, 
during fat absorption, is continu- 
ously being synthesized in the mu- 
cosa and is passing into the blood 
both directly and by way of the 
thoracic lymph. In the case of the 
blood plasma, there appears to be 
no reason to doubt that part,  at 
least, of the phospholipid consists 
of material which has been syn- 
thesized out of recently absorbed 
fat ty acids and is being carried to 
the actively metabolizing tissues 
where it is burned. It appears like- 
ly that most of this metabolic phos- 
pholipid that is being transported 
in the blood is burned in the skel- 
etal muscles. But since the phos- 
pholipid of the muscles shows a 
slow turnover,  the metabolic phos- 
pholipid which has diffused in from 
t h e  bIoodstream is apparently 
burned as rapidly as it enters and 
thus neve r  contributes appreciably 
to the total phospholipid present in 
the muscle. 

The site of synthesis of the 
metabolic phospholipid of the blood 
lllasnla is still not clear. I t  may 
be the intestinal mucosa; it may 
be the l iver;  or it may be both. I t  
seems hardly likely that it is neither. 

The nature of the metabolic phos- 
pholipid is obviously of consider- 
able interest and importance. Does 
it consist of lecithins, of cephalins, 
or both? It has been suggested 
that the metabolic phospholipids are 
probably of the lecithin type, la 
largely on the basis of the obser- 
vation that blood plasma contains 
much more lecithin than cephalin 
while the red cells, which contain 
only non-metabolic phospholipid, 
contain more cephatin than lecithin. 
Even if this is correct, it would 
probably not be correct to say that 
all lecithins have a metabolic func- 
tion, since brain and muscles, which 
do not appear to contain metabolic 
phospholipid, do contain lecithins. 
A preliminary study has been made 
of the distribution of elaidic acid 
between lecithins and cephalins. 
Provided the alcohol precipitation 
method gave a reasonably good sep- 
aration, it can be said that, within 
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the limits of error  of the method, 
the percentage of elaidic acid was 
the same in the lecithins and ceph- 
alins2 4 

Quite recently, the radioactive 
isotope of phosphorus p3~ has been 
used to study the rate of turnover 
of tissue phospholipids. 15 This is 
obviously of great importance since 
it measures the rate of turnover 
of the phosphoric acid in the phos- 
pholipids whereas other methods to 
date have measured the turnover  
of fatty acids. The results are 

T A B L E  I 

Comparative Turnover of Phospholipidsof 
Various Organs in 9-hour period after 

Feeding Radioactive Phosphate. 
( A r t o m  e t  a l . ,  A r c h .  i n t e r n .  P h y s i o l .  45, 

32, 1937.) 
P e r  g r a m  f r e s h  t i s s u e  

R a d i o a c t i v e  Spec i f i c  
O r g a n  P ( r a g )  P ( U n i t s )  A c t i v i t y  

L i v e r  . . . . . .  1.633 9.85 6.03 
I n t e s t i n e  . . .  0.916 9.55 10.40 
K i d n e y s  . . .  1.170 3.40 2.90 
S p l e e n  . . . . .  0.810 0.55 0.70 
H e a r t  . . . . . .  1.045 0.11 0.12 
M u s c l e s  . . .  0.495 0.05 0.10 
R e d  c e l l s . ,  0.103 0.00 0.0 
P l a s m a  . . . .  0.026 0.04 1.50 

shown in Table I. Two facts are 
especially noteworthy. One is that 
the rate of turnover  of the phos- 
pholipids in liver and intestinal mu- 
cosa is very rapid. This agrees 
with the results with elaidie acid 
and iodized fat ty acids and thus in- 
dicates that the entire molecule 
either is being broken down and 
reformed or is disappearing and is 
being replaced by synthesis. The 
other very significant fact is that 
the rate of turnover of nluscle phos- 
pholipid is found to be slow, also 
in agreement with the conclusions 
arrived at by means of elaidic acid. 
Contrary to results with the elaidic 
acid method, the data in Table I 
indicate that kidney phospholipids 
undergo a rapid turnover. The ex- 
planation of this apparent contra- 
diction must await further work 
hy both procedures. 

If,  as appears almost certain, the 
phospholipids of the skeletal mus- 
cles, and the red blood cel ls-- to cite 
only those tissues which have been 
extensively s tudied--have a slow 
turnover and therefore do not par- 
ticipate as intermediaries in fat 
metabolism, what function do they 
fulfill? Are  they solely of impor- 
tance to the structural make-up o f  
these tissues? Or do they as well 
participate in cell metabolism by 
acting as oxygen transport  agents? 

The Oxldase Function of the 
Phospholipids 

Satisfactory proof of the ability 
of phospholipid to act as an oxygen 
transport  agent involves, in the first 
place, evidence that it will take up 
oxygen and then give it up to some 
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readily oxidized substance, under 
conditions which simulate those ex- 
isting in the living cell. That  phos- 
pholipid will add oxygen at its 
double bonds when exposed to air  
has been known for many years. 
Recently it has been shown that this 
uptake of oxygen is very rapid in 
the presence of reduced glutathione 
at p H  3.5, amounting to 76 per cent 
of the theoretical up take- -based  on 
iodine number - - in  6 hours26 The 
question is :  Is  this oxidation of 
phospholipid readily reversible ? 
There is some evidence to indicate 
that i t  is. I f  previously oxidized 
phospholipid is added to reduced 
methylene blue kept under anaero- 
bic conditions, the methylene blue 
is reoxidized considerably more 
rapidly than in control tubes with- 
out phospholipidY However,  this 
evidence can scarcely be regarded 
as more than suggestive that phos- 
pholipid may indeed act as an oxy- 
gen transport  agent. 
The Significance of the Amount 

of Phosphollpld 
On the basis of the extensive 

work of Mayer  and his coworkers. 
it had been quite generally believed 
until recently that the percentage 
amount of phospholipid in any one 
organ is essentially the same from 
one individual of the same species 
to another and furthermore is un- 
affected by over-feeding and pro- 
longed fasting. Only extreme con- 
ditions causing violent changes in 
the temperature and energy pro- 
duction of the animals were capable 
of altering the phospholipid content, 
and this applied only to certain or- 
gans of the body. ~8 It  was ob- 
served also that the phospholipid 
content of any single type of or- 
gan tended to be substantially the 
same, regardless of the species of 
the animal. The suggestion was 
made that the phospholipid content 
of a tissue is a characteristic of that 
type of tissue just as the histological 
structure is characteristic. 

In the light of more recent and 
more extensive investigations, it 
now appears that these generaliza- 
tions were too sweeping and, in cer- 
tain eases, incorrect. In the case 
of the liver, for instance, there is 
abundant evidence that the amount 
of phospholipid present can be in- 
creased very considerably by feed- 
ing a large meal of fat3 ~ ~ This 
increase in liver phospholipid, like 
the increase in plasma phospholipid 
during alimentary hyperlipemia, is 
in all probabili ty due to the accumu- 
lation of newly formed metabolic 
phospholipid. 

Several years  ago, in the course 
of a comprehensive study of lipid 
composition of various organs, 
Bloor observed that the phospho- 
lipid content of the beef muscle 
differed considerably from one type 
of muscle to another. Hear t  mus- 
cle was comparatively rich in phos- 
pholipid, jaw muscle was high, and 
the leg muscles were very poor in 
phospholipidd ~ It  was noticed that 
those muscles which were most ac- 
tive in the beef had the highest 
phospholipid content. In keeping 
with older work, it was observed 
that the continuously active organs 
such as brain, l iver and kidney, 
were comparatively rich in phos- 
pholipid. These findings were in- 
terpreted as evidence that the phos- 
pholipid content of an organ is a 
function of its physiological activ- 
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ity. A shift in the activity of any 
given organ ought therefore to be 
accompanied by a parallel shift in 
its phospholipid content. 

One of the earliest and most 
str iking pieces of evidence in ap- 
p a r e n t  confirmation of this rela- 
tionship was the finding that the 
phosphol ipid  content of the corpus 
luteum of the sow increases sev- 
eral fold in the course of a few 
days (Fig.  2) .  21 I f  implantation 
of the ovum occurs, the corpus 
luteum remains functionally active 
and its phospholipid content re- 
mains high. I f  on the other hand, 
pregnancy does not ensue, the cor- 
pus luteum retrogresses. Chemic- 
ally, the retrogression is character- 
ized by a decrease in the phospho- 
lipid content and relative increase 
in cholesterol esters. I t  is note- 

worthy that the peak of the phos- 
pholipid content of the corpus 
luteum has been shown to coincide 
with the peak of progesterone con- 
tent. 22 

In the white blood cells as well, 
the amount of phospholipid has 
been shown to undergo a pro-  
nounced increase in humans follow- 
ing operation and in the course of 
an infection. In  some instances 
this increase in phospholipid con- 
tent failed to occur and it was ob- 
served that these patients either did 
not recover or experienced a more 
prolonged convalescence. I t  has 
been suggested, therefore, that the 
defence mechanism of the body in- 
volves not only a mobilization of 
more white cells but an increase in 
their phospholipid (and cholesterol 
content) ,  thereby improving their 
functional capacity to overcome the 
infectiondS, 24 It  is noteworthy that 
the polymorphonuclear leucocytes 
have a higher phospholipid content 
than lymphocytesY ~ Therefore,  a 
relatively greater increase in the 
polymorphonudear  cells would lead 
to an apparent increase in the phos- 
pholipid content of the white cells 
as a whole. However,  the increase 
which occurs during infections can 
not be explained in this way3 r 

In  order to simplify and make 
more definite the apparent func- 
tional relationship between the ac- 
t ivity of a cell and its phospholipid 
content, an extensive study has 
been made of the comparative phos- 
pholid content of the same muscle 
or group of muscle in animals, 
which, under natural conditions, use 
it to markedly different ex ten tY 
Some of the results are shown in 
Table II ,  (Page  74).  The differ- 
ences are very striking. In  the case 
of the pectoralis major ,  for instance, 
the phospholipid content is high 
when as in pigeons, the muscle is 
used almost continuously in flying, 
and is much lower when, as in the 
rooster, the muscle is used very little. 
Similarly, the same muscles in tame 
rabbits which lead a relatively sed- 
entary life have a much lower con- 
tent of phospholipid than ~in wild 
rabbits. 

The question naturally arises:  
How is this change in phospholipid 
content brought about? Is it a 
compensatory response to a strain 
on the capacity of the muscle to 
meet the demands placed on it? In 
other words, is it an acute change 
in the chemical composition of an 
intact cell to fit the cell for in- 
creased functional activity? Or  is 
it a progressive and long-c0ntinued 
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o i l  & s o a p  

Musc le  

P e c t o r a l i s  m a j o r  . . . . . . . . . . . . . . .  4.7 3.7 1.4 
P.  m i n o r  . . . . . . . . . . . . . . . . . . . . . . .  2.1 1.9 1.1 

W i l d  T a m e  
R a b b i t  R a b b i t  

H e a r t  . . . . . . . . . . . . . . . . . . . . . . . . .  5.2 6.1 
J a w  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2 3.8 
D i a p h r a g m  . . . . . . . . . . . . . . . . . . . .  3.2 3.0 
F r o n t  l eg  . . . . . . . . . . . . . . . . . . . . . .  3.1 2.0 
T h i g h  . . . . . . . . . . . . . . . . . . . . . . . . . .  2.9 1.6 
A b d o m i n a l  w a l l  . . . . . . . .  . . . . . . .  2.5 1.3 
B a c k  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.4 1.2 
G a s t r o e n e m i u s  . . . . . . . . . . . . . . . .  2.1 1.7 

TABLE I I  
Phospholipid Content and Act iv i ty  in Muscle 

(B loor  a n d  Sn ider ,  J .B .C.  107, 459, 1934) 

P h o s p h o l i p i d  f a t t y  a c i d s  
P i g e o n  Owl R o o s t e r  r P i g e o n  

(pe r  c e n t  of  d r y  w e i g h t )  

Cho l e s t e ro l  ---a 
Owl  R o o s t e r  

0.25 0.26 0.17 
0.18 0.28 0.18 

W i l d  T a m e  
R a b b i t  R a b b i t  

0.45 0.57 
0.36 0.38 
0.29 0.47 
0.27 0.32 
0.25 0.15 
0.24 0.24 
0.22 0.26 
0.22 0.25 

adaptation brought about only in 
the course of evolution? 

In an effort to answer this ques- 
tion, Bloor has studied the effect 
of enforced activity on the phos- 
pholipid content of various muscles 
of the white rat and of pigeons. 28 
The muscles of exercised animals 
were compared with those limited to 
as little activity as possible. The 
average results are shown in Table 
I I I  in which the phospholipid and 

TABLE I I I  
Changes in Lipid Content  of Muscles 

of Exercised Rats 
(Va lue s  / o r  m u s c l e s  of r e s t i n g  

c o n t r o l s  ~ 100) 

P h o s u h o -  Che l e s -  
M u s c l e  W e i g h t  l ip id  t e ro l  

pe r  c e n t  pe r  cen t  pe r  cen t  
body  d ry  d ry  

w e i g h t  w e i g h t  w e i g h t  
H e a r t  . . . . . . . . . .  117 115 113 
N e c k  . . . . . . . . . . .  121 102 96 
D i a p h r a g m  . . . . .  139 86 83 
T h i g h  . . . . . . . . . . .  113 104 93 
F r o n t  l eg  . . . . . . .  116 116 107 
A b d o m i n a l  w a l l .  108 106 108 
G a s t r o c n e m i u s  .. 121 114 112 
B a c k  . . . . . . . . . . .  118 112 105 
P e c t o r a l i s  . . . . . .  109 109 100 

cholesterol contents of the muscles 
of the exercised animals have been 
expressed as percentages of the 
corresponding values in the unexer- 
cised controls. The average differ- 
ences are, in general, quite small, 
especially when compared with 
those, for instance, between tame 
and wild rabbits. Apparently,  the 
much greater differences found be- 
tween muscles of widely different 
natural activity are the result of a 
progressive adaptation. Indeed, the 
differences in the rats, taken muscle 
by muscle, are not statistically sig- 
nificant. There is, however, an un- 
mistakable tendency towards higher 
values in the exercised muscles. 

Included in the table are the com- 
parative average weights of the va- 
rious muscles in the two groups. 
Hyper t rophy of the muscle in re- 
sponse to exercise has occurred in 
every instance and, in general, is 
more pronounced than the increase 
in the phospholipid content. I t  is 
noteworthy that the diaphragm 
showed, on the one hand, the great- 
est average hypertrophy and, on 

the other hand, a decrease in the 
phospholipid and cholesterol con- 
tents. Obviously the relationship 
between the activity of a tissue and 
its phospholipid content is not a 
simple and direct one. Bloor has 
suggested that a tissue may respond 
to an increased demand on it in 
either or both of two ways:  by in- 
crease in the mass of functioning 
tissue, i.e., hypertrophy;  and by 
improvement in its chemical make- 
up--specifically,  by increasing the 
phospholipid and cholesterol con- 
tent, especially the former. 

The inconsistency of the re- 
sponse of various muscles to in- 
creased activity perhaps offers the 
best clue to the failure of other 
workers to find any increase in the 
phospholipid content of the hearts 
and kidneys of rats when the load 
on these organs was increased by 
feeding a high protein diet. 2s In 
this instance, pure hypertrophy was 
the only discernible change. 

Granted, at least for the purpose 
of discussion, that an increase in 
the phospholipid content of a mus- 
cle does take place in response to 
increased activity of the muscle, 
the question arises:  Wha t  is the 
mechanism of that increase? No 
satisfactory answer seems possible 
at the present time. However,  it 
would appear to be highly signifi- 
cant that, in rats, the feeding of 
thyroid causes a definite increase 
in the phospholipid content of the 
muscles and, in mice, a 40 per cent 
increase in the phospholipid con- 
tent of the entire animal2 ~ 

Our  concern at present is with 
the functional significance of the 
high phospholipid content of the 
naturally more continuously active 
muscles as compared with less ac- 
tive muscles. One's natural incli- 
nation would be to interpret a high- 
er level of phospholipid in a muscle 
as an increased reserve of fuel to 
supply energy for muscular con- 
traction. But, in the face of the 
rather definite evidence that muscle 
does n o t contain appreciable 
anlounts of metabolic phospholipid, 
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this explanation would appear to 
be incorrect. I t  is possible, of 
course, that the increase in phos- 
pholipid above the normal level is 
due to metabolic phospholipid, but 
the evidence available at present is 
against it. Fur ther  work is needed 
to settle the point. I f  i t  is not 
metabolic phospholipid, then the 
only apparent alternatives are that 
it is either an adjustment of the 
structural  composition of muscle 
substance, possibly to facilitate, by 
physical means, an increased trans- 
port of fat into the cells, or an in- 
crease in the ability of phospholipid 
to act as an oxygen transport  sys- 
tem. It  is possible, of course, that 
both are correct. In  any case, the 
evidence that the phospholipid con- 
tent of a tissue cell is in some man- 
ner related to its activity does not 
help much in arriving at an answer 
to the question: Wha t  is the func- 
tion of non-metabolic phospholipid? 
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