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I . INTRODUCTION 

This review is confined broadly to the participation of classes of 
lipid-protein complexes in the transport of fats, and the relationship of 
lipid transport to the development of certain disease states. Since some 
aspects of the subject were covered by Dr. Alfin-Slater in Volume I of 
this treatise, greater emphasis is placed here on the more recent litera
ture, although this is not meant to imply that the earlier publications 
are less relevant. Much of the earlier literature, and those phases which 
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are not covered here, may be found in other reviews, to which reference 
is made in the appropriate sections. 

In this chapter studies carried out in man are stressed more than in 
other reviews. Greater emphasis is also placed on physiological function 
than on chemical structure, although an attempt is made to relate these. 

Structure of Lipoproteins 
Lipids and proteins are closely associated in tissues and body fluids. 

The lipids in blood plasma are not present freely in solution but are linked 
with proteins to form a heterogeneous variety of lipid-protein complexes. 
Covalent linkages between lipids and proteins are probably rare. The 
least polar lipids, such as triglycerides, probably form aggregations of 
droplets which have a surface covering of protein and more polar lipids 
such as phospholipids. The most polar lipids, such as fatty acids, are 
bound to specific sites on protein molecules such as albumin (1). Lipids 
of intermediate polarity, such as cholesterol and phospholipids containing 
varying proportions of polar and nonpolar moieties, interact with proteins 
and other lipids with similar characteristics in such a way that the non-
polar groups aggregate toward the center of the complex while the polar 
groups face outward into the aqueous phase. These configurations are 
considered in some detail by Gurd (2). 

Plasma lipoproteins represent different families of macromolecules 
which have certain common physical, chemical, and metabolic character
istics. Although they may be divided into several broad classes, there is 
some heterogeneity within each class. Lipoproteins, which appear homo
geneous on the basis of their properties in an electrical or centrifugal field, 
may be shown to be heterogeneous with respect to chemical character
istics such as N-terminal amino acid groupings. Moreover, lipoproteins 
with similar chemical and physical characteristics may, in different 
species, subserve dissimilar physiological functions. 

The chemical structure and physical properties of lipoproteins which 
determine their behavior during procedures such as ultracentrifugation, 
electrophoresis, chromatography, salting-out, and precipitation with sub
stances such as high molecular weight polyanions have been reviewed 
in great detail by, among others, Alfin-Slater (2a) in Volume I of this 
treatise, Fredrickson and Gordon (3), Gurd (2), Lindgren and Nichols 
(4), Cornwell and Kruger (5), de Lalla and Gofman (6), Searcy and 
Bergquist (7), and Oncley (8). 

There appear to be four major and several minor classes of human 
plasma lipoproteins. These are the chylomicrons, the very low-density 
or ^-lipoproteins with an average density of around 0.98, the low-density 
or ^-lipoproteins with an average density of around 1.03, and the high-
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density or α-lipoproteins with a mean density of 1.12. Other classes are 
undoubtedly present in much smaller amounts (8). 

1. The Chylomicrons 
These are the largest lipoproteins and by definition are those particles, 

visible by dark-field microscopy, which normally appear in plasma only 
when fat is eaten. They are therefore concerned with the transport of 
exogenous fat and consist predominantly of triglyceride, with much lesser 
amounts of other lipids and protein. They form a creamy surface layer 
following short periods of centrifugation. They have a mean density of 
0.94 (8) and an Sf value of around 105 (Svedberg flotation value—a func
tion dependent on density, as well as size and shape in an ultracentrifugal 
field). They appear to be spherical with a diameter of 1800 to 2700 A (9). 
Chylomicrons are adsorbed to paper and therefore do not migrate when 
electrophoresed on paper; they do, however, migrate with a2g-lobulins on 
starch block (10). They may be flocculated with polyvinylpyrrolidone 
to produce an aggregation at the top of the tube (11). There is a probable 
metabolic relationship between chylomicrons and high-density lipopro
teins. Prolonged and rapid ultracentrifugation may lead to significant 
contamination with very low-density lipoproteins, which, although much 
smaller, are the largest of the other lipoproteins. 

2. The Very Low-Density Lipoproteins 
These larger lipoproteins are also rich in triglyceride and appear to be 

involved with the transport of endogenous triglyceride (12). At a solvent 
density of 1.063, their flotation rate is between 10 and 400, with a mean 
density of 0.98 (8). When centrifuged at a density of 1.006 or 1.019 at 
100,000<7 for 16 hours they form a visible layer at the top of the tube (13). 
Their mean diameter is 350 to 800 A (7). The very low-density lipopro
teins probably do not represent a homogeneous class and appear to include 
at least two moieties having mean densities of 0.96 and 0.99 (8). Hetero
geneity is also suggested by their N-terminal amino acid groupings; 
threonine and serine may be the principal N-terminal residues of the 
0.96 class, whereas glutamic acid might be the principal N-terminal 
residue of the 0.99 class (8). This may have considerable metabolic 
relevance, since interconversion between this class and the low-density 
lipoproteins has been described both in vivo (14) and in vitro (15). Since 
glutamic acid is the principal N-terminal amino acid of the low-density 
lipoproteins, it is conceivable that interconversion occurs between them 
and the d 0.99 fraction of very low-density lipoproteins (8). Heterogeneity 
of the phospholipid-protein residue (the "delipidated" portion or apo-
lipoprotein fraction) has been demonstrated in only the very low-density 
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lipoproteins. Three apolipoproteins (A, B, and C) have been found in 
this class. Apolipoprotein A is also found in the high-density, and apo-
lipoprotein Β in the low-density lipoproteins (16). The possibility that 
very low-density lipoproteins are a composite of the low-density and high-
density lipoproteins will be discussed later. Metabolic interchange with 
respect to glycerides and cholesterol esters has been demonstrated 
between the very low- and the high-density lipoproteins (17). 

Very low-density lipoproteins migrate with ^globul ins on starch 
block (10) and as the pre-beta band on paper (18). Flocculation with 
P.V.P. (polyvinylpyrrolidone) produces an aggregation at the bottom of 
the tube (11). 

The very low-density lipoproteins must be distinguished from the 
so-called "secondary particles" (19) which appear in plasma after a fat 
meal and probably represent the retransport of chylomicron triglyceride, 
i.e., triglyceride of exogenous origin, from the liver. These particles have 
an Sf value greater than 400 and migrate with the β-globulins on starch 
block. 

3. The Low-Density Lipoproteins 
These smaller lipoproteins (mean diameter of 200 to 300 A), rise 

to the top of the tube when plasma is centrifuged at 100,000# for 16 to 
24 hours at a solvent density of 1.063 (13). They have a flotation rate of 
Sf 0-10 but probably consist of several subgroups in the Sf 3-9 range, 
peaking at around Sf 6 and having a mean density of around 1.03 (8). 
They migrate with the ^-globulins on paper (18) and on starch-block (10) 
electrophoresis. Glutamic acid is the major N-terminal amino acid (3). 
This class is immunochemically specific from the high-density lipopro
teins, and its delipidated residue is said to contain the single apolipo
protein B. Esterified cholesterol is the major lipid, and a major function 
of this fraction is the transport of cholesterol. I t may also be related to 
triglyceride transport, as suggested by Levy et ah (20): (section V, B). 

4. The High-Density Lipoproteins 
This class sediments when centrifuged at a solvent density of 1.063 

but will float to the surface when spun at a density of 1.21 for 24 hours 
at 100,000*7 (13). These are the smallest lipoproteins, of around 150 A in 
diameter. They are immunochemically specific and are probably homo
geneous, although ultracentrifugation may lead to the artif actual produc
tion of more than one species (21; see Section VII, A). I t has a single 
apolipoprotein A, and a high-protein and high-phospholipid content. I t 
migrates with the α-globulins on starch and paper electrophoresis. I ts 
function is not certain, but it is related to both chylomicron and very 



5. LIPOPROTEIN TRANSPORT 247 

low-density lipoprotein metabolism. Its absence from the plasma results 
in abnormal cholesterol and triglyceride transport (Section V, B). 

A lipoprotein with a density greater than 1.21 (13) has been partly 
characterized. I t is rich in lysolecithin (22) and may play a role in the 
plasma transesterification reaction in which cholesterol is esterified with a 
fatty acid derived from lecithin. The lysolecithin thus formed may become 
attached to this lipoprotein (23). 

II. CHYLOMICRON FORMATION 

Chylomicrons are formed within the intestinal cell. Triglyceride, free 
and esterified cholesterol, phospholipid, and protein are assembled in 
various proportions to produce particles which are approximately 200 ηΐμ 
in diameter (24). 

The protein content has generally been found to be as low as 0.5% 
(25, 26), depending on the technique used for its isolation. Despite the 
small amount of protein in the surface layer of chylomicrons, the suppres
sion of protein synthesis with puromycin prevents the formation of 
chylomicrons (27). Intestinal cells have been shown to incorporate 
individual labeled amino acids into the protein moiety of chylomicrons 
(28), and this can be inhibited with puromycin (29). The functional 
importance of protein in chylomicron transport is demonstrated by the 
disease of a β-lipoproteinemia in which a probable defect in the synthesis 
of protein of ^-lipoproteins results in the malabsorption of ingested fat 
(30). 

The free cholesterol and phospholipid moieties of the chylomicrons 
contribute from 5 to 10% of the total lipid. The cholesterol is derived 
from the diet and from the large pool of endogenous cholesterol present 
in the intestinal cells (31). Some of the cholesterol may, in fact, be 
synthesized in the intestinal cell, and most of it becomes esterified after 
absorption (32). 

Lecithin predominates among the phospholipids of chylomicrons (33). 
Since the phospholipid is derived largely from the intestinal cell itself, 
experiments have been carried out to determine whether phospholipid 
synthesis and turnover increase during fat absorption. Johnston and 
Bearden (34) using both labeled phosphorus and fatty acid were able to 
show an in vitro increase in the turnover of phosphatidic acid, while Gurr 
et al. (35) have demonstrated a rise in the turnover of phosphatidyl 
choline during the in vivo absorption of olive oil in rats. On the other hand, 
Zilversmit and co-workers (36) did not observe a rise in phospholipid 
turnover. 

The mechanism of glyceride absorption and reconstitution within 
the chylomicron has recently been reviewed at some length by Senior 
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(37). Of the many studies dealing with the magnitude of intraluminal 
hydrolysis during digestion and the subsequent rearrangement of the 
glyceride molecules, those utilizing synthetic glycerides of known compo
sition appear to provide the most accurate interpretations. Mattson and 
Volpenheim (38) summarize their own studies by proposing that tri
glycerides are hydrolyzed by way of an α,/3-diglyceride to 72 parts 
β-monoglyceride, 6 parts of α-monoglyceride, and 22 parts free glycerol. 
All the fatty acids at the a- and α'-positions are released, as well as 22% 
of those esterified in the β-position. This results in the absorption of about 
75% of triglyceride in the form of monoglyceride; a similar proportion of 
esterified fatty acids is hydrolyzed and absorbed in the free state. The 
free glycerol is not reutilized during subsequent reesterification. In the 
intestinal cell the α-monoglyceride undergoes further lipolysis by an 
enzyme defined by Senior and Isselbacher (39), and the glycerol which is 
liberated during this process may be reutilized. Two major pathways 
appear to be involved in the subsequent reesterification. Direct acylation 
of monoglyceride by a microsomal system was demonstrated by Clark 
and Hubscher (40) and by Senior and Isselbacher (41). The second major 
pathway involves the acylation of α-glycerophosphate and the formation 
of the intermediates phosphatidic acid and diglyceride (40, 42, 43). This 
may be influenced by bile salts (44). Since a major portion of ingested 
glyceride is absorbed as monoglyceride and since direct acylation of 
monoglyceride leads to the formation of a substantial proportion of 
chylomicron glyceride, it is apparent that the distribution of fatty acids 
among the triglyceride molecules of chylomicrons is not a random process 
(26, 38). Since intestinal reesterification and absorption in the chyle 
does not apply to any extent to glycerides with fewer than ten carbon 
atoms (26, 45, 46), the feeding of medium-chain glycerides offers a 
therapeutic approach to the management of those conditions in which 
chylomicrons are poorly utilized (47) or diverted by pathological channels 
into the urine or the pleural space (48-50). 

The distribution of specific fatty acids among the individual lipids 
of chylomicrons and the relative contributions of dietary and endogenous 
fatty acids have received considerable attention. Blomstrand and associ
ates (51, 52) showed that, when labeled long-chain fatty acids were 
ingested, at least 90% could be recovered in the triglycerides of chylo
microns and lesser amounts in phospholipids and cholesterol esters. They 
also observed a disproportionate amount of linoleate in phospholipids and 
of oleate in cholesterol esters in humans (52). These studies as well as 
those of Bragdon and Karmen (53) and Blomstrand and Dahlback (54) 
demonstrated the similarity in the fatty acids of the fed fat and of the 
lymph lipid and the incorporation of endogenous fatty acids into lymph 
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lipids. These findings have been extended by the studies of Kayden et al. 
(55) who fed either corn oil or coconut oil to men with thoracic duct 
fistulae. The lipids of the chylomicrons resembled the fed oils very closely, 
but the lipids of the other lymph lipoproteins were affected to a lesser 
degree. When the individual lipids of separated lipoproteins were exam
ined 8 hours after the meals it was found that the composition of the 
triglycerides had been affected markedly, whereas the cholesterol esters 
and phospholipids had been only slightly changed. The triglycerides and 
cholesterol esters in the d 1.019-1.063 lipoproteins were not affected as 
greatly as those in the other lipoproteins; this would suggest differences 
in the turnover rates of lipids among the lipoproteins. Although each 
lipid class participated to some extent in the transport of ingested fat, the 
very small changes in the composition of cholesterol esters and phospho
lipids indicated that the contribution from endogenous fatty acids was 
considerable. Dilution of dietary fatty acids by those of endogenous origin 
was also observed in the triglyceride fraction, especially during the early 
and late phases of fat absorption. 

Similar conclusions have also been obtained from studies in animals 
and in particular from those carried out in rats by Karmen et al. (56, 57). 
Mixtures containing similar amounts of several labeled fatty acids but 
varying ratios of unlabeled fatty acids were fed. The distribution of mass 
and radioactivity in the fatty acids of the different lipids demonstrated 
the specificity of fatty acid incorporation and the contribution from 
endogenous sources. The formation of triglyceride was not associated 
with the incorporation of a specific fatty acid. Cholesterol esters, how
ever, showed a marked specificity for oleate (which is similar to that 
found in man), and phospholipids displayed a striking specificity for 
stearate and, to a lesser extent, for linoleate. Dilution by endogenous 
fatty acids was considerable in all lipid classes and was sufficiently great 
in phospholipids to maintain a constant composition despite the feeding 
of different fats. Endogenous dilution was least for glycerides. Of the 
fatty acids fed and transported in chylomicrons, 95% was carried in 
glycerides, 3.7% in lecithin, and 1.3% in cholesterol esters (similar to the 
findings in man). The addition of cholesterol to the diet increased the 
proportion of fatty acids transported in cholesterol esters. 

The precise localization of chylomicron formation is uncertain. Palay 
and Karlin (58) observed within intestinal cells oil droplets surrounded 
by a membranous extension of the endoplasmic reticulum. This suggested 
that the oil had been incorporated into the cell by pinocytosis and that 
the subsequent formation of the entire lipoprotein molecule may take 
place within this membrane, which may also be the site of activity of those 
microsomal enzymes that are concerned with lipid metabolism. Others, 
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such as Sjostrand (59), doubt that pinocytosis contributes significantly to 
fat absorption. There is some agreement, however, about the participa
tion of the endoplasmic reticulum and possibly of the Golgi apparatus 
in the formation of glyceride within the apical portion of the cell. Par
ticles with a diameter of 0.1 to 0.2 μ then appear to be discharged into 
the intercellular spaces and during this process lose their membranous 
cover. The particles then appear to become more homogeneous in size, 
which suggests that emulsification into a form resembling chylomicrons 
may take place in these intercellular spaces. The structures in the basal 
portions of the cell may secrete the surface-active agents such as proteins 
which participate in the process of emulsification. The chylomicrons are 
then extruded into the extracellular spaces, possibly through valve-like 
openings between the cells of the lacteals (60). 

The absorption of the carotenoids, and of tocopherol, and their subse
quent distribution among the lipoproteins of plasma is outside the scope 
of this chapter and has been reviewed by Cornwell and co-workers (61). 

I I I . DISPOSAL OF CHYLOMICRONS 

During the absorption of fat, digested lipid is transferred from the 
lumen of the intestine into the constituent lipids of chylomicrons. On 
leaving the intestinal cells, the chylomicrons enter lymph channels, 
traverse lymph nodes, and are then discharged from the thoracic duct 
into the venous circulation. 

The subsequent rate of disappearance of chylomicrons and the mech
anisms responsible for their removal have been extensively investigated 
and were reviewed recently (62, 63). These studies have been carried out 
with homologous chylomicrons, artificial emulsions of fat, and plasma 
particles containing labeled tripalmitin. Artificial emulsions, such as 
Lipomul which was used in human studies by Bouchier and Bronte-
Stewart (64) and Mashford and Nestel (65), and proprietary preparations, 
such as tripalmitin-1 4C used by Balodimos et al. (66), have been shown 
to be removed by the reticuloendothelial system which does not partici
pate significantly in chylomicron removal (67). The significance of these 
results is therefore uncertain. On the other hand, a method has recently 
been devised for dispersing radioactively labeled triglycerides in plasma 
to produce lipid-protein particles with the physical properties of lymph 
fat (68). This preparation is apparently metabolized physiologically (69) 
and offers a useful approach to the study of particulate fat transport in 
man when chylomicrons are not available. The infusion of homologous 
chyle provides the most acceptable index of exogenous fat transport, 
although the possible physicochemical alterations induced during the 
washing of chyle must be borne in mind. 
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Chylomicrons consist mainly of triglyceride and lesser amounts of 
phospholipid, esterified cholesterol, free cholesterol, and protein. The 
triglyceride moiety represents the major transport function of the chylo
microns, although both esterified cholesterol and phospholipid also trans
port a small fraction of ingested fatty acid. The metabolism of the con
stituent lipids has been studied and shown to be heterogeneous. Inter
pretation of these studies must, however, be considered in the light of the 
known exchange of phospholipid (70-72) and of free cholesterol (73). This 
exchange occurs between the chylomicrons and other plasma lipoproteins. 
Minari and Zilversmit (33) have demonstrated extensive exchange of 
some phospholipids such as lecithin and speculate about the functional 
significance of these compositional changes. On the other hand, triglycer
ide fatty acids and cholesterol esters exchange to a lesser degree and 
permit quantitative interpretations. 

Under normal circumstances the rates of removal of the separately 
labeled cholesterol, triglyceride, and phospholipid moieties from the 
blood appear to be similar, that for esterified cholesterol being only a 
little less than for triglyceride (72). Chylomicron cholesterol is removed 
almost entirely in the liver (74) although up to 5% is also deposited in 
other tissues. In functionally hepatectomized dogs, however, the removal 
of esterified cholesterol is substantially less, although a significant amount 
may be recovered from adipose tissue; the effect on triglyceride removal 
is much less and shows that triglyceride is normally removed in extra-
hepatic tissues as well as in the liver (72). If only the triglyceride moiety 
of chylomicrons is normally removed in adipose tissue, then the chylo
microns must become smaller and denser as they circulate through 
adipose tissue. Whether this represents a true conversion of one species 
of lipoprotein to another, as has been suggested (75), requires further 
study. 

Additional intrepretational difficulties derive from the probable 
association of high-density lipoproteins with chylomicrons (discussed in 
Section VII), the demonstration of a reciprocal in vitro exchange between 
cholesterol esters and glycerides of glyceride-rich, very low-density lipo
proteins and high-density lipoproteins (discussed in Section VI), and the 
possibility of other lipoprotein interconversions (3). 

Nevertheless, studies dealing with the metabolism of the triglyceride 
and esterified cholesterol moieties of chylomicrons appear to be generally 
valid. The following section will deal with the disposal of chylomicron 
triglyceride, and a later section will deal with the cholesterol fraction. 

When washed chylomicrons labeled in the triglyceride moiety are 
infused into different species, their half-time of removal has been of the 
order of several minutes. Some of the factors which appear to determine 
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the rate of removal are the load of infused lipid, the concentration of 
endogenous triglycerides in plasma, and the nutritional state of the 
animal. 

French and Morris (76) showed that the disappearance of chylo
microns from the circulation of rats followed an exponential function 
and that the rate was inversely proportional to the amount of fat injected. 
The exponential nature of chylomicron removal has been demonstrated 
by others in the rat (77), the dog (72, 78, 79), and in man (68, 80, 81). 
In the dog, at least, it has been shown that chylomicrons are removed 
exponentially up to a fat load of 0.1 gm per kilogram, but that at higher 
loads the rate of removal becomes linear (82). More recent studies with 
a lipid emulsion (Intralipid) suggest that this also applies in man (83). 
The complexity of the elimination curve consisting of a linear phase at 
high triglyceride concentrations and an exponential phase at lower con
centrations probably reflects overloading (84). 

The influence of the concentration of endogenous plasma triglyceride 
on the removal of infused chylomicrons was studied in man by Nestel 
(81). The rate of removal from the blood was inversely related to the 
fasting plasma triglyceride concentration, i.e., the higher the triglyceride 
level the slower the rate of removal. Furthermore the triglyceride con
centration after a fatty meal was also directly related to the fasting 
concentration, and the increments in the plasma triglyceride levels after 
these meals were significantly related to the half-times of removal of 
chylomicrons which were injected into the same subjects on another 
occasion. These findings show that the removal of chylomicron triglycer
ide is inversely related to the size of the pool of endogenous triglyceride. 
I t offers an acceptable explanation for the frequent observation that 
postprandial triglycerides are abnormally high in patients with coronary 
heart disease (85, 86) since such patients frequently have high fasting 
plasma triglyceride levels. The nutritional state of the animal can also 
influence the removal of chylomicrons, which is slower in the fasted than 
the fed dog (82). 

The tissue distribution of chylomicrons is also influenced by factors 
such as dose and nutritional state. I t has been shown in the rat that the 
proportion of triglyceride deposited in extrahepatic tissues increases at 
greater loads of injected triglyceride (84). Proportionately more triglycer
ide is deposited in extrahepatic tissues of fed animals (87). The limited 
capacity of the liver to deal with increasing loads of chylomicron triglycer
ide has also been demonstrated in perfused rat livers (88) and in dogs 
infused with continuous physiological loads of triglyceride (89). 

Many tissues have the capacity to remove chylomicron triglyceride. 
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This was demonstrated in the rat by Bragdon and Gordon (87) and con
firmed frequently since. Experiments in which large loads of radioactively 
labeled chylomicron triglyceride were injected rapidly seemed to indicate 
that the liver was the principal site of chylomicron removal and that the 
finding of radioactivity in extrahepatic tissues represented lipid which 
had been retransported from the liver (77). However, it was shown later 
that chylomicron removal proceeded efficiently even in hepatectomized 
animals (79, 90). Nestel et al. (89) attempted to evaluate the magnitude 
of hepatic triglyceride turnover to determine the extent to which triglycer
ide radioactivity leaving the liver might account for the radioactivity 
found in extrahepatic tissues during the constant infusion of physiological 
amounts of labeled chylomicron triglyceride fatty acids. The liver was 
found to contain one-third of the removed radioactivity at all times and 
adipose tissue about one-fifth. The remainder was presumed to have been 
oxidized or removed in other tissues. Calculations of the turnover rate 
of hepatic triglycerides clearly showed that no more than 15% of extra
hepatic radioactivity could have been derived from the liver. I t was con
cluded that, under conditions which simulated the physiological rate of 
influx of chylomicron lipid into the circulation, a major fraction of this 
lipid was removed directly by extrahepatic tissues. 

Other studies have also shown that the liver removes from 20 to 40% 
of chylomicron fatty acids (77, 87, 91, 92). The liver is continuously 
removing and releasing triglyceride, and this can be influenced by the 
nutritional state. Perfused livers taken from fasted rats remove chylo
microns at an increased rate, and livers taken from fed rats release 
triglyceride into the circulation (93-95). A greater fraction of the removed 
triglyceride fatty acids is oxidized by livers from fasted animals. 

The mechanism of chylomicron uptake by the liver was studied in 
experiments in which the fatty acid and glycerol moieties of the triglycer
ides of chylomicrons had been labeled with two separate isotopes. There 
is general agreement that, since the ratios of the two isotopes within 
the liver and the circulation are similar shortly after the infusion of the 
chylomicrons, the triglycerides are removed intact, without prior hydro
lysis (77, 92, 96). Isolated liver cells have also been shown to bind chylo
microns to their surface, where the triglycerides are then hydrolyzed (97). 
These findings are consistent with the direct uptake of chylomicrons 
through the discontinuities which have been demonstrated in the endothe
lium of hepatic sinusoids (98). 

Recently, however, Felts has suggested that the liver does not directly 
participate in the removal of intact triglyceride and that only FFA 
derived from the hydrolysis of triglyceride in extrahepatic sites enters the 



254 P. J. NESTEL 

liver (99). This was based on studies in which rat livers, when perfused 
without heparin, were found to be incapable of removing and metabolizing 
triglycerides of chylomicrons. 

By contrast, the lining of capillaries does not have similar fenestra
tions, and in tissues such as muscle and adipose tissue there is therefore 
a barrier consisting of a continuous endothelial lining and a double base
ment membrane between the fat particles and the cells (100). I t is there
fore not surprising that most of the evidence shows that the uptake of 
chylomicron triglyceride by these tissues requires prior hydrolysis. 

Experiments in which double-labeled triglycerides were used have 
shown a fall in the ratio of glycerol: fatty acid radioactivities within 
tissues such as muscle and adipose tissue (77, 96). The uptake of triglycer
ides by these extrahepatic tissues is mediated by the enzyme lipoprotein 
lipase which was initially described by Korn (101). The hydrolysis of 
labeled triglyceride within tissues is followed by the recirculation of 
labeled free fatty acid in the dog (78, 89, 102) and in man (81). This 
enzyme has also been isolated from rabbit adipose tissue by Bezman et al. 
(103) and in the adipose tissue of man by Nestel and Havel (104) and 
Stern et al. (105). I t has also been isolated in muscle such as myocardium 
in several species, including man (106). In animals, lipoprotein lipase 
activity falls in adipose tissue during fasting and rises after feeding (103, 
107). On the other hand, the activity of this enzyme rises during fasting 
in tissues such as myocardium (108, 109). This is consistent with the 
greater uptake of triglyceride by fat stores after feeding and the transfer 
of lipid to working muscle during fasting. Bezman et al. (103) demon
strated a direct relationship between the uptake of triglyceride by fat 
tissue and the local activity of lipoprotein lipase. The exact site of this 
enzyme is in dispute. Experiments in the limbs of animals (110) and man 
(111) suggest that the enzyme is in close proximity to the capillary wall. 
On the other hand, Rodbell (112) has been able to demonstrate the 
enzyme in isolated fat cells but not in the surrounding vascular stroma. 

There is no evidence to suggest that lipoprotein lipase is involved in 
the uptake of triglyceride by the liver, although it has been shown that the 
liver is a significant source of lipoprotein lipase in man (113) and in the 
dog (114). 

In man a slight but significant increase in plasma lipolytic activity 
has been demonstrated after the ingestion of large quantities of cream 
but not of glucose (115). Although there is rapid recirculation of free 
fatty acids during the removal of fat, the concentrations of partial 
glycerides do not appear to rise (116), an argument against significant 
intravascular hydrolysis. 

The ingestion of a fat meal is followed by the appearance in the plasma 
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of populations of particles apart from chylomicrons. Jones et al. (117) had 
observed a transient rise of Sf > 60 lipoproteins and the later appearance 
of particles of higher density down to Sf 30. This may have reflected a 
transfer of lipid from larger very low-density lipoproteins to smaller 
particles, or the recirculation of particles from which some lipid had been 
removed. Both possibilities have received supporting evidence; it has been 
shown that glyceride can be transferred from glyceride-rich, very low-
density lipoproteins (17), and the evidence for the recirculation of smal
ler particles, which may follow the selective removal of triglyceride as 
the chylomicrons circulate through adipose tissue, has already been cited 
(89). Bierman and co-workers (118) recently redefined the particles found 
in plasma during the absorption of fat by a combination of ultracentrif-
ugation, starch-block electrophoresis, and flocculation with polyvinyl
pyrrolidone. They coined the terms "primary particles" for chylomicrons 
derived from lymph and "secondary particles" for a smaller group of 
particles which are distinct from very low-density lipoproteins. The 
secondary particles probably represent an interaction between primary 
particles and plasma. 

Following the ingestion of fat, the time curves of the primary and 
secondary particles differ. The primary particles predominate during the 
period of maximal fat absorption, and their fatty acids resemble those 
of the ingested fat. Secondary particles appear early and persist much 
longer, and are eventually the only large particles found in plasma, 
especially during the later stages when recirculation from the liver is 
extensive. The fatty acid composition of the secondary particles is differ
ent from that of ingested fat and shows obvious dilution with endogenous 
fatty acids. When small amounts of fat are eaten, or the rate of absorption 
is slow, secondary particles predominate. 

The genetically determined disorder, fat-induced hyperlipemia, in 
which chylomicrons or primary particles accumulate in the blood, is 
associated with a marked decrease in lipoprotein lipase activity (119, 120). 
The significance of extrahepatic removal of triglyceride and the impor
tance of lipoprotein lipase are clearly demonstrated in this disease. 
Lipoprotein lipase activity is also reduced when little fat is eaten (120, 
121), and this may account for the low activity found in alcoholics. The 
hypertriglyceridemia of hypothyroidism may also be related to diminished 
lipoprotein lipase activity (122). 

The relationship of lipoprotein lipase activity and the hypertri
glyceridemia of coronary heart disease is obscure. This field has been 
bedeviled by differences in techniques which were reviewed by Robinson 
(63). Very few studies have been made in which the activity of the enzyme 
was measured by the chemical estimations of the products of lipolysis, or 
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in which the influence of diet was considered. Although some studies 
suggest that chemically measured lipolytic activity is normal in subjects 
with coronary heart disease (123, 124), several papers have shown that 
the activity of the enzyme, as measured by changes in the optical density 
of a fatty emulsion, is abnormally low (63). 

There is general dissatisfaction with the measurement of lipoprotein 
lipase in a single sample of plasma obtained at a variable time after the 
injection of heparin. Yoshitoshi et al. (125) showed that more meaningful 
results may be obtained when the rates of appearance and disappearance 
of lipoprotein lipase in the blood are measured in serial samples of plasma 
after the injection of heparin. The findings of Boberg and Carlson (126) 
are in general agreement with this. When heparin labeled with 3 5S is 
injected together with unlabeled heparin, the decay curves of 3 5S and 
lipolytic activity in the plasma are similar and confirm earlier work 
suggesting the formation of a complex between heparin and the enzyme 
(127). 

Enzymes other than those which split triglyceride are released into 
the plasma in response to heparin (128), and of these a phospholipase is 
probably the most intriguing (129). Another important function of 
lipoprotein lipase involves the transfer of triglyceride from circulating 
chylomicrons and very low-density lipoproteins to the milk of lactating 
animals. Arteriovenous measurements across lactating breast tissue have 
demonstrated high concentrations of lipoprotein lipase in the veins and a 
high rate of uptake of triglyceride by the glands (130). 

In studies involving chylomicron triglyceride transport, the possibility 
that chylomicrons of differing composition may behave differently has 
been generally overlooked. Zilversmit (131) demonstrated that corn oil 
chylomicrons are more easily disrupted in vitro than cream chylomicrons. 
Nestel and Scow (132) showed, both in dogs and rats, that chylomicrons 
obtained after feeding cream are removed more readily than chylo
microns obtained after feeding corn oil. Studies with isolated perfused 
livers and adipose tissue showed that the preferential removal of cream 
chylomicrons occurred only in the liver. Since the initial uptake of 
chylomicrons by the liver appears to be a physical process, it is likely 
that the physical characteristics of chylomicrons of differing composition 
may determine their rates of removal. The subsequent intrahepatic 
metabolism of different fatty acids may also influence the rate at which 
the incoming triglycerides are taken up. 

I V . FREE FATTY ACID MOBILIZATION 

Circulating free fatty acids (FFA) and triglycerides are the major 
vehicles for fatty acid transport in blood. Since in the fasting state FFA 
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derived from adipose tissue constitute the major source of plasma 
triglycerides, it is evident that those factors which influence rates of FFA 
mobilization will also influence lipid transport in general. No attempt will 
be made to cover the many aspects of FFA metabolism; this section will 
be limited to those facets which bear on their transport function. Several 
reviews dealing with FFA metabolism have been published elsewhere 
(3, 133-137). 

Although a small fraction of circulating FFA is derived directly from 
hydrolysis of chylomicron glyceride in dogs (78, 102) and in man (81), 
there is good evidence that these FFA originate predominantly in adipose 
tissue. The fasting negative arteriovenous difference in FFA concentra
tion across vascular beds of tissues rich in adipose tissue and the release 
of FFA from isolated incubated fat tissue have been demonstrated repeat
edly. The flux of FFA in the blood is rapid in all species studied. The 
half-time of removal of isotopically labeled FFA is of the order of 2 to 3 
minutes (138). 

I t can be shown that the turnover of FFA during fasting is sufficient 
to provide the energy requirements of the body, and this is reviewed in 
Section VIII. Such is not the case however, and a substantial fraction 
of the FFA flux is subsequently reesterified and then either stored in 
tissues or recirculated as lipoprotein triglyceride. Other pathways for 
FFA utilization include conversion to ketones (135) and incorporation 
into cholesterol esters and phospholipids (139). 

The flux of FFA through plasma is directly related to their rate of 
mobilization from adipose tissue (140), and the magnitude of uptake of 
FFA by different tissues is proportional to the concentration of circulat
ing FFA (140-143). Studies on the removal of FFA by individual tissues 
have shown that, in general, tissues such as the heart and liver will 
remove and utilize from a quarter to half of the FFA flux presented to 
them (140, 143-145). I t is therefore clear that the regulation of FFA 
metabolism is largely determined in adipose tissue and that the overall 
rate of FFA utilization is a function of FFA flux. Moreover, the distribu
tion of radioactivity after the injection of labeled FFA (87, 146, 147) 
and the oxidation by tissues such as the liver, heart, and skeletal muscle 
of a fraction of FFA equivalent to their caloric needs (145, 148, 149), 
provide convincing evidence of the functional importance of circulating 
FFA. In addition to providing a major fraction of the body's immediate 
oxidative needs during fasting, plasma FFA, esterified and stored as tri
glyceride and phospholipid, also provides much of the subsequent oxida
tive energy (see Section VIII). 

Recent studies indicate, however, that not all FFA are released and 
utilized at identical rates. The fractional turnover of linoleic acid is 
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greater than that of palmitic acid in the dog (150, 151) and in man (152). 
Moreover, the magnitude of oxidation of linoleic acid and its rate of 
incorporation into plasma triglycerides are greater than that of palmitic 
acid (143, 151). On the other hand, there is a disproportionate rise in the 
concentration of oleic acid during FFA mobilization (148, 153) and a 
preferential uptake of some fatty acids, including oleic acid, by tissues 
such as the heart (148). The significance of this heterogeneity in fatty 
acid metabolism remains to be determined. A major fate of circulating 
FFA removed in the liver is conversion to triglyceride and recirculation 
in the form of triglyceride fatty acids. There is compelling evidence to 
show that, in the fasting state, endogenous plasma triglyceride fatty 
acids are derived almost entirely from the liver. When rat livers are 
perfused with labeled fatty acids, labeled triglycerides rapidly appear in 
the perfusing fluid (143, 154), and perfused livers from fed animals 
release triglyceride into the perfusate (93, 94). The conversion of labeled 
palmitic acid to labeled plasma triglyceride in intact dogs and rats may 
be virtually abolished by hepatectomy (79, 90, 155). Hepatectomy also 
reduces the hyperlipemia produced by Triton (156), and Carlson and 
Olhagen (157) have reported the clearing of the serum of a patient with 
hyperlipemia who developed hepatitis. Havel et al. (147) demonstrated 
the esterification of palmitic acid to triglyceride in livers of intact rabbits 
and the subsequent retransport of hepatic triglyceride in plasma very 
low-density lipoproteins. This has recently been confirmed in man by 
Carlson and Ekelund (158) who measured the rate of formation of hepatic 
triglyceride from labeled palmitic acid by hepatic vein catheterization. 

Other studies in man by Havel (12) and by Friedberg and co-workers 
(159), in which the kinetics of the conversion of plasma FFA to plasma 
triglyceride fatty acids were calculated, have also shown that the plasma 
FFA are the immediate precursors of plasma triglycerides in the post-
absorptive state. These studies therefore suggest that the rate of forma
tion of plasma triglycerides is related to the rate of FFA mobilization 
which in turn determines the magnitude of the FFA uptake by the liver. 
This subject is discussed further in Section V,B. 

I t is evident that the factors influencing the metabolism of FFA in 
adipose tissue might therefore be expected to affect the metabolism of 
plasma triglycerides as well. Some of these factors will now be briefly 
reviewed. Esterification of triglyceride in adipose tissue involves the for
mation of phosphatidic acid from α-glycerophosphate and fatty acyl-CoA 
followed by conversion to diglyceride and subsequent esterification to 
triglyceride (160). Lipolysis in adipose tissue is mediated by an enzyme, 
described by Rizack (161), which can be stimulated by certain hormones 
and which is distinct from both lipoprotein lipase and a third enzyme 
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which shows specificity toward monoglycerides and does not respond to 
hormones (162, 163). The products of complete triglyceride hydrolysis 
are glycerol and FFA, and since glycerol is apparently not reutilized it 
can be regarded as an end product of adipose tissue metabolism and used 
as an index of lipolysis. Lipolysis and esterification proceed simul
taneously, although generally more in one direction than in the other. 
Hormones which stimulate lipolysis lead to a considerable production of 
glycerol (164), but even when the major reaction is that of esterification, 
as when adipose tissue is incubated with insulin and glucose, glycerol 
continues to be released (165). The relative amounts of glycerol and FFA 
released when adipose tissue is incubated with hormones and substrates 
may therefore provide a superior index of metabolic activity than those 
derived from measurements of rates of incorporation and release of 
labeled FFA (166). 

Adipose tissue from fasting animals releases FFA into the medium. 
Addition of glucose or glucose with insulin, while suppressing FFA release, 
does not significantly reduce the release of glycerol (165). This shows 
that the reduction in FFA release is the result of an increase in the rate 
at which FFA, derived from the lipolysis of triglycerides, become reesteri
fied. Fasting is also associated with a rise in the concentration of plasma 
FFA (167, 168) and glycerol (169), and an increase in FFA turnover has 
been reported (138, 170). Since the ingestion of glucose has been shown 
to lower both the FFA and the glycerol concentrations in man, it is 
possible that glucose may directly depress lipolysis in addition to its 
better-established role of promoting reesterification (169). Prolonged 
fasting may result in a rise in the plasma triglyceride concentration (171) 
which is lowered when glucose is eaten (115). The tissue distribution of 
labeled palmitic acid is not, however, markedly affected by nutritional 
state (147). Although fasting does not affect the uptake and oxidation of 
FFA by tissues (144), FFA oxidation is quantitatively not as significant 
a source of fuel in fed as in fasted subjects (172), presumably because FFA 
turnover is reduced by eating. 

Deficiency of insulin or insensitivity to insulin, such as is seen in 
diabetic subjects, leads to a rapid rise in the concentration of plasma FFA 
(173), and elevated levels of plasma FFA may be the only abnormality 
to be found in the blood of normoglycemic mild diabetics (174). An 
increase in FFA turnover rate has not been demonstrated however (175). 
The rise in FFA concentration is probably responsible for the develop
ment of ketosis (176) and related to the high levels of plasma triglycerides 
frequently found in diabetics (177). The hypertriglyceridemia of dia
betics may also be related to other factors, such as decreased peripheral 
uptake (178). The increase in FFA mobilization is probably secondary to 
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abnormal glucose and insulin metabolism in adipose tissue, but the possi
bility of a primary disorder in lipolysis has been suggested (179, 180). 

Diabetes does not appear to interfere with the uptake and utilization 
of FFA by tissues such as the myocardium. A fractional removal rate 
of about 30 to 35% of the arterial FFA concentration has been demon
strated in hearts of normal, fasting, or diabetic dogs; since the concen
tration of FFA was higher in diabetic or fasting dogs than that in normal 
fed dogs, the total amount of FFA which was extracted and utilized 
was actually increased (181). The addition of glucose and insulin to a 
perfused heart from a diabetic rabbit is similarly without significant 
effect (182). 

Whereas insulin and glucose represent the major hormonal factors 
leading to FFA reesterification, many more hormones lead to FFA mobil
ization. These include adrenaline, noradrenaline, adrenocorticotropic 
glucagon, growth hormone, thyroid-stimulating hormone, follicle-stimu
lating hormone, adrenal glucocorticoids, various pituitary peptides, and 
a hormone isolated from the urine of fasting subjects. This large field has 
been reviewed by Steinberg (136). 

Of immediate interest is the influence of these hormones on lipid 
transport. I t is probable that the regulation of adipose tissue is largely 
under the influence of locally released noradrenaline. Many factors which 
promote the mobilization of FFA most likely operate by liberating 
catecholamines or in some way sensitizing adipose tissue to the effects of 
noradrenaline. This subject has been reviewed recently by Havel (183). 

The infusion of adrenaline or noradrenaline leads to a rapid rise in the 
concentrations of plasma FFA and glycerol in man as well as in animals 
(168, 169, 184-187). The chemical configuration of the catecholamines 
and their analogs which is responsible for FFA mobilization has been 
determined by Mueller and Horwitz (188) and reviewed by Hagen and 
Hagen (189). These structural requirements include a β-hydroxyl group, 
a ring hydroxyl at the para-position and to a lesser extent at the meta-
position, and the presence of either a primary or secondary amine. 

The infusion of these catecholamines is followed by an increase in FFA 
uptake and oxidation which is proportional to their arterial concentration. 
The rise in FFA oxidation accounts for the calorigenic effects of these 
hormones since specific adrenergic antagonists will abolish the rise in 
oxygen consumption (187; see Section VIII). 

The noradrenaline-induced rise in plasma FFA can be abolished with 
adrenergic blockade such as Dibenamine (184), pronethalol (187), and 
possibly nicotinic acid (190), although this drug may have other actions as 
well. The spontaneous rise in plasma FFA which follows fear and anxiety 
may be abolished by ganglionic blockade (184). The infusion of labeled 
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FFA during these procedures has demonstrated a sharp fall in FFA turn
over (184, 187, 190). 

The reduction in plasma FFA levels in fasting dogs and anxious human 
subjects by ganglionic blockade suggests that the tonic activity of the 
sympathetic nervous system may determine the rate at which FFA are 
released. This is supported by the suppression of plasma FFA levels in 
fasting men with nicotinic acid (191, 192), although the action of this 
drug may not be entirely sympatholytic. When nicotinic acid is given, the 
plasma FFA concentration is reduced to around 200 μΜ per liter, which 
appears to be basal and independent of sympathetic nervous activity. 

The great rise in FFA turnover which accompanies exercise and which 
provides about half of the energy requirement is also thought to be 
related to catcholamine activity (172). It has been shown that nicotinic 
acid can inhibit the increase in FFA turnover during exercise (190; see 
Section VIII). 

Procedures which are known to stimulate or depress sympathetic 
activity produce striking variations in plasma FFA levels. Fear, dis
comfort, and stressful psychological stimuli will readily elevate the plasma 
FFA concentration (193, 194), and this can be prevented by autonomic 
blockade (184, 195). The production of orthostatic stress which leads 
to the secretion of catecholamines is also followed by a rise in plasma FFA 
(196), and this response cannot be elicited in subjects suffering from 
sympathetic denervation. 

Trauma also leads to a rise in FFA mobilization (197), and the 
administration of catecholamine stimulants such as nicotine regularly 
raise FFA levels (198). Catecholamine-secreting tumors are associated 
with very high plasma concentrations of FFA (199). On the other hand, 
the denervation of the interscapular fat body in mice leads to a reduction 
in the rate of fat depletion during starvation (200), and depletion of the 
catecholamine stores of adipose tissue with reserpine prevents the usual 
mobilization of FFA induced by adrenocorticotropin (201). 

The regulation of FFA mobilization therefore depends to a large 
degree on an intact sympathetic nervous supply to adipose tissue and 
on the presence of local noradrenaline stores. The extraadrenal part of 
the sympathetic nervous system appears to be more important than the 
adrenal medulla in this respect since adrenalectomized dogs maintained 
on adrenal corticosteroids respond normally (184). Similarly, the rise in 
FFA concentration in response to tilting is not abolished in adrenalectom
ized subjects (196). 

The extent to which other hormones exert their FFA-mobilizing effects 
directly or by augmenting the local activity of noradrenaline has yet 
to be determined. There certainly appears to be a significant interplay 
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of hormonal influences. Depletion of local noradrenaline stores reduced 
the activity of adrenocorticotropin (201). In monkeys, the thyroid 
appears to be essential (202), and in dogs and rats normal adrenal cortical 
function is required for normal FFA mobilization (184, 203). Procedures 
leading to the accumulation of hepatic triglyceride as a consequence of 
increased FFA mobilization are ineffective in adrenalectomized animals 
(185). Hypophysectomy will also abolish the FFA response to adrenaline 
(185). 

Plasma FFA levels are appreciably raised in hyperthyroidism (204), 
and growth hormone leads to an increase in FFA release from adipose 
tissue and uptake of FFA by muscle (205). The role of growth hormone 
in the regulation of the calorigenic requirements of the body is probably 
related to its effect on FFA. Its function is to antagonize the hypo
glycemic effect of insulin (206) by shunting FFA from fat stores to other 
tissues and thereby conserving glucose for the needs of the central nervous 
system. On the other hand, some hormones and peptides such as vaso
pressin and its related peptides and angiotensin II reduce FFA levels in 
dogs (207). 

A new group of compounds, the prostaglandins, has been found to be 
particularly potent in the inhibition of FFA mobilization (208). Very 
small quantities can suppress the effects of epinephrine in vivo in dogs 
and in vitro using rat adipose tissue. Similar findings have been reported 
in dogs by Bergstrom et al. (209), although, surprisingly, prostaglandins 
do not suppress FFA mobilization in man (210) at low concentration. 

Since a large fraction of circulating FFA enters the liver where reesteri-
fication to triglyceride takes place, it is reasonable to expect that factors 
leading to increased FFA mobilization will also result in a rise in the 
turnover of hepatic and plasma triglycerides. This seems a reasonable 
assumption since the perfusion of rat livers with high concentrations of 
palmitic and linoleic acids leads to a significant rise in triglyceride pro
duction and secretion (143). 

Increments in plasma triglycerides have, in fact, been demonstrated 
in rabbits after the subcutaneous administration of adrenaline in oil (211). 
Dogs receiving subcutaneous adrenaline in oil show increments in plasma 
cholesterol and phospholipids, due to striking rises in d 1.019-1.063 lipo
proteins (212). In this study, the rise in plasma FFA was only transient 
since it was opposed by the rapid development of hyperglycemia. The 
hyperlipemic response was abolished by adrenalectomy or hypophysec
tomy and restored by cortisone (185). Furthermore, the administration 
of cortisone to normal dogs augmented the FFA response to adrenaline, 
and this resulted in very high concentrations of cholesterol and phospho
lipid. An increase in FFA turnover following adrenaline will produce a 



5. LIPOPROTEIN TRANSPORT 263 

rise in cholesterol and phospholipid levels in rats also (203). The constant 
infusion of noradrenaline into a systemic vein, but not into the portal 
vein, has been shown to lead to a marked accumulation of triglyceride 
in liver and plasma. The use of noradrenaline instead of adrenaline has 
the obvious advantage of raising FFA levels without significantly affect
ing the glucose concentration (213). This can be prevented by giving 
nicotinic acid (214). 

Increased FFA mobilization leading to hypertriglyceridemia in rab
bits has also been reported when pituitary extracts were infused (215) 
and when purified pituitary polypeptides were given (216). 

I t is possible therefore that the increased levels of plasma triglyceride 
and cholesterol seen in subjects with coronary heart disease may be 
partly related to increased sympathetic tone or to an increased respon
siveness of adipose tissue to circulating catecholamines. Nestel (192) 
studied the relationship between the plasma triglyceride concentration 
and the magnitude of FFA mobilization in response to infused noradrena
line in subjects with coronary heart disease. A highly significant relation
ship was found between the plasma triglyceride and cholesterol concen
trations on the one hand and the absolute rise in plasma FFA on the 
other. The activity of the sympathetic nervous system, by influencing 
the magnitude of FFA flux, may therefore be a factor in the regulation 
of the triglyceride concentration in man. 

The possibility that subjects with coronary heart disease respond to 
stressful situations with an abnormally large rise in FFA has been shown 
by Penick (217). A similar exaggerated response in FFA secretion after 
cigarette smoking has been demonstrated in subjects with coronary 
heart disease (218). This may be related to the observation that repeated 
stress leads to a rise in plasma cholesterol (219-222). I t has also been 
claimed that specific behavioral patterns, such as may be found more 
frequently among subjects with coronary heart disease, are also associated 
with hypercholesterolemia (223). 

V. TRIGLYCERIDES OF PLASMA LIPOPROTEINS 

A. Distribution and Composition 
Triglycerides exist in all the lipoprotein fractions of plasma, and, in 

fasting man, the highest concentrations of triglyceride are found in very 
low-density lipoproteins (224). Very low-density lipoproteins are the 
major vehicles of triglyceride transport in the rabbit (147), in the dog 
(151), and in man (12, 152, 225). The fatty acid composition of trigly
cerides is similar for all lipoproteins, although small but statistically 
significant differences have been described: Goodman and Shiratori (226) 
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reported lower levels of arachidonic acid in triglycerides of very low-
density lipoproteins than in those of other lipoproteins. The triglyceride 
fatty acid compositions of liver and plasma lipoproteins are similar in 
man (152). 

B. Metabolism 
The previous sections have presented evidence to show that the cir

culating triglycerides are derived from exogenous and endogenous sources, 
and that the liver is a major site of origin of plasma triglycerides. The 
retransport of chylomicron triglyceride within the "secondary" particles 
(118) has been discussed. Further studies by Bierman and Strandness 
(227) demonstrated that this transfer of triglyceride might occur within 
the liver. The rapid appearance of radioactivity within triglyceride of 
secondary particles in the hepatic vein during the infusion of labeled 
chylomicrons suggests, however, that this transfer does not necessarily 
involve an initial equilibration between the triglycerides of the chylo
microns and the liver and may in fact merely reflect an interaction with 
plasma. 

There is also clear evidence that the liver is the major source of 
triglycerides derived from endogenous synthesis. When rat livers are 
perfused with labeled fatty acids, labeled triglycerides are secreted into 
the perfusate (143, 154, 228), and livers from fed rats release triglycerides 
into the perfusing fluid (93, 94). The direct participation of the liver 
has been demonstrated also in vivo, and triglyceride synthesis is virtually 
abolished by hepatectomy (79, 90). 

The kinetics of triglyceride synthesis and transport have been deter
mined by a number of workers. Havel et al. (147) showed in the rabbit 
that hepatic triglycerides are the immediate precursors of triglycerides 
contained in plasma very low-density lipoproteins. When labeled palmitic 
acid was injected into rabbits, the triglycerides in the subcellular par
ticles of the liver reached isotopic equilibrium rapidly, and transfer of 
radioactive triglyceride into plasma very low-density lipoproteins was 
apparent within 15 minutes. Peak specific radioactivity was reached at 
about 30 minutes in the very low-density lipoproteins. Radioactivity 
appeared more slowly in the triglycerides of other lipoproteins. Transfer 
of triglyceride from plasma to extrahepatic tissues was slow in fasting 
rabbits, and most of the turnover of triglyceride occurred within the 
liver and plasma very low-density lipoproteins, which were considered 
to function as a single pool. 

The triglycerides of plasma lipoproteins are also clearly derived from 
the liver in fasting man (158). The injection of labeled palmitic acid 
resulted in the rapid appearance of radioactivity in the triglycerides of 
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hepatic vein blood. Despite the production of radioactive triglyceride 
and the rapid equilibration between the triglyceride fatty acid pools of 
liver and plasma, there was no significant net increase in the plasma 
triglyceride concentration. This suggests that in man, as in the rabbit, 
extrahepatic removal of triglyceride is minimal during fasting, although 
extensive turnover of triglyceride exists in liver and plasma lipoproteins. 
The slow rate of utilization of lipoprotein triglyceride during fasting 
was also observed by Waterhouse et al. (229). 

Very little lipogenesis occurs during fasting (230), and several studies 
in man have confirmed earlier studies in animals that the plasma FFA 
are the direct and sole precursors of plasma triglycerides during fasting 
(12, 159, 229, 231). When carbohydrate is fed, plasma FFA may be only 
a minor source of triglyceride (232). 

The concept of a single pool of triglyceride, incorporating the triglycer
ides of liver and plasma lipoproteins, appears to be no longer tenable. 
Farquhar et al. (225) measured in fasting man the turnover of triglyceride 
in liver and plasma very low-density lipoproteins after injecting either 
labeled glycerol or palmitic acid. They have shown that the incorporation 
of glycerol into triglycerides leads to a more valid measurement of tri
glyceride turnover than when a labeled fatty acid is used, since recycling 
of FFA is much greater than that of glycerol. Recycling of labeled fatty 
acid within the liver and plasma led to complex triglyceride specific 
activity time curves and resulted in apparently slower fractional turn
over rates than when labeled glycerol was used. By measuring the specific 
activity of hepatic triglycerides (obtained by liver biopsy) they were able 
to calculate turnover rates and pool sizes within the liver. 

They concluded that the turnover rate and pool size of hepatic tri
glycerides is considerably greater than that of plasma triglycerides. 
Although the triglycerides in the liver are the precursors of those in the 
plasma, only about 3 % of newly synthesized triglyceride is secreted from 
the liver into the plasma. The turnover of triglyceride within the liver 
is about 3 times greater than that in plasma very low-density lipoproteins. 
The bulk of newly synthesized hepatic triglyceride appears to enter an 
hepatic pool wherein continuing hydrolysis and reesterification is thought 
to take place. They have interpreted the relationship between hepatic 
and plasma triglyceride to resemble an incompletely coupled two-com-
partmental model, linked in series (catenary), in which recycling from 
plasma does not occur. This model was validated by infusing prelabeled 
endogenous very low-density lipoproteins. The volume of distribution 
of the plasma triglyceride pool was then shown to be that of the plasma 
alone, i.e., recycling into the hepatic triglyceride pool was minimal. More
over, the slower turnover rate of the plasma triglyceride pool implied 
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that it was the rate-determining pool. This finding probably frieans that 
a small shift of triglyceride from the liver into the plasma will lead to the 
accumulation of triglyceride in the plasma. Hypertriglyceridemia in 
man is therefore likely to result from an imbalance between the rates 
at which triglycerides enter and leave the plasma. However, these con
clusions were based on very few studies and require confirmation. The 
specific activity of the precursor triglycerides in the liver was based on 
single samples of liver and only 2 re-infusion studies were carried out to 
validate the distribution of the pool of very low-density lipoproteins. 

Recent studies by Farquhar et al. (233) and by Nestel (234) are 
consistent with this concept. When the concentration and turnover rate 
of triglycerides in very low-density lipoproteins were related to each other, 
it was found that, although the turnover rate was greater at higher con
centrations, the relationship was not linear. In other words, in man 
the removal sites for triglyceride become readily saturated, and incre
ments in turnover rate readily exceed the capacity of tissues to clear 
triglyceride from plasma. This subject is discussed in Section IX. 

Eaton et al. (231) also reported recently upon the kinetics of FFA 
transfer to triglyceride in man. Their findings are also consistent with 
a catenary system of intermediate pools between the precursor FFA and 
the product triglyceride. A significant degree of recycling of labeled FFA, 
up to 22% of the total FFA flux, was also observed. 

Farquhar et al. (225) suggest that the findings in rabbits (147) are 
also consistent with a two-compartmental model, rather than with a 
single-pool model as suggested by Havel and associates. In dogs, however, 
the transfer of triglyceride to plasma is quite different from that reported 
in man (235). In dogs the transfer of triglyceride from the liver accounts 
for about 60% of newly synthesized triglyceride. Moreover, the turnover 
rate of triglyceride in plasma is greater than that in the liver; the efficiency 
of the removal mechanisms in the dog may explain the resistance of this 
species to the development of hypertriglyceridemia. 

Although the system proposed by Farquhar et al. (225) is more com
plex than the single-pool system of Havel et al. (147), it seems certain 
that the use of computers will reveal systems of increasing complexity. 
Recently, Baker and Schotz (232) reported such an analysis of their 
studies in rats. They were not able to demonstrate a simple precursor-
product relationship between the triglycerides of liver and those of 
unfractionated whole plasma. They noted a striking heterogeneity of 
hepatic triglyceride compartments. Their attempt to interpret their data 
in the context of a multicompartmental system reveals the probable 
complexity of triglyceride formation, turnover, and secretion. 

The turnover of plasma triglycerides is most rapid in the very low-
density lipoproteins. The triglycerides in the remaining lipoproteins be-
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come labeled much more slowly in man (12, 152, 225). In both man (12) 
and the dog (151) the triglycerides in high-density lipoproteins turn 
over more rapidly than those in the low-density lipoproteins. The precise 
site of origin of the triglycerides in lipoproteins other than very low-
density lipoproteins is uncertain, but it is likely to be the liver. 

The factors which regulate the uptake of endogenous triglyceride 
by extrahepatic tissues are similar to those operating during the removal 
of chylomicron triglyceride and have been reviewed. A significant correla
tion between the local tissue activity of lipoprotein lipase and the magni
tude of triglyceride uptake, when slices of rabbit adipose tissue were 
incubated with very low-density lipoproteins, was demonstrated by 
Bezman et al. (103). The level of lipoprotein lipase is related to nutrition, 
and the magnitude and tissue distribution of triglyceride are therefore 
influenced by the nutritional states of the animal (103, 108). 

Havel et al. (147) found that triglycerides of endogenous origin are 
removed predominantly in the liver in fasted rabbits and in adipose 
tissue in refed animals. The oxidation of triglyceride fatty acids was 
reduced by feeding. These findings resemble those observed when chylo
microns are infused (87). 

Although very low-density lipoproteins are generally considered to be 
the class primarily concerned with the transport of triglyceride, other 
lipoproteins play minor but possibly significant roles. I t has recently been 
suggested that low- and high-density lipoproteins may combine to form 
very low-density lipoproteins and consequently participate directly in 
triglyceride transport (20). These workers used paper electrophoresis to 
follow the changes in plasma lipoproteins during diet-induced hyper
lipemia. They observed a reciprocal relationship between a- or high-
density lipoproteins and the pre-beta band or very low-density lipo
proteins. Hydrolysis of the pre-beta band gave rise to a- and ^-(low-
density) lipoproteins. Moreover, they found that patients with the geneti
cally determined disorder a β-lipoproteinemia (in whom there is virtually 
no plasma ^-lipoprotein) could not produce pre-beta-lipoproteins and 
could not be made hypertriglyceridemic. Patients with Tangier disease, 
who have very little α-lipoprotein in their plasma, were also unable to 
make pre-beta-lipoproteins. The participation of high-density lipoproteins 
in the transport of triglyceride is shown in the studies of Nichols and 
Smith (17) who reported an in vitro transfer of triglyceride from very low-
density to high-density lipoprotein. Nichols and co-workers (236) had 
previously observed a rise in the glyceride concentration of high-density 
lipoproteins following the ingestion of oils and suggested that very low-
density lipoproteins may yield high-density lipoproteins during the course 
of triglyceride removal. 

Although these are tentative suggestions, two studies, reviewed in a 
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previous section, bear reconsideration. Shore and Shore (15) showed that 
when the triglycerides of very low-density lipoproteins are hydrolyzed 
by lipoprotein lipase, lipoproteins of higher density are produced, and 
Gustafson et al. (16) demonstrated that very low-density lipoproteins 
contain phospholipid-protein residues (apolipoproteins) which are also 
shared by low-density and high-density lipoproteins. 

The participation of endogenous triglyceride in energy metabolism 
and the effects of carbohydrate and alcohol on triglyceride turnover are 
described in Sections IX and X. 

V I . CHOLESTEROL OF PLASMA LIPOPROTEINS 

A. Distribution and Composition 
Cholesterol is transported in plasma lipoproteins in the free and ester

ified form. The distribution of cholesterol among the three classes of 
lipoproteins shows characteristic differences in terms of mass, degree of 
esterification, and fatty acid composition. The distribution of cholesterol 
has been determined by, among others, Havel and associates (13, 224) 
and Cohen et al. (237). The latter authors discussed the ratio of free to 
esterified cholesterol and presented evidence to show that the mean pro
portion of cholesterol which is esterified rises with increasing density of the 
lipoprotein fractions. This is in general agreement with the findings of 
Bragdon et al. (224) and Furman and Howard (238). 

In man, most of the cholesterol is normally carried in the d 1.019-
1.063 lipoproteins, and the relationship between the cholesterol in these 
lipoproteins and whole serum is linear (239). In carbohydrate-induced 
hyperlipemia, however, in which increments in cholesterol concentration 
accompany hypertriglyceridemia, a substantial amount of cholesterol is 
carried in very low-density (d < 1.019) lipoprotein (240), and a major 
proportion of newly synthesized cholesterol is carried in this fraction 
(241). In essential hypercholesterolemia in man most of the cholesterol 
is carried in the low-density (d 1.019-1.063) fraction. Very low-density 
lipoproteins also constitute a major transport system in the rat. Although 
in the fasting rat less cholesterol is carried in this fraction than in the 
lipoproteins of higher density, recently ingested cholesterol is secreted by 
the liver predominantly within very low-density lipoprotein (242). 

The functional significance of high-density lipoproteins in cholesterol 
transport is not as well understood, but, in the familial syndrome of 
Tangier disease, complete or near absence of plasma high-density lipo
protein is associated with abnormal storage of cholesterol ester in reticulo
endothelial tissue (243). Recent evidence indicates that the different 
classes of plasma lipoproteins are functionally interrelated with respect 
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to cholesterol transport. A cholesterol esterifying system was demon
strated in plasma by Glomset and his group (244, 245), and further 
characterized by Portman and Sugano (245a). This reaction appears to 
involve a irans-esterification of free cholesterol with fatty acids derived 
specifically from the C-2 position of plasma lecithin, regardless of the 
nature of the fatty acid (246). Further studies, in which the in vitro 
incubation of plasma was followed by separation into component lipo
proteins, indicate that the lecithin may be derived from high-density 
lipoproteins and that this is followed by a transfer of cholesterol ester 
from high- to low-density lipoproteins (245). Later studies by Rehnborg 
and Nichols (247) and Nichols and Smith (17) extended these findings. 
Incubation of glyceride-rich, very low-density lipoproteins together with 
high-density lipoproteins resulted in a transfer of cholesterol esters from 
high- to very low-density lipoprotein; this was associated with a transfer 
of glyceride from the very low- to the high-density fraction. 

In both man and the rat, the fatty acids with which cholesterol is 
esterified show characteristic variations within the lipoprotein classes. 
In general, the cholesterol esters of very low-density lipoproteins contain 
more oleate and less polyunsaturated fatty acids than lipoproteins of 
higher density (226, 242, 248-250). This may be related to a preponder
ance of cholesteryl oleate in both human (249, 251) and rat liver (242, 250, 
252) and will be discussed in detail later. 

B. Cholesterol Turnover 
The cholesterol in plasma lipoproteins is derived from endogenous 

synthesis and from dietary cholesterol which becomes indistinguishably 
mixed with the cholesterol of endogenous origin within a few days (253). 
Cholesterol is synthesized in the liver and in many other organs, and the 
extent of the hepatic contribution varies in different species. In the dog 
and the rat the liver synthesizes the bulk of endogenous cholesterol (254). 
In man, extrahepatic tissues may contribute more substantially (255), 
and consequently dietary cholesterol does not suppress endogenous 
synthesis to the extent it does in animals (256), although a similar feed
back mechanism has been demonstrated in human liver at least in vitro 
(257). This subject has been reviewed by Danielsson (258). 

Measurement of cholesterol turnover offers a new approach to the 
quantitation of rates of synthesis and degradation, but the complexity 
of the various cholesterol pools in the body prevents accurate interpreta
tion. The rate of appearance and disappearance of labeled cholesterol 
following the intravenous injection of a labeled percursor or of labeled 
cholesterol incorporated into lipoprotein has been reported in man (259-
263) and in animals (254, 264). 
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In man, there is a rapid fall in free cholesterol specific activity and a 
slower rise in the specific activity of esterified cholesterol in the plasma. 
The two cholesterol fractions reach isotopic equilibrium by the second or 
third day. Their specific activities then decline together in a series of 
exponential curves which represent the equilibration of the plasma and 
tissue compartments. Equilibration is reached rapidly with the cholesterol 
pools of the liver and red blood cells in man (265), the dog (254), and the 
rat (266). Equilibration with organs such as spleen, kidney, lung, adrenal, 
and muscle occurs by the third week, and the pools in fat and muscle are 
probably equilibrated by the second month in man (265). Complete 
equilibration of the total miscible pool of cholesterol (all tissues except 
the central nervous system) is therefore reached by the second month; 
the specific activity of plasma cholesterol thereafter declines as a single 
exponential function and may reflect the turnover of the entire miscible 
pool. The half-time of removal of cholesterol in man is from 30 to 60 days 
and similar to that reported in dogs (267). 

Although this technique has been used to measure "total exchangeable 
cholesterol turnover'1 a validation of the method has not been reported 
and it is possible that the slow exponential component of the specific 
radioactivity curve may not represent true exchangeable cholesterol turn
over. Other methods for measuring cholesterol turnover have been 
reported. They include isotopic balance methods and direct analysis of the 
fecal neutral and acidic steroids which represent total cholesterol turn
over in the steady state. In the isotopic balance method, radioactive 
cholesterol is administered either as a single injection or daily by mouth 
(267a) until an isotopic steady state is reached. The specific activity of 
the fecal excretion products derived from endogeneous cholesterol is then 
assumed to be that of the plasma cholesterol specific activity. The mass of 
fecal neutral and acidic steroids can then be calculated and is similar to 
that obtained by directly measuring these products by gas chroma
tography (267b). Possible errors due to intestinal degradation of neutral 
steroids must be taken into account (267b). The daily turnover of cho
lesterol by these methods is of the order of 1 gm with the acidic and 
neutral steroids each contributing about half (267a, 267b). The daily 
absorption of cholesterol appears to be only about 300 mg (267a). 

The slow rate of equilibrium precludes extrapolation of the specific 
activity time curve and measurement of the body pool; a considerable 
fraction of the label will have been excreted by this time. Nevertheless, 
the fractional turnover rate of cholesterol has been shown to be sig
nificantly related to total serum cholesterol, which suggests that at least 
some forms of hypercholesterolemia represent increased rates of synthesis 
(263). This type of study may be used to investigate the mechanisms of 
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action of cholesterol-lowering agents; ethinyl estradiol has been shown to 
increase cholesterol catabolism, and chlorophenoxyisobutyrate to inhibit 
its synthesis (263). 

Although a number of tissues are able to esterify cholesterol, it is 
probable that the plasma cholesterol esters are derived predominantly 
from the liver and possibly to some extent from the plasma esterifying 
system of Glomset et al. (244). Some of the factors governing the forma
tion, composition, and turnover of plasma lipoprotein cholesterol esters 
will now be reviewed. 

C. Turnover of Cholesterol Esters 
The turnover of cholesterol esters within individual classes of lipo

proteins has been studied in man by Goodman (268) and by Nestel et al. 
(249). The fractional turnover rate in high-density lipoproteins was 
found to be greatest and that in the low-density (d 1.006-1.063) lipo
proteins the least. This is in contrast to the findings in rats where the 
cholesterol esters of the d < 1.019 fraction have the greatest fractional 
turnover rate (242). 

The turnover of individual cholesterol esters has recently been studied 
in considerable detail due to the development of thin-layer chromatog
raphy (269). The cholesterol esters of chylomicrons are removed pre
dominantly in the liver (72, 74, 270), where they are hydrolyzed by an 
enzyme which displays a preference for unsaturated esters (271). 

Free cholesterol becomes esterified with fatty acids derived from 
exogenous and endogenous sources until the esters are redistributed to 
reconstitute the characteristic composition of hepatic cholesterol esters 
which is predominantly oleate. This probably reflects the activity of the 
esterifying enzyme in the liver which shows a strong specificity for oleate 
(272), at least in the rat. 

The probable heterogeneity of the turnover rates of individual hepatic 
cholesterol esters was first demonstrated in the rat by Klein and Martin 
(273), who also observed that the feeding of cholesterol resulted in the 
accumulation within the liver of cholesteryl oleate (274). Goodman and 
Shiratori (250) reported a strikingly greater fractional turnover rate for 
cholesteryl oleate than for other cholesterol esters in both rat liver and 
plasma following the injection of labeled mevalonic acid. Others, however, 
who have either fed or injected labeled cholesterol, concluded that the 
polyunsaturated esters of rat liver and plasma have the fastest turnover 
rates (275, 276). 

Roheim et al. (242) demonstrated the secretion of predominantly 
cholesteryl oleate in rat liver following feeding with cholesterol. They 
commented upon the similar composition and functional relationship of 
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the cholesterol esters of liver and very low-density lipoproteins. These 
data suggest that rat liver has the ability to modify the composition of 
recently ingested cholesterol esters and redistribute them among the 
lipoproteins before secreting them into the circulation. 

These studies were extended by Swell et al. (277), who fed rats cho-
lesterol-4-1 4C with different fatty acids and measured their incorporation 
into the liver and subsequent release into the blood. Accumulation of 
cholesterol esters in the liver followed the ingestion of fatty acids but 
was greatest when they were unsaturated. Cholesteryl oleate was the 
predominant ester in liver when other fatty acids were fed together with 
cholesterol. Although the early cholesterol ester patterns in liver and 
plasma resembled the fatty acid fed, there was a later shift in the liver 
toward cholesteryl oleate. Despite this, the predominant ester in plasma 
was cholesteryl arachidonate. I t was apparent that the redistribution of 
esters within the liver involved a transferase reaction between newly 
absorbed cholesterol esters and a fatty acid donor of endogenous origin. 
This allowed for extensive redistribution of esters within the liver and 
equilibration between dietary and endogenous cholesterol esters, followed 
by selective retention or secretions of specific esters into the blood. 

Similar findings have been reported by Sugano and Portman (278), 
who injected cholesterol-labeled lipoprotein or labeled mevalonic acid 
into rats. Isotopic equilibration between plasma and hepatic cholesterol 
esters was reached after 12 hours; at 6 hours the specific activity of cho
lesteryl arachidonate in the plasma was considerably greater than that of 
cholesteryl oleate. Since the esterification of cholesterol by in vitro systems 
of liver and plasma preparations yielded predominantly oleate and 
arachidonate respectively, their findings of higher in vivo formation of 
plasma cholesteryl arachidonate permitted either of two interpretations. 
Either the plasma esters had been derived predominantly from the liver, 
implying selective release of arachidonate and retention of oleate, or the 
cholesteryl arachidonate had been produced by the plasma esterifying 
system. The findings by Sugano and Portman (278) of a much higher 
cholesterol ester specific activity at 6 hours in the plasma than in the liver 
suggested that the plasma system may have considerable physiological 
significance. On the other hand, Goodman and Shiratori (250) and Swell 
et al. (277), during the course of similar experiments, found that the 
specific activity of the hepatic cholesterol esters exceeded that of the 
plasma esters. The latter findings suggest that plasma cholesterol esters 
are largely derived from the liver. 

This heterogeneity of cholesterol ester turnover demonstrated in the 
rat does not appear in all species. The findings in cebus monkeys is contra
dictory (278, 279). In man, Goodman (268) demonstrated in two normal 
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men that the fractional turnover rates of individual cholesterol esters 
were similar within any class of lipoprotein. These findings were confirmed 
by Nestel and his group (249) in a larger number of subjects, some of 
whom were hypercholesterolemic. The fractional turnover rates of the 
individual cholesterol esters were virtually identical within each major 
class of lipoprotein, irrespective of the plasma cholesterol concentration. 
Hypercholesterolemia and the alteration in fatty acid composition fre
quently found in association with this disorder (280) do not, therefore, 
appear to be due to differential fractional rates of turnover of individual 
cholesterol esters. The effect of diet was studied in additional subjects; 
despite striking changes in the composition of the cholesterol esters, the 
relationships between the fractional turnover rates of individual cho
lesterol esters remained unaltered (249). Similar preliminary findings 
have been reported by Wood et al. (281). Alterations in dietary intake 
produced characteristic changes in the plasma cholesterol ester com
position in man (282). The consumption of carbohydrate produced a rise 
in monounsaturated esters which had also been reported by Fairhurst 
and Waterhouse (283). However, a diet in which 60% of calories were 
derived from the saturated and monounsaturated fatty acids of cocoa 
butter resulted in a predominance of cholesteryl linoleate. These findings 
suggest that selective secretion of cholesterol esters by the liver also occurs 
in man. In man, however, the substitution of one diet for another was 
not associated with changes in the relative fractional turnover rates 
among the cholesterol esters. Later studies in man have demonstrated 
heterogeneity in the turnover of cholesterol esters in liver, cholesteryl 
linoleate having the fastest turnover (283a). 

The mechanisms which may be involved in the turnover of cholesterol 
esters in man are discussed by Goodman (268). There may be continuing 
hydrolysis of esters within the liver [there does not appear to be a plasma 
hydrolytic enzyme in man (284)], followed by reesterification which may 
take place in the liver or in the plasma. Exchange within the liver between 
hepatic and circulating esters is less likely since cholesterol esters do not 
normally exchange. A selective removal of some esters either in the liver 
or elsewhere and their replacement by other esters in the liver may 
account for the differences in the composition of hepatic and plasma 
esters. 

The quantitative importance of the plasma esterifying system has 
yet to be determined. Recent studies with rat plasma (278) suggest a 
quantitatively significant role. Some of the properties of this enzyme have 
been further characterized in human plasma (285). When fresh plasma 
containing the enzyme is incubated with heat-inactivated plasma con
taining labeled free cholesterol, the cholesterol esters eventually formed 
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are qualitatively similar to the preexisting cholesterol esters within the 
fresh plasma. The possibility that the plasma enzyme or some of the co-
factors involved in the esterification reaction are themselves derived from 
the liver is suggested by the observation that the activity of the system 
is greatly diminished in the plasma of eviscerated rats (286). 

In conclusion, then, there is evidence to show that the liver is the 
major source of cholesterol esters (287), but the dissimilarities between 
hepatic and plasma cholesterol esters raise the possibility that plasma 
esters are derived from a source other than the liver. A £rans-esterification 
reaction between the free cholesterol and the beta-fatty acid of lecithin 
in plasma has been demonstrated and could account for a portion of the 
plasma cholesterol esters. Simultaneous esterification in liver and plasma is 
therefore a possibility, and isotope studies, while consistent with hepatic 
esters being the precursors of those in the plasma, do not exclude the pos
sibility of additional formation of esters within the plasma. In fact, recent 
studies in man show that the magnitude of in vivo cholesterol ester turn
over is similar to that demonstrated in in vitro studies of the rate of 
cholesterol esterification in plasma (Nestel, unpublished). 

D. Effect of Polyunsaturated Fatty Acids 
This section will be limited to recent studies in which cholesterol 

turnover has been measured by isotopic techniques following the con
sumption of vegetable oils. Two separate studies in rats have confirmed 
a previous finding (288) that a redistribution of cholesterol between 
plasma and other tissues may account for the fall in cholesterol. Bieben-
dorf and Wilson (289), and Bloomfield (290) observed an increase in tissue 
and, in particular, hepatic cholesterol when polyunsaturated fats were 
substituted for saturated fats. Excretion of endogenous steroids and bile 
acids remained unchanged, and cholesterol absorption may have been 
enhanced. 

These findings are in agreement with balance studies carried out in 
man which have failed to show an increase in the fecal excretion of steroids 
and bile acids with polyunsaturated fats (291, 292). Others, however, 
have demonstrated a rise in bile acid production and excretion (293). The 
possible shortcomings of those studies in which liquid formula diets were 
employed are discussed by Danielsson (258). 

The fact that a redistribution of cholesterol between plasma and cells 
may be induced by polyunsaturated fats was demonstrated by Spritz 
(294) in rats. When very low-density lipoproteins from animals- fed 
either safBower oil or coconut oil were exposed to erythrocytes in vivo or in 
vitro, a greater rate of exchange of cholesterol was observed with safflower 
oil-fed rats. 
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V I I . PROTEINS OF PLASMA LIPOPROTEINS 

A. Structure 

The identification of specific classes of lipoproteins has been attempted 
by characterizing the peptide residues of ultracentrifugally separated 
lipoproteins. The principal N-terminal amino acid residues of the peptide 
chains have been determined. High-density lipoproteins contain prin
cipally N-terminal aspartic acid (295-298) and C-terminal threonine 
(298). The Sf 0-20 lipoproteins contain peptide residues in which N-ter
minal glutamic acid predominates (295, 296, 298). There is greater hetero
geneity among very low-density lipoprotein peptide residues, but serine 
and threonine predominate (296). These are also the main N-terminal 
amino acids found in chylomicron protein (296, 299). A functional rela
tionship between high-density lipoproteins and chylomicrons has been 
suggested by the finding of N-terminal aspartic acid in the peptides of 
both lipoproteins (299). Such a relationship has also been demonstrated 
by the similar specific activities of the proteins in the high-density 
lipoproteins of chyle and in the high-density-like protein of chylomicrons 
following the feeding of fat and of a labeled amino acid to dogs (28). 
When these chylomicrons, labeled in the protein moiety, are infused into 
other dogs, the label equilibrates rapidly with the protein of plasma high-
density lipoproteins. 

The heterogeneity of plasma lipoprotein protein was recently demon
strated by Gustafson et al. (16), who characterized the physicochemical 
properties of the phospholipid-protein residues of partially delipidated 
lipoproteins. They demonstrated that a single apolipoprotein was associ
ated with each of the lipoproteins of d 1.063-1.210 (apolipoprotein A) and 
1.006-1.063 (apolipoprotein B). In the residues of d < 1.006 lipoproteins 
they found three separate apolipoproteins (A, B, and C). The possibility 
that these very low-density lipoproteins (d < 1.006 or Sf 20-400) consist 
of a mixture of lipoproteins with different protein moieties was also 
suggested by the finding of several major N-terminal amino acid con
taining peptides when this group of lipoproteins was split by lipoprotein 
lipase in vitro (15). 

Another index which distinguishes the lipoproteins is the immuno
chemical specificity of their protein moiety. In general, high-density 
lipoproteins are immunochemically distinct from the low-density lipo
proteins, although it is not certain whether there are immunologically 
separate subgroups within these two major lipoprotein classes (3). There 
has been considerable disagreement about the homogeneity of the high-
density lipoproteins, but this may have been partly resolved by the 
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studies of Levy and Fredrickson (21), who employed techniques which 
included ultracentrifugation, immunochemistry, electrophoresis, and 
amino acid analysis. Their findings suggest that, when plasma is stored 
or separated in the ultracentrifuge, several species of high-density lipo
proteins can be demonstrated. This is probably an artifact since native 
plasma appears to contain only a single fraction with a density of 1.063-
1.21. Following storage or partial delipidation, two lipoproteins (d 1.063-
1.1 and d 1.1-1.21) were regularly found and could be separated immuno
chemically and by electrophoresis. These findings lend further support 
for the existence of an apoprotein, a phospholipid-protein complex, which 
may be a lipoprotein percursor. Such a complex has also been described 
by Eder and co-workers (300) and Gustafson et al. (16). 

Levy and Fredrickson (21) reviewed previous studies in the light 
of their own findings and suggested that previous reports on immuno
chemical heterogeneity among high-density lipoproteins may have had a 
similar artifactual basis (297, 301). 

The protein structure of several subfractions of high-density lipo
proteins was studied by Shore (298, 302). The molecular weight of the 
d 1.093 proteins is approximately twice that of the 1.149 proteins, and the 
entire 1.125-1.20 group of delipidated lipoproteins appears to be divisible 
into identical subunits with molecular weights of around 36,000. Others 
have also reported that high-density lipoproteins consist of protein sub-
fractions of varying molecular weights (303) and that delipidated subfrac
tions can be reconstituted into an entire lipoprotein (304). 

The relative stability of the phospholipid to protein ratio in the pres
ence of substantial changes in lipids induced by estrogens or androgens is 
consistent with the thesis that the phospholipid-protein complexes repre
sent the basic building blocks of plasma lipoproteins (305). 

B. Metabolism 

Labeled protein does not exchange to the extent that phospholipid 
and free cholesterol exchange, and the metabolism of lipoprotein protein 
can therefore be studied by isotopic means. Plasma lipoprotein protein 
is produced in the liver (306), although the intestine also synthesizes 
chylomicron protein during fat absorption (28, 29). 

Haft et al. (307) added L-lysine-1 4C to perfused rat livers: the highest 
specific radioactivity was found in d < 1.019 lipoproteins. Provided each 
lipoprotein derived its amino acids from a common pool the turnover 
rate of protein in the d < 1.019 fraction could be shown to be greater 
than that in the d 1.019-1.063 and d 1.063-1.21 fractions. This was 
consistent with previous studies by Radding et al. (308) who found that 
in the rat the protein of the d < 1.063 fraction had a greater turnover 
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rate than that of either the d 1.063-1.21 or d > 1.21 fractions. In rabbits, 
the administration of labeled alanine in vivo resulted in similar specific 
activities in the proteins of d < 1.006 and d 1.006-1.063 lipoproteins (309). 

Labeled delipidated alpha-lipoprotein (a-P 1 3 1I) has been used to study 
the metabolism of alpha- or high-density lipoprotein in vivo. When a -P 1 3 lI 
is injected into dogs it is metabolized at a rate similar to that of native 
high-density lipoproteins, and the injected radioactivity reappears almost 
entirely in this fraction (310). This has also been demonstrated in man by 
Gitlin et al. (14) and more recently by Scanu and Hughes (311) and 
Furman and co-workers (312). In man the half-life of disappearance of 
labeled protein in high-density lipoproteins is of the order of 3 to 4 days 
(311-313). 

In hyperchylomicronemic subjects an abnormally large proportion of 
injected a-P 1 3 1I is found in the d < 1.006 lipoprotein fraction following 
a fatty meal; this lends further support to the functional relationship 
between chylomicrons and high-density lipoprotein (312). The half-time 
of removal of radioactivity was shorter in subjects with idiopathic 
hyperglyceridemia than in normal subjects, possibly due to the smaller 
pool of high-density lipoproteins which is known to occur in hyperlipemic 
states. 

The half-time of removal of the protein moiety of labeled low-density 
lipoproteins is also of the order of 2 to 4 days in man (314). In this 
study, no significant differences could be demonstrated in the half-
times between healthy men and women and subjects with hyperlipemia 
and hypercholesterolemia. 

An increase in the secretion of lipoprotein is not necessarily associated 
with a rise in protein synthesis. Prefeeding rats with cholesterol leads to a 
great increase in the secretion of lipoprotein cholesterol (242), but not of 
protein (307, 315, 316). The pathogenesis of some forms of fatty liver is 
probably related to abnormal lipoprotein-protein synthesis. This includes 
poisoning with ethionine, carbon tetrachloride, and puromycin (317-319). 

V I I I . ENERGY EXPENDITURE DERIVED FROM FAT 

The significance of lipid oxidation in the overall expenditure of energy 
has been known for a long time. As long ago as 1866, the demonstration 
of a respiratory quotient (R.Q.) value of about 0.7 in a fasting man 
indicated that fat was the major source of fuel during fasting (320). 
Later studies by Benedict (321) confirmed that 80% of the energy utilized 
during starvation was derived from fat. The calculations of Stadie (322) 
demonstrated the importance of fat oxidation in extrahepatic tissues, 
and Roberts et al. (323) clearly established the ability of extrahepatic 
tissues to sustain metabolism in fat-adapted eviscerated animals. This 
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section will review the recent literature dealing with energy expenditure 
(a) in the basal state, (b) during exercise, and (c) by the myocardium. 

A. Energy in the Basal State 
The demonstration of the presence of FFA in plasma (167) rapidly 

led to the recognition of FFA as an ideal form of fat transport and one 
which could rapidly provide the basal oxidative requirements of most 
tissues, with the exception of the central nervous system (3). The quanti
tative aspects of substrate utilization by liver and extrahepatic tissues is 
described by Fritz (135). 

The very rapid fractional turnover rate of plasma FFA in man 
(approximately 20 times each hour) results in a turnover of sufficient 
lipid to provide for his basal requirements (138). This calculation is based 
on the assumption that all the FFA which turns over in plasma is subse
quently oxidized, and is further complicated by factors such as recycling 
of triglyceride fatty acids from the liver to tissues and the recycling of 
FFA from tissues to plasma. When the magnitude of FFA oxidation was 
measured in terms of conversion to 1 4C-carbon dioxide, it was shown that 
from a quarter to half of the total body energy may have been derived 
from FFA (138). 

Some of the difficulties arising from the unknown factors of recycled 
radioactivity have been largely avoided by the continuous infusion of 
labeled FFA. These studies confirmed earlier findings that, provided FFA 
are completely oxidized, the total flux of FFA through the plasma could 
theoretically account for total oxygen consumption (187, 324). In a 
similar study, in which the production of 1 4C-carbon dioxide was also 
measured, Havel et al. (172) showed that resting, fasting men derived 23% 
of their energy from FFA oxidation. The ingestion of a fat-free meal 
reduced this figure to 17%. 

Measurements of arteriovenous differences have also shown that, if all 
the FFA extracted by the human heart are oxidized, they would account 
for most of its oxidative metabolism (168, 325). Similarly, the extraction 
of 25% of arterial FFA by the forearm of fasting man was able to account 
for the observed oxygen uptake (326). Although the metabolic hetero
geneity of FFA in the arterial, deep venous, and superficial venous blood 
plasma of the forearm complicated their interpretations, later studies in 
which these difficulties had been circumvented produced similar findings 
(327). 

These studies in man are in agreement that the extraction of FFA by 
tissues and the turnover of FFA in plasma are sufficiently great to pro
vide the total oxidation energy requirements at rest, but the measure-
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merit of 1 4C-carbon dioxide production during the infusion of 1 4C-labeled 
fatty acids shows that only about one-quarter of the total energy at rest 
is actually derived from FFA. However, since the R.Q. in all studies in 
which this was measured has been of the order of 0.76, indicating pre
dominant fat oxidation, it is apparent that a substantial amount of fuel 
is derived from lipids other than FFA. This source may be the fatty 
acid esters of circulating lipoproteins or, more probably, the endogenous 
stores of lipid which are known to exist in many tissues such as muscle. 
The utilization of endogenous lipid stores has been directly demonstrated 
in skeletal and heart muscle (328, 329). The contribution from glucose 
is only of the order of 15% in man (326) and in the dog (330). A close 
relationship between the utilization of FFA and oxygen has also been 
shown in animals. During the continuous infusion of 1 4C-palmitic acid 
into dogs, one-quarter of the total expired 1 4C-carbon dioxide was found 
to have been derived from fatty acids (140). Arteriovenous differences 
across the liver in dogs have shown that 35% of total hepatic carbon 
dioxide production was derived from FFA (145). 

Although it has been incontrovertibly demonstrated that plasma FFA 
provide at least one-quarter of the total fuel in fasting man, it is not 
certain whether the rate of oxygen consumption can be directly influenced 
by the amount of FFA presented to the tissues. 

Increasing the concentration of FFA in the perfusing medium of the 
isolated rat liver (331) or in the medium of incubated rat muscle (332), 
leads to a proportional rise in the oxygen consumed or carbon dioxide 
produced. This may be relevant to the intact organism since the amount 
of FFA extracted from the plasma and available for oxidation is directly 
related to the arterial concentration (140-142). 

Procedures leading to a rise in arterial FFA concentration are therefore 
likely to stimulate the utilization of oxygen. The infusion of human 
growth hormone into the forearm leads to an increase in FFA mobiliza
tion from fat stores and in the uptake of FFA by muscle until 89 % of the 
oxygen consumed is the result of FFA oxidation (205). Noradrenaline, 
which also increases fatty acid mobilization, has been shown to have a 
calorigenic effect in many animals and, more recently, in man (186, 187). 
In these studies the magnitude in the increase in oxygen consumption 
was found to be directly related to the rise in FFA turnover. 

Steinberg et al. (187) observed a mean rise in oxygen consumption of 
2 1 % during the infusion of noradrenaline in a dosage of 0.13 to 0.31 Mg 
per kilogram per minute. This was associated with a mean increase of 
74 % in the plasma FFA turnover which was measured by continuously 
infusing 1 4C-palmitate. The prior administration of a beta-adrenergic 
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blocker, pronethalol, abolished the changes in both FFA turnover and 
oxygen consumption. Similar findings were reported by Havel et al. (186) 
who used nicotinic acid as a noradrenaline antagonist. There were how
ever, two observations that cast doubt upon the concept of a simple 
relationship between FFA turnover and oxygen consumption. 

First, nicotinic acid reduced the FFA turnover even before noradrena
line was infused, and, significantly, this was not accompanied by a fall in 
oxygen consumption. Oxidative metabolism does not therefore appear 
to be influenced by availability of FFA in resting man, although when 
FFA is freely available it provides at least one-quarter of the total 
energy production. A second finding by Havel et al. (186) was that the 
administration of nicotinic acid was associated with a small rise in the 
R.Q., which suggested that when FFA is being utilized the oxidation of 
glucose is spared. This was not observed with pronethalol (187), and the 
persistence of a low R.Q. even when FFA mobilization was being sup
pressed was further proof that lipids other than FFA remained a major 
source of fuel. Such a reservoir of lipid substrate which acts as a buffer 
during periods of FFA lability would be of obvious importance in main
taining a constant source of fuel (324). 

A disparity between FFA turnover and oxygen consumption has 
also been demonstrated by Eaton and associates (324). They found that, 
although nicotinic acid almost completely suppressed a noradrenaline-
induced rise in FFA turnover in both euthyroid and hyperthyroid sub
jects, it failed to abolish the calorigenic response in the hyperthyroid 
subjects. This study shows that the hypermetabolic state of hyper
thyroidism is not the result of the high concentration of plasma FFA 
generally found in this disorder (199, 204). I t also shows quite clearly 
that, although there is a relationship between FFA mobilization and 
calorigenesis, the rate of FFA mobilization can be varied widely without 
affecting oxygen consumption. 

In the fasting, resting man, about 25% of the oxygen requirement 
is therefore met by burning FFA, a further 15% is derived from glucose 
and the remainder largely from endogenous stores of esterified fatty acid. 
The contribution from esterified fatty acids has recently been reviewed 
by Dole (333). 

B. Fat Metabolism during Exercise 

The proportion of total energy derived from FFA, although already 
substantial in the fasting, resting subject, is considerably raised during 
exercise. This has been demonstrated by a number of workers who are in 
general agreement that there is increased utilization of plasma FFA 
throughout exercise. The magnitude of FFA turnover and the direction 
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of FFA flux between tissues and plasma have been determined by infusing 
labeled fatty acids before, during, and after the period of exercise. 

During short periods of strenuous exercise, the arterial FFA concen
tration falls (172, 334-336). If the exercise is prolonged, the levels of 
FFA begin to rise (172, 190, 337, 338). Following the cessation of exercise 
there is an immediate and abrupt rise in FFA concentration (172, 190, 
337, 338). 

The initial fall in plasma FFA is accompanied by an increase in the 
rate of efflux from plasma (172, 335, 337) and probably reflects an 
increase in muscle blood flow. The subsequent rise in plasma FFA during 
more prolonged exercise has been shown to be associated with a rising 
FFA turnover (172, 338); this indicates an increase in FFA mobilization 
from adipose tissue and an increased influx into plasma. This increase in 
FFA turnover can be abolished with nicotinic acid (190). Utilization by 
muscle continues to rise until exercise is stopped. The sudden rise in 
plasma FFA at the end of exercise reflects continuing influx at a time 
when utilization by muscle falls abruptly. The factors that initiate the 
rise in FFA mobilization have not been determined but probably include 
nervous and humoral mechanisms. Increased levels of plasma FFA during 
prolonged exercise have also been described in adrenalectomized and 
hypophysectomized subjects and suggest that secretion of adrenaline 
and growth hormone cannot account for the rise in FFA mobilization 
(339). Increased sympathetic nervous activity provoking a rise in tissue 
noradrenaline concentration and thus leading to increased lipolysis is 
the likeliest alternative explanation. This FFA mobilization is certainly 
suppressed by nicotinic acid (190). 

The quantitative aspects of FFA oxidation have been reported by 
Havel et al. (172). The FFA oxidation accounted for 41 to 49% of energy 
metabolism in the fasting subjects but for only 7 to 10% in subjects 
given a fat-free meal prior to exercising. Since the R.Q. during exercise 
remained at around 0.75, it was evident that lipid other than FFA was 
also being oxidized. 

The magnitude of FFA mobilization in man in response to exercise 
has also been studied by Rodahl and associates (340), who made two 
significant observations. First, the magnitude and the type of FFA 
response is related to the intensity and duration of exercise. Second, the 
rise in blood lactate occurring especially during heavy work inhibits 
FFA mobilization. This effect of lactate had been previously demon
strated in dogs (341). 

A rise in the plasma glycerol concentration was also reported (172, 
336, 342). This is consistent with increasing lipolysis in adipose tissue 
and in muscles or possibly with decreased hepatic utilization due to a fall 
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in splanchnic blood flow during exercise. The suppression of glycerol 
mobilization during exercise by nicotinic acid suggests that the rise in 
glycerol is mainly secondary to lipolysis in adipose tissue (190). 

The possibility that exercising muscles may utilize some fatty acids 
(such as oleate) in preference to others (such as palmitate) has been 
reported by Wood et al. (343). This was not observed by Havel et al. (186). 

C. Lipid Utilization by Myocardium 

A short review of myocardial metabolism appears justified for several 
reasons. The myocardium is unique in that its fuel requirements remain 
high throughout the day and night. Since the heart is dependent on the 
fuel which is most readily available during periods of fasting, it is not 
surprising that it has adapted itself to the preferential utilization of fat. 
The comprehensive lipid literature that has accumulated over the past 
few years is a tribute to this adaptation. 

The contribution by different substrates to the total energy require
ments of the myocardium has been studied in man by catheterization 
of the coronary sinus (344). Sufficient FFA are taken up by the human 
heart to supply its oxygen requirements, provided the FFA are com
pletely oxidized (168, 325, 345). The low R.Q. (0.70) of the fasting myo
cardium underlines its dependence on lipid oxidation (346). 

There is adequate documentation on the utilization by the heart of 
both FFA and esterified fatty acids. This was initially demonstrated in 
man by Gordon (345) and Ballard et al. (325). I t has been shown that in 
the dog the heart extracts about 40 % of arterial FFA, which is directly 
proportional to the arterial concentration (347). The increase in FFA 
extracted and oxidized by heart muscle following drugs such as nor
adrenaline is directly attributable to the rise in arterial FFA concentra
tion (348, 349). 

The preferential utilization of lipid has been demonstrated by several 
workers. Opie et al. (350) studied the metabolism of labeled glucose and 
labeled palmitic acid in isolated hearts obtained from fasted and fed 
rats. Fasting was associated with a substantial reduction in glucose uptake 
and oxidation. In contrast, the uptake of palmitate and its oxidation 
and incorporation into tissue lipids were unaltered by fasting. When 
both substrates were perfused together, the oxidation of glucose was 
reduced by the preferential utilization of fatty acid. This has been con
firmed under a variety of conditions including hypothermia (351) and 
myocardial ischemia (352). 

The myocardium can utilize both exogenous and endogenous esteri
fied fatty acid. Gousios et al. (144) demonstrated the uptake and oxidation 
of biologically labeled triglyceride fatty acids by perfused rabbit hearts, 
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and this was greater in hearts from fasted than from fed rabbits. The 
reports of higher lipoprotein lipase activity in hearts from fasted dia
betic animals may be relevant in this context (108, 109, 353). The fact 
that the isolated rat heart can maintain normal respiration for a con
siderable time by burning stored fat has been demonstrated in hearts in 
which the triglyceride and phospholipid fatty acids had been biologically 
labeled (329). 

The oxidation by the heart of some fatty acids in preference to others 
has been reported by several workers. Rothlin and Bing (148) observed 
a preferential extraction of oleic acid by human and dog hearts. This 
was associated with a higher rate of release of oleic acid from the fat 
depots of the dog and suggested a major role for this fatty acid in energy 
metabolism. However, they did recognize the possibility that the various 
arteriovenous differences for the fatty acids studied might have been due 
to factors other than unequal rates of extraction. Exchange between 
plasma and tissue lipids and the release into the bloodstream of fatty 
acids derived from tissue triglycerides are both likely. Nevertheless, 
results consistent with the preferential utilization of oleic acid have been 
reported by Carlsten and co-workers (354) and by Willekrands (355), 
who also showed that the utilization of unsaturated fatty acids exceeded 
that of saturated fatty acids. On the other hand, Stein and Stein (356) 
were unable to demonstrate preferential fatty acid oxidation in rat hearts 
which were being perfused by fluid containing no lipid other than FFA. 
This raises the possibility that the previous findings were related in some 
way to the presence of esterified fatty acid. 

IX. CARBOHYDRATE—LIPID INTERRELATIONSHIPS 

A. Carbohydrate-Induced Hyperlipemia 
This section reviews a subject that has attracted a great deal of 

attention in the past 5 years. Abnormalities of insulin and carbohydrate 
metabolism have been recognized with increasing frequency in disorders 
such as obesity, diabetes mellitus, coronary heart disease, and some forms 
of hyperlipemia, and two or more of these disorders commonly have been 
found in the same individual. Although the precise mechanisms under
lying these associations are not yet understood, it seems likely that the 
conditions are characterized by an imbalance in the production and 
utilization of carbohydrates and lipids and that this may be a reflection 
of insensitivity to insulin and insulin overproduction. 

A rise in plasma glycerides follows the consumption of diets rich in 
carbohydrate. In normal men this response is transient and was initially 
demonstrated by Antonis and Bersohn (357). When normal subjects are 
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fed a diet containing 7 gm per kilogram of body weight as carbohydrate, 
the plasma glyceride concentration rises rapidly, reaches a peak by the 
seventh day, and then subsides (358). In normal men, the equicaloric 
substitution of a diet rich in fat leads to a rapid reduction in the triglycer
ide concentration (359, 360). Radioactive studies have shown that this 
rise in glycerides represents a combination of increased synthesis and 
diminished utilization (360). The predominant fatty acids formed are 
palmitate, palmitoleate, and oleate (360), the long-chain fatty acids which 
are derived from endogenous lipogenesis in human adipose tissue (361). 

Two major forms of persistent diet-inducible hyperlipemia have been 
described by Ahrens et al. (362). The less common variety may be induced 
by the consumption of any type of fat and becomes manifest at an early 
age. The familial nature of this disorder and the virtual absence of plasma 
postheparin lipolytic activity were demonstrated by Havel and Gordon 
(119) and confirmed by Fredrickson et al. (120). The more common 
variety of persistent hyperlipemia is induced by low-fat, high-carbo
hydrate diets and generally reversed by high-fat diets. This disorder is 
seen at a later age, may not necessarily be familial, and plasma lipoprotein 
lipase levels are normal (120). The cholesterol concentration is also fre
quently raised in carbohydrate-induced hyperlipemia. 

A further classification of these hyperlipemias has been proposed by 
Fredrickson and Lees (363) on the basis of the clinical history, the pres
ence or absence of plasma lipoprotein lipase, the presence or absence of 
carbohydrate intolerance, the pattern of the lipid abnormality, and the 
response to specific diets. Separation of lipids was carried out by paper 
electrophoresis as described by Lees and Hatch (18). They report five 
separate entities and postulate a familial basis for each. Three of their 
subgroups correspond to the well-recognized forms of fat-induced hyper
lipemia, carbohydrate-induced hyperlipemia, and familial hypercho
lesterolemia. A fourth variety, observed in three kindreds, is both fat- and 
carbohydrate-inducible, and the fifth, found in four kindreds, is a carbo-
hydrate-inducible form, in which the lipid abnormality is limited to a 
rise in triglyceride concentration. It is apparent that further investigation 
is required to assess the frequency of this condition in the population, the 
genetic manifestations, the full spectrum of hyperlipemic states, and the 
relationship to diabetes mellitus and atherosclerosis in particular. 

The mechanisms involved in the hypertriglyceridemia induced by 
carbohydrate may include increased synthesis, decreased utilization, 
abnormal transport, or a combination of these. An increased incorporation 
of labeled glycerol into plasma triglycerides has been demonstrated by 
Reaven et al. (364) in ten patients with atherosclerotic vascular disease 
who were given diets containing 80% carbohydrate and in two subjects 
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with carbohydrate-induced hyperlipemia (365). These investigators 
concluded that the increased rate of hepatic synthesis exceeded the capac
ity of peripheral tissues to utilize triglyceride. 

In studies of a similar nature, Nestel (234) demonstrated in a group 
of subjects with coronary artery disease that increasing levels of plasma 
triglyceride were associated with almost proportional increments in turn
over rate. Since triglyceride turnover probably reflects, in part, lipogenesis 
from carbohydrate, the turnover studies were repeated after diets rich in 
carbohydrate were administered. A highly significant direct relationship 
was observed between the concentration and the turnover rate of tri
glycerides of very low-density lipoproteins both before and after the high-
carbohydrate diet. This demonstrates that the consumption of carbo
hydrate is a major determinant of triglyceride turnover (234). 

Since the turnover rate and the pool of hepatic triglyceride greatly 
exceed those in the plasma, minor changes in hepatic triglyceride turn
over will be reflected by major changes in plasma triglyceride concentra
tion (233, 235). Diminished utilization has not been excluded, although 
it is unlikely to be the primary event. The capacity of tissues to remove 
triglyceride appears to be limited in man (81) and may contribute to the 
development of hypertriglyceridemia. 

Relatively high levels of palmitate and monounsaturated fatty acids 
are formed in triglycerides of subjects with carbohydrate-induced hyper
lipemia (19, 47), and resemble the changes observed whenever excessive 
carbohydrate is eaten. Since the fatty acids of the triglycerides and cho
lesterol esters in this disorder are dissimilar to the fatty acids found in 
adipose tissue, it is probable that the newly synthesized triglyceride 
fatty acids are derived from the liver and not from adipose tissue (47). 

The fat particles which accumulate in carbohydrate-induced hyper
lipemia and which are responsible for the occasional lactescence of the 
serum have been shown to have different properties from those found 
normally in serum (19). These particles are large, have a flotation rate of 
Sf > 400, are unusually rich in cholesterol for particles of this size, pro
duce a characteristic flocculation with polyvinylpyrrolidone, and migrate 
as cx2 -0-globulins on starch-block electrophoresis. The possibility exists 
that such particles may not be metabolized normally, although such evi
dence is lacking at present. 

Abnormalities of carbohydrate metabolism have been observed con
sistently in subjects with carbohydrate but not with fat-induced hyper
lipemia. Knittle and Ahrens (366) have demonstrated that subjects with 
carbohydrate-induced hyperlipemia responded to an intravenous injection 
of tolbutamide with a delayed and prolonged fall in blood glucose. Levels 
of plasma insulin-like activity rose slowly and resembled the response 



286 P. J. NESTEL 

observed in maturity-onset diabetes (367). Abnormal responses in terms 
of blood glucose, plasma FFA, and insulin to tolbutamide or glucose have 
been reported by other workers. Davidson and Albrink (368, 369) re
ported a high incidence of abnormal responses to 100 gm of glucose meals 
or intravenous insulin in hypertriglyceridemic subjects. Abnormal glu
cose tolerance curves and delayed falls in plasma FFA following oral 
glucose meals have been noted by Kane et al. (370); the falls in glucose 
and FFA were also diminished following intravenous tolbutamide, al
though, surprisingly, plasma insulin-like activity was normal after oral 
glucose. Bierman et al. (19) reported a high incidence of diabetic glucose 
tolerance tests in carbohydrate-induced hyperlipemia, a rinding which 
Knittle and Ahrens (366) were unable to demonstrate in a similar group 
of patients. Similar results in comparable groups of patients have been 
observed by others (,371, 372). 

These findings indicate that subjects with carbohydrate-induced 
hypertriglyceridemia resemble diabetics in some respects. Diabetics also 
respond to tolbutamide with prolonged increments in serum insulin-like 
activity (367). Hales and Randle (174) and Karam and co-workers (373) 
also observed an excessive rise in insulin-like activity in diabetics fol
lowing a glucose meal, although the latter attributed this to the fact that 
their patients were overweight. Moreover, carbohydrate-induced hyper
lipemia can be readily produced in diabetics (374), and the high incidence 
of hyperlipemia in diabetics has been attributed to their intake of carbo
hydrate since hypertriglyceridemia is said to have been uncommon when 
diabetics were treated with low-carbohydrate, high-fat diets (375). I t 
seems reasonable therefore to regard the abnormalities of carbohydrate 
metabolism described in hypertriglyceridemic subjects as manifestations 
of abnormal insulin utilization. The abnormal responses to tolbutamide 
and glucose may therefore reflect an excessive pancreatic response, 
insensitivity of extrahepatic tissues to the action of insulin, or the secre
tion of an ineffectual form of insulin. Each of these responses has been 
described in diabetes—a relative insensitivity of tissues to insulin, pro
voking an increase in the secretion of both insulin and insulin antagonists 
(376). 

Although abnormal insulin utilization may explain the diminished 
tolerance to carbohydrate displayed by subjects with carbohydrate-
induced hypertriglyceridemia, it is still not clear whether this is relevant 
to the development of hypertriglyceridemia. Insulin has been shown to 
affect lipid metabolism in a number of ways. I t governs the rate of re
esterification of fatty acids in adipose tissue (377) and might therefore 
be expected to influence triglyceride uptake. Insulin stimulates hepatic 
lipogenesis (378), increases the uptake of FFA by the liver (379), and 
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possibly facilitates the rate of FFA esterification in liver (380). I t is there
fore likely that the high levels of insulin are relevant to the development 
of hypertriglyceridemia. The elevations in insulin levels correlate with the 
rises in triglyceride after high carbohydrate diets (380a). 

The secretion of insulin which follows the consumption of carbo
hydrate (367) may therefore be a factor governing the esterification of 
newly synthesized fatty acids in the liver and the subsequent rate of 
lipoprotein secretion. Such a response may become exaggerated when 
carbohydrate is eaten in excess. I t may be relevant that the consumption 
of complex carbohydrates, such as starch, leads to a lesser insulin response 
(381) and to a reduction in plasma lipids (382, 383), whereas simple 
sugars produce a greater secretion of insulin and a rise in plasma lipids. 
Whether simple sugars produce a greater rise in plasma triglyceride than 
complex carbohydrates has not been resolved. Studies which have 
reported a greater rise in triglyceride formation with sucrose than with 
starch (382, 383) can be criticized on the grounds of poor dietary control, 
unsatisfactory measurement of triglyceride, and inadequate cooking of 
the starch. 

Similar abnormalities of carbohydrate metabolism have been de
scribed in subjects with coronary heart disease. Abnormal glucose tol
erance has been reported in up to 50% of such patients (280, 384-386). 
Herman and Gorlin (387) reported a significant correlation between the 
abnormality of glucose tolerance, as measured by the intravenous glu
cose test, and the degree of coronary atherosclerosis, as visualized by 
cineangiography. Vallence-Owen and Ashton (388) observed a high inci
dence of increased antagonism to insulin in survivors from cardiac 
infarction. Subjects with coronary artery disease and hypertriglycerid
emia frequently respond in a diabetic fashion to intravenous tolbutamide 
(388a). 

B. Glucose-Fatty Acid Cycle 
Another aspect of the carbohydrate-lipid relationship which has 

received considerable attention lately is the influence of FFA on glucose 
metabolism. The term "glucose-fatty acid cycle" has been coined (389). 
In the uncontrolled diabetic, the plasma FFA are generally raised and 
may be elevated even when the blood glucose is normal (173, 174). Since 
the entry of glucose into cells is impaired in diabetes, it was thought 
that a reduction in FFA esterification was entirely responsible for the 
increased efflux of FFA (133). However Randle et al. (389) have suggested 
that the increased concentrations of plasma FFA preceded and were 
responsible for the development of hyperglycemia. The situation in the 
mild diabetic may be analogous to that of starvation in which a rise in 
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plasma FFA certainly precedes carbohydrate intolerance (174, 390). 
Randle et al. (389) cite experimental evidence to show that high concentra
tions of FFA interfere with several phases of glucose metabolism such as 
glucose phosphorylation, glycolysis, glycogen metabolism, and pyruvate 
oxidation. This could be demonstrated in tissues from starved or diabetic 
animals and from animals treated with corticosteroids or growth hormone. 
They postulate that FFA may, in fact, be insulin antagonists. 

Their conclusion, that in diabetes there may be excessive lipolysis of 
triglyceride in adipose tissue, has been supported by the finding of 
increased lipolytic activity in the plasma of diabetic patients (390a). 
Carlson and Ostman (179) have reported an increased rate of FFA release 
from adipose tissue of diabetic subjects. I t must be stressed, however, that 
these are preliminary studies and require extensive confirmation, but 
there is little doubt that FFA suppress the uptake and oxidation of glucose 
by tissues such as the heart; this is discussed fully in Section VIII,C. 
In addition, it has been demonstrated that, when plasma FFA are ele
vated with noradrenaline, the rate of removal of intravenously injected 
glucose is significantly reduced (391). There are also a number of dis
orders (such as hyperthyroidism, acromegaly, and pheochromocytoma) in 
which raised plasma FFA levels are associated with impaired glucose 
tolerance. 

C. Obesity 

This section is confined to an aspect of obesity about which there 
appears to be agreement. Measurements of plasma FFA before and after 
procedures which normally alter the FFA concentration indicate that 
obese subjects respond abnormally. This has been thought to reflect 
abnormal insulin and growth hormone metabolism. 

In the grossly obese subject, the plasma FFA concentration following 
an overnight fast is higher than in normal subjects, but fails to rise as 
much as in nonobese subjects during prolonged starvation (392-394). In 
moderate obesity however, the postabsorptive FFA concentration has 
been reported to be less than normal, and an inverse relationship between 
body fatness and plasma FFA has been demonstrated (395). Stressful 
situations lead to small increments in plasma FFA in overweight subjects 
(395). 

Several lines of evidence suggest that these responses are produced by 
abnormalities in insulin and growth hormone metabolism. The metab
olism of FFA, glucose, and potassium in the forearm of these subjects 
resembles that seen in insulin-treated normal controls (149). Beck et al. 
(394) demonstrated differences between obese and nonobese subjects in 
insulin secretion after glucose, and Bolinger et al. (396) reported the 
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presence of insulin-like activity in the urine of obese subjects. An abnor
mal rise in plasma insulin-like activity following a glucose meal in obese 
diabetics has been ascribed to the obesity (373), and Shapiro and co-work
ers (397) have failed to observe the expected rise in R.Q. when insulin was 
injected into obese subjects. The latter finding may reflect abnormal 
substrate utilization (the resting R.Q. in the obese subjects was also 
abnormally low) or diminished sensitivity to insulin. 

Plasma growth hormone levels, on the other hand, are abnormally 
low in gross obesity (394) and do not show the usual rise during fasting 
(398). Low levels of growth hormone may be partly responsible for the 
diminished response of plasma FFA to prolonged fasting and stress, and 
Grasso et ah (399) were unable to produce a rise in plasma FFA when 
human growth hormone was injected into these subjects. 

X. ALCOHOL-INDUCED HYPERLIPEMIA 

An association between alcoholism, fatty liver, and hyperlipemia has 
been recognized for a long time (400, 401). I t has been shown more 
recently that the administration of alcohol to man or to an animal 
regularly leads to an increase in plasma lipids and triglyceride in particu
lar. This has greatly stimulated research in this field and has indirectly 
led to an increase in knowledge of lipoprotein transport. 

A rise in the plasma triglyceride concentration may result from an 
increased fatty acid synthesis, an increased FFA mobilization from adi
pose tissue, an increased rate of fatty acid esterification in the liver, an 
increase in the transfer of triglyceride from liver to plasma, or a dimin
ished utilization of fatty acid or triglyceride. Each and every one of these 
mechanisms has been implicated in the pathogenesis of alcohol-induced 
hyperlipemia, although it is agreed that not all are of equal importance 
(402). 

In man the plasma triglyceride concentration is rapidly raised by the 
consumption of alcohol (403-405). The rise in triglycerides is predom
inantly within very low-density lipoproteins (405), and lactescence of the 
plasma has been described (401, 404). 

Analysis of the fatty acid composition of the newly synthesized 
triglyceride has revealed increments in oleate and linoleate, which indi
cates that the percursor fatty acids had been derived predominantly 
from adipose tissue. This has been demonstrated in the rat (406-408) 
and in man (404). I t is consistent with an increased rate of mobilization 
of FFA or an increased rate of esterification of FFA which had been 
deposited in the liver. Moreover, experimental procedures that prevent 
FFA mobilization will also prevent alcohol-induced fatty livers (402). 

An increase in the rate of mobilization of FFA from adipose tissue in 
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response to alcohol has not been incontrovertibly demonstrated. In man, 
Schapiro et al. (404) found a consistent elevation of plasma FFA during 
prolonged ingestion of large quantities of alcohol. This has not been 
observed during shorter periods of administration, when falls in plasma 
FFA have, in fact, occurred (403, 405). Moreover, alcohol appears to 
reduce the rise in plasma FFA induced by smoking cigarettes (409). In 
rats, both increments (410-412) and unchanged FFA levels have been 
reported (413). Measurements of FFA turnover have not shown any 
change with alcohol (407). In man, the turnover rate of FFA following 
alcohol ingestion has been measured by injecting intravenously 1 4C-la-
beled palmitic acid and found to be a little less than during fasting, but 
considerably greater than when isocaloric amounts of glucose are ingested 
(405). Bouchier and Dawson (414) also observed a fall in FFA levels 
following intravenously administered alcohol, but reported an exagger
ated rebound when the infusion was stopped. These discrepancies may be 
related to the dose and duration of administered alcohol (404). 

Nevertheless, striking increments in plasma triglyceride occur even 
in the absence of increased FFA mobilization, and previously cited 
evidence indicates that FFA originating in the adipose tissue provide the 
major source of precursor fatty acid for triglyceride synthesis. This 
suggests that an increase in fatty acid esterification within the liver is a 
major factor in the pathogenesis of alcohol-induced hyperlipemia. Maling 
et al. (415) have shown that alcohol may specifically stimulate the forma
tion of triglyceride at the expense of phospholipid. Recent studies in man 
(405), the rat (407), and the rabbit (416) have measured the incorporation 
of labeled fatty acid into triglycerides of liver and plasma during both 
short and prolonged periods of alcohol ingestion. In each study a sig
nificantly greater fraction of administered labeled fatty acid was incorpor
ated into hepatic and plasma triglyceride when alcohol was fed. In man, 
Nestel and Hirsch (405) have shown that the fractional rate of transfer 
of triglyceride from liver to plasma was similar during fasting and with 
alcohol; since the absolute amount of triglyceride secreted into the plasma 
was much greater with alcohol, it is apparent that triglyceride turnover 
was stimulated by alcohol. 

Increased hepatic esterification of FFA derived in normal or increased 
amounts from adipose tissue is, therefore, the likeliest explanation for 
alcohol induced hyperlipemia. Other mechanisms are probably also oper
ative but appear to be of lesser importance. 

Diminished utilization of triglyceride by extrahepatic tissues has been 
suggested by the finding of decreased postheparin lipolytic activity in 
plasmas from alcohol-fed subjects (417). This may have merely reflected 
the depression of lipoprotein lipase which follows withdrawal of dietary 
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fat (120). Alcohol has also been shown to stimulate de novo synthesis 
of fatty acids (418, 419) and cholesterol (420). However, the fatty acids 
thus produced are dissimilar to those found predominating in the intact 
alcohol-fed animal (408). Moreover, other substances that also stimulate 
hepatic lipogenesis do not produce overproduction of triglyceride (419). 
Similarly, although alcohol in vitro suppresses fatty acid oxidation (418), 
equivalent inhibition with other agents does not result in accumulation 
of triglyceride. 

At very high levels of blood alcohol the triglyceride concentration of 
plasma may become abnormally low (404). This is consistent with the 
observation that triglyceride secretion by perfused rat livers may be 
inhibited by high concentrations of alcohol (421) and may be analogous 
to other agents, such as ethionine, (317) which suppress lipoprotein 
synthesis. 

Recent studies by Lieber et al. (422) have also revealed that different 
factors may operate when alcohol is given for long rather than for short 
periods. They found that a single dose of alcohol led to the accumulation 
in the liver of fat which had been derived from adipose fatty acids. On 
the other hand, when alcohol was consumed for many days the fatty 
acids found in the liver resembled those derived from endogenous syn
thesis; when specific fats were fed together with the alcohol, much of the 
fat in the liver was clearly of dietary origin. 
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