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Abstract  This  study  examined  the effects of dietary 
saturated  and  polyunsaturated  fat  on  the chemical com- 
position and metabolism of low density lipoproteins  (LDL) 
in eight  normal male subjects. The  influence of these diets 
on fecal sterol  excretion was also measured in four of the 
subjects. When  compared with the  saturated fat diet,  the 
polyunsaturated  diet  lowered  both plasma  cholesterol 
(2396, P < 0.001)  and  triglyceride  (14%, P < 0.001) levels. 
Sixty-seven percent of the  reduction in the  former lipid 
resulted  from a fall in LDL cholesterol  (23%, P < 0.001), 
although very low density (VLDL)  and  high density lipo- 
protein  (HDL) cholesterol levels also fell (by 27%  and 
20% of their respective control value). These  changes were 
accompanied by significant alterations in  LDL  composition. 
Specifically, during  polyunsaturated  fat  feeding,  the 
relative percentage cholesterol  in the LDL fraction fell 
while that of phospholipid  rose. There was no  change in the 
percentage  protein  or triglyceride. The  fatty acid com- 
ponents of LDL triglyceride, cholesteryl esters,  and phos- 
pholipid were also affected by dietary  fat  saturation level. 
Overall,  polyunsaturated fat feeding  produced  an  enrich- 
ment in linoleate with reciprocal changes in palmitate, 
stearate,  and  oleate which affected triglycerides more 
than cholesteryl esters  and  phospholipids. The  above 
changes in LDL composition  were associated with alterations 
in the metabolism of LDL apoprotein  (apoLDL).  The 
polyunsaturated  diet lowered  plasma apoLDL by 13% 
( P  < 0.05). This  resulted  from  an  increase in the  fractional 
catabolic rate of LDL (whether  determined by plasma 
decay curve analysis ( P  < 0.05) or  urine/plasma  radio- 
activity ratios ( P  < 0.001) without significant alteration of 
its corporeal  distribution or  synthetic  rate. The  polyun- 
saturated  fat  diet  did  not  cause a consistent  change in fecal 
neutral  or acidic steroid  excretion. We conclude  that  the 
hypocholesterolemic action of polyunsaturated  fat  diets 
is effected by multiple  mechanisms whose expression may 
vary from  patient  to  patient.-Shepherd, J., C. J. Packard, 
S. M. Grundy, D. Yeshurun, A. M. Gotto, Jr., and 0. D. 
Taunton. Effects of  saturated  and  polyunsaturated  fat diets 
on  the chemical composition  and metabolism of low density 
lipoproteins in man.J. Lipid Res. 1980. 21: 91-99. 
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The hypocholesterolemic  action of diets rich in 
polyunsaturated  fats  has  been known for 25 years, 
but  despite  intensive  studies  (see  bibliography  in ( l)) ,  
mechanisms for this  effect  remain  obscure.  Investiga- 
tions of the influence of such  diets on cholesterol 
balance in man  have  revealed several different 
patterns of response  that  derive  in  part  from varia- 
tions in methodology and  patient selection. Con- 
sequently,  these  studies  have  failed  to  provide  a  simple 
explanation based on fecal sterol  excretion which 
accounts for  the plasma cholesterol-lowering action 
of pOlyunsaturated  fats. 

Considerably less work has  been done on  the effects 
of these  fats  on  lipoprotein metabolism, and studies 
to date (2,  3) have produced conflicting results. In a 
recent  report (4) we found  that 60% of the cholesterol- 
lowering  effect of a  polyunsaturated  fat  diet  resulted 
from  a fall in  circulating low density  lipoprotein 
(LDL)  cholesterol. Since the  apoprotein  component 
of LDL (apoLDL) plays an  important  role in choles- 
terol transport in  man ( 5 ) ,  we have pursued this 
finding in greater detail by examining  the  influence 
of the  diet  on  the chemical properties of LDL, on  the 
metabolism of apoLDL, and  on cholesterol balance 
in  normal subjects. Our  report  attempts  to  define 
more precisely the mechanism(s)  responsible for  the 
polyunsaturated  fat-induced  reduction of plasma 
LDL by simultaneous  examination of the metabolism 
of cholesterol and LDL. 

Abbreviations: VLDL, very low density  lipoproteins,  0.95 < d 
< 1.006  kg/l; LDL, low density  lipoproteins,  1.019 < d < 1.063 
kg/l;  apoLDL, the apoprotein component of low density  lipopro- 
teins; HDL, high  density  lipoproteins, 1.063 < d < 1.21 kg/l; FCR, 
fractional  catabolic rate. 
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Fig. 1. Plan of metabolic  investigation of the effects of saturated 
versus polyunsaturated  fat diets on LDL metabolism and fecal 
steroid  excretion. The interval between the two studies was 8 weeks. 

METHODS 

Subjects 
Eight  healthy adult  men were  studied in the  General 

Clinical Research Center (GCRC) of the Methodist 
Hospital, Houston,  Texas.  Their ages ranged  from 
19 to 23  years, and they were within five percent of 
their ideal body weight. None  had clinical or bio- 
chemical evidence of cardiac,  hepatic,  renal, or  endo- 
crine  disease; and  none were taking  medications 
unrelated to the  study.  Informed  consent was ob- 
tained from each patient. The study received the 
approval of the  Human Research Committee of 
Baylor College of Medicine and  the Methodist 
Hospital. 

The experimental  design of the study is shown in 
Fig. 1. During  Study I ,  the  patients received diet 
rich in saturated fats (P/S ratio = 0.25)  presented in 
the  form of dairy  products  (e.g.,  butter  and processed 
cheese). In  Study I1 the fatty acid saturation level 
of the  diet was altered  (to P/S = 4.0) by replacement 
of the  dairy  products with safflower oil. Both diets 
contained  400  mg  cholesterol/day  and were isocaloric. 
All food was prepared in the Metabolic Kitchen of the 
GCRC and was presented  on  a 2-day cycle. The calorie 
distribution was 20% as protein  (chicken, fish, and 
specially prepared lean beef), 40% as carbohydrate 
(cereals, potato,  and  sugar)  and  40% as fat  (see  above). 

LDL turnover  and cholesterol  balance  studies were 
performed  during  the last 3 weeks of each diet  period, 
as indicated in Fig. 1. By this time,  and in accord with 
the  observations of Spritz and Mishkel (2), plasma 
cholesterol levels had stabilized and  appropriate 
changes were evident in the fatty acid composition 
of the plasma lipids. 

Each subject received 900 mg of potassium iodide 
in divided  doses for  3 days prior  to  and  throughout 
the LDL turnover  studies  to  prevent thyroidal se- 
questration of radioiodide.  Chromic  oxide  (4 X 100 
mg daily in divided  doses) was also administered 
during  the cholesterol  balance  study to permit  correc- 

tion for variation  in fecal flow. No other medications 
were given. 

Isolation  and  labeling of LDL 
Autologous LDL ( d  = 1.019 - 1.063 kg/l) was 

prepared by sequential  ultracentrifugation of plasma 
as described by Langer,  Strober,  and Levy (6),  and 
labeled with 13*1  by a modification (6) of the  iodine 
monochloride  procedure of McFarlane (7).  The l3l1- 

labeled lipoprotein was indistinguishable from  un- 
labeled LDL by previously published  criteria (6, 8), 
and  the  distribution of radioactivity within the particle 
was the same on  both diets (less than 5% of the lipo- 
protein radioactivity was extractable with organic 
solvents and  more  than  95% of the  remaining  radio- 
activity  was found in the  apoB  component of  LDL 
protein  and  therefore  did  not  penetrate  the matrix 
of  a  7.5% polyacrylamide gel on  electrophoresis (9). 

Turnover of LDL 
After two  weeks of equilibration of each diet  (Fig. l) ,  

the volunteers received an intravenous injection of 
freshly prepared  autologous  radiolabeled LDL whose 
plasma clearance was followed as detailed  elsewhere 
(10). Essentially, the clearance rate of radioactivity 
from  the plasma was measured  at daily intervals  over 
a 14-day period  and  the fractional catabolic rate (FCR) 
of  the '"1-apoLDL tracer  obtained by the  mathe- 
matical procedure of Matthews (1  1) using the  pre- 
viously validated  two-compartment  model (6, 10). 
An independent assessment of the same parameter 
was made  from  urine/plasma radioactivity ratios as 
described by Berson and Yalow (12). Absolute cata- 
bolic rates of apoLDL were then calculated using 
plasma pool sizes for  the  protein  measured by the 
method of Langer  et al. (6).  The plasma volume of 
each subject was taken  to be 4% of his body weight. 

Lipid  analyses 
Plasma cholesterol,  triglyceride, and  lipoprotein 

cholesterol  concentrations were measured  at intervals 
throughout  the study by the  procedure  outlined in 
the Lipid Research Clinics Manual of Laboratory 
Operations  (DHEW Publication NIH 75-628). 

At the  end of each diet  period  and following com- 
pletion of the  turnover  studies, LDL ( d  = 1.019 
- 1.063 kg/l) was isolated from 100 ml  of fasting 
plasma and purified by recentrifugation  at  1.063 kg/l. 
This material was free of other  lipoproteins  and 
contained less than 1 % albumin as judged by immuno- 
diffusion  (13). 

The isolated LDL was analyzed for  free  and esteri- 
fied cholesterol (Boehringer cholesterol kit 15732, 
Boehringer  Mannheim Biochemicals, Indianapolis, 
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IN), triglyceride (Lipid Research Clinics Manual of 
Laboratory Operations), phospholipid (14) (as in- 
organic phosphate, using a correction factor of 25 to 
express the results as dipalmitoyl phosphatidyl- 
choline) and protein by the Fohn phenol method (15). 
In addition, measurement was made (16) of the fatty 
acid composition of each lipid class (cholesteryl esters, 
triglyceride, and phospholipid). The lipids were 
extracted with 10 volumes chloroform-methanol 
2: 1 (v/v), and the different lipid classes were separated 
by thin-layer chromatography on silica gel using an 
isooctane-ether-acetic acid mixture 75:25:2 (by 
volume) as solvent. After methylation with a BFJmeth- 
anol mixture, the fatty acid composition of each lipid 
class was determined by gas-liquid chromatography. 

Cholesterol balance studies 
Cholesterol balance studies were carried out on four 

patients as previously described (1). During the last 
3 weeks of both periods, all stools were collected and 
combined into 4-day pools. Fecal neutral and acidic 
steroids were measured by combined thin-layer and 
gas-liquid chromatography (17, 18). As noted above, 
chromic oxide was administered orally as an internal 
marker to correct for variations in fecal flow (19). 
No corrections were made for possible degradation 
of neutral steroids during intestinal transit, (as has 
been shown to be necessary for patients on formula 
diets (20), because several investigators (2 1-26) 
have presented evidence that losses of neutral steroids 
are minimal or absent in patients fed solid food diets. 
It should be noted that the neutral steroid fraction 
contains both endogenous neutral steroids and 
unabsorbed dietary cholesterol. The latter usually 
constitutes about half of the dietary intake (27), and 
in this study would be approximately 200 mg/day 
during both diet periods. 

RESULTS 

As has been shown in earlier studies (4, 28-31), 
polyunsaturated fat feeding lowered plasma choles- 
terol and triglyceride (Table 1) in this group of normo- 
lipemic volunteers. All subjects showed a significant 
decrease in total plasma cholesterol, ranging from 
14-29% (mean 23%). Most (67%) of this reduction 
derived from a fall in LDL-cholesterol, although 
VLDL- and HDL-cholesterol also diminished sig- 
nificantly (to 73% and SO%, respectively, of their 
control values, P < 0.01). The plasma triglyceride 
level of the group fell, on average, by 14% ( P  < 0.01) 
during polyunsaturated fat ingestion. 

The large difference in the saturation level of the 
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two diets was reflected in the fatty acid composition 
of LDL lipids (triglycerides, cholesteryl esters, and 
phospholipids) (Table 2). As we expected, the greatest 
alterations were found in the palmitate (16:0), oleate 
(18: l) ,  and linoleate (18:2) content of the three lipid 
classes; the percentages of the first two fatty acids 
were significantly decreased as a result of the poly- 
unsaturated fat diet while linoleate was consistently 
increased in each lipid class during feeding of this fat. 
As we had previously observed for HDL (4), the fatty 
acid composition of LDL-triglycerides was most 
affected by polyunsaturated-fat ingestion while 
phospholipids showed the least change. 

The relative proportions of the different con- 
stituents of LDL were also altered following exchange 
of polyunsaturated fats for saturated fats (Table 3). 
Polyunsaturated fat feeding caused a consistent 
(10%) reduction in the percentage of cholesterol 
in the particle, while the relative percentage phospho- 
lipid increased by 14%; both changes were statistically 
significant ( P  < 0.01). The relative proportions of 
protein and triglyceride were unaltered. Conse- 
quently, the polyunsaturated diet produced a sig- 
nificant decrease in the cho1esterol:protein ratio 
in LDL. 

The kinetic parameters of apoLDL metabolism are 
presented in Table 4. All subjects except one (No. 6) 
showed a fall in the plasma concentration and pool 
size of apoLDL. The mean reduction in apoLDL 
concentration was 12.5% which was significant at the 
5% level. This fall could not be explained by inter- 
compartmental redistribution of the lipoprotein since 
the percentage of apoLDL in the intravascular pool 
was unchanged by the diets. 

Synthesis of apoLDL, in five of the eight subjects 
was decreased by polyunsaturated fat feeding, but the 
reduction for the group as a whole was not statistically 
significant. On the other hand, polyunsaturated fats 
appeared to increase the fractional clearance rate 
(FCR) of apoLDL. This value, as determined by the 
plasma decay curve of '"I-apoLDL, rose in six of the 
eight subjects. This increase was statistically significant 
by paired t test ( P  < 0.05). An independent assess- 
ment of this value was also obtained from the urine/ 
plasma radioactivity ratios. All eight subjects showed 
an increased FCR by this method during polyun- 
saturated fat administration. The increment for the 
group was highly significant ( P  < 0.01). Additionally, 
since approximately 14 determinations of the urine/ 
plasma ratio were made for each subject during both 
phases of the study, the data may be analyzed by 
pairing the results for each patient in the order of days 
after injection of'the isotope. When this large number 
of pairs (n = 106) were compared by t-test, the dif- 
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ference between the fractional catabolic rates for the 
periods of saturated and polyunsaturated fat feeding 
were highly significant ( P  < 0,0001). Thus, the data 
demonstrate the consistent finding of an increase in 
apoLDL FCR during polyunsaturated fat feeding, 
independent of the method of analysis. 

Cholesterol balance data for four subjects are shown 
in Table 5. All measurements were made during a 
period when LDL-cholesterol concentrations were not 
changing (steady-state). One subject (No. 2) had a 
significant increase in fecal neutral steroids on poly- 
unsaturated fats. Otherwise, despite relatively small 
standard deviations in outputs (i.e., relatively constant 
daily outputs) none of the other subjects demonstrated 
increases in neutral or acidic steroids. Thus, during 
the two study periods, the polyunsaturated fat diet 
did not effect any increase in fecal steroid excretion. 

DISCUSSION 

Polyunsaturated fat diets lower the plasma choles- 
terol concentration, but their mechanisms of action 
remain controversial, as exemplified by their ap- 
parently conflicting effects on fecal steroid excretion 
(see reference 1). Since we and others (4, 32) have 
shown that these diets reduce the cholesterol level 
in all three major lipoprotein fractions (VLDL, LDL 
and HDL) it is arguable that they may have multiple 
actions. In the present study we have focused our 
attention on the influence of polyunsaturated fats on 
LDL metabolism as measured directly by apoLDL 
turnover, or indirectly by fecal steroid balance. 

Several mechanisms may be proposed to account 
for the LDL-cholesterol-lowering effect of poly- 
unsaturated fat diets. First, the fractional clearance 
rate of LDL from the plasma may be enhanced. This 
suggestion is strongly supported by the results of the 
present study, which confirms an earlier report of 
Langer, Levy, and Fredrickson (33). Polyunsaturated 
fat feeding increased significantly the ' fractional 
clearance rate of 1311-apoLDL whether measured by 
Matthews's (11) analysis of the plasma decay curves 
or by the independent method of Berson and Yalow 
(12). The data obtained from the latter method was 
particularly convincing since it was possible to com- 
pare a large number of daily measurements of the 
FCR for each subject on both diets. 

Second, the LDL-cholesterol level in the plasma 
may fall as a result of decreased synthesis. This mecha- 
nism has been suggested in a preliminary report by 
Turner, Monell, and Brown (3) who studied the 
influence of polyunsaturated fat diets on apoLDL 
metabolism in hyperlipidemic subjects using a kinetic 
technique similar to the one employed here. In our 
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study, five out of eight subjects had lower synthetic 
rates for apoLDL during polyunsaturated fat feeding, 
but the mean decrease for the whole group was only 
4.5% and was not statistically significant. However, 
the data do not rule out the possibility that reduced 
LDL synthesis contributed to the fall in LDL- 
cholesterol. 

Theoretically, changes in either the surface coat or 
the core of LDL could affect its tissue uptake. Thomp- 
son et al. (34) infused a lipid emulsion (Intralipid) 
or egg lecithin to perturb the saturation level of the 
phospholipid coat of circulating lipoproteins. It was 
shown that intravenous infusion of either of the above 
preparations resulted in an increase in LDL phospho- 
lipid saturation and a decrease in the FCR of this 
lipoprotein as measured by daily ratios of urine/ 
plasma radioactivity. Thus, a change in the com- 
position of phospholipids in the surface coat of LDL 
may influence the catabolic rate of this lipoprotein. 
A second study from this laboratory, which probably 
relates more to changes in the lipid core of LDL 
particles, was performed by Morrisett et al. (16); they 
examined the influence of alteration in the dietary 
fat saturation level on several chemical and physical 
parameters of the plasma lipoproteins. Two diets of 
identical composition to those employed in this study 
were administered. Following a 14-day equilibra- 
tion period, significant modification of the fatty acid 
saturation level in LDL triglycerides, cholesteryl 
esters, and phospholipids was observed. In accord 
with the present study (Table 2), the magnitude of 
these changes was greater in the triglyceride fraction 
than in cholesteryl esters or phospholipid; and in 
general, polyunsaturated fat feeding increased the 
linoleate (18:2) content of these lipids and reduced 
that of palmitate (16:O) and oleate (18: 1). The micro- 
scopic fluidity of LDL on the polyunsaturated diet 
was significantly increased, a finding which these 
workers attributed to the change in the saturation 
level of LDL lipids. The work of Deckelbaum, Shipley, 
and Small (35) would implicate an additional potential 
contributory factor to the change in LDL fluidity, 
namely, the cholesterol: triglyceride ratio in the 
lipoprotein. These workers have shown that the 
fluidity of LDL is strongly dependent on the ratio of 
these lipids in the core of the particle and can affect 
the surface properties and hence possibly the metabo- 
lism of the lipoprotein (36). A decrease in the ratio, 
as found during polyunsaturated fat feeding (Table 
3), would contribute to an increase in LDL fluidity and, 
by extrapolation, might promote its catabolism. 
Although it is difficult to prove this relationship, the 
results of the present study are in accord with the 
hypothesis. 
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A third mechanism by which LDL-cholesterol could 
be reduced is by modification of the composition of 
LDL. Such  a  change was first proposed  to  explain  the 
action of polyunsaturated  fats by Spritz and Mishkel 
(2). They suggested  that  these  fats  altered the con- 
figuration of the lipids (cholesteryl esters and phos- 
pholipids) within LDL so that  the capacity for choles- 
terol transport is reduced.  Their proposal was based 
on  the observation of an increase in cholesterol: 
protein  ratio in LDL during  administration of a 
highly saturated-fat  diet,  the  effect  being  reversed 
by feeding  polyunsaturates. The present work sup- 
ports  their  hypothesis. In all eight of our subjects the 
cholestero1:protein ratio  in LDL  was decreased on 
polyunsaturated fats. This  change was accompanied 
by an increase in phospholipid  in the LDL particle. 
Therefore,  polyunsaturated fats  change  the relative 
proportions of lipids in the LDL fraction  favoring 
a  reduction in its cholesterol  content. 

A fourth way in which the cholesterol  content of 
LDL might  be  reduced is  by decreased availability 
for  secretion in lipoproteins because of increased 
excretion from  the body, either as  cholesterol itself 
or as bile acids. It has been previously shown by 
Grundy (1) that patients with hypertriglyceridemia 
(Types IV and V) have enhanced excretion of both 
cholesterol and bile acids when  polyunsaturated 
fats are exchanged  for  saturated fats. Other workers 
have made similar claims for  normal subjects (37). 
However, Grundy  and  Ahrens (38) have found  that 
patients with familial hypercholesterolemia, who 
have normal  triglycerides, do not show an increase in 
fecal steroid  excretion on polyunsaturated  fats. Our 
normolipidemic subjects resembled  those with hyper- 
cholesterolemia  in  their  response. One subject showed 
a small, significant increase  in neutral steroid  excre- 
tion during  polyunsaturated  fat  feeding  but  none of 
the  others showed any change in the fecal clearance 
of either  neutral or acidic steroids. Thus, it seems 
highly unlikely that  the low content of cholesterol 
in LDL caused by polyunsaturated  fat  feeding can 
be explained by depletion of hepatic or whole body 
cholesterol. 

In summary, this study  indicates  that  polyun- 
saturated fats lower LDL-cholesterol concentrations 
in normal subjects by more  than  one mechanism. The 
major  contributions  to  the  effect  derived  from  a 
reduction in the cholesterol  content of  LDL and  an 
increase in its fractional  clearance  rate. In a few 
subjects, a  decreased  apoLDL synthesis could also 
have played a  role. Furthermore,  polyunsaturated 
fats had  other actions in that they lowered both  tri- 
glycerides and VLDL-cholesterol, and decreased 
HDL-cholesterol; indeed,  on  average,  reductions in 
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LDL-cholesterol accounted  for only 67% of the 
decrement in  total plasma cholesterol. These findings 
are in  accord with the  concept  that  polyunsaturated 
fats  have  multiple  actions, whose expression may vary 
from  patient  to  patient.m 
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