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Cholesterol Metabolism in Man
SCOTT M. GRUNDY, MD, PhD, San Diego

Recent investigations on cholesterol metabolism in man have led to new
insights into diseases associated with abnormal accumulations of cholesterol
in plasma (hypercholesterolemia), arterial tissues (atherosclerosis) and biliary
tract (gallstones). Regulation of cholesterol synthesis under the influence of
dietary and plasma cholesterol, may play a crucial role in determining biliary
and tissue concentrations of this sterol. Plasma concentrations, on the other
hand, appear to be controlled by complex mechanisms for secretion, trans-
formation and removal of plasma lipoproteins. The recent identification of
specific cellular receptors for uptake of plasma lipoproteins represents a sig-
nificant advance for the understanding of regulation of both plasma and tissue
concentrations, and possibly of the basic mechanisms underlying accumula-
tion of cholesterol in atherosclerotic plaques.

ALTHOUGH CHOLESTEROL is a precursor for life-
sustaining steroid hormones and a vital substance
for cellular integrity, its insolubility in aqueous
solutions creates numerous problems for its trans-
port and excretion. Because of its low solubility,
special mechanisms are required for transport of
cholesterol from one site to another in the body.
These include lipoproteins for plasma transport,
binding proteins for intracellular transfers, and
micellar solutions for biliary excretion and in-
testinal absorption. Despite the efficiency ot these
systems, precipitation of cholesterol cannot al-
ways be prevented. Therefore, deposition com-
monly occurs in the arterial wall as an initiating
factor for atherosclerosis, and precipitation in bile
leads to cholesterol gallstones. In this review basic
pathways of cholesterol metabolism in man will
be discussed, and in light of recent and important
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observations in this field speculation on patho-
genesis of disorders of cholesterol metabolism-
atherosclerosis and gallstones-will be presented.

Cholesterol Absorption
Cholesterol enters the intestinal tract from two

major sources-the diet and bile. A third possible
source is secretion by intestinal mucosa. Intake of
cholesterol in the American diet, which is derived
entirely from animal foods (meat, eggs, milk,
cheese and the like) averages 500 to 750 mg per
day, but an even greater source of intestinal cho-
lesterol is the bile. In people of normal weight
biliary outputs of cholesterol range from 750 to
1,250 mg per day.' 2 Amounts secreted by intes-
tinal mucosa are much smaller, but have not been
measured accurately. Although cholesterol in bile
is unesterified, a small fraction from the diet may
be in the form of esters in which cholesterol is
linked with a fatty acid; however, any cholesterol
ester entering the intestine is hydrolyzed rapidly
by pancreatic cholesterol esterase.3
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Figure 1.-Mechanisms of cholesterol absorption.

Mechanisms for cholesterol absorption are

shown schematically in Figure 1. Before absorp-
tion, cholesterol must be solubilized by mixed
micelles containing conjugated bile acids and
hydrolytic products of triglycerides and lecithin-
fatty acids, monoglycerides and lysolecithin.4"
Free (unesterified) cholesterol is dissolved in the
hydrophobic center of the micelle. Bile acids are

crucial detergents of the micelle; they are, in fact,
obligatory for cholesterol absorption and when
they are diverted from the intestine, as in total
biliary obstruction, no cholesterol is absorbed.
Even when bile acids are present, however, cho-
lesterol absorption is incomplete; most reports
indicate that only 30 to 60 percent of intestinal
cholesterol enters body pools.7-9 Since cholesterol
must be in a soluble state before it can be ab-
sorbed, the primary factor limiting absorption,
in most cases, is the amount of cholesterol that
can be solubilized by micelles. Complete absorp-
tion of cholesterol is not possible because-in
contrast to glucose and amino acids, for example
-cholesterol in intestinal contents is never com-

pletely dissolved. Amounts of intestinal choles-
terol that can be absorbed depend on intraluminal
availability of bile acids and hydrolytic products
of dietary fats, all of which can expand mixed
micelles and promote absorption.'0"' Maximum

absorption of cholesterol occurs in the upper
intestine where micelles are swollen by fatty acids
and monoglycerides; absorption is less in the lower
intestine, possibly due to disruption of micelles by
fat absorption.'2

In addition to solubilizing cholesterol, micelles
promote its absorption by facilitating transport
across the unstirred layer of water adjacent to
the surface of the luminal cell."4 This transport
occurs by simple diffusion. Movement through the
unstirred layer, and not penetration of the micro-
villus membrane, appears to be rate-limiting for
cholesterol absorption. The micelle as a whole
does not penetrate the cell membrane, and pas-
sage of cholesterol through structure lipid of the
membrane occurs by monomolecular passive dif-
fusion. Whether micelles specifically facilitate
cholesterol uptake into the mucosal cell has not
been determined, but the requirement of bile acids
for cholesterol absorption suggests such a role.

Another group of dietary constituents affecting
cholesterol absorption are the plant sterols. These
sterols, of which /3-sitosterol is the most common,
differ from cholesterol only slightly in chemical
structure. They interfere with cholesterol absorp-
tion,'5 but for unexplained reasons are themselves
absorbed in only trace amounts.'6 The plant
sterols may decrease cholesterol absorption by
more than one mechanism. Therefore, they may,
to take three possibilities, displace cholesterol
from mixed micelles, compete for its uptake by
the mucosal cell membrane and(or) inhibit its
esterification in the mucosa, thereby preventing
its incorporation into chylomicrons. Normally, the
diet contains relatively small amounts of plant
sterols (200 to 300 mg per day), and in these
amounts they probably retard absorption of cho-
lesterol only minimally. When administered in
relatively large amounts (5 to 15 grams per day),
however, these sterols inhibit cholesterol absorp-
tion amounts completely,'7 and by this mech-
anism, reduce concentrations of plasma choles-
terol.

In addition to lumenal uptake, mucosal cells
have the capacity to synthesize cholesterol and
in certain experimental animals, such as the rat
and baboon, the intestine appears to contribute a
significant fraction of the total body production
of cholesterol.'8'20 Also, studies have shown that
the human intestine can synthesize cholesterol,2' 23
but the level of this synthesis or fraction of total
body synthesis is unknown. Amounts of choles-
terol produced by the intestine may be regulated
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Figure 2.-Metabolism of chylomicrons.

by bile acids, for in the presence of bile acids
mucosal synthesis is inhibited24 and with bile
diversion production is enhanced.21 Presumably,
newly-synthesized cholesterol mixes with choles-
terol derived from intestinal lumen, and both are

absorbed together by the same mechanism.
Before incorporation into chylomicrons most of

the cholesterol in the mucosa becomes esterified.
The chylomicron particle possesses a lipid-rich
core consisting mainly of triglycerides, but also
small amounts of cholesterol ester; in addition,
it has a surface coat containing protein (includ-
ing specific apoproteins), phospholipids and free
cholesterol. Metabolism of chylomicrons is out-
lined in Figure 2. They are secreted into chyle and
enter the blood stream through the thoracic duct.
As they pass into capillary beds these fat particles
come into contact with an enzyme, lipoprotein
lipase, located on the surface of endothelial cells.
This enzyme hydrolyzes triglycerides, with release
of free fatty acids and glycerol. And after most
of the triglycerides are removed from chylomi-
crons the remaining particles-called chylomicron
remnants-are released into the plasma compart-
ment. These remnants, which probably contain all
absorbed cholesterol, are taken up by the liver.25-2
Newly absorbed cholesterol, therefore, is trans-
ported almost exclusively to the liver.

Hepatic Metabolism
Cholesterol in the liver can be derived from

three sources: (1) from newly-absorbed choles-
terol (delivered by chylomicrons), (2) from
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Figure 3.-Hepatic metabolism of cholesterol.

peripheral tissues (delivered by plasma lipropro-
teins) and (3) from cholesterol synthesized
within the liver cell (Figure 3). Cholesterol that
is taken up by the liver, from chylomicrons and
other liproproteins, appears to be largely in the
form of cholesterol esters25-28 which can be either
stored as esters or hydrolyzed to free cholesterol.
The liver is probably a major source of newly-

synthesized cholesterol. While estimates have
never been made of daily hepatic production of
cholesterol in man, studies in primates suggest
that at least half of whole body synthesis occurs
in the liver.23 In persons of normal weight, total
body synthesis is in the range of 9 to 13 mg per

kg of body weight per day, or for a normal 70-kg
man, about 650 to 900 mg per day.29 If data
from nonhuman primates can be extrapolated to
man, the human liver would make approximately
325 to 450 mg per day. The precusor for sterol
synthesis is acetyl coenzyme A (CoA) and at
least 21 steps are in the synthetic pathway for
cholesterol.' Initial steps in cholesterol syn-

thesis include the sequential formation of ace-

toacetyl CoA, /3-hydroxyl-/3-methyl glutarate
(HMG CoA), and mevalonic acid. The conversion
of HMG CoA to mevalonic acid appears to be
the rate determining reaction of cholesterol for-
mation. Through a series of condensation reac-

tions, mevalonic acid is transformed into the
long-chain hydrocarbon, squalene, which in an-

other sequence of several reactions is cyclized and
transformed into cholesterol.

In some way not understood completely cho-
lesterol exerts a feedback inhibition on its own

synthesis in the liver.12-'5 The site of feedback
inhibition is primarily at the conversion of HMG
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CoA to mevalonic acid which is mediated by the
enzyme HMG CoA reductase. The activity of this
enzyme seems to depend largely on amounts of
cholesterol absorbed by the intestine and trans-
ported to the liver. The mechanisms by which this
inhibition is mediated have not been determined
fully. Both allosteric inhibition of the enzyme
and reduction of enzyme synthesis are probably
involved. Also, the nature of the active feedback
agent is in dispute; while it has been generally
thought that cholesterol itself is the major in-
hibitory factor, oxygenated products of choles-
terol (for example, 25-hydroxy-cholesterol and
7-keto-cholesterol) have also been found to ac-
tively inhibit HMG CoA reductase.'6-40 Whether
these latter products are important physiologically
remains to be determined.

Although there is a general agreement that
cholesterol derived from chylomicron remnants
inhibits hepatic synthesis, the feedback potential
for cholesterol from other sources is yet to be
determined. It is widely assumed, but difficult to
prove, that newly-synthesized cholesterol is
locally active in feedback regulation; likewise,
the activity of cholesterol delivered by plasma
lipoproteins other than chylomicrons is uncertain.
For example, in familial hypercholesterolemia
total-body synthesis of cholesterol is not
suppressed contrary to what might be ex-
pected.8'15'29'4' This discrepancy again implies that
chylomicron cholesterol is more potent than cho-
lesterol from other lipoproteins in feedback
regulation. Furthermore, even within different
lipoprotein species cholesterol that is delivered
to the liver may vary in potency for feedback
inhibition as suggested by Nervi and Dietschy.42

Rates of hepatic cholesterogenesis may depend
on several factors besides feedback regulation by
cholesterol itself. One of these factors may be
bile acids. The role of bile acids in regulation
of hepatic cholesterol synthesis, however, is con-
troversial and probably complex. The bile acids
may influence cholesterol synthesis in at least
three ways. First, since bile acids affect choles-
terol absorption, an increase of bile acids in the
intestine should promote absorption, which in
turn will suppress cholesterol synthesis;35'43'44 a
deficiency of bile acids, on the other hand, has
the opposite effect, causing increased synthesis.
Second, bile acids suppress their own synthesis
from cholesterol,22,45 and should thereby increase
hepatic concentrations of cholesterol; this mech-
anism should reduce synthesis through feedback

inhibition by cholesterol itself. Third, bile acids
may directly interfere with some step in the
biosynthesis of cholesterol,46'47 although this
mechanism is doubted by some investigators.
Therefore, actions of bile acids on regulation of
cholesterol synthesis are complicated and have
not been resolved completely, but they cannot be
explained by a single mechanism.

Finally, synthesis of cholesterol in the liver
may depend to some extent on food intake. Pro-
duction rates during feeding considerably exceed
those of fasting which may reflect, in part, availa-
bility of dietary substrate.48-50 Furthermore,
chronically high intakes of calories are associated
with overproduction of cholesterol,2'5154 while
restriction of calories reduces synthesis.2 Whether
the saturation of dietary fat, independent of total
calories, influences cholesterol synthesis is un-
resolved; in some studies exchange of polyun-
saturated fats for saturated fats has been reported
to enhance production rates,41'5557 but in others,
no differences in cholesterol synthesis has been
found by exchange of the two fats.58'59
As shown in Figure 3, hepatic cholesterol can

have three fates: it can be converted partly to bile
acids, it can be secreted into bile as cholesterol
itself and it can be secreted into plasma with
lipoproteins. Transformation of cholesterol to bile
acids occurs only in the liver. Normally about a
third of the daily production of cholesterol-that
is, about 200 to 300 mg per day-is converted
into bile acids. The first step in this conversion-
the formation of 7a-hydroxycholesterol-is the
rate limiting step for production of both primary
bile acids: cholic acid and chenodeoxycholic
acid.60-62

After conjugation with taurine or glycerol, the
primary bile acids are secreted into bile and pass
through the biliary tract into the duodenum. They
are reabsorbed almost completely in the small
intestine. While it is generally held that reabsorp-
tion occurs mainly in the ileum,63 recent studies
by Hardison, von Bergmann and Grundy64 have
shown that a significant fraction of intestinal bile
acids can be absorbed in the upper small bowel.
Upon reabsorption, bile acids return via the
portal vein to the liver where they are rapidly
extracted and resecreted into bile, to complete the
enterohepatic circulation (EHC). Because of the
high efficiency of reabsorption (about 98 per-
cent),29 a pool of bile acids which is usually 2
to 3 grams in normal subjects is built in the EHC.
At each turn of the EHC a small fraction of
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ine, where, A reduction in the pool size of bile acids has
Lnisms, hy- been found in many patients with cholesterol
are altered, stones; the mechanisms for this abnormality have
Although not been defined with certainty, but a defective

leoxycholic regulation of bile acid synthesis appears to be
lithocholic the most likely cause.29 When patients have an

ssible, and abnormal regulation of synthesis, a decline in pool
ndary bile size and enterohepatic cycling of bile acids result-
[eoxycholic ing from usual daily losses in feces does not
t it consti- release adequately the feedback inhibition on bile
rd) of bile acid synthesis, which are required to reexpand the
contrast, is pool to normal levels. A new steady state is there-
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most litho- reduced; and although patients with this disorder
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vly-synthe- sive secretion of cholesterol into bile,2 29 72 which

om the in- is usually linked to overproduction of cholesterol
lily hepatic within the whole body. Increased cholesterol
)L to1h200 synthesis is most commonly caused by the high
0hletoe120 caloric intake associated with obesity. Therefore,
cholesterol the long-recognized association between obesityholesterol,' and gallstones can be explained by enhanced
Jnabsorbed whole-body synthesis of cholesterol.2 Yet, biliary

dansformed cholesterol can be increased without obesity,72
ds-copro- and more studies are needed to determine fre-
:reted with quency and importance of this mechanism for
absorption production of supersaturated bile in nonobese

subjects with gallstones.
ias clinical Finally, supersaturated bile may arise from
gallstones, abnormal dissociation of hepatic secretion of cho-
mounts of lesterol from outputs of its solubilizing lipids
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(bile acids and phospholipids). According
to current theory hepatic cholesterol destined for
bile is dissolved first by phospholipids as occurs
in many biological membranes, and thereafter,
these cholesterol-phospholipid complexes, are
solubilized by bile acids to form mixed micelles.
This mechanism, whereby cholesterol is intimately
associated with phospholipids, can explain the
finding in several animal species (dogs, rats and
monkeys) that cholesterol and phospholipids fall
in parallel with declining outputs of bile acids.
However, a similar tight coupling of cholesterol
and phospholipids does not always occur in man
as 'it does in animals; and when bile acid outputs
decline during the fasting state, due to storage
of bile acids in the gallbladder, bile saturation
with cholesterol can increase to a pronounced
degree. This suggests that additional. cholesterol
which is unassociated with phospholipids can be
secreted as well. Cholesterol secretion in man,
therefore, appears to occur in a two-step process:
first, a portion of biliary cholesterol is presolubil-
ized by phospholipids before dissolution by bile
acids, and second, additional cholesterol may be
taken up by mixed micelles. In fact secretion of
supersaturated bile during fasting almost certainly
requires the presence of greater quantities of cho-
lesterol than can be dissolved initially by phos-
pholipids.

Secretion of biliary cholesterol in man, there-
fore, appears to be more complex than for many
animals. This complexity is probably the result
of the necessity to dispose of relatively more cho-
lesterol. In comparison with certain animals, such

fLDL as the dog and rat, man does not have the same
FC ability for transforming cholesterol into bile acids;
TG 00 while these animals convert about two thirds of
CE J,'' each day's production of cholesterol into bile

PL acids, man converts only about a third. Man,
therefore, is forced to excrete most of his cho-

,!> lesterol as cholesterol itself rather than as bile
FC acids, and this relative "defect" in transformation
D;, of cholesterol into bile acids leads to an over-

-:Jp loading of the efficient phospholipid-dependent
secretion of cholesterol. While most people can

IDL cope with the usual loads of newly synthesized
,sterol and absorbed cholesterol, their secretory processes

are of marginal effectiveness and any slight devia-
tion, either because of increased cholesterol syn-

sity thesis or reduction of bile acid pools, leads to
supersaturation and frequently to cholesterol

IL gallstones.

Plasma Transport
A portion of cholesterol produced by the liver

is transported to peripheral tissues for utilization.
Since cholesterol is completely insoluble in aque-
ous solution, it cannot circulate freely in plasma
and must be brought into solution by more com-
plex mechanisms-specifically by liproproteins.
Plasma lipoproteins are complex particles con-
taining well-defined apoproteins, which are pro-
teins that can bind lipids and facilitate their trans-
port from the liver cell to plasma and within the
plasma compartment. Basic pathways of lipo-
protein metabolism are shown in Figure 5.

The major lipoprotein secreted into plasma is
a relatively large particle (300 to 450 A) with a
high lipid content that imparts rapid floatation
in the ultracentrifuge; hence, the designation
"very low density lipoproteins" (VLDL). These
particles, which enter plasma in a "nascent"
form,75'6 possess a membranous coat consisting
of specific apoproteins, phospholipids and free
cholesterol, as well as a nonpolar core containing
mostly triglycerides and possibly small amounts
of cholesterol ester. When VLDL enters plasma,
transformations in its structure begin to occur.
The particle first acquires cholesterol ester in its
core lipid by two possible mechanisms: 7778 (1)
high density lipoproteins (HDL), which are dis-
cussed below, may transfer cholesterol ester di-
rectly to VLDL and (2) free cholesterol on the
VLDL surface coat can be esterified by the enzyme,
lecithin-cholesterol acyltransferase (LCAT).

Degradation of VLDL begins through lipolysis
of triglycerides which occurs at the surface of
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endothelial cells of capillaries; this reaction is
catalyzed by the enzyme: lipoprotein lipase. As
hydrolysis proceeds free fatty acids (FFA) and
glycerol are released, size of VLDL is reduced and
density of particles increases so as to yield a
product designated intermediate density lipopro-
tein (IDL). Analogous to the remnant of chylo-
micron degradation, IDL probably can be taken up
in toto by the liver of many animal species;79 in
normal man, however, IDL is degraded further to
low density lipoprotein (LDL) .80,81 Precise mech-
anisms for conversion of IDL to LDL are not well
understood, but most involve several steps: one is
removal of certain apoproteins of the IDL coat;
another is elimination of most remaining trigly-
cerides; and finally, a portion of cholesterol ester
appears to be removed. The site of removal of
excess lipid and protein components has not been
determined with certainty, but the liver may play
a role.
The LDL particle size is in the range of 175 to

225 A; this lipoprotein contains mostly choles-
terol ester in its core lipid with a single protein,
apoprotein B, in its membranous coat. The fate
of LDL has become a subject of great interest.
Until recently, it was assumed that removal and
degradation of LDL occurred in the liver;82'83 this
pathway has been brought into question, however,
by Sniderman and associates.84 These workers
showed that in pigs LDL degrades normally even
after hepatectomy; they suggested, therefore, that
other tissues besides the liver may remove LDL,
and this suggestion has been amply confirmed as
will be discussed in the subsequent section.

Despite peripheral uptake and degradation of
LDL, the liver may still dispose of a portion of
the cholesterol on circulating lipoproteins. Thus,
as VLDL and IDL are degraded some cholesterol
ester is released and may go to the liver; also,
recent studies by Sniderman85 in humans have
shown that the cholesterol ester content of LDL
is decreased with passage across the splanch-
nic bed, which suggests that LDL cholesterol ester
can be removed partly by the liver. If confirmed,
this mechanism could be an important means for
transport of cholesterol from lipoproteins or tis-
sues to the liver.

Tissue Metabolism
Through recognition of extrahepatic degrada-

tion of LDL Sniderman and co-workers84 focused
attention on other sites of LDL uptake, and almost
simultaneously Goldstein and Brown8"; observed
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Figure 6.-Cholesterol metabolism in peripheral tissues.

degradation of LDL by cultured human fibroblasts.
These initial studies were followed by intense
investigation of metabolism of LDL and choles-
terol in cultured cells. Important studies in this
area have been carried out by Goldstein and
Brown,86'89 Steinberg, Weinstein, Carew and as-
sociates,90'9' Stein, Stein and co-workers,91-93
Avigan,94 Fogelman, Edwards, Popjak and co-
workers,95-99 Ross'00 and Bierman and asso-
ciates.10' The following is a brief summary of the
results of these investigations.

Basic steps in uptake and degradation of LDL
by peripheral cells are shown in Figure 6. First,
it should be emphasized that cholesterol is a
major component of all mammalian plasma mem-
branes, and one of the functions of plasma lipo-
proteins may be to provide membrane cholesterol
for growth and survival of cells. The steps shown
in Figure 6 thus represent essential mechanisms
for intracellular cholesterol homeostasis; they
have been shown to apply to cells from a variety
of tissues including fibroblasts, smooth muscle
cells, endothelial cells, polymorphonuclear leuko-
cytes and lymphocytes.

Uptake of LDL by cells appears to be mediated
by LDL-binding receptors on the surface of cells.
The extent of binding is a function of the number
of receptors, which -is regulated in turn by cells'
need for cholesterol. If a cell contains an abun-
dance of cholesterol, due to excess LDL in the
medium, the production of receptors is reduced,
thereby decreasing cellular uptake of cholesterol;
in reverse, depletion of cellular cholesterol in-
creases the number of receptors, and uptake is
facilitated. The physiochemical nature of the
binding between LDL and its receptors has not
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been determined; however, there appear to be at
least two kinds of receptors: high-affinity and low-
affinity receptors. But when LDL binds to high-
affinity receptors, it enters the cell by absorptive
endocytosis and is incorporated into endocytotic
vesicles (endosomes) that fuse with lysosomes.
Within the lysosome, the lipoprotein is disman-
tled: apoprotein B of the LDL coat is degraded
to amino acids, and cholesterol esters, containing
mostly polyunsaturated fatty acids (linoleic acid),
are hydrolyzed by lysosomal acid lipase. The re-
sulting unesterified cholesterol is discharged into
the cell cytoplasm, where it can be incorporated
into cell membranes, reesterified for storage within
the cell, or excreted out of the cell. The esterifica-
tion reaction, occurring through action of acyl
CoA: cholesterol acyltransferase (ACAT), usually
attaches a saturated fatty acid (palmititic acid) or
monounsaturated fatty acid (oleic acid) to the
cholesterol molecule; esterification is apparently
stimulated by excess cholesterol to prevent ab-
normal accumulation of free (unesterified) cho-
lesterol in membranes. Another mechanism for
keeping intracellular cholesterol at an optimum
level is by inhibition of cholesterol synthesis; in-
hibition of HMG CoA reductase, the key enzyme
regulating cholesterol synthesis, appears to be
mediated by an increase in intracellular unesteri-
fied cholesterol.

Besides specific receptor uptake of LDL, many
cells appear to possess other mechanisms for de-
grading this lipoprotein. Brown and Goldstein89
have proposed that LDL can also be incorporated
into cells by bulk phase phagocytosis. By this
mechanism, the fate of LDL cholesterol appears
to be entirely different from that derived by spe-
cific receptor uptake. After phagocytosis, cho-
lesterol esters are hydrolyzed, but free cholesterol
acquired in this way seemingly does not inhibit
HMG CoA reductase or stimulate esterification;
instead it is returned into the surrounding medium
without affecting the overall economy of cho-
lesterol in the cell.

Discovery of pathways described above were
made simultaneously with investigations on the
metabolic defect in familial hypercholesterolemia.
In this disease, plasma levels of LDL are notably
elevated-an abnormality that appears to be due
in large part to defective uptake of LDL by tissues.
Three related, but different mechanisms have been
implicated as causes of severe hypercholester-
olemia; these defects have been revealed by
studies in patients with related forms of homozy-

gous familial hypercholesterolemia. These studies
have been carried out in cultured skin fibroblasts,
smooth muscle cells, and lymphocytes from
affected patients. In some patients LDL receptors
are totally absent; in others they are present but
defective; and in the third group, receptors appear
normal but cells are unable to internalize LDL.
In all three types, LDL uptake is blocked and
severe hypercholesterolemia develops. When LDL
concentrations become extremely high in these
patients an alternate pathway, which has been
designated the scavenger path, apparently comes
into play. This removal pathway, which maintains
constant albeit very high levels of LDL, is probably
distinct from the specific pathways and probably
belongs to the reticuloendothelial (RE) system.
A less severe form of hypercholesterolemia oc-
curs in patients who are heterozygous for familial
hypercholesterolemia; these patients possess spe-
cific receptors, but in reduced numbers; and while
plasma LDL is elevated, their LDL concentrations
are only about half those with the homozygous
form.

Another defect in cellular cholesterol metabo-
lism in familial hypercholesterolemia has been
identified by Fogelman and associates.96'97 These
workers studied activation of cholesterol synthesis
from acetate in leukocytes incubated in media
containing lipid-free serum, and in comparison of
leukocytes of normal subjects and patients with
heterozygous familial hypercholesterolemia they
found that the latter responded with greater acti-
vation of cholesterol synthesis than did normals.
The leukocytes from hypercholesterolemic sub-
jects were also found to release more newly
synthesized cholesterol into the media than nor-
mal, which led these workers to suggest that cells
from hypercholesterolemic patients may release
cholesterol from cells too rapidly; whether this
defect is related to a deficiency of LDL receptors
on cells has not been determined.

Reverse Cholesterol Transport
As cellular membranes become saturated with

cholesterol through uptake of LDL and internal
biosynthesis there is need for removal of unused
sterol into extracellular fluid for return to the
liver. Mechanisms for the "reverse cholesterol
transport" have not been determined with cer-
tainty, but several possible carriers have been
suggested. Glomsetl02 has proposed that HDL may
be the agent of transport-a hypothesis that is
supported by studies in cell culture by Stein and
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associates92'93 If this mechanism pertains, un-
esterified membrane cholesterol incorporated into
HDL may be either transferred to VLDL through
the action of LCAT or returned directly to the
liver. Other possible carriers of cholesterol include
LDL81 or another plasma protein not previously
recognized to transport lipids.103 Since 1 to 1.5
grams of LDL-cholesterol are probably taken up
by peripheral cells each day, this amount of cho-
lesterol plus that synthesized in extrahepatic tis-
sues must find its way back to the liver in some
manner.

Hypercholesterolemia and Atherosclerosis
Deposition of cholesterol and its esters in the

arterial wall is a major factor in development of
atherosclerosis. A portion of cholesterol in ather-
osclerotic plaques may be derived by local syn-
thesis, but evidence of several kinds indicates that
plasma cholesterol is a significant, and probably
a major, source. There is, in fact, abundant evi-
dence for a positive correlation between levels of
plasma cholesterol and rates of atherogenesis, as
shown in a variety of ways for both man and
experimental animals. For example, feeding of
cholesterol to many species of animals causes
hypercholesterolemia and atherosclerosis, and the
extent of atherosclerosis usually parallels the rise
in plasma cholesterol.'04 Studies in different hu-
man populations also have shown that those with
high concentrations of plasma cholesterol have
more atherosclerotic disease than those with low
cholesterol;'05 and within a given population, as
in the United States, atherosclerotic disease oc-
curs more commonly in people with the higher
levels of plasma cholesterol.'06-'08 Furthermore, in
familial hyperlipidemias, especially when concen-
trations of LDL-cholesterol are elevated to a pro-
nounced degree, the incidence of atherosclerotic
complications is extremely high.109-"'1 Therefore,
the relationship between elevated plasma choles-
terol and atherosclerosis seems well established.

Because of this relationship, the definition of
hypercholesterolemia becomes an important issue.
Abnormal concentrations could be defined as
those in the upper 5 to 10 percent of a given
population. While this method is used commonly,
it does not take in account the relationship be-
tween cholesterol levels and atherosclerosis. An-
other approach is to relate plasma cholesterol
concentrations to risk for atherosclerosis which
should have a more practical or clinical signi-
ficance. Therefore, a definition of hypercholes-

terolemia in terms of ideal levels rather than
i"normal" concentrations would seem more logical
and realistic.

According to a normal distribution curve for
plasma cholesterol in adult Americans, concen-
trations greater than 275 mg per 100 ml are us-
ually above the 90th percentile."12 The Framing-
ham study,'07"'12 nevertheless, showed that even
below this level cholesterol concentrations are cor-
related with the prevalence of clinical events re-
lated to atherosclerosis. In this particular study,
for example, men with plasma cholesterol less
than 190 mg per 100 ml were at only half the risk
for coronary heart disease as those with levels of
190 to 250 mg per 100 ml. It is therefore rea-
sonable to conclude that those with concentra-
tions in the latter range are not entirely normal,
and any definition or classification of hypercho-
lesterolemia should reflect the graded correlation
between cholesterol levels and atherosclerosis.
One way to modify the term hypercholesterolemia
might be according to degrees of severity, that is,
mild, moderate, and severe; this categorization
will be used in this discussion and should provide
perspective for both diagnosis and treatment of
hypercholesterolemia in clinical practice.

With these criteria, mild hypercholesterolemia
could be defined roughly as cholesterol concen-
trations of 225 to 275 mg per 100 ml. Causes of
mild hypercholesterolemia have not been exam-
ined sufficiently, but both environmental and
genetic factors probably play important roles.
The former include diet (especially diets rich in
saturated fats and cholesterol), obesity and pos-
sibly lack of exercise. Genetic factors almost cer-
tainly can be implicated as well and while the role
of heredity has been studied intensively in more
severe forms of hypercholesterolemia,l"3-15 less
attention has been paid to genetic factors in milder
elevations of cholesterol. More studies are needed
therefore to dissect the relative importance of
hereditary and environment in this latter category.

The importance of mild hypercholesterolemia
is emphasized by several epidemiologic studies
which show that in most patients with athero-
sclerotic disease there are only mildly elevated
cholesterol concentrations.'07"'2 Therefore, when
consideration is given to the relation between
hypercholesterolemia and atherosclerosis, the
large number of people with mild hypercholes-
terolemia should not be overlooked. Actually,
however, in mild hypercholesterolemia excess
cholesterol may reside in any of several lipopro-
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CE = cholesterol ester LDL = low density
HDL = high density lipoproteins

lipoproteins

Figure 7.-Mechanisms of cholesterol deposition in
atherosclerosis.

tein fractions and the risk for atherosclerosis may
be determined, in part at least, by which lipo-
protein fraction carries the excess cholesterol.
Since LDL is the most "atherogenic" of all lipo-
proteins, an increase of LDL-cholesterol probably
confers the greatest risk. In patients with asso-
ciated hypertriglyceridemia, the increment in
cholesterol may be largely in VLDL and the role
of VLDL in atherogenesis is controversial."16-"19
When VLDL alone is increased with low concen-
trations of total cholesterol (that is, less than 200
mg per ml), atherosclerosis may not be acceler-
ated."3'11,8 In other words, if cholesterol levels are
in the ideal range, hypertriglyceridemia per se
may not confer increased risk. Finally, in some
patients an increase in cholesterol may be con-
tained in HDL. Several recent studies have sug-
gested that people with increased HDL-cholesterol,
instead of being at increased risk, may be pro-
tected from atherosclerosis,"18"120 possibly through
the action of HDL to mobilize cholesterol from the
arterial wall.92'93,"02

Concentrations of plasma cholesterol greater
than 275 mg per 100 ml are abnormal by almost
any criteria. With moderate hypercholesterolemia
(plasma cholesterol of approximately 275 to 350
mg per 100 ml) dietary factors may still con-
tribute significantly to the elevation, for many
such patients are "dietary responsive" and re-
moval of saturated fats and cholesterol from the
diet will produce appreciable reduction in their
plasma cholesterol. Hereditary factors, however,

are also important in most patients with moderate
hypercholesterolemia; at least two "monogenic"
disorders, familial combined hyperlipidemia"14"115
and familial hypercholesterolemia,"13-115 as well
as a polygenic form of hypercholesterolemia,114"115
can increase plasma levels to this range.
By present criteria, sustained cholesterol levels

greater than 350 mg per ml may be called severe
hypercholesterolemia. When serum cholesterol is
notably increased, regardless of what lipoprotein
fraction it is found in, atherogenesis is greatly
accelerated. The causes of severe hypercholes-
terolemia are largely genetic, and dietary factors
are usually of lesser importance. The most com-
mon cause is familial hypercholesterolemia, but
less commonly this degree of elevated cholesterol
can occur in familial combined hypercholester-
olemia or polygenic hypercholesterolemia."14""15

Mechanisms by which plasma LDL-cholesterol
may accumulate in atherosclerotic plaques is
shown in Figure 7. These mechanisms, which are
based on current concepts of LDL metabolism, are
largely speculative and further investigation will
be required to determine the relative importance
of each pathway as well as to uncover new ones.
In the diagram, sites of cholesterol accumulations
are depicted as cholesterol esters, but at each site
there is also an excess of free cholesterol.

Lipoproteins, especially LDL, presumably enter
the subintimal space by diffusion through the
intima or from the vasovasorum. Subintimal cells,
such as smooth muscle cells or tissue macro-
phages, may then internalize LDL through several
mechanisms. As with other cells in peripheral
tissues, LDL can be incorporated into lysosomes
of arterial cells following interaction with specific
receptors on the cell surface (receptor-specific
endocytosis)-this kind of LDL uptake has been
shown for both smooth muscle cells and macro-
phages studied in vitro. Also, nonspecific uptake
might occur by either absorptive endocytosis or
bulkphase phagocytosis. When excess cholesterol
ester accumulates in these cells, by increased up-
take of LDL or decreased removal of the ester,
they are transformed in ways not well-understood
into "foam" cells which have become engorged
with numerous lipid droplets. In early athero-
sclerotic lesions, called fatty streaks, most cho-
lesterol is intracellular and esterified, and its esters
contain high proportions of oleic acid. Since cho-
lesterol esters made within cells usually contain
mostly monounsaturated fatty acids, this pattern
of esterification in fatty streaks suggests that most
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of the excess cholesterol esters in foam cells is
derived from free cholesterol which had been
released by hydrolysis of LDL-cholesterol esters
in lysosomes. In other words, the foam cell esters
are prebably formed by the same pathway de-
scribed above for normal cells. An alternate
mechanism of foam-cell formation could be en-
gorgement and rupture of lysosomes before ester
hydrolysis, but if this occurred fatty acids of
cholesterol esters should be largely polyunsatu-
rated (for example, linoleic acid) as are present
in plasma lipoproteins.
As atherosclerotic lesions develop and mature,

large amounts of cholesterol begin to accumulate
outside of cells. These depositions contain a
higher proportion of unesterified cholesterol than
those intracellularly, and they also have a greater
portion of polyunsaturated cholesterol esters. The
latter observation suggests that deposition of esters
from plasma cholesterol occurs directly without
previous hydrolysis in lysosomes. Such an accu-
mulation could take place in two ways: first, LDL
could be internalized into cells and then be re-
leased before hydrolysis, or second, LDL-choles-
terol could be deposited extracellularly without
cellular uptake. The latter mechanism could be
facilitated by interaction of LDL with tissue muco-
polysaccharides for it is well-known that certain
mucoploysaccharides can precipitate LDL. The
possibility that tissue mucopolysaccharides play
an important role in precipitation of LDL within
the atherosclerotic plaque makes an attractive
hypothesis.

The extent of accumulation of cholesterol in
atherosclerotic lesions is determined, of course,
by the balance between influx and removal of
cholesterol, but regulation of neither process is
well-understood. Current evidence suggests that
hyperlipoproteinemia and hypertension promote
influx of lipids into the arterial wall, and by this
mechanism accelerate atherosclerosis. Processes
for removal of free and esterified cholesterol from
the wall remain to be determined. However, HDL
could be one factor in removal of cholesterol
from the arterial wall because, as mentioned
above, patients with unusually high levels of
plasma HDL seem relatively resistant to clinical
sequelae of atherosclerosis. Findings in studies in
tissue culture are in accord with this proposal;
HDL has been shown to inhibit uptake of LDL into
cells,120 and it may serve as a receptor for cho-
lesterol released from cells.'02 An important ques-
tion is, of course, whether human atherosclerotic

plaques can be reversed. By reversal of mech-
anisms for atherogenesis (such as through de-
creased LDL and increased HDL levels), regression
is theoretically possible and has been suggested
by results of studies in animals12l and preliminary
results in man,"12"22 but remains to be established
with certainty.
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