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Abstract _
A common, genetically-influenced subclass profilé characterized by a
predominancé of small, dense LDL particles is associated with relative increases
in plasma triglyceride and apoB-100, and reduced levels of HDL-cholesterol and
apoAl. Recently, this phenotype has also been associated with featurés of the
insﬁlin resistance syndrome as well as familial combined hyperlipidemia. Case-
control studies of patients with myocardial infarction and angiographically
documented coronary artery disease (CAD) have demonstrated that up to 40-
50% of patients have the small, dense LDL phenotype, and that this is associated
with a 2-3 fold increase in disease risk. However, because of strong statistical
interrelationships among the multiple features of this phenotype, it has been
difficult to determine whether one or more of its metabolic alterations are
primarily responsible for increased CAD susceptibility. More direct evidence for
enhanced atherogenicity of lipoproteins in this trait derives from a recent report
that LDL cholesterol lowering by diet and drug treatment resulted in reduced
_coronary angiographic progression in CAD subjects with predominantly dense
LDL, but that an equivalent lowering of LDL cholesterol iri subjects with more
buoyant LDL was associated with no angiographic benefit. Furthermore, in vitro
findings have indicated increased susceptibility of small, dense LDL to oxidative
modification, and relatively greater binding of these particles to arterial wall -
proteoglycans. Thus, the sma_ll, dense LDL trait may underlie familial
predisposition to coronary artery disease in a large proportion of the population,
and its presence may indicate the potential for benefit from specific therapeutic

_interventions.
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insulin resistance, oxidation.



LDL subclasses and atherogenic hpoprotem phenotype 4
LDL comprise multiple distinct subclasses with differing physical, chemical,

and metabolic properties [1,2]. The density, size, and ultracentrifugal flotation
rates of the major LDL subclasses have been defined in our laboratory using
density gradient ultracentrifugation, pore-gradient gel electrophoresis, and
analytical ultracentrifugation, respectively [1,2]. The plasma distribution of these
subclasses varies among age and sex categories, and also in relation to levels of
other lipoproteins [3,4]. Levels of the largest and most buoyaﬁt LDL (LDL-I) are
higher in women than in men, are reciprocally correlated with levels of smaller,
more dense LDL-III, and are p051t1vely correlated with levels of HDL, speaﬁcally,
HDL; [3]. Size and buoyancy of the major LDL species are also strongly mversely
correlated with levels of VLDL [3] and plasma triglyceride [4]. Additionally, it has
been shown recently that peak LDL particle diameter is strongly inversely related
to plasma insulin and features of the insulin resistance syndrome, including
elevated blood pressure [5].

Earlier studies indicated that in'most normolipidemic individuals, thereis a
predominance of larger and more buoyant LDL particleé (LDL-I or LDL-II) but
some subjects have predominantly smaller, more dense LDL (specifically LDL-II)
[6]. Generally, the smallest and most dense LDL particles (LDL-IV) are found in
relatively low concentrations in plasma, except in patients with severe |
hypertriglyceridemia. The profile characterized by a predominance of LDL-TII was
originally idéntified on the basis of LDL subclass patterns discerned by gradient
gel electrophoresis, and has been designafed LDL subclass pattern B [7,8].
However, the subgroup of individuals with pattern B is also identifiable as a
discrete mode in the continuous distribution of LDL peak particle size as

determined by gradient gel electrophoresis [9], and an even more clearly defined



mode in the .distribution of LDL peak density as measured by analytical
ultracentrifugation (Figure 1).

Population studies of LDL subclass profiles have genefally utilized gradient
gel electrophoresis [8,10,11] which is considerably more amenable to large scale
application than is ultracentrifugal methodology, and can clearly assign patterns in
80-85% of subjects (the remainder have intermediate or mixed patterns) [7,8].
Based on studies in largely Caucasian American populations, the prevalence of
pattern B is approximately 10-15% in males younger than age 20 and in

premenopaﬁsal females, and increases to 30-35% in adult men and 25-30% in
postmenopausal women [8,10,11]. An earlier study had indicated that the
prevalence in postmenopausal women was greater [8], but the population studied
was enriched in pattern B families.

In accord with the metabolic relationships deséribed above, individuals with
subclass pattern B have been shown to have higher levels of triglyceride—rich |
lipoproteins and remnants, reduced levels of HDL; [8], and a greater degree of
resistance to insulin-stimulated glucose uptake than subjects with predominantly
larger LDL (pattern A)[5]. Levels of plasma and LDL apoB are relatively higher in
pattern B than pattern A subjects, indicative of increased numbers of LDL particles,

| but total LDL-cholesterol is ﬁﬁnimally if at all higher [8], consistent with the shift
toward denser, more lipid-depleted LDL particles. |

The evidence that individuals with small, dense LDL have a number of
interrelated metabolic features associated with increased risk of coronary artery
disease led to the designation of pattern B as an atherogenic lipoprotein phenofype |
(ALP) [8]. Case-control studies of subjects with acute myocardial infarction [7] -

~ and angiographically documented coronary artery disease [12;13] have shown up
to a three-fold increase in risk associated with a predominance of small, dense

LDL. However, the high degree of intercorrelation among the metabolic features
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of ALP have made it difficult to détermine the extent to which individual
components of the syﬁdrome contribute to disease risk. Whilé in all studies to date
inclusion of plasrria triglyceride levels in regression models has eliminated the
significance of the association of LDL p.ar‘ticle size with coronary risk, the strength
of the relationship between LDL size and triglyceride level makes it impossible to
draw causal inferences from these analyses. |

More direct evidence for enhanced atherogenic properties of lipoproteins in
Subjects with subclass pattern B was recently obtained from analyses performed in
conjunction with the Stanford Coronary Risk Intervention Program (SCRIP), a
four-year randomized multifactorial risk reduction trial carried out in 300 patients
with angiographically documented coronary artery disease [14]. Specific
therapeutic regimens varied among patients in this study, but most received one of
several hypolipidemic drugs in conjunction with an AHA Step 2 diet. Despite
similar extent of disease at baseline, and comparable diet- and drug-induced
reductions in levels of total LDL cholesterol, patients with subclass pattern B, but
not those with pattern A, demonstrated reduced progression of atherosclerosis as
determined by quantitative coronary angiography [15]. This differential benefit
was associated with greater reductions in levels of both plasma triglyceride and
LDL-IIl in pattern B subjects, although it was not possible to determine whether
one or both of these changes were directly related to the outcome. It is also of
inte,rest that substantial therapeutic reductions in levels of LDL-I and LDL-I in
patiehts with pattern A were not associated with reduced angiographic
progression when compared with subjects in the control group who did not
receive risk reduction therapy.

In vitro studies have provided further information suggesting that LDL
subclasses differ in properties which may affect the development or progression of

atherosclerosis. Several reports have documented that susceptibility to copper-
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induced oxidation, as assessed by lag time prior to initiation of the propa'gaﬁon/
phase of free radical generation, is greater for small, dense LDL (LDL-III) than for
larger, more buoyant LDL particles (cf. [16]). Another property of small, dense
LDL that might be of importance in atherogenesis is a greater affinity for arterial
wall proteoglycans. There is evidence that sialic acid declines as a function of
increasing density and decreasing size of LDL particles [17], that reduced LDL
sialic acid is found more commonly in patients with coronary disease than in
‘healthy subjects {18], and that reduced LDL sialic acid results in increased binding
to arterial proteoglycans [19]. If such increased binding occurs in vivo, it would be
expected to increase residence time and hence the likelihood of oxidative
modification of LDL in the arterial wall. This might be further enhanced by an
increased oxidative susceptibility of the bound LDL [20].

Genetic influences on LDL subclass patterns

Complex s.egregation analyses in healthy families [21], and in families of
probands with familial combined hyperlipidemia [22], have indicated that LDL
subclass pattern B, as identified by gradient gel electrophoresis, is under tile
influence of a major gene or genes, each with transmission consistent with
autosomal dominant inheritance, and an additional polygenic or additive
component. More recent studies, in which the small, dense LDL phenotype was
assessed by density gradieﬁt ultrdcentrifugation [23] and by measurement of LDL
particle size as a continuous parameter {24], have confirmed a major gene effect.
The frequency of the allele(s) responsible for pattern B in these studies, which
involved four different study populations, ranged from 0.1 to 0.3, consistent with
the prevalence of the trait as assessed by population studies.
There is also evidence that the pattern B phenotype is a feéture of, and may

predispose to the development of, familial combined hyperlipidemia, one of the

most prevalent monogenic disorders associated with increased risk of premature
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coronary artery disease. In a study of 231 subjects in seven large kindreds with
_familial combined hyperlipidemia, there was evidence for a major gene underlying
LDL subclass pattern B with a.similar mode of inheritance as described previously
in other populations [22]. Moreover, subjects with this trait accounted for the
majority of individuals with elevated levels of plasma apoB-100, a hallmark of this
_‘form of hyperlipidemia. -Of particular note is that the distribution of apoB levels in
pattern B, but not pattern A subjects, was bimodal [25], raising the possibility of a
second major gene responsible for apoB elevations t’hat is fully expressed only in
the genetic background of pattern B.

Other studies have focused on identifying the genetic loci underlying the
pattern B phenotype by determining linkage of LDL subdlass patterns and particle |
size to candidate genes. Significant linkage was detected to markers on
chromosome 19p13.3, with the highest LOD score (an indication of the likelihood
of linkage) at the LDL receptor gene locus {26]. The gene mapped to this locus has
been designated ATHS, for atherosclerosis susceptibility (lipoprotein-related).

Two studies have been carried out recently to test for linkage of pattern B to the -
LDL receptor gene in other popuiations’. There was no evidence for linkage. ina
group of families of probands with familial combined hyperlipidemia, but most of
this effect was due to non-linkage in one large kindred [27]. More recently, using
quantitative sib pair analysis, Drs. Jerome Rotter, Aldons Lusis, and colleagues, in
collaboration with our laboratory, have confirmed a significant linkage (p=0.007)

‘of LDL particle size, as a continuous variable, with the LDL receptor gene among
264 members of 24 kindreds ascertained by a proband with coronary artery disease
[28]. In this same group of familieé_, linkage of LDL size was also demonstrated to
three other loci: the apoAl/CIII/ AIV gene cluster on chromosome 11 (p=0.004), the

manganese superoxide dismutase (MnSOD) gene on chromosome 6 (p=0.002) ,



and the cholesteryl ester,traxitsfer protein (CETP) gene on chromosome 16
(p=0.0001) [28].

These findings have led to the hypothesis that several giifferent genetic 1oci.
underlie the expression of the small, dense LDL phenotype, that these genes
cumulatively account for the prevalence of the trait in the general population, and
that in any given family one or more of the lodi are responsible for the major gene
and additive effects identified by complex segregation analyses. Moreover, the
_ results suggest that different genetically-determined metabolic mechanisms may

giverise to ALP, and that these differences, as well as gene-gene interactions, may
result in variability of metabolic and pathologic manifestations among affected
individuals. ” |
Studies in twins have afforded another approach to examining genetic as
well as non-genetic influences on the LDL particle distribution. Heritability of
LDL particle size, as assessed by' relative concordance in monozygotic vs.
dizygotic/ twins, has indicated that genetic factors account for approximately 40-
50% of thé variation in LDL particle size in both men [29] and women [10], with
the remainder due to non-genetic or environmental influences. A number of
such influences have been ident';fied,' including abdominal adiposity [30]
presence of diabetes mellitus [31-33], and use of progesﬁn—confaining oral
contraceptives [23].
In addition, recent studies in our laboratory [34] have indiéated that low-
-fat high-carbohydrate diets are capable of inducing éxpression of pattern B in
- susceptible individuals. These studies additionally showed that in subjects with
LDL subclass pattern B on a high fat diet, a reduced-fat, high-carbohydrate diet
does not lead to conversion to pattern A. However the diet-induced reductions
in LDL cholesterol and apoB in the pattern B subjects are substantially greater

than subjects with pattern A, suggesting a greater relative improvement in
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coronary disease risk. These findings raise the pocsibility that the genetic and
metabolic factors underlying the pattern B trait may lead to differential
responsiveness to other hypolipidemic therapies aimed at reducing coronary

disease risk.

_ Acknowledgment
This work was supported by the National Institutes of Health Program

Project Grant HL 18574 from the National Heart, Lung, and Blood Institute, a
grant from the National Dairy Promotion and Research Board administered in
cooperation with the National Dairy Council, and was conducted at the
Lawrence Berkeley Laboratory through the US Depértment of Energy under
Contract No. DE-AC03-765F000-98. |



‘ References __

1 Krauss RM. Low-dénsity lipoprotein subclasses and risk of coronary
a.rtefy disease. Curr Opin Lipidol 1991;2:248-252.

‘ 2 Krauss RM, Blanche PJ. Detection and quantitation of LDL subfractions.
Curr Opin Lipidol 1992;3:377-383. |
3 Krauss RM, Lindgren FT, Ray RM. Interrelationships among subgroups of
serum lipoproteins in normal human subjects. Clin Chim Acta 1980;104:275-90.
4 McN amara J, Campos H, Ordovas JM, Peterson J, Wilson PWF, Schaefer
EJ. The effect of gender, age, and lipid status on low density lipoprotein
subfraction disfributions. Results of the Framingham Offspring Study.
Arteriosclerosis 19877:483-490. |
5 Reaven GM, Chen Y-DI, Iei)pesen J, Maheux Pa, Krauss RM. Insulin
resistance and hyperinsulinemia in individuals with small, dense, low density
lipoprotein particles. ] Clin Invest 1993;92:141-146.
6 Krauss RM, Burke DJ. Identification of multiple subclasses of plasma low
density lipoproteins in normal humans. J Lipid Res 1982;23:97-104. ' |
7 Austin MA, Breslow IL, Hennekens CH, Buring JE, Willett WC, Kraﬁss
RM. Low-density lipoprotein subclass patterns and risk of myocardial infarction.
JAMA 1988;260:1917-1921. ' |
8 Austin MA, King MC, Vranizan KM, Krauss RM. Atherogenic lipoprotein
phenotype: A proposed genetic marker for coronary heart disease risk.

.Circulation 1990;82:495-506.
9 Krauss RM. The tangled web of coronary risk factors. Am J Med 1991;90
(Suppl 2A):385-41S.
10 Austin MA, Newman B, Selby JV, Edwards K, Mayer EJ, Krauss RM.
Genetics of LDL subclass phenotypes in women twins: Concordance,

heritability, and commingling analysis. Arterioscler Thromb 1993;13:687-695.

-10-



11 Campos H, Blijlevens E, McNamara JR, Ordovas JM, Posner BM, Wilson
PWEF, Castelli WP, Schaefer EJ. LDL particle size distribution: Results from the
Framingham Offspring Study. Arterioscler Thromb 1992;12:1410-1419.

12 Campos H, Genest J] Jr., Blijlevens E, McNamara JR, Jenner JL, Ordovas
JM, Wilson PWF, Schaefer EJ. Low density lipoprotein particle size and coronary
artery disease. Arterioscler Thromb 1992;12:187-195.

13 Coresh J, Kwiterovich PO Jr., Smith HH, Bachorik PS. Association of
plasma triglyceride concentration and LDL particle diameter, density, and
chemical composition with premature coronary artery disease in men and
women. J Lipid Res 1993;34:1687-1697.

14 | Haskell WL, Alderman EL, Fair J]M, Maror D]J, Mackey SF, Superko HR,
Williams PT, Johnstone IM, Champagne MA, Krauss RM, Farquhar JW. The
effects of intensive multiple risk factor reduction on coronary atherosclerosis and
clinical cardiac events in men and women with coronary artery disease: The
Stanford Coronary Risk Intervention Project (SCRIP). Circulation 1994;In Press:
15 Krauss RM, Miller BD, Fair JM, Haskell WL, Alderman EL, Staff SCRIP.
Reduced progression of coronary artery disease with risk factor intervention in
patients with LDL subclass pattern B. Circulation 1992;(Suppl.):I-63:

16 Chait A, Brazg RL, Tribble vDL, Krauss RM. Susceptibility of small, dense,
low-density lipoproteins to oxidative modification in subjects with the
atherogenic lipoprotein phenotype, pattern B. Am J Med 1993;94:350-356.

17 La Belle M, Krauss RM. Differences in carbohydrate content of low
density lipoproteins associated with low density lipoprotein subclass patterns. ]
Lipid Res 1990;31:1577-1588. -

18  Orekhov AN, Tertov VV, Mukhin DN. Desialylated low density
lipoprotein--Naturally occurring modified lipoprétein with atherogenic potency.

Atherosclerosis 1991;86:153-161.

-11-



19 Camejo G, Lopez A, Lopez F, Quifiones J. Interaction of low density
lipoproteins with arterial proteoglycans. The role of charge and sialic acid
content. Atherosclerosis 1985;55:93-105.

20  Camejo G, Hurt-Camejo E, Bondjers G. Effect of proteoglycans on
lipoprotein-cell interactions: possible contribution to atherogenesis. Curr Opin
Lipidol 1990;1:431-436.

21 Austin MA, King MC, Vranizan KM, Newman B, Krauss RM. Inheritance
of low-density lipoprotein subclass patterns: results of complex ségregation
analysis. Am J Hum Genet 1988;43:838-46.

22 Austin MA, Brunzell JD, Fitch WL, Krauss RM. Inheritance of low density
lipoprotein subclass patterns in familial combined hyperlipidemia.
Arteriosclerosis 1990;10:520-530. _

23 de Graaf J, Swinkels DW, de Haan AFJ], Demacker PNM, Stalenhoef AEN.
Both inherited susceptibility and environmental exposure determine the low-

- density lipoprotein-subfraction pattern distribution in healthy Dutch families.
Am ] Hum Genet 1992;51:1295-1310.

24 Bu X, Krauss R, Puppione D, Gray R, Rotter JI. Major gene control of
atherogenic lipoprotein phenotype (ALP): a quanﬁtative segregation analysis in
20 coronary artery disease (CAD) pedigrees. Am J Hum Genet 1992;‘51:A336.v

- 25 Austin MA, Horowitz H, Wijsman E, Krauss RM, Brunzell . Bimodality
of plasma apolipoprotein B levels in famnilial combined hyperlipidemia.
Atherosclerosis 1992;92:67-77.

26 Nishina PM, Johnson JP, Naggert JK, Krauss RM. Linkage of athei‘ogenic
lipoprotein phenotype to the low density lipoprotein receptor locus on the short

" arm of chromosome 19. Proc Natl Acad Sci USA 1992:89:708-712.

-12-



27  Austin MA, Stephens K, Wijsman E, Walden C. Evidence against linkage
of small, dense low-density lipoproteins (LDL) to the LDL receptor locus on
chromosome 19. Circulation 1993;88:1-268.

28 Rotter JI, Bu X, Cantor R, Warden CH, Xia YR, DeMeester C, Teryua S,

Lokensgard B, Daneshmand, Brown J, Gray RJ, Krauss R, Lusis AJ. Multilocus

genetic determination of LDL particle size in coronary artéry disease families.

Submitted to Annual Meeting, Western AFCR, Carmel, CA. 1994;

29 Lamon-Fava S, Jimenez D, Christian JC, Fabsitz RR, Reed T, Carmelli D,

Castelli WP, Ordovas JM, Wilson PWEF, Schaefer EJ. The NHLBI Twin Study:

Heritability of apolipoprotein A-l, B, and low density lipoprotein subclasses and

concordance for lipoprotein(a). Atherosclerosis 1991,91:97-106.

30 Terry RB, Wood PD, Haskell WL, Sfefanick ML, Krauss RM. Regional

adiposity patterns in relation to lipids, lipoprotein cholesterol, and lipoprotein
~subfraction mass in men. J Clin Endocrinol Metab 1989;68:'191-199;

31 Barakat HA, Carpenter IW, McLendon VD, Khazanie P, Leggett N, Heath

J, Marks R. Influence of obesity, impaired glucose tolerance, and NIDDM on

LDL structure and composition: Possible link between hyperinsulinemia and

atherosclerosis. Diabetes 1990;39:1527-1533.

32 Feingold KR, Grunfeld C, Pang M, Doerrler W, Krauss RM. LDL subclass
- phenotypes and triglyceride metabolism in non-insulin-dependent diabetes.
Arterioscler Thromb 1992;12:1496-1502.

33 Selby JV, Austin MA, Newman B, Zhang D, Quesenberry CP Jr., Mayer EJ,
Krauss RM. LDL subclass phenotypes and the insulin resistance syndrome in
women. Circulation 1993;88:381-387.

34  Dreon DM, Fern_strom‘HA, Miller B, Krauss RM. Low-density lipoprotein
subclass patterns and lipoprotein response to a reduced-fat diet in men. FASEBJ.

1994;In Press.

-13-



Figure Legend
Distribution of peak LDL buoyant density in 460 men with coronary artery disease.
Measurements were carried out by analytical ultracenﬁifugaﬁon with adjustment
of calculated densities to those .based on preparative ultracentrifugation fLindgren,
1972 #22161. ‘Samples were obtained at baseline in 252 men who participated in
the Stanford Coronary Artery Intervention Project [SCRIP, 14] andA208 participants
in the Monitored Atherosclerosis Regression Study (MARS, samples kindly
provided by Dr. David Blankenhorn). |
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Miniabstract
A comumon, genetically-influenced subcdlass profile characterized by a
prédominancé of small, dense LDL particles is associated with relative increases in
plasma triglyceride and apoB-100, and reductions of HlDL-cholest'er‘oI and apoAL
Recently, this phenotype also has been associated with the insulin resistance ‘
syndrome as well as familial combined hyperlipidemia. Case-control studies of
patients with acute myocardial infarction and angiographically defined coronary
artery disease have demonstrated increased risk in subjects with this trait. |
However, because of strong interrelationships among the metabolic characteristics
of this trait, it has been difficult to determine whether one or more of its features
are primarily responsible for coronary disease susceptibility. Results of a recent
coronary disease interventioh trial, together with in vitro evidence that small,
dense LDL have both increased »oxic.iative susceptibility and affinity for arterial
wall proteoglycans, have supported the hypbthesis that these lipoproteins, and

possibly their metabolic precursors, have enhanced atherogenic properties.
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