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Atherosclerosis 

Abstract 
Effects of diet on acetate incorporation into 

cholesterol and f a t ty  acids in liver slices, and on 
the level of plasma cholesterol, were studied in 
rats  and rabbits. Feeding fats and oils in a com- 
mercial diet s t imulated acetate incorporation into 
rat-l iver cholesterol much more than feeding them 
in a semisynthetie diet. This effect seemed to be 
specific for cholesterol since incorporat ion into 
fa t ty  acids was not similarly affected. High levels 
of dietary casein inhibited acetate incorporation 
into both cholesterol and fa t ty  acids. Rat-l iver 
slices generally incorporated more acetate into 
cholesterol than rabbit-l iver slices, but  incorpora- 
tion into f a t ty  acids was often higher in the latter. 

Rabbi t  plasma cholesterols were higher on 
but ter  diets than  on corn oil diets. Fu r the r  eleva- 
tion of plasma cholesterol was observed when 
casein was added to the but ter  diet but  not when 
it was added to the corn oil diet. Plasma cho- 
lesterols were elevated, and acetate incorporation 
into liver cholesterol and f a t ty  acids was inhibited 
in suckling rats  and rabbits whereas recently 
weaned animals gave results similar to those of 
adults. The inverse relationship between plasma 
cholesterol level and acetate incorporation into 
cholesterol may be at t r ibutable  to feedback eon- 
trol  of liver cholesterol biosynthesis. Other 
mechanisms which may  account for the observed 
effects of d ie tary  fats  and protein on cholesterol 
metabolism, and the possible relevance of the 
findings to atherosclerosis, are discussed. 

Introduction 

~ TESIPTS TO PRODUCE ATHEROSCLEROSIS i l l  experi- 
mental  animals were unsuccessful until  the early 

years of this century when Ignatowski and others 
showed that  rabbits  develop atheroselerotie lesions 
when fed on meat, milk, and eggs (1-3) .  At  first 
it was thought  that  the high protein content of these 
diets was responsible for the effect, but later experi- 
ments by Anitsehkow and Chalatow (3,4) and by 
Wacker  and Hueek (5) showed that  similar results 
could be produced by feeding cholesterol. The focus 
of at tention then centered on cholesterol, and much 
of the subsequent work on experimental  atheroselero- 
sis has been carried out with diets containing added 
cholesterol (3,6-10). Although this has yielded mueh 
valuable information,  the amounts of cholesterol have, 
in general, been much greater  than  would be present  
in na tura l  diets of ether human beings or experimental  
animals (11), and such diets are therefore not satis- 
factory for exploring the metabolism of cholesterol 
under  normal  conditions. Fur ther ,  it seems probable 
that  the emphasis on die tary  eholesterol has tended 
to obscure the effects of other dietary components 
which may  play an impor tan t  role in the etiology of 
atheroselerosis. 

A significant development within the past  10 years 
has been the discovery tha t  atheroselerotie lesions can 
be produced in rabbits by feeding diets containing 
little or no cholesterol (12-14). In  general, semi- 
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synthetic diets appear  to be more effective than stock 
diets in producing lesions under  these conditions (15). 
The presence of fa t  in these diets is not essential, 
but the addition of sa turated fa t  increases their 
potential  for producing atheroselerosis (16). 

These results demonstrate  that  atheroselerosis can 
occur in the absence of dietary cholesterol, but the 
level of sermn cholesterol nevertheless appears  to be 
a significant factor  in its development (17). Hy-  
pereholesterolemia usually precedes the formation of 
atheroselerotic lesions in experimental  animals (6,8), 
and this is also t rue of rabbits fed low-cholesterol, 
semisynthetie diets (14). Since these rabbits have 
little access to exogenous cholesterol, it appears  tha t  
their serum cholesterol must  be derived almost en- 
t irely f rom endogenous synthesis. I t  is well known 
that many  body tissues can synthesize cholesterol f rom 
small molecule precursors (18,19), but serum cho- 
lesterol appears  to come mainly  from tile liver and 
intestine (20). In  species such as the ra t  and dog, 
the liver seems to be the main source (21-23), but 
in human beings a larger  proport ion apparen t ly  
comes f rom other tissues (24,25). 

There is considerable evidence that  liver cholesterol 
synthesis is controlled by a feedback mechanism 
regulated by cholesterol and bile acids (26-29). 
Synthesis can be inhibited by adminis ter ing cho- 
lesterol or bile acids and may  be increased by can- 
nulat ing either the bile duct (30) or the intestinal 
lymph ducts (31), thus in te r rup t ing  the enterohepatic 
flow of cholesterol and bile acids. There is lack of 
agreement  on tile extent to which this feedback mech- 
anism operates in man (32,33), but, in experimental  
animals at least, it nmy be an impor tant  controlling 
factor  in the regulation of serum cholesterol levels. 

Effects of d ie tary  components other than cho- 
lesterol on liver cholesterol synthesis have not been 
studied extensively, but  the role of dietary fa t  has 
been investigated in a number  of different laboratories 
( 3 4 4 0 ) .  In  most eases it has been found that  d ie tary  
fa t  st imulates incorporation of acetate into liver cho- 
lesterol, and unsatura ted  fa t  appears  to be somewhat 
more effective than saturated fat. Studies in this 
laboratory gave results in agreement with these con- 
clusions, and it was found, in addition, that  fats  fed 
in a commercial diet gave much greater  st imulation 
than fats fed in a semisynthetie diet (41). These 
effects of diet seemed to be specific for acetate in- 
corporation into cholesterol since corresponding 
changes were not seen for acetate ineorporation into 
f a t ty  acids, measured in the same experiments 
(Figure  1). 

Other studies in this laboratory showed that  acetate 
incorporation into both eholesterol and f a t ty  acids 
was reduced in liver slices f rom suckling rats  (42). 
As soon as the animals were weaned, incorporation 
quiekly increased to normal  adult  levels, and acetate 
incorporation into f a t ty  acids by livers f rom recently 
weaned rats was frequent ly  much higher than in adult  
livers although there was considerable variat ion f rom 
animal to animal (Figure  2). I t  seemed likely that  
the inhibition observed in suckling ra t  liver was re- 
lated to diet beeause there was a rapid  change at 
weaning, also because fetal ra t  liver was found to 
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RAT LIVER SLICE EXPERIMENTS. 
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Fro. 1. Effects of diet on incorporat ion of  acetate-l-C u into 
cholesterol and fa t ty  acids by rat-liver slices. The basic com- 
position of the fat-free semisynthetic diet is given in Table I I .  
The commercial diet was a Fox  Breeder Star ter  Ration, which 
was extracted with ether to remove most of its endogenous fat .  
All fa t s  and oils were incorporated into the two diets at a level 
of 15% by weight,  and the diets were fed for  approximately 
two weeks before the slice experiments were carried out. Fo r  
fu r ther  details see the original publication (41). 

give good incorporation of acetate into cholesterol 
and fa t ty  acids (42). 

The in-vivo studies in which the labeled acetate was 
administered either orally or intraperi toneally also 
showed that  liver cholesterol and fa t ty  acids accumu- 
lated less radioactivity in suckling rats than in weaned 
rats (42). Similarly, in vivo experiments with rats 
on semisynthetic and commercial diets (unpublished) 
confirmed these results of in vitro studies. The stimu- 
lating effect of dietary fat  on acetate incorporation 
into liver cholesterol has also been observed with 
in vivo as well as in vitro experiments (34,40). 

The experiments with suckling rats provided evi- 
dence of an inverse correlation between acetate in- 
corporation into liver cholesterol and the level of 
plasma cholesterol since plasma cholesterols were 
elevated in suckling rats and dropped to normal adult  
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FzG. 2. Incorpora t ion  of acetate-l-C ~ into cholesterol and 
fa t ty  acids by liver slices f rom suckling and weaned rats. The 
animals were 13 to 17 and 30 to 35 days old respectively. There 
were six animals per  group. 

values at weaning (Figure 3). There is some indica- 
tion of a similar inverse correlation from experiments 
involving the feeding of semisynthetic and commercial 
diets. In the studies, acetate incocporation into cho- 
lesterol was lower in rats fed semisynthetic diets 
(Figure 1), but  Por tman and others have found that  
rats fed semisynthetic diets have higher serum cho- 
lesterol levels than rats fed commercial diets (43). 
Also, as mentioned earlier, rabbits develop hypercho- 
lesterolemia and atheroselerotic lesions more readily 
on semisynthetic diets than on stock diets. These 
findings and other evidence of a relationship between 
liver cholesterol metabolism, serum cholesterol levels, 
and development of atherosclerotic lesions (26,44) 
prompted fur ther  investigations of the influence of 
diet on acetate incorporation into liver cholesterol. 

Ear l ier  studies had shown that  incorporation was 
markedly influenced by the presence of fat  in the 
diet and the type of fa t  which was fed (Figure 1). 
However it seemed that  the nonlipid portion of the 
diet must also have a significant role since the stimula- 
tion obtained by adding fats to a commercial diet 
was ahvays much greater than that obtained by adding 
them to a semisynthetic diet. ~ Therefore the main 
objective of subsequent experiments was the identifica- 
tion of nonlipid components of the diets which might 

1 I n  these  e x p e r i m e n t s ,  mos t  of t he  e n d o g e n o u s  f a t  w a s  f i r s t  e x t r a c t e d  
f r o m  the  c o m m e r c i a l  d ie t  w i t h  e ther ,  a n d  e x p e r i m e n t s  i n d i c a t e d  t h a t  
t h e  smal l  a m o u n t  of  l i p i d  r e m a i n i n g  w a s  p r o b a b l y  n o t  r e s p o n s i b l e  
fo r  t he  o b s e r v e d  d i f f e rences  b e t w e e n  c o m m e r c i a l  a n d  s e m i s y n t h e t i c  
d ie t s .  
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FXG. 3. Free  and total p lasma eholesteroI levels in suckling 
and weaned rats.  The animals were weaned at  20 to 21 days 
of age. 
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FiG. 4. Fractionation of rat commercial diet. 

account for this difference. In  addition, some experi- 
ments were carried out with rabbits as well as rats  
in order to compare effects of diet on cholesterol 
metabolism in two species which differ great ly  in their 
susceptibili ty to atheroselerosis. 

The problem of ident i fying nonlipid components 
responsible for differences between commercial and 
semisynthetie diets was approached in several dif- 
ferent  ways. In  one set of experiments the nonlipid 
port ion of the commercial diet was separated into 
water-soluble and water-insoluble fractions, and these 
were mixed with a semisynthetie diet and were fed 
to rats  to test for s t imulatory effects on acetate in- 
corporation into cholesterol in the liver-slice system 
used in earlier experiments (41,45). In  other studies 
the composition of the semisynthetic diet was varied. 
Components of the semisynthetic diet were also mixed 
with the commercial diet to determine whether they 
had any inhibi tory effect on incorporation. In  each 
of these studies, fa t  (usually butter ,  15% by weight) 
was added in most cases to the experimental  diets 
because the presence of fa t  accentuated the difference 
between results obtained with commercial and senti- 
synthetic diets (Figure  1). 

Experimental  Procedure 
Fractionation of Commercial Diet 

Fraet ionat ion of the ra t  commercial diet (Master 
Fox Breeder S tar te r  Ration, Maple Leaf  Mills Ltd., 

Toronto, Ontario) was carried out according to the 
schenle shown in F igure  4. Chloroform-methanol 
(3:1) was used for the first two extractions. The 
residue was then extracted twice with water  at room 
temperature ,  twice with water  at near  boiling tem- 
peratures,  and once with ethanol at room temperature.  
The residues were separated f rom the extracts by 
filtration by using coarse filter paper  for the chloro- 
form-methanol  extract  and filter paper  lined with a 
layer of cheesecloth for the aqueous extracts. The 
lat ter  were more difficult to filter, and some losses 
inevitably occurred in scraping the residue f rom the 
filter paper  and cheesecloth. This probably accounts 
for most of the loss in weight (Figure  4). The final 
extraction with ethanol made it easier to a i r -dry the 
insoluble residue. The combined aqueous-ethanolic 
extract  was concentrated in vacuo before lyophiliza- 
tion. 

The results of feeding the aqueous-ethanol extract  
and the residue, mixed in vary ing  proport ions with 
fat-free semisynthetic diet, are shown in Table I. 

In  Exper iments  1 and 2, extraet  and residue were 
fed in approximate  proport ion to their amount  in the 
commercial diet whereas in Exper iments  3 and 4 
they were fed on an equal-weight basis. Acetate 
incorporation into cholesterol was enhanced by both 
fractions of commercial diet in all cases, and the 
amount  of acetate incorporated seemed to increase 
as the proport ion of either fract ion in the diet in- 
creased. Because of the variabi l i ty  in the results i t  is 
difficult to say whether one fract ion was more effective 
than the other. 

These experiments failed to localize the s t imulatory 
effect of the commercial diet, and this fai lure raised 
the possibility tha t  the st imulation was only apparen t  
and was, in fact, a t t r ibutable  merely to the dilution 
of inhibitory factors in the semisynthetie diet. To 
explore this, fu r the r  experiments  were carried out to 
determine whether any components of the semi- 
synthetic diet could be demonstrated to have a specific 
inhibitory effect on acetate incorporation into 
cholesterol. 

E f f e c t  o f  D i f f e r e n t  C o m p o n e n t s  o f  S e m i s y n t h e t i c  D i e t s  

Semisynthetic diets containing 15% but ter  were 
used for these experiments,  and the composition of 
the basic control-diet is given in Table II .  

Substi tut ion of other proteins for the casein in this 
diet or of other carbohydrates  for the glucose did not 
seem to produce any significant change in incorpora- 
tion (Table I I I ) .  

Other alterations, such as the use of salt mixtures  

TABLE I 

Acetate Incorporation into Cholesterol by Rat Liver Slices 
Effect of Feeding Commercial Diet Fractions Mixed with Semisynthetic Diet 

Rat % of counts from 
No. body acetate recovered in 

Expt. Diet a of weight cholestero] rats (g) 

1. Semisynthetic (control) 3 124 1.5(0.6--  2.4) b 
Extract (34) + semisynthetic (66) 3 104 6.2 (4.4-- 9.6) 
Residue (72) + senfisynthetic (28) 3 155 7.7(5,0--10.6) 

2. Semisynthetic (control) 3 158 1.1 (0.8-- 1,4) 
Extract  (44) ~ semisynthetic (56) 3 122 3.1(1.5--  5.8) 
Residue (75) ~-semisynthetic (25) 3 161 4.6(2.1--  6.8) 

3. Semisynthetic (control) 3 167 1.6 (1.0-- 2.1) 
Extract  (40) -~ senfisynthetic (60) 4 136 5.2(1.3--10.3) 
Residue (40) ~ semisynthetic (60) 5 168 3.0(1.9--  5.5) 

4. Extract  (20) ~ semisynthetic (80) 6 144 2.3 (1.4-- 3.6) 
Residue (20) + semisynthetic (80) 5 155 2.3(1.7--  3.2) 

a CommerciM diet extract or residue was mixed with fat-free semisynthetic diet (Table I I )  in proportions as indicated by the figures in 
brackets. Then 15% by weight of butter was added to each of the diets, including the semisynthetic control. Diets were fed for two-week 
periods as in earlier experiments. 

b Average values and extremes are given. 
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T A B L E  II 

Composi t ion of Semisyn the t i c  Die t s  

Fat-  Fat-  
f ree  con ta in ing  

Casein  18 g 22 g 
Dex t rose  72 g 52 g 
Fat 15 g 
Salt  m i x t u r e  ( P h i l l i p s - H a r t )  "'4 g 5 g 
Celluflour 5 g 5 g 
V i t a m i n - m i x t u r e  a 1.5 ml 1.5 ml 

a P r e p a r e d  by  d isso lv ing  50 m g  of t h i a m i n e  hydrochlor ide ,  50 m g  
of py r idox ine  hydrochior ide ,  2 m g  of biotin,  10 g of clloline clfloride, 
and  1 g of inositol  in 30 ml of wa te r ,  then  add ing  100 mg  of 
r ibof lavin ,  500 m g  of n ico t in ic  acid, 590 m g  of ca lc ium pan to thena te ,  
and  5 m g  of folic ac id  to 50 ml of ethyl alcohol. The  two solut ions 
were  then  mixed  a n d  m a d e  to 100 nfi w i t h  w a t e r .  

Sources  of m a t e r i a l s :  case in  (pur i f ied  h igh  n i t r o g e n ) ,  salt  m i x t u r e  
a n d  v i t amins ,  Nu t r i t i ona l  Biochemicals ,  Cleveland, 0 . ;  dextrose,  I n g r a i n  
a n d  Bell Ltd. ,  Toronto,  O n t a r i o ;  Celluflour, Chicago  Diete t ic  Supp ly  
H o u s e  Inc. ,  Chicago,  Ill. 

of different composition, omission of choline and 
inositol, reduction in the level of all water-soluble 
vitamins, or addition of extra  Celluflour all failed to 
affect acetate incorporat ion into cholesterol. The only 
experiments which gave suggestive results were those 
in which the level of casein in the diet was varied 
at the expense of the dextrose. When casein was fed 
as 40% of the diet, incorporat ion was uni formly  low 
whereas, when it was fed as only 10% of the diet, 
incorporat ion was higher than for any other semi- 
synthetic diet tested although still considerably be- 
low tha t  observed for  rats  on commercial diet. 

The possible significance of this last set of results 
was examined fu r the r  by mixing either casein or 
dextrose with commercial diet, adding 1 5 ~  by weight 
of either but ter  or eorn oil to the mixtures,  and feed- 
ing these diets to rats. The results showed that  the 
addition of casein depressed acetate incorporation into 
cholesterol when either the but ter  or corn oil-con- 
taining diet was fed whereas addition of dextrose 
had no such effect (Table IV) .  

Acetate incorporat ion into f a t ty  acids was also 
measured in these experiments. Substi tut ion of vari-  
ous components of the semisynthetic diet seenled to 
have little effect except in the ease of substitution of 
sucrose for glucose where incorporation was greater  
(Table I I I ) .  Omission of choline and inositol front 
the diet also seemed to st imulate incorporation, but, 
because of the variabi l i ty  of the results, these findings 
should be verified with larger groups of aninlals. The 
effects of casein on acetate incorporation into fa t ty  

acids paralleled to some extent its effects on acetate 
incorporation into cholesterol (Tables I I I  and IV) .  

E f f e c t s  of  D i e t  on Cho le s t ero l  M e t a b o l i s m  in  R a b b i t s  

The ra t  is especially resistant to experimental  
atherosclerosis, and ra t  serum cholesterols are not 
easily altered. I t  therefore seemed of interest to 
repeat  some of the experiments in rabbits, which are 
much more susceptible to atherosclerosis and to al- 
terat ion of serum cholesterol levels. 

Studies with liver slices f rom rabbits  fed various 
diets showed that  acetate incorporation into cho- 
lesterol was significantly lower than in similar experi- 
ments with rats (Tables IV  and V).  As in the ra t  
experiments, the addition of casein to conmlercial diet 
depressed incorporat ion somewhat, but  the differences 
were not great. Acetate incorporation into fa t ty  acids 
was generally higher in rabbit-l iver slices than in 
rat-l iver slices although the results were extremely 
variable in the rabbit  experiments. 

5Ieasurement of plasma cholesterols showed inter- 
esting differences between groups of rabbits fed dif- 
ferent  but ter-containing diets (Table V) .  When 
but ter  was fed in a semisynthetie diet, the rabbits  
had a higher average plasma cholesterol level than 
when it was fed in a commercial diet. However, when 
the commercial diet was mixed with casein, the aver- 
age cholesterol level was even higher than  that  ob- 
tained with the semisynthetic diet. But  the lowest 
average plasma cholesterol for a but ter-containing diet 
was found in rabbits which were fed commercial diet 
mixed with dextrose. The livers of this last group 
had a somewhat f a t ty  appearance,  suggesting a defect 
in t ranspor t  of fa t  fronl liver to plasma. 

Rabbits  fed diets containing corn oil had lower 
plasma cholesterols than most of those in the butter-  
fed groups, in agreement with results f rom other 
laboratories (14). Addit ion of either casein or dex- 
trose to the commercial diet seemed to make little 
difference when corn oil was used as the dietary fat. 

Exper iments  were also carried out with suckling 
and recently weaned rabbits, and the results (Table 
VI)  were analogous to those obtained earlier with rats. 
Liver slices f rom suckling rabbits gave low incor- 
porat ion of acetate into cholesterol, and the plasma 
cholesterol levels were considerably higher than those 

TABLE III 

Aceta te  I n c o r p o r a t i o n  into Cholesterol and  F a t t y  Acids  by R a t - L i v e r  Slices 
Effect  of V a r i a t i o n s  in Nonl ip id  Componen t s  of Semisyn the t i e  Die t  

No. of R a t  body % of counts  % of counts  
f r o m  acetate  f r o m  acetate  

Type of diet" an ima l s  we igh t  r ecovered  in  recovered  in 
(g)  cholesterol f a t t y  acids  

Semisyn the t i c  diet  (control)  9 

L a c t a l b u m i n  r ep l ac ing  case in  3 
W h e a t  g lu ten  r ep lac ing  case in  3 
S o y ,  p ro te in  rep lac ing  case in  3 

Sucrose  r ep lac ing  dextrose  3 
W h e a t  s t a r ch  r ep lac ing  dext rose  3 
Corn s t a rch  r e p l a c i n g  dext rose  3 

MD-185  sal t  m i x  r ep lac ing  PI-I sal t  mix  3 
Calc ium-free  salt  m i x  r ep lac ing  P H  salt  nlix 3 
H M W  salt  mix  r ep lac ing  P I t  salt  m i x  3 

Choline and  inositol  omit ted  3 
Water -so luble  v i t a m i n  supp lement  r educed  to 1/a of no rma l  3 

Addi t iona l  20 % Celluflour added 4 

40 % Case in  6 
3 0 %  Casein 3 
2 0 %  Casein  c 9 
1 0 %  Case in  6 

149 1.2 ( 0 ,6--2.2 ) h 3,6 ( 1 ,3--10.1  ) ~) 

155 2 . 2 ( 1 . 4 - - 3 . 5 )  2 . 5 ( 1 . 7 - -  3.9) 
118 1 .8 ( 0 .7 - - 2 ,7 )  3 , 2 ( 1 . 8 - -  5.4) 
111 1 .5 ( 0 .6 - - 2 ,2 )  3 , 1 ( 2 , 9 - -  3.6) 

139 1.5 (0 .2 - -2 .4 )  9,9 (4 .0 - -14 .5 )  
149 0 . 6 ( 0 . 3 - - 0 . 8 )  2 , 2 ( 1 . 9 - -  2.7)  
162 1 .1 ( 0 .3 - - 2 .3 )  2 . 8 ( 1 . 9 - -  4,2) 

156 1.0 (0 .2 - -1 ,4 )  3 . 2 ( 1 . 1 - -  5.7) 
139 0 . 2 ( 0 . 1 - - 0 . 3 )  2 . 2 ( 1 . 2 - -  2,8) 
173 1 . 5 ( 1 . 1 - - 1 , 8 )  3 . 5 ( 3 . 2 - -  4.0) 

158 1.0 (0 .7 - -1 .5 )  6.2 (2 .9 - -11 .5 )  
166 1 . 6 ( 1 . 0 - - 2 . 4 )  3 . 1 ( 2 . 7 - -  3.4) 

162 0 . 8 ( 0 . 4 - - 1 , 1 )  2 . 5 ( 1 . 8 - -  3.2) 

171 0 . 3 ( 0 . 1 - - 0 . 5 )  2 . 0 ( 1 . 4 - -  2.8) 
150 1 .6 ( 0 .6 - - 3 ,6 )  2 . 9 ( 2 . 3 - -  3,4) 
149 1.2 ( 0 .6--2 .2  ) 3.6 ( 1 .3--10.1  ) 
107 2 , 9 ( 1 . 3 - - 7 . 2 )  4 . 8 ( 2 . 9 - -  8.7) 

a Die t s  were  fed for  two-week periods.  See Table 1I for  composi t ion  of bas ic  semisyn the t i c  diet. Rep lacemen t  pro te ins ,  ca rbohydra tes ,  
and  salt  m i x t u r e s  were  obta ined f r o m  Nut r i t i ona l  Biochemicals ,  Cleveland,  O. except  for  sucrose  and  corn s tarch,  which  were  p u r c h a s e d  locally. 
MD-185  salt  mix,  fo rmula t ed  pe r  McCollum and  Davis ,  H M W  salt  mix.  f o r m u l a t e d  by Hubbell ,  5[cndel, and  ~Vakeman.  Compos i t ions  and  o r ig ina l  
r e fe rences  g iven  in a Die t s  M a n u a l  avai lable  f r o m  Nut r i t i ona l  Biochemicals .  

b A v e r a g e  va lues  and  ex t remes  are  g iven.  
r The  same  a s  t h e  control  diet  above. 
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T A B L E  I V  
Aceta te  I n c o r p o r a t i o n  in to  Cholesterol  and  F a t t y  Acids  by R a t  L i v e r  

Slices 
Effect  of Add ing  Casein  or Dext rose  to Commerc ia l  Die t  

Type  No. R a t  % of counts  % of counts  
of body f rom aceta te  f rom ace ta te  

of ani-  we igh t  r ecovered  in  recovered  in 
dicta reals  (g)  cholesterol  fa t ty  ac ids  

Die t s  c o n t a i n i n g  15 % bu t t e r  
E t h e r - e x t r a c t e d  

commerc ia l  d ie t  4 153  10.7  ~+ ~,0 ~ 6.8 -4- 1.2b 
2 5 %  casein  a d d e d  4 177  4 .7  4. 0 .5  3 .7  4. 0.6 
2 5 %  dextrose added  4 151  8.8 4. 1.1 9.6 4. 1.1 

Die t s  c o n t a i n i n g  1 5 %  corn oil 
E t h e r  ex t rac ted  

commercia l  diet  3 171 11 .5  4.  4 .2  3.7 4.  1.4 
2 5 %  case in  added 4 161  4.5 4.  1.O 2.4 4- 0 ,4  
2 5 %  dextrose  added  4 148 11.5  • 1.1 3.6 4. 0.8 

a Die ts  w e r e  fed for  two-week per iods .  
b A v e r a g e  va lue  4 .  s t a n d a r d  e r r o r  of the mean .  

observed in suckling rats  (Figure  3). In  recently 
weaned rabbits  the anlount of acetate incorporated into 
cholesterol by liver slices was much greater,  and the 
plasma cholesterol had decreased to a level similar to 
that  of normal  adult  rabbits. 

Discussion 
The experiments which have been described rep- 

resent an a t tempt  to ident i fy die tary  components 
which affect l iver cholesterol synthesis in experinlental 
animals. In  some experiments plasma cholesterol 
levels were also measured to investigate possible rela- 
tionships between plasma levels and liver synthesis, 
and studies were carried out in both rats  and rabbits  
to obtain comparat ive data for species which differ 
great ly  in susceptibility to atheroselerosis. 

In  studies in this laboratory,  as well as in those 
of other workers (34-37,39,40), dietary fa t  was found 
to st imulate acetate incorporat ion into cholesterol by 
ra t  liver preparat ions.  However  the degree of stimula- 
tion appeared  to depend on the type of fa t  and to 
an even greater  extent on the kind of diet in which 
the fa t  was fed. Fa ts  were much more effective when 
fed in a commercial diet than  when fed in a semi- 
synthetic diet (Figure  1). At tempts  to ident i fy 
nonfa t ty  components of these diets which might  ac- 
count for the difference were relatively unsuccessful, 
and the only positive results were obtained by al ter ing 
the protein content. Incorporat ion seemed to va ry  
inversely with the level of casein in the semisynthetie 
diet (Table I I I ) ,  and addition of casein to commercial 
diet decreased incorporat ion in both rats  and rabbits 
(Tables IV  and V).  

Measurement of acetate incorporation into both 
cholesterol and f a t ty  acids in the same experiments 
indicated that  the effects of dietary fa t  were specific 
for cholesterol synthesis (F igure  1). This suggested 
that  such factors as rate of penetrat ion of acetate 

into the tissue slices, rate of activation of acetate, 
and size of the aeetyl eoenzyme A pool were not 
responsible for the observed differences. The results 
with semisynthetie diets gave some indication of a 
reciprocal relationship between acetate incorporation 
into cholesterol and its incorporation into f a t ty  acids, 
which might  indicate that  the two pathways  were 
competing for acetate. However  this seems less likely 
when the results with commercial diets are also con- 
sidered. Fur ther ,  in the experiments in which the 
protein content of the diet was varied (Tables I I I - V ) ,  
as well as in the experiments with suckling and 
recently weaned animals (Figure  2, Table VI ) ,  in- 
corporation of acetate into f a t ty  acids varied in the 
same direction as incorporation into cholesterol ra ther  
than  inversely. 

There is a good deal of evidence that  cholesterol 
synthesis in ra t  liver is subject to feedback control 
(26-29),  and this may  be a factor in the responses 
to dietary ingredients. The finding that  dietary effects 
were mediated at a point between acetate and 
mevalonate in the cholesterol biosynthetic pa thway 
(41,42) is compatible with this possibility since one 
of the steps in that  sequence, the conversion of hy- 
droxymethylg lu ta ry l  coenzyme A to mevalonie acid, 
is generally considered to be the physiological site 
of feedback control (29). 

In  experiments with semisynthetic and commercial 
diets it seemed unlikely that  d ie tary  cholesterol would 
be a significant factor  in feedback control since the 
lowest incorporat ion rates were obtained with semi- 
synthetic diets, which contained no added cholesterol 
other than that  present  in some of the fats  used (e.g., 
but ter ) .  I t  is however possible that  other dietary 
components may  affect the t ransport ,  degradation,  and 
excretion of cholesterol in such a way as to alter the 
size or distr ibution of the cholesterol pool and so 
affect liver cholesterol synthesis in this way via feed- 
back control. 

Studies in other laboratories have given some in- 
dication that  catabolism and excretion of cholesterol 
is increased by die tary  fa t  (39,46). There are also 
reports  that  rats  and rabbits  fed commercial diets 
excrete more fecal bile acids than those fed semi- 
synthetic diets (43,47). Loss of cholesterol in this 
way could stimulate liver cholesterol synthesis. An- 
other possibility is that  dietary components have a 
p r ima ry  effect on liver l ipoprotein synthesis, which 
m tu rn  could cause an alteration in cholesterol 
synthesis since cholesterol is a major  conlponent of 
the l ipoproteins synthesized by the liver (48). Ex-  
perilnental  evidence indicates that  about one-third of 
absorbed dietary tr iglyceride goes more or less directly 
to the liver, where pa r t  of it is rap id ly  incorporated 

T A B L E  V 

Effects of D ie t  on Cholesterol  Metabol i sm in  Rabb i t s  

D ie t  
No. Body 
of we igh t  

r abb i t s  ( k g )  

Ace ta te  i nco rpo ra t i on  by 
l ive r  slices a 

% i n c o r p ,  % i n c o r p .  
into in to  

cholesterol  f a t ty  acids  

P l a s m a  cholesterol  
( r a g / 1 0 0  ml)  

F r e e  Tota l  

Die t s  c o n t a i n i n g  1 5 %  b u t t e r  
Semisyn the t i e  4 1 .78 1.6 4. 0 .9  b 21 .7  4.  8.34 48 4.  
Rabb i t  pellets c 9 1 .40 2.1 4.4- 0 .6  8 .4  4.  3.7 41 -4- 

2 5 %  casein  6 1 .65 0.5 4- 0.2 8 .6  4.  3.9 68 4.  
- i - 2 5 %  dextrose  6 1.32 3.1 4- 1.2 20 .6  4.  6.4 52 4.  

Die t s  c o n t a i n i n g  1 5 %  corn oil 
Rabb i t  pellets r 6 1 .70 2.5 4. 0 .8  8 .7  4.  1.3 34  4.  

~- 2 5 %  casein  6 1 .76 1.0 4.  0.3 4 .4  4. 1.0 33 4. 
-~ 2 5 %  dextrose  6 1 .58 2.1 4.  0 .8  6.9 4.  2.7 61 4. 

5 b 
3 

11 
10 

4 
7 

16 

148 • 13 b 
112 +- 12 
170  4.  11 

85 4.4- 6 

78 4.  14 
76 -4- 7 
88 --~ 20 

a Die t s  were  fed for  two-week per iods  a n d  exper iments  c a r r i e d  out  in  the same w a y  as for  r a t - l i ve r  slices. 
b A v e r a g e  va lue  4 .  s t a n d a r d  e r r o r  of the mean .  
e Mas t e r  R a b b i t  Pel lets ,  ~Iaple  L e a f  ]Kills, Toronto ,  On ta r io .  T h e s e w e r e  g r o u n d  and  fed in  powdered  form in  all diets.  
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T A B L E  V I  

Cholesterol iVIetabolism in Suck l ing  and ~,Veaned Rabbi t s  

V O L .  44  

Age 
(days) 

Acetate incorpora t ion  by 
Body l iver  slices P lasma  cholesterol 

weight  a ( r ag /100  ml) 
(g) % ineorp.  % incorp. 

into into Free Total  
cholesterol fa t ty  acids 

16 
21 

36 

Suckl ing  rabbi ts  
163 0.4 • 0.3 b 3.6 ~ 1.8 b 101 -- 16" 311 ~- 33 b 
191 0.1 ~ 0.03 0.4 • 0.1 141 -+- 3 522 ~ 11 

Weaned  rabbi ts  
822 7.9 4- 2.0 8.5 • 3.9 21 4- 3 58 ~ 5 

a Four  rabbi ts  in  each group.  
b Average  va lue  -4- s t anda rd  error  of the mean. 

into newly-formed lipoproteins and again released 
into the blood s t ream (49,50). Increased amounts of 
dietary fa t  could thus st imulate liver l ipoprotein 
format ion and lead to increased cholesterol synthesis. 
The major  port ion of the cholesterol in plasma lipo- 
proteins is in esterified form, and it is of interest 
that  Avigan and Steinberg (34) found that  d ie tary  
fa t  caused an inerease in the amount  of esterified 
cholesterol in ra t  liver. Corn oil had a greater  effect 
than coconut oil. Die tary  protein might  also affect 
cholesterol metabolism indirectly as a result of effects 
on l ipoprotein synthesis, but  there are few data avail- 
able regarding the effects of dietary components on 
liver l ipoprotein synthesis (48). 

I f  liver cholesterol synthesis is controlled, at least 
in par t ,  by the rate of entry  of cholesterol into the 
liver, one might  expect to find an inverse relationship 
between acetate incorporation into liver cholesterol 
and the level of plasma cholesterol. I t  is unlikely tha t  
such a relationship would hold in all eases because 
the level of plasma cholesterol is not necessarily an 
index of the rate of entry  of cholesterol into the liver 
or of the amounts  which arr ive at the site of feedback 
control. However, in some of the experiments,  there 
was evidence of an inverse relationship, par t icu lar ly  
in the case of suckling animals (Figures  2 and 3, 
Table VI ) .  The elevated plasma cholesterols and low 
acetate incorporation in these animals may  be largely 
owing to die tary  cholesterol derived f rom the milk 
(51), but  it is possible that  other components of milk 
are also involved. In  this connection it may  be noted 
that  the addition of casein to a but ter-containing diet 
gave a significant elevation of the average plasma 
cholesterol in rabbits  whereas it had no effect when 
added to a corn oil-containing diet (Table V I ) .  This 
raises the possibility that  dietary protein may  be a 
factor in the absorption of cholesterol f rom the 
intestine. 

I t  is obvious f rom these and other experiments 
dealing with cholesterol metabolism tha t  interactions 
between die tary  components can have an impor tan t  
bearing on the results obtained. This is perhaps  one 
of the main reasons why it has been so difficult to 
assess the role of different dietary components in the 
etiology of atheroselerosis. The widespread use of 
relatively high levels of dietary cholesterol as a means 
of producing atheroselerosis in experimental  animals 
may  have also helped to complicate the picture. 

The discovery that  atheroselerosis can be produced 
in rabbits on low-cholesterol diets offers a more 
sat isfying experimental  model for s tudying effects 
of other die tary  components on cholesterol metabolism 
in relation to atherosclerosis. Although great  caution 
must  be exercised in extrapolat ing results of animal 
experimentat ion to the situation in man, the responses 
of serum cholesterol levels in rabbits fed low-cholesterol 

diets to changes in dietary fa t  bear at least some 
resemblance to those observed in hmnan beings. 

Exper iments  in human beings have demonstrated 
that  the level of serum cholesterol is markedly  reduced 
by feeding low-fat diets (11,52,53), and the pioneering 
studies of Kinsell et al. (54,55) and Groen et al. (56), 
showing that  serum cholesterol levels are affected by 
type as well as quant i ty  of dietary fat, have been 
confirmed in many  laboratories (57-59). I t  is gen- 
erally agreed tha t  fats  containing substantial  amounts 
of polyunsatura ted  f a t ty  acids depress serum cho- 
lesterol levels in most human subjects whereas fats  
containing predominately  sa turated f a t ty  acids have 
the opposite effect. Similarly,  in rabbits  on low 
cholesterol diets, low levels of dietary fa t  are as- 
sociated with low serum cholesterol levels, and the 
highest serum cholesterol levels are obtained with 
diets containing saturated fats  (13,14,16,60,61). 

The mechanisms by which these effects are mediated 
in human beings are being actively studied in a 
number  of different laboratories. Wood, Shioda, and 
Kinsell (62) have recently reported that  the total  
fecal loss of steroids is lowest on a fat-free diet, 
intermediate on a diet containing sa tura ted  fat, and 
highest on a diet containing polyunsatura ted  fat. 
This agrees with earlier findings by other workers, 
but  studies in several laboratories have provided 
strong evidence that  inereased fecal excretion of 
sterols and bile acids alone cannot account for the 
lowering of sermn cholesterol level when unsatura ted  
fats are substi tuted for sa turated fats  in the diet 
(63-65). Bieberdorf  and Wilson (61) reached a 
similar conclusion in their  studies with rabbits on 
cholesterol-free diets, in which a lowering of serum 
cholesterol was achieved by substi tut ing corn oil for  
hydrogenated eoeonut oil. They provided some evi- 
dence that  the drop in serum cholesterol level was 
caused by a redistr ibution of cholesterol between the 
serum and other body tissues such as muscle, and a 
similar suggestion has been made to account for  the 
results obtained in hmnan studies (63). 

Die tary  fa t  tends to raise the level of serum cho- 
lesterol in rats  on low-cholesterol diets (34,39,66-71), 
and rats fed semisynthetie diets have somewhat higher 
serum eholesterol levels than those fed commercial 
diets (43,69), but  the differences are not as great  as 
those observed in rabbits. Yet dietary alterations of 
this sort appear  to have a greater  effect on acetate 
incorporat ion into liver cholesterol in rats  (Figure  1) 
than they do in rabbits (Table V) .  Incorporat ion is 
lower in rabbits  in most cases, in agreement  with 
the findings of Cox et al. (25), who commented tha t  
there appears  to be a general correlation between the 
rate of hepatic eholesterol synthesis and resistance to 
the induetion of hypercholesterolemia by feeding eho- 
lesteroh A high ra te  of hepatic synthesis may  allow 
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more oppor tuni ty  to compensate for dietary cho- 
lesterol intake by feedback inhibition. The rate of 
hepatic cholesterol synthesis and the importance of 
feedback control in human beings as a mechanism of 
compensating for dietary cholesterol intake is still 
subject to controversy (32,33). 

Effects of dietary protein on blood cholesterol levels 
and production of atherosclerosis in experimental 
animals have been studied in a number of different 
laboratories with varying results (6,72,73). In many 
eases the interpretat ion is complicated by the use 
of diets containing 1% to 5% of cholesterol, but  there 
is some evidence that casein can produce elevated blood 
cholesterol levels and atherosclerotie lesions in rabbits 
on a diet essentially free of cholesterol (74). As noted 
earlier, experiments showed that  casein promoted hy- 
pereholesterolemia in rabbits fed a butter-containing 
diet and tended to inhibit acetate incorporation into 
eholesterol in both rat- and rabbit-liver slices. In 
at tempting to determine why rabbits develop hyper-  
eholesterolemia and atheroselerotie lesions on semi- 
synthetic diets, Howard et al. (16,75) found that  
replacing easein by hexane-extraeted soybean meal 
in a semisynthetie diet prevented the effects. They 
postulated an active faetor in the soybean meal, but  
at tempts to isolate such a factor were unsueeessful. 
Kritehevsky and Tepper (76) have obtained additional 
evidence that  the nonfa t ty  portion of the diet is 
responsible for the difference in atherogenie potential 
between semisynthetie and commereial diets. 

There is also lack of agreement in regard to the 
effects of dietary protein on serum cholesterol levels 
in human beings. Several groups of workers found 
that  dietary protein had no effect (77,78), but Olson 
et al. (79) observed that  human subjects t ransferred 
from a diet containing 100 g of protein derived largely 
from animal sources to one containing 25 g of protein 
derived from vegetable sources showed a significant 
drop in serum cholesterol levets. Fu r the r  experiments 
suggested that  this may be related to levels of non- 
essential amino acids in the diet (80). Evidence from 
some epidemiologieal studies suggests that  coronary 
mortal i ty can be better  correlated statistically with 
animal protein intake than with fat  intake (81,82). 
Other evidence of a correlation between protein in- 
take and serum cholesterol levels has been reviewed 
by Olson and Vester (83). 

A number of recent publications have suggested 
that  dietary carbohydrate,  par t icular ly  simple sugars, 
may be an important  factor in the etiology of athero- 
sclerosis (84-87). Studies with rat- and rabbit-liver 
slices gave no indication that  dietary carbohydrate 
influenced acetate incorporation into cholesterol 
(Tables I I I  and IV) ,  but  there was suggestive evi- 
dence that  substitution of sucrose for dextrose in a 
semisynthetie diet increased acetate incorporation into 
fa t ty  acids (Table I I I ) .  The addition of dextrose to 
a butter-containing diet caused a definite lowering 
of the plasma cholesterol level (Table IV) ,  but  this 
effect may have been owing to a reduction in the 
protein level of the diet ra ther  than to an increase in 
carbohydrate content. 

The increase in serum cholesterol level which occurs 
in both experimental animals and human beings soon 
af ter  birth while they are subsisting largely, if not 
entirely, on a milk diet is deserving of fur ther  con- 
sideration. In rabbits this rise has been at t r ibuted to 
the cholesterol furnished by the milk (51), but  reeent 
studies by Harr is  et al. (88) provide evidence that  
in suckling rats the hypereholesterolemia is attrib- 

utable to the high fat  content of the milk rather  than 
its cholesterol content. Other components of milk, 
such as casein and lactose, may also play a role since 
there is evidence that  each can elevate serum cho- 
lesterol levels (74,89). The possibility that  these 
various components are more effective in combination 
than when fed singly must also be considered. 

At  the time of weaning the blood cholesterol level 
drops promptly in rats and rabbits (Figure 3, Table 
VI) ,  but in human beings it remains elevated (90,91). 
This difference may be eaused, at least in part ,  by 
the continued use of substantial amounts of nlilk and 
milk products in human diets post-weaning. Studies 
with human infants have shown that the rise in serum 
cholesterol levels af ter  birth can be largely prevented 
by using diet formulae in which the milk is part ial ly 
or wholly replaced by such ingredients as corn oil 
and soybean products (92,93). 

The possible relationship between serum cholesterol 
levels and the development of atherosclerotic lesions in 
young animals, as in adults, is open to question. 
However Ssolowjew (94) observed fa t ty  streaks in 
the aortas of suckling rabbits which disappeared af ter  
weaning, and these results were eonfirmed and ex- 
tended by Bragdon (95). Fur thermore  the relatively 
early appearance of fa t ty  streaks in hmnan aortas 
(96) may be related to milk and dietary fat  intake 
and the sustained increase in serum cholesterol level 
in the early years of growth. There is also some 
evidence that  the use of Sippy diets and others high 
in milk content for the t reatment  of peptic ulcer in 
adults is associated with a high incidence of myo- 
cardial infarction (97). Because of these and other 
findings, milk and milk products are widely considered 
to be atherogenic foods (98), but  their possible 
deleterious effects in this regard nmst be balanced 
against their acknowledged high nutr i t ional  value 
(99). 

Summary and Conclusions 
Atheroselerosis is commonly produced in experi- 

mental animals by dietary means, and there is 
epidemiological evidence to suggest that  diet plays a 
signifieant role in human atherosclerosis as well. 
Cholesterol is also linked to atheroselerosis by its 
presence in atheroselerotie plaques, by its ability to 
produce atherosclerotie lesions when fed to experi- 
mental animals, and by evidence of a positive cor- 
relation between blood plasma cholesterol levels and 
the development of atherosclerosis in experimental 
animals and in man. 

Plasma cholesterol is derived both from the diet 
and from endogenous synthesis in body tissues, but  
the mechanisms which determine plasma cholesterol 
levels are poorly understood and experimental work 
on the problem is complicated by species differences. 
The liver appears to be a major  source of plasma 
cholesterol, at least in some species, and the present 
studies were carried out in an at tempt to understand 
how liver cholesterol synthesis is affected by diet and 
how this in tu rn  may eorrelate with plasma cholesterol 
levels. Rats and rabbits, which differ greatly in 
susceptibility to atheroselerosis, were used for the 
experiments, with the hope of obtaining a better 
understanding of the reasons for this species 
difference. 

The results showed that liver cholesterol synthesis, 
as measured by acetate incorporation into cholesterol, 
was depressed in animals fed semisynthetie diets in 
comparison with animals fed commercial diets. Di- 
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e tary  fa t  in most cases st imulated incorporation 
whereas dietary protein tended to have an inhibi tory 
effect. Suckling animals showed low rates of liver 
cholesterol synthesis, which is associated with elevated 
plasma cholesterol levels. Animals on senlisynthetie 
diets also tended to have higher blood cholesterol levels 
than  animals on commercial diets. This negative cor- 
relation between liver cholesterol synthesis and plasma 
cholesterol levels can perhaps  be explained on the 
basis of feedback control of liver synthesis. The level 
of plasma cholesterol was more readily altered in 
rabbits than  in rats, but  acetate incorporation into 
liver cholesterol was generally higher in rats  and 
showed greater  differences in response to diet. This 
increased ability to va ry  the rate of liver cholesterol 
synthesis nlay help to stabilize plasma cholesterol 
levels in the rat .  

These results are of interest in relation to reports  
f rom other laboratories that  atherosclerotic lesions 
develop in suckling rabbits  and in rabbits fed semi- 
synthetic diets but  not in rabbits fed stock diets. In  
these studies, as well as in this laboratory 's  work, 
the diets contained no added cholesterol. For  in- 
vest igating effects of d ie tary  components on cholesterol 
metabolism in relation to atheroselerosis, such diets 
appear  to be preferable  to the high-cholesterol diets 
which have been widely used for  producing athero- 
sclerosis in experimental  animals. 
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