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Abstract LDLs in humans comprise multiple distinct sub-
species that differ in their metabolic behavior and patho-
logic roles. Metabolic turnover studies suggest that this
heterogeneity results from multiple pathways, including ca-
tabolism of different VLDL and IDL precursors, metabolic
remodeling, and direct production. A common lipoprotein
profile designated atherogenic lipoprotein phenotype is
characterized by a predominance of small dense LDL parti-
cles. Multiple features of this phenotype, including in-
creased levels of triglyceride rich lipoprotein remnants and
IDLs, reduced levels of HDL and an association with insulin
resistance, contribute to increased risk for coronary heart
disease compared with individuals with a predominance of
larger LDL. Increased atherogenic potential of small dense
LDL is suggested by greater propensity for transport into

 

the subendothelial space, increased binding to arterial
proteoglycans, and susceptibility to oxidative modification.
Large LDL particles also can be associated with increased
coronary disease risk, particularly in the setting of normal
or low triglyceride levels. Like small LDL, large LDL exhib-
its reduced LDL receptor affinity compared with intermedi-
ate sized LDL.  Future delineation of the determinants of
heterogeneity of LDL and other apoB-containing lipopro-
teins may contribute to improved identification and man-
agement of patients at high risk for atherosclerotic dis-
ease.
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Physicochemical heterogeneity

 

Distinct VLDL, IDL, and LDL subpopulations have
been identified and defined on the basis of a number of
characteristics, including particle buoyant density, size,
charge, and lipid and apolipoprotein content [reviewed
in (1–3)] (

 

Table 1

 

). In normolipidemic humans there are
at least two physically distinct species of VLDL: larger
VLDL (VLDL-1, S

 

f

 

 60–400), and smaller (VLDL-2, S

 

f

 

 20–

 

60), as well as two subspecies of IDL (1, 2, 4, 5). The larger
form of IDL, designated IDL-1, appears to form a contin-
uum with VLDL-2, such that together, these represent a
spectrum of particles of S

 

F

 

 14–60 and d 

 

�

 

 1.010 g/ml (1).
Most of the differences in size among VLDL and IDL are
due to the esterified lipid core since the phospholipid/
cholesterol/apolipoprotein coat is of constant thickness
in these lipoproteins (6, 7). Compared with larger VLDL,
smaller VLDL and IDL are enriched in cholesteryl ester,
depleted in triglyceride, and have a lower ratio of apoE
and apoC to apoB (6, 7).

Nondenaturing gradient gel electrophoresis has identi-
fied as many as seven distinct subspecies of LDL (8, 9) that
have been grouped, based on density, into four major sub-
classes designated LDL-I through -IV, from the largest,
most buoyant to the smallest, most dense (1, 2, 8). There-
fore LDL do not comprise a population of particles with a
continuously variable size, but there are a number of sub-
classes of particles with relatively discrete size and density.
Subspeciation of LDL particles appears to involve dif-
ferences in surface lipid content and conformational
changes in apoB-100, including increased exposure on
the particle surface (10). Features of apoB structure that
may contribute to stepwise change in LDL particle diame-
ters have been described recently (10). Mass concentra-
tions of subfractions across the VLDL-IDL-LDL spectrum
can be determined by chromatographic and ultracentrifu-
gal techniques (1, 2, 11, 12). In addition, methods have
been described for evaluating size distribution of apoB
containing lipoproteins by NMR spectroscopy (13).

 

Apolipoprotein heterogeneity

 

Subspeciation of apoB-100-containing particles also has
been described as a function of differing content of other
apolipoproteins (3). In plasma of normolipidemic sub-
jects, the most abundant particles contain only apoB-100
with lesser concentrations of particles containing apoB-

 

Abbreviations: GGE, gradient gel electrophoresis; HL, hepatic li-
pase; LpL, lipoprotein lipase; S

 

f

 

, Svedberg flotation rate.
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100 in conjunction with apoC-III and apoE, singly and in
combination (14, 15). ApoB only particles are most com-
monly found in LDL, whereas most particles with apoC-III
and apoE are triglyceride-rich particles. There is, however,
evidence for the presence of these apolipoproteins in
LDL, particularly at the extremes of the density ranges
(16), (La Belle, Krauss et al., unpublished observations).
VLDL subspecies lacking apoE appear to comprise one
third of total VLDL (17), and have been shown to have in-
creased content of phosphatidylethanolamine (18).

Isolation and definition of lipoprotein subfractions due
to apolipoprotein composition is challenging as all apo-
lipoproteins are exchangeable with the exception of
apoB. Using anti apoE and apoC-III immunoaffinity chro-
matography in sequence and then ultracentrifugation, it
has been demonstrated recently that VLDL with apoC-III
is increased in hypertriglyceridemic patients and carries
most of the apoE. The concentrations of particles without
apoE and without apoC-III were similar between a hyper-
triglyceridemic and a normolipidemic group, but distrib-
uted more to VLDL and IDL than to the LDL density range.
In contrast, concentrations of particles without apoC-III and
apoE were increased in hypercholesteremic patients (19).
These findings are consistent with evidence as described
below that VLDL particles with apoC-III have decreased
clearance and may therefore promote atherosclerosis.

 

Metabolic influences on LDL heterogeneity

 

Production of LDL subclasses.

 

It has been suggested (

 

Fig. 1

 

)
that there is metabolic channeling within the VLDL-IDL-
LDL delipidation cascade such that parallel processing
pathways generate different IDL and LDL products from
different triglyceride-rich lipoprotein precursors (20–24).
Very large VLDLs normally yield small amounts of LDL
(25, 26) since their delipidation generally ceases in the
VLDL or IDL density range with the formation of rem-
nants that may be cleared from the plasma or persist in
the circulation. Variation in plasma triglyceride is princi-
pally a function of changing VLDL-1 levels (27). The frac-
tional conversion rate from VLDL-1 to VLDL-2 is reduced
90% in LpL deficiency (20, 26), indicating that a substan-

 

tial portion of VLDL-2 represents lipolytic remnants of
larger particles. Lipolysis of VLDL is not affected by he-
patic lipase deficiency (28), by homozygous familial hy-
percholesterolemia (29), or by homozygosity for apoE-2
(30). A portion of VLDL-2 also arises by direct hepatic
production, indicating further biochemical heterogene-
ity within the VLDL particle spectrum. While the rate of
VLDL-1 secretion is dependent on triglyceride availability
(31–33), VLDL-2 secretion may be more dependent on
cholesterol synthesis (34), cholesterol ester availability
(34) and microsomal transfer protein activity (35).

Smaller VLDLs are more effective ligands than their
larger counterparts for LDL receptors (36). Studies in
LDL receptor deficient and VLDL receptor transgenic
mice suggested a role for the VLDL receptor in peripheral
uptake of VLDL (37). Since apoB seems not to be in a re-
ceptor-competent conformation on large triglyceride-rich
VLDL (38), the ligand for the putative receptor is likely to
be apoE, while apoC-III may play an inhibitory role by inter-
acting with or displacing apoE (39–42). The LRP receptor
is involved in uptake of chylomicrons (43) and VLDL rem-
nants (44). The role of heparan sulfate proteoglycans in
LpL (45) and apoE-mediated lipoprotein uptake (46, 47)
has been demonstrated. Recently it has been shown that
apoB-48 may mediate the binding of triglyceride rich lipo-
proteins to a human monocyte-macrophage receptor (48).

While most remnants of large VLDL are rapidly cleared
from plasma without undergoing further intravascular
metabolism (25, 26), not all large VLDL are metabolized by
this route. In Watanabe heritable hyperlipidemic (WHHL)
rabbits, a relatively high proportion of IDL and LDL pro-
duction results from catabolism of a minor subpopulation
of large apoE-containing VLDL particles that are cleared
slowly from plasma (49). A metabolic relationship of large
VLDL with small dense LDL in humans is suggested by re-
cent stable isotope kinetic studies indicating increased trans-
port of large VLDL through a metabolic cascade to small
IDL in subjects with a predominance of small dense LDL
(50). The finding that VLDL-1 and small dense LDL are
metabolically related is also described in the model by Pack-
ard et al. (51) in which CETP is required for the formation

 

TABLE 1. Physicochemical properties of apolipoprotein B containing lipoproteins subspecies

 

Peak S

 

f

 

Density
Peak 

(gm/ml) Diameter (Å) %PR %CE %UC %TG %PL

 

VLDL (4)
VLDL-1 60–400

 

�

 

1.006 330–700 11 8 6 58 17
VLDL-2 20–60 1.006–1.010 300–330 18 24 9 29 22
IDL (4)
IDL 1 12–20 1.008–1.022 285–300 17 35 10 16 21
IDL 2 10–16 1.013–1.019 272–285 17 37 11 13 21
LDL (11, 12, 127)
LDL-I 7–12 1.019–1.023 272–285 18 43 9 7 22
LDL-II 5–7 1.023–1.028 265–272 19 45 10 4 23

1.028–1.034 256–265 21 45 9 3 22
LDL-III 3–5 1.034–1.041 247–256 22 46 8 3 21

1.041–1.044 242–247 24 44 7 3 21
LDL-IV 0–3 1.044–1.051 233–242 26 42 7 5 19

1.051–1.06 220–233 29 40 7 6 18

PR, protein; TG, triglycerides; CE, cholesteryl ester; PL, phospholipids; UC, unesterified cholesterol.
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of small dense LDL. However, as described further below,
there is evidence that CETP is not required for this process.

IDL and LDL represent discrete, thermodynamically sta-
ble particle configurations that are reached sequentially
during the course of intravascular catabolism of VLDL. The
transformations from VLDL to IDL and LDL are enabled
by the presence of sufficient triglyceride to sustain lipoly-
sis. This process also appears to depend on an as yet un-
characterized apoE-dependent mechanism (21), resulting
in loss of apoE from most LDL particles. A portion of the
IDL fraction is catabolized directly from plasma, probably
via the LDL receptor since the rate of this process is dra-
matically reduced in FH homozygotes (29, 52). ApoE phe-
notype influences the conversion of IDL to LDL. In nor-
molipidemic apoE-2 homozygotes, a 60% reduction in the
rate of transfer of IDL to LDL was observed while direct
catabolism of the fraction, presumably mediated by its
apoB component, was normal (30).

Although in vivo kinetic studies have not definitively es-
tablished the specific precursor-product pathways for the
generation of individual LDL subclasses, studies in animal
models have indicated that separate pathways may be re-
sponsible for production of differing forms of LDL. In

rats, kinetic studies have shown that larger LDLs (S

 

f

 

 5–12)
are derived via a VLDL-IDL metabolic cascade, but small
dense LDLs (S

 

f

 

 0–5), which comprise 65% of total LDL
mass, do not appear to derive from this pathway (53). In
monkeys, it has been reported that the metabolic behav-
ior of LDL derived from endogenously radiolabeled he-
patic lipoprotein precursors often differs from that of
radiolabeled autologous plasma LDL (54, 55). Kinetic
analysis and studies involving nascent lipoproteins from
perfused livers (55, 56) suggested that plasma LDL in
these monkeys may be derived from a variety of precur-
sors, with each source giving rise to metabolically (and
possible physically) distinct LDL particles. In a spontane-
ously hypercholesterolemic strain of pigs, two metaboli-
cally distinct LDL subclasses have been characterized: the
larger, more buoyant species appears to accumulate as a
results of both increased production and reduced recep-
tor clearance resulting from an apoB mutation (57). This
subclass does not appear to arise either from catabolism
of plasma VLDL, or from enlargement of smaller LDL
(58), although an LCAT-induced increase in buoyancy of
the denser LDL species in pigs has been reported (59).

A number of kinetic studies in animals and humans

Fig. 1. Hypothetical metabolic scheme incorporating proposed pathways for the production of the major
LDL subclasses I, II, III, and IV. As described in the text, a key hypothesis is that the properties of triglyceride-
rich lipoprotein species secreted by the liver are determined in large part by the operation of multiple path-
ways (e.g., those labeled 1 and 2) as well as by hepatic triglyceride availability. Pathway 1: The coordinate pro-
duction of triglyceride-rich VLDL-1 and triglyceride-poor IDL-2 is based on the reciprocal relationship that
we have observed between their hypothesized catabolic products LDL-I and LDL-III (Fig. 2). We propose
that production of VLDL-1 results from loading of a discrete quantity of lipid on a precursor particle. Lipoly-
sis of VLDL-1 yields remnants, which in turn yield LDL-III by the action of hepatic lipase. Further remodel-
ing of these particles may occur by CETP mediated triglyceride enrichment and hepatic lipase mediated li-
polysis. Pathway 2: We hypothesize that this pathway, which results in production of VLDL-2, is distinct from
pathway 1 and gives rise to IDL-1 and LDL-II by lipolysis (68). Further processing by CETP mediated transfer
of triglycerides into LDL-II and lipolysis by hepatic lipase yields smaller and denser LDL products. Finally, we
propose that in an analogous manner to pathway 1, there is loading of a discrete quantity of lipid in hepatic
VLDL in pathway 2 (larger VLDL-1) that includes precursors of the smallest and densest LDL IV. TG, triglyc-
erides; CE, cholesteryl esters; LpL, lipoprotein lipase; HL, hepatic lipase; CETP, cholesterol ester transfer
protein.
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have suggested that hepatic apoB is secreted throughout
the VLDL-IDL-LDL particle spectrum (60–62). Direct pro-
duction of LDL has been reported in kinetic analyses in
humans (60), in perfused livers of experimental animals
(55, 63–65), and cardiac tissue (66). Using a trideuterated
leucine tracer and analysis with a multicompartmental
model which allowed input into each fraction, Packard et
al. found substantial input of apoB into IDL and LDL,
which was inversely related to plasma triglycerides (67).
Therefore, it may be, as first postulated in 1977 (62), that
the whole range of apoB containing particles can be se-
creted from the liver. At low levels of triglyceride, a signifi-
cant portion of apoB is released as IDL or LDL (60),
whereas at normal or high triglyceride levels more than
90% of apoB is secreted in the form of VLDL (30, 60).
Thus, despite differences in the characteristics of lipopro-
tein metabolism in humans, rats, monkeys, and pigs there
is evidence in all these species for independent pathways
resulting in production of differing forms of LDL.

However, the metabolic determinants of these parallel
pathways are not understood. Studies in our laboratory
have focused on the role of IDL heterogeneity in meta-
bolic pathways leading to discrete LDL subspecies (1, 2, 68).
The results have indicated that the small VLDL-2/IDL-1
particle spectrum includes precursors of mid-sized LDL-II,
while IDL-2, which overlaps the size and density distribu-
tion of large LDL (LDL-I), also includes metabolic precur-
sors of these particles (Fig. 1). This is also consistent with
recent findings that IDL-1 is positively related to plasma
triglycerides, whereas the smaller subfraction IDL 2 falls
as triglycerides increase, suggesting that IDL 1 is part of
the delipidation cascade, whereas IDL 2 arise from a sepa-
rate source, possibly direct liver production (4, 5).

The model described in Fig. 1 suggests that variation
in hepatic triglyceride availability determines properties
of primary lipoprotein secretory products. Specifically,
the hypothesized hepatic pathway (pathway 1) for the
coordinate production of triglyceride-rich VLDL-1 and
triglyceride-poor IDL-2 in Fig. 1 is based on previously
described reciprocal relationships involving their pro-
posed lipolytic products LDL-III and LDL-I, respectively
(

 

Fig. 2

 

) (69). Similarly, based on reciprocal relation-
ships between LDL II and LDL IV (Fig. 2) (69), we hy-
pothesize that VLDL-2 and larger forms of VLDL-1
(pathway 2 in Fig. 1) are precursors of LDL-IV and LDL-
II, respectively.

The scheme shown in Fig. 1 is based on discrete transi-
tions occurring between hepatic production of smaller tri-
glyceride poor and larger triglyceride-rich particles. This
is consistent with the current concept of two stage hepatic
assembly of triglyceride-rich VLDL involving the fusion of
a lipid droplet with a core apoB-containing particle (70).
The scheme is also consistent with recent evidence de-
scribed above that there is increased “direct” hepatic se-
cretion of IDL and LDL particles in individuals with lower
plasma triglyceride levels (67). In addition, the discrete
transitions in the metabolic pathway associated with greater
hepatic triglyceride, availability may provide a metabolic
framework for understanding the origin small dense LDL

(pattern B) phenotype and relation to plasma triglyceride
levels, as described in greater detail below. Another aspect
of LDL heterogeneity illustrated in Fig. 1 is the overlap of
lipolytic remnants of larger VLDL with the size spectrum
of directly secreted VLDL-2, as described above.

 

LDL catabolism and plasma clearance.

 

LDLs are metabolically
heterogeneous with some components being removed
more rapidly than others. The initial rapid plasma decay is

Fig. 2. Reciprocal relationships between diet induced changes in
LDL subclasses as measured by analytical ultracentrifugation. Fast-
ing blood samples were obtained from 686 healthy non-smoking
Caucasian men and women aged �20 years and after 4–6 weeks of
consuming diets containing high fat (35–46% energy) and low fat
(20–24% energy). Inclusion criteria were plasma total cholesterol
concentrations �260 mg/dl, triacylglycerol �500mg/dl, body
weight �130% of ideal. A subset of 501 subjects in this population
is described in reference (211). Differences in lipoprotein mass be-
tween the high and low fat diets were calculated and relationships
between subclasses were analyzed by linear regression. LDL sub-
classes were narrowed to single flotation intervals to optimize statis-
tical power. A: Relationship between the change in LDL I (Sf 7–8)
and LDL-III (Sf 3–4). B: Relationship between the change in LDL-II
(Sf 6–7) and LDL-IV (Sf 2–3).
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due to both intra-extravascular exchange and catabolism
of LDL (71). In studies of hypertriglyceridemic human
subjects, increased LDL fractional catabolic rate was asso-
ciated with a concomitant rise in the fractional catabolic
rate for cylohexanedione-treated LDL (72), while recep-
tor mediated clearance remained unchanged over the
range 2.5 mmol/l to 5.0mmol/l of plasma triglyceride,
suggesting that small dense LDL in these subjects are
cleared from plasma to a large extent by receptor-inde-
pendent pathways (72). Enhanced binding to LDL recep-
tor-independent binding sites in (e.g., the arterial wall), a
process mediated, in part, by cell surface proteoglycans,
may be responsible for the enhanced atherogenic poten-
tial of small dense LDL particles as described further be-
low (73). Using 

 

13

 

C-NMR, it has been suggested that dif-
ferences in the conformation of apoB-100 and surface
charge between LDL subspecies are major determinants
of their catabolic fate (74). These authors also suggested
that the intermediate size LDL subspecies constitute the
optimal ligand for the LDL receptor among human LDL
particle subpopulations.

 

Role of plasma lipase activities in production
of LDL from triglyceride-rich precursors

 

Since plasma lacks significant cholesteryl esterase activ-
ity, lipolytic catabolism of apoB containing lipoproteins in
plasma requires triglyceride hydrolysis. Numerous studies
have demonstrated strong correlations of plasma triglycer-
ides and VLDL levels with increasing density and decreas-
ing size of the predominant LDL subspecies (9, 69, 75).
This may be related in part to the pathway relating VLDL
to LDL heterogeneity shown in Fig. 1, but is also likely to
reflect triglyceride enrichment and remodeling of LDL by
lipase activities. LDL size and density in turn are inversely
related to levels of plasma HDL, particularly the HDL-2
subclass (69, 76). By exchange of cholesteryl esters with
triglycerides, LDL and HDL can become triglyceride en-
riched and can be processed further by lipases. Deckel-
baum et al. described profound changes in the core and
surface domains of both LDL and HDL particles with in-
creasing triglyceridemia, including progressive depletion
of core cholesteryl esters and replacement by triglyceride
molecules (77). These processes can lead to further re-
ductions in size and increases in density of the LDL spe-
cies that arise by the pathways shown in Fig. 1.

Postheparin plasma lipoprotein lipase (LpL) activity is
associated with levels of both larger LDL (78) and HDL 2
(79) and this may be due at least in part to transfer of sur-
face lipids and apolipoproteins in the course of chylomi-
cron and VLDL triglyceride hydrolysis. We have found sig-
nificant inverse relationships of postheparin LpL activity
with plasma levels of triglyceride, apoB, large VLDL mass,
and small dense LDL (LDL-III) (80). Further increases in
LpL activity induced by a high fat diet were found to be
significantly positively correlated with increases in small
IDL and large LDL I mass, and inversely related to
changes in small LDL-III mass. These results coupled with
reciprocal changes between LDL-I and LDL-III (69, 80)
(Fig. 2), are consistent with the hypothesis that LpL con-

tributes to the coordinate regulation of these LDL sub-
fractions. Moreover, it has been reported (81) that in vitro
lipolysis of VLDL by LpL generates IDL and large lipid
and apoE-enriched LDL. Finally, in vivo conversion of
VLDL and LDL are completely inhibited when LpL activ-
ity is blocked in the monkey (82). From studies of VLDL
composition (83), human mutants (84), and genetically
altered mice (85) it has been shown that apoC-III can im-
pair VLDL lipolysis. While this could result in part from
direct inhibition of activation of lipoprotein lipase by
apoC-II (86, 87), apoC-III may also inhibit LpL mediated
lipolysis of triglyceride-rich lipoproteins by interfering
with lipoprotein binding to the cell-surface glycosami-
noglycan matrix where lipolytic enzymes and lipoprotein
receptors reside (88). ApoC-III can also inhibit hepatic
clearance of triglyceride-rich lipoproteins (42). There-
fore, both lipid and apolipoprotein composition of VLDL
may be important regulators of lipolysis in vivo. Studies in
apoC-III transgenic mice have suggested that excess plasma
apoC-III interferes with the apoE-mediated clearance of li-
poproteins, and that this effect can be corrected by ad-
ministration by exogenous apoE (89). This may occur by
displacement of apoE from the lipoprotein surface by
apoC-III (39–42) by interference with the interaction of
apoE and the receptors mediating the clearance of these
particles, or by impairing the interaction of apoE and HL,
since apoE may modulate the activity of this enzyme (HL)
(90, 91). However, from studies in apoE knockout mice it
has been concluded that apoC-III mediated hypertriglyc-
eridemia is not due to effects on apoE (92). A role for
apoC-III in impairing triglyceride rich lipoprotein catabo-
lism in humans was suggested by a recent study in normo-
lipidemic women in which there was reduced FCR of
VLDL and IDL particles that were enriched in apoE and
apoC-III (93).

As described above, factors contributing to increased
plasma triglyceride levels can promote triglyceride enrich-
ment of larger LDL particles that may give rise to smaller,
denser products by lipolysis. There is growing evidence
that HL has a critical role in this process (Fig. 1). While
VLDL lipids are hydrolyzed more effectively by LpL than
HL, IDL, and LDL lipids are significantly better substrates
for HL than LpL (94). HL has a higher affinity for LDL
than LpL and has the capability to act as a phospholipase
as well, hence removing both core and surface compo-
nents from the particle (90, 95). Buoyant, triglyceride-rich
LDL particles accumulate in patients with HL deficiency
(96, 97) after acute inhibition of HL activity in the cyno-
molgus monkey (82) and in hepatic knockout mice (98).
A significant inverse relation of HL activity with levels of
large buoyant LDL has been reported (99). We have
found that in normolipidemic subjects, HL is significantly
positively correlated with plasma triglyceride, apoB, and
mass of large VLDL and small dense LDL (LDL-III), but
not correlated with mass of large LDL (LDL-I) (80).
Based on these observations, it may be suggested that HL
is a critical step in the formation of small dense LDL-III,
although there is as yet no direct evidence as to the lipo-
protein substrate for this activity. In vitro incubations of
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plasma VLDL with both LpL and HL have failed to gener-
ate smaller LDL products (81). This approach is of course
limited since it provides neither nascent precursor parti-
cles nor remodeling steps that may exist in vivo. Diet in-
duced changes in HL activity have been found to corre-
late inversely with changes in levels of small IDL-2/LDL-I
(80), implicating a possible role for HL in the clearance or
catabolism of these particles. While it is evident that there
must be sufficient triglyceride in VLDL and IDL precursor
particles to enable full lipolytic transformation to smaller
species, there may be substantial variation in core lipid con-
tent of each species. Hence, if output of hepatic VLDL tri-
glyceride were to significantly exceed that of VLDL choles-
terol (VLDL-C), IDL and LDL products of VLDL catabolism
could remain triglyceride enriched. It has been hypothe-
sized that this may be responsible for the small, triglycer-
ide-enriched LDL found in the plasma of high-expressing
human apoB transgenic mice (100) and rabbits (101). It is
also possible that the appearance of triglyceride-enriched
particles in the LDL density range is due to incomplete
lipidation of nascent VLDL particles in the liver. With pro-
gressive increase in hepatic VLDL cholesteryl ester secre-
tion, as can occur in cholesterol fed animal models includ-
ing apoB transgenic mice (102, 103), there is replacement
of VLDL triglyceride by cholesterol, and a progression in
accumulation of cholesterol enriched LDL, IDL, and ulti-
mately 

 

�

 

-VLDL (remnant) subspecies.

 

Role of cholesteryl ester transfer protein
in the metabolism of LDL subclasses

 

By mediating triglyceride enrichment of IDL and large
LDL, CETP may promote lipolytic conversion to smaller
denser LDL (Fig. 1) (77). Although CETP activity has not
been related to LDL subfraction distribution in normolip-
idemic subjects (78, 99), it has been reported that CETP
levels in moderately hypertriglyceridemic subjects are
strongly inversely correlated with HDL-C (104, 105). Simi-
lar observations have been made in hypertriglyceridemic
mice expressing high levels of human apoC-III and CETP
(106). In contrast, in normolipidemic mice, CETP overex-
pression appears to result in increased LDL particle size
(107). These observations are consistent with the hypoth-
esis from in vitro studies that CETP activity may be rate
limiting for the transfer of triglyceride from VLDL to
HDL in hypertriglyceridemia, but not normotriglyceri-
demia (108). This is in accordance with a very recent
study in FCHL subjects where CETP (and HL) activity
only correlated with LDL size after correction for plasma
triglycerides, suggesting that CETP activity is only rate lim-
iting in hypertriglyceridemic FCHL subjects (109). Inter-
estingly, transgenic mice expressing both human apoB
and CETP have triglyceride profiles similar to those seen
in mice expressing human apoB alone (110), but a higher
percentage of total serum cholesterol in the combined
LDL and VLDL fraction than in transgenic mice express-
ing human apoB alone. High CETP also has been ob-
served in a distinct subgroup of subjects with isolated low
HDL and normal postheparin lipase activities (111). In
view of the strong correlation of both increased triglycer-

ide and reduced HDL with reduced LDL particle size (69,
112, 113), it is possible that CETP may contribute to re-
duced LDL particle size in subjects with moderate in-
creases in plasma triglyceride and reduced HDL such as
are found in subjects with small dense LDL phenotype dis-
cussed below. In type 2 diabetes patients it has been dem-
onstrated that CETP contributes significantly to the in-
creased levels of small dense LDL by preferential CE
transfer from HDL to small dense LDL, as well as through
an indirect mechanism involving enhanced CE transfer
from HDL to VLDL-1(114).

Notably, studies in patients with homozygous familial
CETP deficiency have indicated that CETP is not required
for the formation of small LDL (115). In these subjects,
multiple plasma LDL subpopulations have been identi-
fied, including a small, triglyceride-rich LDL subpopula-
tion that overlaps in density distribution with the predomi-
nant larger LDL species. Recent evidence has indicated that
a primary acceptor for CETP-mediated HDL cholesteryl es-
ter transfer in normolipidemic subjects is a large, buoyant,
triglyceride-enriched LDL subclass (116). Thus, it is pos-
sible that retention of such triglyceride-rich LDL and subse-
quent lipolytic processing contributes to the heterogeneous
LDL subclass profile found in patients with CETP defi-
ciency. In heavy alcohol drinkers, multiple LDL species are
observed on GGE with normalization upon abstention from
alcohol and may be associated with secondary, partial CETP
deficiency in these patients (117). Consistent with this no-
tion is the observation that incubation of plasma containing
“polydisperse” LDL with CETP can shift the LDL to a mono-
disperse pattern (118). We have shown that human-like
LDL subclasses with normal composition are found in fat-
fed transgenic mice expressing high levels of human apoB,
but with low cholesteryl ester transfer activity (119). Thus,
while increased CETP can promote triglyceride enrichment
of lipolytic precursors of small dense LDL, results in hu-
mans and mice indicate that CETP activity is not critical for
the production of LDL size heterogeneity per se.

 

Other metabolic influences on LDL particle
size distribution

 

With cholesterol feeding on monkeys, hepatic acyl-
CoaA acyltransferase (ACAT) activity was found to be pos-
itively correlated with hepatic cholesteryl ester secretion
and with plasma LDL cholesteryl ester content, which in
turn was proportional to LDL particle size (120). Earlier ev-
idence (55) had indicated that secretion rate of nascent
lipoproteins of d 

 

�

 

 1.063 g/ml by perfused livers of choles-
terol fed monkeys was proportional to average particle size
of plasma LDL from the same animals, and that cholesteryl
ester in nascent apoB-containing particles was not LCAT
derived, again suggesting a key role for ACAT in process in
this species. These studies also indicated that receptor-
mediated uptake of LDL was not a factor influencing the
distribution of perfusate lipoproteins, although activity of
other receptors (e.g., LRP) was not ruled out. It also has
been shown that subsets of VLDL particles secreted by per-
fused monkey livers are rapidly converted to plasma LDL
when infused in vivo (56). Therefore, with a high choles-
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terol diet, ACAT may promote cholesteryl ester enrichment
and secretion of VLDL precursors of large LDL particles
that do not arise via progressive intravascular catabolism of
a series of intermediate-sized remnants. As described fur-
ther below, such large LDL, enriched in cholesteryl ester
and apoE, have been associated with atherosclerosis severity
(121). We hypothesize that secretion of such particles corre-
sponds to the IDL-2/LDL-I pathway shown in the Fig. 1.

It has been reported that activity of a bile-salt depen-
dent pancreatic carboxyl ester lipase (CEL) found in hu-
man serum is inversely correlated with serum cholesterol
and LDL levels, and that the enzyme can hydrolyze choles-
teryl ester in LDL, as well as in HDL-3 in vitro (122). Evi-
dence has also been presented that the enzyme can medi-
ate the production of small LDL from larger LDL, and
may contribute to the reduced cholesterol content of the
smaller particles (122). However, while CEL knockout
mice have been found to have reduced absorption of di-
etary cholesteryl ester, there were no significant changes
in plasma cholesterol levels (123). This finding, together
with a lack of evidence for plasma cholesteryl ester hydrol-
ysis in vivo, raises the question as to whether this enzyme
has a significant role in plasma lipoprotein metabolism.

It is not known to what extent differences in receptor me-
diated clearance of LDL subclasses contribute to variation in
plasma LDL particle distribution. As noted above, reduced
LDL receptor binding has been reported for more buoyant
and more dense LDL in comparison with intermediate den-
sity LDL subspecies (124, 125), which is in concordance of
the finding of reduced LDL fractional catabolic rate in pat-
tern B subjects (67). The reduction in receptor binding af-
finity of the smaller denser LDL found in hypertriglyceri-
demic subjects has been shown to be independent of
triglyceride content (126). Differences in non-receptor me-
diated LDL clearance among LDL subpopulations also may
contribute to variations in LDL particle distribution. Smaller
LDLs bind more avidly to arterial wall proteoglycans, possi-
bly in relation to their reduced content of sialic acid (127–
129). Sialic acid, perhaps because of its exposure at the LDL
surface, plays a determinant role in the in vitro association
of LDL with the polyanionic proteoglycans (128). ApoC-III
which has been found to be increased in small LDL particles
(La Belle et al., unpublished observations) can also increase
proteoglycan binding of apoB containing lipoproteins
(130). The retention of small dense LDL in arterial tissue
may contribute to its plasma clearance.

SMALL DENSE LDL PHENOTYPE

 

Genetic and environmental influences on the small
dense LDL phenotype

 

A distinct LDL subclass pattern characterized by a pre-
dominance of small dense LDL particles (principally LDL-
III) has been identified using both nondenaturing gradi-
ent gel analysis (131) and ultracentrifugation (12, 132).
The prevalence of this trait, which has been designated
LDL subclass pattern B, is 30–35% in adult men, but is
much lower (5–10%) in males 

 

�

 

20 years and in premeno-

pausal women (131, 133), and is intermediate (15–25%)
in postmenopausal women (134, 135). Compared with in-
dividuals with larger LDL (pattern A), pattern B is associ-
ated with approximately a 2-fold increase in plasma triglyc-
erides, higher plasma apoB and IDL levels, and reduced
HDL-C and apoA-I concentrations (136). Evidence from
several studies for major gene determinants of this pheno-
type has been summarized previously (137). Two addi-
tional studies using complex segregation analysis have
confirmed major gene effects on LDL diameter as a quan-
titative trait (138, 139). The data have been most consis-
tent with an autosomal dominant or codominant model
for inheritance of the pattern B phenotype with varying
additive and polygenic effects. Linkage of the pattern B
phenotype to the region of the LDL receptor gene locus
on chromosome 19p (140) has been confirmed using
quantitative sibpair linkage analysis of LDL particle size in
25 kindreds ascertained on the basis of two affected mem-
bers with coronary artery disease (141). In these families,
evidence was also obtained for linkage to regions near
three other genetic loci: the apoA-I, C-III, A-IV cluster on
chromosome 11; the CETP locus on chromosome 16; and
the Mn-SOD gene on chromosome 6. Quantitative sib-
pair linkage-analysis in 126 dizygotic women twin pairs in-
dicated linkage of the apoB gene to peak LDL size and
plasma triglycerides, HDL-C, and of apoB levels (142).
These results suggest that multiple genes may contribute
to determination of particle size of the major LDL species
in plasma, and that the responsible genetic mechanism
may differ among affected families. In a recent study,
markers in the vicinity of the HL gene locus also were
found to contribute to LDL size in a series of Dutch fami-
lies with familial combined hyperlipidemia using non-
parametric sibpair linkage and association analyses (143).
In addition, in a genome-wide scan there was evidence for
linkage of LDL particle size, HDL-C, and triglyceride levels
to the vicinity of the HL gene locus (143). However, there
was no evidence in this study for linkage of LDL size to a
polymorphism in the hepatic lipase gene promoter that
has been associated with HDL-C (143). Recently linkage
of peak LDL size to the CETP gene has been confirmed
(141, 144). No study to date has identified a DNA se-
quence causally related to LDL size (145). The linkage be-
tween LDL size and apoE protein polymorphism is uncer-
tain: no relationship could be demonstrated between LDL
particle size and apoE phenotype in healthy 35-year-old
males (146) and a recent study by Austin et al. using sib-
pair linkage analysis demonstrated no linkage of LDL size
to the apoE gene (142). However, Haffner et al. reported
an association between LDL size and the apoE polymor-
phism in 337 nondiabetic subjects from the San Antonio
Heart Study (147).

Estimates of heritability of LDL particle size have ranged
from 35–45% (148), indicating the importance of non-
genetic and environmental influences. In addition to age
and gender, effects on LDL particle size and density distri-
bution have been shown for abdominal adiposity (149), es-
trogen (150), and oral contraceptive use (151). Dietary in-
tervention studies have shown that variation in dietary fat
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and carbohydrate can strongly influence expression of the
small LDL phenotype (152, 153), and contribute to varia-
tions in LDL particle size distribution that are observed
among individuals and population groups (154). It has
been demonstrated in offspring genetically predisposed to
phenotype B that a very low fat, high carbohydrate diet can
induce expression of this phenotype (155, 156). Recently,
both genetic and dietary factors have been reported to af-
fect LDL size phenotypes in baboons (157). Thus, LDL
subclass phenotypes may result from interaction of multi-
ple genetic and environmental determinants, and the trait
can be viewed as a marker for the mechanism underlying
these effects. In view of the close relationship of change in
plasma triglyceride levels with change in LDL particle size
(75, 139), the clustering of metabolic changes associated
with pattern B, including increased VLDL and IDL, re-
duced HDL, and insulin resistance (135, 158), and the
metabolic relationships described above, it is likely that
both genetic and non-genetic determinants of pattern B
involve coordinate effects on metabolism of plasma triglyc-
eride-rich lipoproteins and LDL subclasses. On the basis of
the strength of the relationship between insulin resistance
and the pattern B, small dense LDL has been added to the
list of abnormalities that characterize the “metabolic syn-
drome” (158).

It is noteworthy that a predominance of small dense
LDL is commonly found in conjunction with familial dis-
orders of lipoprotein metabolism that are associated with
increased risk of premature coronary artery disease.
These include familial combined hyperlipidemia (159), as
well as hyperapobetalipoproteinemia (160) and hypoal-
phalipoproteinemia (161). There is evidence that the in-
heritance of familial combined hyperlipidemia involves at
least two major gene loci responsible for increased plasma
apoB levels and the second for LDL subclass pattern B (162,
163). Such interactions of the genes underlying pattern B
with other genes or environmental factors may contribute to
familial dyslipidemic syndromes that are commonly found
in patients with coronary artery disease (161).

 

Metabolic influences on small dense LDL phenotype

 

Consistent with the metabolic influences described
above (Fig. 1), we have found in preliminary stable isotope
kinetic studies that subjects with small, dense LDL pheno-
type have an increased rate of production and reduced rate
of catabolism of large VLDL subspecies (S

 

F

 

 60–400) (50).
This finding is consistent with a recent report of Packard et
al., who demonstrated lower VLDL-1 and VLDL-2 apoB
fractional transfer rates and a lower LDL apoB fractional
catabolic rate in subjects with predominantly small dense
LDL compared with those with large LDL (67).

Reduced activity of LpL (80, 164) as well as an increase
in apoC-III may be among the factors that contribute to
impairment in VLDL clearance in pattern B. Moreover,
patients with heterozygous LpL deficiency have a lipopro-
tein phenotype that appears to be similar to that in sub-
jects with pattern B (165). Coupled with the kinetic stud-
ies described above, and evidence for reduced exogenous
triglyceride clearance in pattern B subjects, independent

 

of fasting triglyceride level (166), this suggests that one or
more factors resulting in retardation of triglyceride-rich li-
poprotein metabolism may have an etiologic or contribu-
tory role in a high proportion of subjects with the small
dense LDL phenotype.

Based on the relationship of HL activity to levels of small
dense LDL described above, it has been hypothesized that
increases in HL contribute to the pattern B phenotype (60,
80, 163, 164). This hypothesis carries with it the notion
that, with low HL activity, the metabolic antecedent of
small dense LDL profile may be present, as manifest by in-
creased production of VLDL remnants, but the pattern B
“fingerprint” of this metabolic abnormality may only
be fully manifest with permissive HL activity. Thus, it may
be that factors influencing HL activity (e.g., adiposity and
sex steroid hormones) can modulate levels of small dense
LDL and the expression of the pattern B trait to a greater
extent in susceptible individuals who generate increased
levels of precursor lipoproteins.

 

Insulin resistance and small dense LDL

 

Hypertriglyceridemia, low HDL and small dense LDL
particles are common lipid abnormalities in individuals
with insulin resistance and non-insulin dependent diabe-
tes mellitus (135, 166, 167). Thus, the cardiovascular disease
(CVD) risk factor profile of persons with small dense LDL
consists of essentially the same factors as those associated
with an increased risk for the insulin resistance syndrome.
Moreover, in a nested case control study of 204 elderly men
and women from Finland, it has been demonstrated that
subjects with predominance of small dense LDL had a
greater than 2-fold increased risk for developing diabetes
type 2 over a 3.5-year follow up period, independent from
age, sex, glucose tolerance, and body mass index. Impor-
tantly, an increase of 5 A in LDL diameter was associated
with a 16% decrease in risk of type 2 diabetes (168).

The link between the atherogenic lipoprotein profile,
insulin resistance and diabetes mellitus may be explained
by the effects of insulin and triglycerides on VLDL pro-
duction and secretion, hepatic lipase activity, and the re-
sulting remodeling of triglyceride enriched LDL particles
to denser more atherogenic species. It is known that insu-
lin is an important regulator of VLDL plasma concentra-
tions (169, 170). Insulin regulates the influx of substrates
for triglyceride synthesis in the liver by suppression the re-
lease of free fatty acids from adipose tissue. It has been
suggested that de novo VLDL fatty acid synthesis repre-
sents a minor pathway (171), and about 70% of the se-
creted VLDL triglycerides are produced by reesterifica-
tion of intracellular free fatty acids (172). Elevation of
plasma free fatty acids during insulin and intralipid infu-
sions attenuated the suppressive effect of insulin on the
production of VLDL triglycerides, while VLDL apoB pro-
duction remained unchanged (173), suggesting that insu-
lin has direct inhibitory effects on VLDL production in
the liver. In healthy normolipidemic subjects, it has been
reported using stable isotopes that insulin acutely sup-
pressed VLDL-1 apoB production, but had no effect on de
novo VLDL-2 apoB production, suggesting that VLDL-1
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and VLDL-2 apoB production are regulated indepen-
dently (174). In obese subjects, it has been demonstrated
that acute hyperinsulinemia reduced large triacylglycerol
rich VLDL concentrations in insulin sensitive but not in
insulin resistant subjects and modified the LDL subfrac-
tion profile toward a greater prevalence of small dense
LDL (175). The reduction of triacylglycerol-rich VLDL
may be the result of decreased secretion from the liver
(176). However, it is not established that insulin resistance
or hyperinsulinemia are directly responsible for hypertri-
glyceridemia; it is also possible that factors leading to hy-
pertriglyceridemia such as altered plasma free fatty acid
transport also contribute to insulin resistance (177). In
normoglycemic men, LDL size was significantly positively
correlated with the rates of whole body glucose uptake
only when not adjusted for plasma triglycerides (178).
This is consistent with evidence reviewed above that tri-
glyceride metabolism is of critical importance in produc-
tion of small dense particles and that triglyceride enrich-
ment of precursors of small dense LDL may be favored by
postprandial hypertriglyceridemia and hyperinsulinemia,
with subsequent lipolysis by hepatic lipase (33, 179).

LIPOPROTEIN HETEROGENEITY AND RISK OF 
CORONARY ARTERY DISEASE

 

Interrelated coronary disease risk factors

 

The plasma lipoprotein profile accompanying a predom-
inance of small dense LDL particles (specifically LDL-III) is
associated with approximately a 3-fold increased risk of cor-
onary artery disease. This has been demonstrated in case
control studies of myocardial infarction (133, 136, 180)
and of angiographically documented coronary disease
(181). In most, but not all (180) of these studies, the dis-
ease risk associated with small dense LDL was no longer
significant after adjusting for covariates, including triglyc-
erides (136, 181) or other risk factors (133). Prospective
studies of the relation of peak LDL particle size to the de-
velopment of coronary artery disease have been carried
out using nested case-control analysis in the Physician’s
Health Study (182), the population based Stanford Five
Cities Project (183), and the Quebec Cardiovascular Study
(184–186). In these studies, reduced LDL particle diame-
ter was a significant univariate predictor of coronary dis-
ease. In the Physician’s Health Study, this relationship was
no longer significant after adjusting for non-fasting tri-
glyceride level, while in the Five Cities study, the relation-
ship, and the case-control difference in LDL diameter
were independent of triglyceride, but not independent of
the total/HDL-C ratio. In the Quebec Cardiovascular
Study, both small LDL particle size and plasma apoB level
were predictive of coronary disease risk independent of
other risk factors, including plasma triglyceride (185).
Moreover, there was a strong interaction of small LDL size
(

 

�

 

256 A) with other risk factors, resulting in an odds ratio
4.9 for coronary heart disease in combination with total/
HDL-C ratio 

 

�

 

 6 and an odds ratio of 6.2 in combination
with an apoB level 

 

�

 

120mg/dl.

These findings have been confirmed and extended in
further studies in this population (184, 186). These stud-
ies support the concept that the clustered metabolic
changes associated with the production of small dense
LDL may jointly contribute to coronary disease risk, and
that increased numbers of atherogenic particles must be
present for disease risk to be manifest. Mykkänen et al.
found that LDL size was not a predictor of CHD events in
elderly men and women after controlling for diabetes sta-
tus. This may be explained in part by a survival bias that is
supported by the low prevalence of phenotype B subjects
in this study. Further, the follow-up period of 3.5 years in
this study was relatively short. Interestingly, a recent study
analyzing data from the CARE trial in a prospective nested
case control study found that larger LDL size after adjust-
ment for other variables was an independent predictor of
recurrent coronary events in a population with coronary
artery disease (187). In this study, however, cases and con-
trols (CAD patients without recurrent events) were closely
matched for baseline lipid levels, including triglycerides,
and also for prevalence of LDL subclass pattern B (ap-
proximately 40%). Thus, the population was one in which
the atherogenic lipoprotein phenotype did not discrimi-
nate risk for recurrent events, and in this context a strong
risk associated with larger LDL was detected. As described
below, this is associated with other lines of evidence that
particles at both extremes of the LDL size range and den-
sity spectrum have atherogenic properties compared with
LDL particles of intermediate size and density. Further, as
suggested in the Fig. 1, the production of large and small
LDL may be metabolically linked in pathways regulated by
triglyceride availability.

 

Potential for enhanced atherogenicity of small dense LDL

 

It has been reported that smaller, denser LDL have a
greater propensity for uptake by arterial tissue than larger
LDL (188), suggesting greater transendothelial transport
of smaller particles. In addition, as described above, smaller
LDL particles may also have decreased receptor mediated
uptake and increased proteoglycan binding (127–129).

Several studies have documented that LDL subfractions
differ in susceptibility to in vitro oxidative stress, a factor
of significance in atherogenesis (151, 189–193). Specifi-
cally, large buoyant LDL are more resistant and small
dense LDL are more susceptible to oxidation, as assessed
by the length of the lag time before the propagation
phase of free radical generation upon incubation with
copper. A number of factors have been proposed to con-
tribute to this differential oxidative susceptibility, includ-
ing altered properties of the surface lipid layer associated
with reduced content of free cholesterol (189), dimin-
ished antioxidant content (194), and increased content of
polyunsaturated fatty acids (193).

 

Atherogenic potential of other apoB-containing
lipoprotein subspecies

 

Elevated levels of remnant lipoproteins and IDL appear to
be of particular importance with regard to coronary disease
risk. In the National Heart, Lung, and Blood Institute Type II
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Coronary Disease Intervention Trial, lipoprotein subfrac-
tions measured by analytical ultracentrifugation were corre-
lated with angiographic progression of coronary disease in
patients with primary hypercholesterolemia treated with
cholestyramine and/or diet (2). Progression status was most
closely related to changes in mass of small IDL/large LDL
particles of flotation rate (S

 

f

 

) 10–14 (

 

P

 

 

 

�

 

 0.03), while there
was a weaker association with mass of small dense LDL of S

 

f

 

0–7. In the St. Thomas Atherosclerosis Regression Study,
change in coronary segment lumen diameter was assessed by
quantitative coronary angiography in 74 men treated with
cholestyramine and/or diet (195). Among a number of lipid
and lipoprotein subfraction measures, IDL, small LDL, and
HDL all were correlated significantly with both of the mea-
sures of change in segment lumen diameter that were em-
ployed in this study. Coronary atherosclerosis progression in
a more recent study (196) was most strongly correlated with
change in cholesterol levels in VLDL remnants and IDL,
with much weaker relationship for cholesterol and apoB in
LDL. Finally, in patients with coronary artery disease partici-
pating in the Monitored Atherosclerosis Regression Study
(MARS), mass concentrations of lipoproteins across the
VLDL and IDL particle spectrum as assessed by analytic ul-
tracentrifugation were related to coronary angiographic pro-
gression (197), while only on-trial IDL mass concentrations
predicted change in carotid artery intimal medial thickness
assessed by B-mode ultrasound (198).

Several studies have examined the relationship of apoli-
poprotein specific subpopulations to risk of coronary
artery disease. Increased levels of both apoC-III:B and
apoE:B particles have been found in myocardial infarction
survivors vs. controls, independent of other standard lipid
and lipoprotein measures (199). Moreover, increased levels
of apoB-bound apoC-III were strong predictors of angiog-
raphy progression of coronary artery disease in two inter-
vention trials (200, 201). In a recently published prospec-
tive, nested case-control study of the CARE trial it was
demonstrated that VLDL apoB and apoC-III concentra-
tions in VLDL and LDL were independent predictors of
recurrent coronary events (202). Finally, it has been re-
ported that apoC-III distribution among lipoprotein spe-
cies discriminated differences in coronary disease risk be-
tween two populations better than did other lipid and
lipoprotein variables (203). These findings suggest that
within the spectrum of triglyceride-rich lipoproteins and
their lipolytic remnants, those containing apoC-III, as well
as apoE, may be of particular importance of the pathogen-
esis of coronary artery disease.

There is also considerable evidence that certain forms
of large LDL particles may be atherogenic, possibly be-
cause of alterations in cholesteryl fatty acid composition
(204). A direct pathologic role of small IDL/large LDL
particles in atherogenesis is evident from studies in cho-
lesterol fed animal models (2, 204). Notably, as described
above in hypercholesterolemic monkeys, both increases in
LDL particle size and apoE content (121) have been re-
lated to extent of coronary atherosclerosis, and it is likely
that the atherogenic apoE-containing large LDL in this
species have properties similar to IDL-2/LDL-I in humans

(4). Among lipoproteins that accumulated in fat-fed LDL
receptor knockout mice, a subpopulation of IDL/large
LDL particles that is preferentially depleted by overex-
pression of LpL has been strongly and specifically impli-
cated in the development of atherosclerosis (205). In-
creased particle size of LDL-I has been associated with
coronary artery risk in a population of subjects selected
for normolipidemia, in whom selection criteria effectively
excluded subjects with a predominance of small dense
LDL (206). Generally, in normolipidemic individuals with
a predominance of larger LDL, the potentially atheroge-
nicity of these particles can be attenuated since these sub-
jects generally have relatively higher HDL-C and lower tri-
glyceride levels. As discussed above in a recent report
from the CARE study (187), increased LDL peak particle
size was significantly related to CAD risk after adjustment
for triglycerides, HDL, and other variables.

Thus, in various reports both particle with the charac-
teristics of IDL/large LDL and small dense LDL have
been associated with clinical and angiographic indices of
coronary artery disease. Given the relationship of these
lipoprotein subclasses with each other, and potentially
with other unmeasured pathological factors, these studies
do not allow assessment of causality. Nevertheless, it is rea-
sonable to suppose that one or both of these subclasses
contribute directly to risk of coronary artery disease, par-
ticularly in subjects with LDL subclass pattern B in whom
levels of both are elevated. It is possible that IDL and
dense LDL particles promote different pathologic events
in the development of atherosclerotic cardiovascular dis-
ease, or, as discussed above, that they share common fea-
tures or metabolic properties that result in additive or
overlapping effects on this process.

 

LDL subclass profiles as predictors of coronary
artery disease in response to lipid-altering therapies

 

Information regarding LDL subclasses and response of
coronary disease progression to lipid altering treatment
was first reported in the Stanford Coronary Risk Interven-
tion Project (SCRIP) (132). SCRIP was a multiple risk fac-
tor intervention trial in patients with angiographically
documented coronary disease in which the most com-
monly used regimens included bile acid binding resins
and nicotinic acid. Despite similar levels of total LDL-C at
entry and similar reduction with therapy, only subjects
with predominantly small dense LDL (approximately 40%
of the total group), and not those with larger more buoy-
ant LDL, demonstrated reduced angiographic progres-
sion compared with the control (usual care) groups
(132). In conjunction with the clustering of other meta-
bolic features associated with the dense LDL trait, levels of
triglyceride, VLDL, and IDL above the median and levels of
HDL-2 below the median, were also predictive of greater
therapeutic benefit. It is noteworthy that a post hoc analy-
sis of the results of the Helsinki Heart Trial (207) indi-
cated that the major benefit of diet plus gemfibrozil on
clinical events was confined to 10% of the subjects with tri-
glyceride levels greater than 204 mg/dl and LDL/HDL-C
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ratios greater than five, a subgroup that would be ex-
pected to consist primarily if not exclusively of subjects with
predominantly smaller, denser LDL particles. Moreover, a
recent post hoc analysis of the results of the Cholesterol
Lowering Atherosclerosis Study (CLAS) has revealed that
the benefit of intervention with diet, colestipol, and nico-
tinic on coronary disease progression was confined to sub-
jects in the top tertile of the triglyceride distribution (

 

�

 

190
mg/dl), a group expected to be highly enriched in LDL
subclass pattern B subjects (208). Reductions in LDL and
increases in HDL in subjects in this group were of similar
magnitude to those in the other triglyceride tertiles.

Intensive lipid-lowering therapy (colestipol plus lovasta-
tin or niacin plus colestipol) in the Familial Atherosclero-
sis Treatment Study demonstrated that increases in LDL
buoyancy associated with reduced hepatic lipase activity
were correlated with reduced coronary artery stenosis
(209). In a multiple regression analysis, the increased
LDL buoyancy was the risk factor most strongly associated
with CAD regression, accounting for 37% of the variance
of change in coronary stenosis. This result suggests that
therapeutic modulation of the small dense LDL pheno-
type can be of benefit in reducing atherosclerosis risk.
These analyses, while all post hoc, indicate that at least cer-
tain lipid altering drug regimens achieve selective benefit
on angiographic progression in individuals with the dys-
lipidemic phenotype associated with a predominance of
small dense LDL. It appears likely that these interventions
act on metabolic pathways that are particularly important
for atherosclerosis risk in subjects with this phenotype.
That this may not be a universal effect of all lipid altering
therapies is indicated in recent observations from MARS
in which no significant benefit of the HMG-CoA reductase
inhibitor lovastatin on coronary artery narrowing were ob-
served in subjects with small dense LDL phenotype, whereas
substantial benefit was found in subjects with larger more
buoyant LDL (210). In the prospective, nested case control
study from the CARE trial, discussed above, pravastatin ther-
apy eliminated the excess in risk for recurrent events in pa-
tients with larger LDL particles (187). However, the overall
risk reduction in CARE of approximately 25% leaves consid-
erable opportunity for further risk reduction by treatment
of other atherogenic abnormalities, including those associ-
ated with high triglycerides, low HDL and small dense LDL.

In summary, these results suggest that metabolic factors
underlying differing LDL subclass phenotypes may influ-
ence not only risk of coronary artery disease, but also the
likelihood of benefit of specific lipid altering therapies and
diets. Improved understanding of these factors and their
genetic determinants and modifying influences should
lead to more effective identification and management of
individuals at high risk for coronary artery disease.
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