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Abstract The plasma concentrations of cholesterol precur-
sor sterols and plant sterols vary over a 5- to 10-fold range
among normolipidemic individuals, and provide indices of
the relative rates of cholesterol synthesis and fractional ab-
sorption. In the present study, we examined the relative
contributions of genetic and environmental factors to varia-
tion in the plasma concentrations and sterol-cholesterol ratios
of five noncholesterol sterols, including the 5a-saturated de-
rivative of cholesterol (cholestanol), two precursors in the
cholesterol biosynthesis pathway (desmosterol and lathos-
terol), and two phytosterols (campesterol and sitosterol).
Plasma sterol concentrations were highly stable in 30 indi-
viduals measured over a 48 week period. Regression of off-
spring sterol levels on the parental values indicated that
plasma levels of all five noncholesterol sterols were highly
heritable. Analysis of monozygotic and dizygotic twin pairs
also indicated strong heritability of all five sterols. Two
common sequence variations (D19H and T400K) in ABCGS,
an ABC half-transporter defective in sitosterolemia, were
associated with lower concentrations of plant sterols in par-
ents, and in their offspring.Bili Taken together, these find-
ings indicate that variation in the plasma concentrations of
noncholesterol sterols is highly heritable, and that polymor-
phism in ABCGS8 contributes to genetic variation in the
plasma concentrations of plant sterols.—Berge, K. E., K.
von Bergmann, D. Lutjohann, R. Guerra, S. M. Grundy, H. H.
Hobbs, and J. C. Cohen. Heritability of plasma noncholes-
terol sterols and relationship to DNA sequence polymor-
phism in ABCG5 and ABCGS. J. Lipid Res. 2002. 43: 486-494.
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Adults consuming Western diets ingest ~600 mg of ste-
rols per day, of which one-third is derived from plants,
and two-thirds from animal sources (1, 2). In normal indi-
viduals, plant sterols are poorly absorbed by the intestine
and efficiently secreted in the bile (3). Consequently, the
major plant sterols, sitosterol and campesterol, usually com-
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prise less than 1% of the total sterol content of human
lipoproteins, and large changes in plant sterol consump-
tion result in modest changes in the plasma concentra-
tions of these sterols (4). Although plant sterols appear to
play little direct role in sterol metabolism, Miettinen et al.
reported that the ratios of plasma sitosterol and campes-
terol to plasma cholesterol concentrations were positively
correlated with the fractional absorption of dietary choles-
terol and negatively correlated with cholesterol synthesis
(5). Subsequently, coronary patients with low baseline
ratios of cholestanol and plant sterols to cholesterol were
found to have greater reductions in cholesterol with statin
treatment and reduced recurrences of coronary events in
the Scandinavian Simvastatin Survival Study (6). Thus the
plasma concentrations of plant sterols, and the ratios of
these sterols to plasma cholesterol concentrations, may
provide useful indices of cholesterol absorption and of re-
sponsiveness to statin therapy.

Recently, a critical component of the cellular machin-
ery that limits accumulation of plant sterols was revealed
by molecular cloning of the gene defective in sitoster-
olemia, a rare autosomal recessive disorder of sterol me-
tabolism (7, 8). Patients with sitosterolemia have in-
creased intestinal absorption and markedly impaired
biliary excretion of neutral sterols, resulting in ~50-fold
elevations in the plasma concentrations of sitosterol and
campesterol (9). Sitosterolemia is caused by mutations in
two genes that encode the ATP binding cassette (ABC)
half-transporters, ABCGH and ABCGS8 (7). The two genes
are located in a head-to-head orientation on chromosome
2p, and appear to be expressed exclusively in liver and in-

Abbreviations: ABC, ATP binding cassette.

! To whom correspondence should be addressed at Center for
Human Nutrition, UT Southwestern Medical Center, 5323 Harry Hines
Blvd, Dallas, TX 75390-9052.

e-mail: jonathan.cohen@utsouthwestern.edu

0TO0Z ‘6 Areniga4 uo Aq BioJ)'mmm woly papeojumoq


http://www.jlr.org

ASBMB

JOURNAL OF LIPID RESEARCH

I

testine. Cholesterol feeding increases the expression of both
genes in mouse liver and (to a lesser extent) intestine (7).
The phenotype of sitosterolemic patients, together with the
tissue-specific pattern of expression and response to choles-
terol feeding of ABCG5 and ABCGS, suggest that the nor-
mal function of these genes is to limit the intestinal absorp-
tion and promote the biliary excretion of neutral sterols.

Although mutations that cause sitosterolemia are ex-
tremely rare, more common sequence variants in ABCG5
or ABCGS8 may have more subtle effects on sterol metabo-
lism, and may contribute to inter-individual variation in the
plasma concentrations of plant sterols. Plasma sitosterol
concentrations vary over a 5- to 10-fold range among indi-
viduals consuming similar amounts of dietary sitosterol and
are poorly correlated with dietary plant sterol intake (10).
These findings suggest that inter-individual variation in
the plasma concentrations of plant sterols reflect biologi-
cal differences in sterol metabolism among individuals.
The present study was undertaken to test this hypothesis by
addressing three questions: 7) How variable are plasma phy-
tosterol concentrations within an individual?, #) Is variation
in plasma phytosterol concentrations heritable?, and z)
Do polymorphisms in ABCG5 and ABCGS contribute to
variation in plasma phytosterol concentrations? Since the
ratio of noncholesterol sterol to cholesterol in the plasma
provides an indication of cholesterol biosynthesis and
cholesterol absorption, the heritability of these ratios was
also determined.

MATERIALS AND METHODS

Subjects

The study protocols were approved by the institutional review
boards of the University of Texas Southwestern Medical Center
at Dallas and The University of Bonn. Families in which both
parents and three or more children were available for sampling
were recruited by word of mouth and by advertisements in news-
papers, churches, and health centers. Unrelated healthy subjects
were also recruited at health promotion events held in the Dallas
metropolitan area. Study participants ranged in age from 5 to 79
years. All participants identified themselves as white, not of His-
panic origin, and were ascertained with no a prior knowledge of
plasma sterol concentrations. Blood samples were drawn after
overnight fast (>10 h) into 10 ml vacuum tubes containing so-
dium EDTA. Plasma was separated by centrifugation and stored
at —20°C, and shipped to Bonn, Germany, for analysis of neutral
sterols. Genomic DNA was isolated from the white blood cell pel-
let using an automated DNA extractor (Applied Biosystems, Fos-
ter City, CA). All available family members were sampled, but in-
dividuals who were taking lipid-lowering drugs or any form of
hormone replacement were excluded from the analyses. All par-
ticipants completed a detailed questionnaire regarding family
history, past and current health status, diet and exercise habits,
alcohol and tobacco use, and medications.

Thirty unrelated individuals, 12 pairs of monozygotic (MZ)
twins, and 12 pairs of dizygotic (DZ) twins were recruited in
Bonn, Germany by newspaper advertisements.

Assay of plasma sterols

Cholesterol precursors (desmosterol and lathosterol), choles-
tanol, and plant sterols (campesterol and sitosterol) were mea-

sured by gas-liquid chromatography (GLC) after alkaline hydrol-
ysis, extraction, and derivatization as described in detail
previously (11, 12). Assay variation was assessed by 12-fold repli-
cate analysis of a single serum sample. Intra-individual variation
in sterol levels was estimated from replicate samples drawn at 24-
and 48-week intervals from 30 subjects.

Assay of DNA sequence variants in ABCG5 and ABCGS

Five previously identified sequence variants were assayed by
PCR amplification and restriction digestion (8, 13). PCR reactions
were performed in 20 wl volumes containing 25 ng DNA, 12.5
pmol of each oligonucleotide primer [for primer sequences, see
(13)], 4 pmol of each dNTP, and 0.2 U DNA Taq polymerase in
the buffer provided by the manufacturer (Roche, Indianapolis,
IN). The forward primer for the polymorphism c.55 G>C in
ABCG8 was designed with a single nucleotide substitution to cre-
ate a restriction enzyme site (Styl) to distinguish the two alleles.
Reactions were subjected to 30 cycles of denaturation at 96°C for
15 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s.
The PCR products were digested using the appropriate restric-
tion enzymes (13), size-fractionated by electrophoresis on 3%
agarose gels, and visualized by ethidium bromide staining.

Statistical methods

The heritability of plasma noncholesterol sterol concentra-
tions and of the noncholesterol sterol-cholesterol ratios (ug of
sterol per mg of cholesterol) was evaluated using family data and
twin data. Heritability estimates were obtained from the slope of
a regression of mean offspring sterol level on the midparent
value in 74 nuclear families. The contribution of shared environ-
ment was inferred from spousal correlations. A second test for
heritability was performed by comparing estimates of within-twin
variation in 12 pairs of MZ and 12 pairs of DZ twins. The statistic
for the test is an F-ratio

MSW,,
F="Msw,,

with (np ny,) degrees of freedom, where MSW denotes resid-
ual mean-square error from separate one-way ANOVAs for each
type of twin. For each phenotype MZ and DZ intraclass correla-
tion coefficients were also computed to quantify the degree of
similarity within twin pairs.

Linkage disequilibrium was quantified by comparing observed
gametic frequencies to those expected under the assumption of
linkage equilibrium. The linkage disequilibrium statistic used for
analysis is defined by: D = P,z — P,Pp, where the probabilities
(P) are estimated by their observed relative frequencies. Letting
A and B denote two given alleles at two different loci, the statistic
used to test for linkage disequilibrium using 27 gametes is

9
@ 2nDy p
ap = P,(1-P)P,(1—Pp)

which is distributed as a chi-square random variable with 1 de-
gree of freedom. Normalized linkage disequilibrium coefficients
(D") were calculated by dividing D by its maximal value to give a
normalized range of (—1, 1)

Dyp
D,p<
max (P, Py, — P;Pg) 48 0
D =
D
20 D<0

mln(PgPB,PAPE)

where Py = 1 — P, and similarly Pp. Linkage disequilibrium was
evaluated for each of the 10 possible pairs of 5 loci.

Tests for association were performed using five nonsynony-
mous DNA sequence variants (four in ABCGS and one in
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TABLE 1. Mean age, plasma sterol concentrations, and plasma sterol-cholesterol ratios
in unrelated individuals and twins

Unrelated Monozygotic Dizygotic
Individuals Twins Twins
(n = 148) (n = 24) (n = 24)
Age (years) 55 £ 11 25+ 7 25+ 7
Plasma sterol concentrations
Cholesterol (mg/dl) 204 = 38 172 = 41 182 = 40
Cholestanol (pg/dl) 420 = 110 420 = 140 410 = 80
Desmosterol (g/dl) 200 *+ 70 130 * 40 150 £ 50
Lathosterol (pg/dl) 320 = 150 230 = 100 250 = 80
Sitosterol (pg/dl) 250 = 100 310 = 80 290 = 90
Campesterol (pg/dl) 330 = 140 430 = 100 420 = 150
Plasma sterol-cholesterol ratios
Cholestanol (ug/mg) 2.05 = 0.46 2.43 = 0.38 2.32 £0.41
Desmosterol (pg/mg) 0.99 = 0.31 0.80 = 0.20 0.82 =0.17
Lathosterol (ug/mg) 1.53 * 0.66 1.37 = 0.50 1.40 = 0.40
Sitosterol (pg/mg) 1.24 + 0.47 1.79 = 0.31 1.62 = 0.38
Campesterol (ug/mg) 1.66 *+ 0.64 2.53 = 0.41 2.31 = 0.64

Values are means * SD. Unrelated individuals are 148 parents from 74 nuclear families.

ABCGS5) that were found in more than a single individual. To re-
duce the risk of false positive association from multiple testing,
the analysis of each polymorphism was performed in two stages.
First, the parents of the nuclear families were divided into two
groups comprising i) homozygotes for the common allele, and
i1) heterozygotes and homozygotes for the less common allele.
The mean value of each sterol (and the sterol-cholesterol ratio)
was then compared in the two groups using a #test. Second, for
those polymorphisms that were associated with the plasma levels
of one or more sterols with a nominal P < 0.05, the sterol values
of siblings who carried the less common allele were compared
with those of their siblings who were homozygotes for the com-
mon allele using a Wilcoxon test, as described previously (14).

RESULTS

Blood samples were obtained from 502 individuals com-
prising 74 nuclear families, and from 24 pairs of twins.
Ages and plasma sterol concentrations of these individuals
are shown in Table 1.

Intra-individual variation in plasma noncholesterol
sterol concentrations

Plasma noncholesterol sterol concentrations were
highly stable within individuals. Within assay variation
[(SD/mean) X 100] ranged from 1.5-3.8%. Differences
in the noncholesterol sterol levels in the replicate samples
drawn 24 weeks apart ranged from 0.2% for desmosterol
to 2.6% for campesterol. No appreciable increase in vari-
ability was noted at 48 weeks (mean differences for repli-
cate analyses ranged from 0.21-3.1%).

Distribution of plasma noncholesterol
sterol concentrations

Plasma concentrations of the cholesterol precursor ste-
rols desmosterol and lathosterol, and the phytosterols
campesterol and sitosterol, showed lognormal distribu-
tions with significant skewing toward higher levels (Fig. 1).
The range of inter-individual variation was substantially
greater for these sterols (5- to 10-fold) than for plasma
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cholesterol levels (~3-fold). The distribution and inter-
individual variation of plasma concentrations of cholestanol
and cholesterol were similar.

Phenotype correlations

The plasma concentrations of noncholesterol sterols
were significantly correlated with sex, age, and plasma
cholesterol concentrations. Plasma concentrations of the
cholesterol precursor sterols were slightly higher in men
than in women (190 * 70 vs. 160 *= 60 for desmosterol
and 270 = 140 vs. 250 £ 120 for lathosterol), but no sex dif-
ference was observed for the other sterols (data not
shown). Plasma concentrations of cholesterol, cholestanol,
and the cholesterol biosynthetic precursor sterols desmos-
terol and lathosterol were positively correlated with age
(Table 2). In contrast, weak negative correlations were ob-
served between age and the plasma concentrations of the
two plant sterols campesterol and sitosterol. The plasma
concentrations of all five noncholesterol sterols were posi-
tively correlated with those of cholesterol (Table 2).
Plasma concentrations of cholestanol were strongly corre-
lated with those of the two plant sterols sitosterol and
campesterol. Plasma concentrations of the cholesterol pre-
cursor sterols lathosterol and desmosterol were strongly
correlated with each other, as were those of the plant ste-
rols sitosterol and campesterol, but correlations between
the cholesterol precursor sterols and the plant sterols were
very weak and inconsistent.

Familial correlations and heritability estimation

Regression of mean offspring sterol concentrations on
mid-parent values suggested a strong familial component
for cholesterol (H2 = 0.50), cholestanol (H2 = 0.54), des-
mosterol (H2 = 0.28), lathosterol (H? = 0.31), sitosterol
(H?2 = 0.57), and campesterol (H? = 0.59). Heritability es-
timates were not appreciably affected by preadjustment
for age (data not shown), indicating that the familial ag-
gregation of plasma sterol concentrations was not an arti-
fact of confounding factors associated with aging. The

0TO0Z ‘6 Areniga4 uo Aq BioJ)'mmm woly papeojumoq


http://www.jlr.org

ASBMB

JOURNAL OF LIPID RESEARCH

I

Cholesteral

%

Desmosterol

Sitosterol

%

220 - @ @
3 g 3
k=] b= 2
= = 20 Z 20
E.m E | E
k-] B B
4 .10 . 10
2 2| 2
o - 0. ol
Cholestanol Lathosteral Campesterol
‘,.,30 @ 20 @ 20
s 3 g
:.E_ £ 0. '_g 10
<10 b :
z Z z
0 | 0- 0!
Al SR ES B & g8 8¢ 488

Fig. 1. Distribution of fasting plasma sterol concentrations in 148 unrelated men and women. Values for
cholesterol are in mg/dl and for noncholesterol sterols are pg/dl.

heritability estimate for plasma cholesterol level was 0.5,
which is similar to that reported for other populations
(15-18). Plasma sterol-cholesterol ratios were also highly
heritable (Fig. 2). Estimates for the ratios of the choles-
terol biosynthetic precursors desmosterol (H2 = 0.36)
and lathosterol (H2 = 0.42) to cholesterol were lower
than the corresponding ratios for cholestanol (H? = 0.81),
sitosterol (H2 = 0.81), and campesterol (H? = 0.84), and,
the three sterols that were previously shown to be corre-
lated with cholesterol absorption (5). To determine if the
high heritability estimates for these ratios were due to simi-
lar dietary sterol intakes within families, the correlations be-
tween the sterol-cholesterol ratios of spouses were deter-
mined. A significant spousal correlation was observed for
lathosterol-cholesterol (r = 0.4), but not for cholestanol-
cholesterol (r = 0.13), desmosterol-cholesterol (r = 0.14),
campesterol-cholesterol (r = —0.04), or sitosterol-cholesterol
(r=0.012). Thus the familial aggregation of plasma sterol-
cholesterol ratios cannot be ascribed to similar diets con-
sumed by family members. To further evaluate the herita-
bility of plasma noncholesterol sterols, a second study was
performed in adult male MZ and DZ twins. The mean
values for plasma lipid levels (Table 1) were similar in the

two sets of twins, but the plasma sterol concentrations
(not shown) and the sterol-cholesterol ratios (Fig. 3)
were significantly more similar among MZ than among
DZ twins.

Identification of ABCG5 and ABCGS alleles

Parental haplotypes were determined by analyzing the
segregation of the five common polymorphisms in the nu-
clear families. Nineteen distinct alleles were found among
144 unrelated individuals (Fig. 4). The three most com-
mon haplotypes accounted for 63.8% of the alleles in this
population. The predominance of these alleles is due in
part to linkage disequilibrium among the three common
sequence variations in ABCGS (Table 3).

The relationships between the five common, nonsynon-
ymous DNA sequence polymorphisms and plasma concen-
trations, and sterol cholesterol-ratios of each sterol were
determined among unrelated individuals (the parents)
(Table 4). Analysis of sterol concentrations and sterol-
cholesterol ratios yielded similar results, therefore subse-
quent analyses were performed using plasma sterol-choles-
terol ratios only. Two of the polymorphisms were associated
with noncholesterol sterol-cholesterol ratios both in the un-

TABLE 2. Correlations among age and plasma sterol concentrations

Age Cholesterol Cholestanol Desmosterol Lathosterol Sitosterol
Cholesterol 0.47
Cholestanol 0.21 0.71
Desmosterol 0.33 0.72 0.40
Lathosterol 0.38 0.61 0.17 0.68
Sitosterol —0.1 0.31 0.65 0.06 —0.1
Campesterol —0.09 0.39 0.70 0.11 —0.05 0.92

Values are Pearson correlations calculated using 502 individuals from 74 families. P < 0.05 for r > 0.09.
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related individuals (parents) and in the sibling comparison
(offspring) (Table 5). The D19H polymorphism in exon 1
of ABCG8 was associated with the plasma cholestanol-choles-
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Fig. 2. Plasma sterol-cholesterol ratios in nuclear families. Scatterplots depict mean offspring sterol-choles-
terol ratio plotted against the midparental value. Values for cholesterol are in mg/dl and for non-cholesterol
sterols in pg per mg of plasma cholesterol.
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terol and campesterol-cholesterol ratios, and the T400K
polymorphism in ABCGS8 was associated with the plasma
sitosterol-cholesterol ratio. Interestingly, the rare allele of
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Fig. 4. Haplotypes at the ABCG5/ABCGS locus. Linkage phase was determined using 74 nuclear families.
Allele counts and frequencies were calculated using the parental alleles only.

both polymorphisms was associated with lower plasma ste-
rol concentrations, and neither polymorphism was associ-
ated with plasma cholesterol concentrations. The A632V
polymorphism in exon 13 of ABCGS was associated with
plasma cholesterol concentrations both in the parents
and in the offspring, but was not associated with any of the
noncholesterol sterols. To further examine the relation-
ship between this polymorphism and plasma cholesterol
concentrations, a third analysis was performed in an inde-
pendent group of white men and women aged 20 years or

TABLE 3. Linkage disequilibrium between polymorphisms
in ABCG5 and ABCG8

Locus 1 Locus 2 D’ P

ABCG5 Q604E ABCG8 D19H 0.47 0.001
ABCG8Y54C 0.29 0.095
ABCG8 T400K 0.31 0.299
ABCG8 A632V 0.06 0.451

ABCGSDI19H ABCG8Y54C 0.62 0.122
ABCG8 T400K 0.63 0.408
ABCG8 A632V 0.04 0.979

ABCG8Y54C ABCG8 T400K 0.85 0
ABCG8 A632V 0.04 0.959

ABCGS8 T400K ABCG8 A632V 0.69 0.016

Haplotypes were determined in 74 nuclear families. Offspring
were used to determine linkage phase but D" and P values were calcu-
lated using the parental alleles only.

older who had plasma LDL cholesterol (LDL-C) concen-
trations greater than the 90th percentile (n = 77), or less
than the 10th percentile (n = 116). The frequencies of
the 632A and 632V alleles were not significantly different
between the two groups: The numbers of TT, CT, and CC
individuals were 4, 39, and 73 in the low LDL group, and
4, 25, and 48 in the high LDL group (P> 0.5).

DISCUSSION

The present study was undertaken to assess the herita-
bility of plasma noncholesterol sterol concentrations, and
to determine whether DNA sequence variations in ABCG5
and ABCGS affect the plasma levels of these sterols. Three
major observations were made. First, plasma noncholes-
terol sterol concentrations are very stable within individu-
als. Intra-individual variation in the plasma concentra-
tions of noncholesterol sterols was minimal during the
course of 1 year, and inter-assay variability was negligible.
Therefore, most of the variation in plasma noncholesterol
sterols reflects true biologic variation among individuals.
Second, the plasma concentrations and sterol-cholesterol
ratios of each of the noncholesterol sterols was highly her-
itable. The proportion of phenotypic variation that could
be accounted for by shared genes ranged from 36% for
the plasma lathosterol-cholesterol ratio to 84% for plasma
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Plasma sterol

concentrations

Cholesterol

204 = 40

198 =+ 40
411 = 114
197 £ 74

213 *= 40
437 + 131

210 * 68

195 + 38°
400 + 97

207 = 42

197 + 38
410 = 115
191+ 67

203 = 40
419 = 114

202 + 74

199 * 39
400 = 104
195 * 66
308 + 120

231 = 93

202 = 41

416 = 105
208 = 70

418 = 103
221 =79

340 = 72

420 *+ 110°
200 + 70

Cholestanol

197 = 75
309 = 165

239 + 87

196 =79
365 = 252
177 £ 53

233 + 72

Desmosterol
Lathosterol
Sitosterol

322 + 145
250 = 104

314 = 154
250 + 107

329 = 116
274 = 130
375 + 177

354 = 171
238 *= 83

296 = 136
256 = 114
332 *+ 149

320 = 168
261 = 109
339 = 152

308 = 135

257 = 105°

=]

+

32

2]

310 £ 133 324 + 144 308 + 124« 328 = 154

338 + 147°

Campesterol

Plasma sterol-cholesterol

ratios (pg/mg)

Cholestanol

2.04 = 0.42
1.02 = 0.27
1.58 = 0.63
1.23 = 0.48
1.61 = 0.59

2.08 = 0.40
0.98 = 0.27
1.57 = 0.67
1.27 £ 0.44
1.64 = 0.63

2.05 * 0.39
0.98 = 0.23
1.56 = 0.57
1.29 = 0.51
1.74 = 0.65

2.06 * 0.41
1.00 = 0.29
1.57 = 0.70
1.24 = 0.42
1.58 = 0.59

2.01 = 0.31
1.06 = 0.30
1.73 = 0.78
1.15 = 0.35
1.54 = 0.60

2.09 = 0.44
0.96 = 0.25¢
1.48 = 0.57¢
1.30 = 0.48¢
1.68 = 0.62

2.07 = 0.39
0.99 = 0.28
1.57 = 0.70
1.29 = 0.45
1.66 = 0.63

2.02 * 0.37
0.97 = 0.25
1.57 = 0.60
1.18 = 0.45
1.56 = 0.59

1.76 * 0.31
1.00 = 0.32
1.84 = 1.06
0.94 = 0.32
1.21 = 0.36

2.09 * 0.40°
0.99 = 0.26
1.28 + 0.45¢
1.67 = 0.62¢

1.53 = 0.60
Values are means = SD. Plasma cholesterol concentrations are in mg/dl. Other sterol concentrations are in pg/dl. Plasma noncholesterol sterol concentrations in pg/dl were divided by the cho-

lesterol concentration in mg/dl. For each polymorphism, mean values among homozygotes for the common allele were compared with the mean values for carriers (heterozygotes and homozygotes)

of the rare allele using unpaired #tests. All comparisons resulting in Pvalues < 0.05 are shown in bold.

Desmosterol
Lathosterol
Sitosterol
Campesterol
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2Denotes Pvalues < 0.05.

’Denotes Pvalues < 0.01.

¢Denotes Pvalues < 0.005.

campesterol-cholesterol ratio. Third, common DNA se-
quence polymorphisms in ABCGS contribute to heritable
variation in the plasma concentrations of the plant sterols
campesterol and sitosterol.

The magnitudes and distributions of the plasma sterol
concentrations observed in this study are consistent with
those reported by other studies (10, 19), and the plasma
concentrations of all five noncholesterol sterols examined
were remarkably stable over time. Although the plasma
concentrations of any given sterol varied over a 5- to
10-fold range among individuals, analysis of replicate sam-
ples drawn over the course of 48 weeks indicated that
intra-individual variation was less than 4%. These findings
are consistent with the data of Li et al., who reported that
the plasma concentrations of sitosterol and campesterol
remained stable over a 6 month period in seven premeno-
pausal women (20).

The observation that plasma noncholesterol sterol con-
centrations were stable in individuals, but highly variable
among individuals, suggested that the metabolism of these
sterols is strongly influenced by genetic factors. To test
this hypothesis, we examined the heritability of plasma
noncholesterol sterol concentrations in parents and their
offspring, and in MZ and DZ twin pairs. Regression of
mean offspring sterol concentrations on the midparent
values indicated that the plasma concentrations of all five
noncholesterol sterols examined are heritable with esti-
mates of heritability ranging from 28-31% for desmosterol
and lathosterol to 59% for campesterol. Heritability esti-
mates for the ratios of plasma sterol-cholesterol were even
higher, ranging from 35-40% for desmosterol and lathos-
terol to greater than 80% for cholestanol, sitosterol, and
campesterol. With the exception of lathosterol, spousal
values of the noncholesterol sterols were not significantly
correlated, indicating that the estimates of heritability
for these sterols were not confounded by shared environ-
mental factors. Analysis of MZ and DZ twins provided
further evidence that plasma sterol concentrations are
highly heritable. Although the number of twins available
for study was too small to provide reliable point esti-
mates of heritability, the plasma concentrations and sterol-
cholesterol ratios of each sterol were significantly more
similar in MZ twins than in DZ twins. Taken together,
these findings provide strong evidence that variation in
plasma sterol concentrations is strongly influenced by
genetic factors.

The ratios of noncholesterol sterols to cholesterol levels
reflect the rates of cholesterol biosynthesis and choles-
terol absorption. Therefore, the results of the present
study indicate that inter-individual variation in both of
these processes is heritable. The heritability of cholesterol
absorption and biosynthesis has not been directly deter-
mined, and only a single previous report has examined
the heritability of plasma noncholesterol sterol levels.
In a study of 17 MZ and 18 DZ twin pairs, Kesaniemi et al.
found that 40-60% of the variation in the plasma concen-
trations of A® methylsterols (which precede lathosterol in
the cholesterol biosynthetic pathway) is heritable (21).
These data are consistent with our present finding that
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TABLE 5. Effect of ABCGS polymorphisms on plasma sterol-cholesterol ratios in siblings

Cholesterol Cholestanol Desmosterol Lathosterol Sitosterol Campesterol
ABCG8D19H 0.097 0.08 0.005 0.001 0.13 0.045
ABCG8T400K 0.29 0.02 0.34 0.24 0.05 0.03
ABCG8 A632V 0.018 0.29 0.18 0.39 0.26 0.22

The relationships between ABCGS polymorphisms and plasma sterol-cholesterol ratios were assessed by comparing the plasma sterol levels of
siblings with different genotypes. Sterol-cholesterol ratios were calculated by dividing the sterol concentration (ug/dl) by the cholesterol concen-
tration (mg/dl). Only those polymorphisms that were significantly associated with plasma sterol-cholesterol ratios in unrelated individuals (par-
ents) were examined in the siblings. Sterol levels of homozygotes for the common allele were compared with the corresponding values in their sib-
lings who were carriers (homozygotes or heterozygotes) for the rare allele using Wilcoxon’s tests. The table provides P values for each comparison.

Associations that were significant at the 0.05 threshold in the parents and in the sibling comparison are shown in bold.

plasma concentrations of lathosterol and desmosterol are
heritable. Furthermore, the finding that the lathosterol-
cholesterol and desmosterol-cholesterol ratios are herita-
ble suggests that rates of cholesterol biosynthesis are de-
termined, at least in part, by genetic variation.

The ratios of plasma cholestanol, the ba-saturated de-
rivative of cholesterol, and the major plant sterols campes-
terol and sitosterol to cholesterol are correlated with the
fractional absorption of dietary cholesterol (5, 22). The
heritability of plasma plant sterol concentrations and of
the plant sterol-cholesterol ratios has not been reported
previously. Glueck et al. (19) and Kempen et al. (10) mea-
sured the plasma levels of these sterols in families, but nei-
ther group reported estimates of heritability. Therefore,
the results of this study provide the first evidence that in-
dividual variation in the plasma sterol-cholesterol ratios of
these sterols, and thus fractional absorption of dietary
cholesterol, is heritable.

The strong heritable variation in plasma concentrations
of campesterol and sitosterol suggested that common
DNA sequence polymorphisms influence the metabolism
of plant sterols in the general population. To determine
whether polymorphisms in ABCG5 and ABCGS, genes that
play a key role in sterol absorption and excretion, contrib-
ute to heritable variable in plasma sterol concentrations,
we tested for association between plasma noncholesterol
sterol concentrations and five nonsynonymous polymor-
phisms in the two genes. The analysis of multiple poly-
morphisms against multiple traits in a single study popula-
tion is subject to problems associated with multiple
testing, which can increase the likelihood of false positive
association. A possible strategy to address this problem is
to set a more stringent threshold at which the null hypoth-
esis is rejected, using Bonferroni’s correction to calculate
the appropriate P value. A disadvantage of this approach
is that it increases the risk that a true association will be
missed, especially if the polymorphism has a modest effect
on the trait. To reduce the risk of false positive association
while maintaining adequate power to detect modest associ-
ations, we analyzed each polymorphism in two steps. First,
the mean plasma concentration and sterol-cholesterol ratio
associated with each genotype was compared in 148 un-
related individuals (74 pairs of spouses). For those poly-
morphisms that were associated with the plasma levels of
one or more sterols with a nominal P < 0.05, a second
analysis was performed in which the sterol-cholesterol

ratios were compared among siblings with different geno-
types. Both analyses indicated an association between a
polymorphism (DI9H) in exon 1 of ABCGS8 and the
plasma concentrations of campesterol. Similar trends
were seen for cholestanol and sitosterol, although these
associations did not reach significance at the 0.05 level in
the siblings. The finding of a statistically significant associ-
ation between plasma sitosterol concentrations and this
nonconservative substitution suggests that the substitution
of histidine for aspartic acid at amino acid 19 alters the
function of ABCGS. Since the plasma sitosterol concentra-
tions were lower in individuals with histidine at this resi-
due, the predicted change would be expected to increase
transporter function. In the absence of an in vitro assay,
however, the effect of this amino acid substitution on
ABCGS function cannot be directly determined. Further-
more, we cannot exclude the possibility that the associa-
tion observed is due to linkage disequilibrium with an-
other polymorphism(s) at this locus, rather than to a
direct effect of the D19H substitution.

Two of the other polymorphisms examined were also as-
sociated with plasma sterol concentrations. A common
nonconservative substitution (T400K) was associated with
the plasma concentrations of sitosterol, although the asso-
ciation of this polymorphism with plasma campesterol
concentration was marginal. The substitution of valine for
alanine at amino acid 632 was associated with plasma cho-
lesterol concentrations in both analyses, but it was not
consistently associated with any of the other sterols. It is
not clear how a polymorphism in either ABCG5 or ABCGS
could affect the plasma concentrations of cholesterol but
not those of the plant sterols unless it altered the specific-
ity of the transporter for its substrate. Since no association
was observed in a third group selected for plasma LDL-C
concentrations greater than the 90th or less than the 10th
percentile, we suspect that the association observed be-
tween the A632V polymorphism and plasma cholesterol
concentrations is spurious. Additional studies will be re-
quired to confirm the relationship between these poly-
morphisms and plasma sterol concentrations.

Since ABCG5 and ABCGS8 probably function as a het-
erodimer, multiple polymorphisms in the two genes may
interact to affect the function of the complex, as has been
observed in the closely related white and brown genes in
Drosophila melanogaster (23). White and brown are ABC half-
transporters required for the uptake of pigment precur-
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sors by cells in the developing eye. Some sequence vari-
ants in the two genes (Gb58S in white and N638T in
brown) have no phenotypic effect individually but result
in impaired eye pigmentation when inherited together
(23). In humans, ABCG5 and ABCGS are located within a
few hundred base pairs of each other on chromosome 2;
therefore we determined the linkage phase of the five
polymorphisms examined in the present study by analyz-
ing the segregation of each sequence variant in nuclear
families. Nineteen different alleles were identified, of
which three accounted for the majority (65%) of the alleles
in the population. None of the four most common alleles
contained more than one nucleotide substitution corre-
sponding to the less frequent allele at the five loci exam-
ined. Because only a very small proportion of individuals
carry any given allele that encodes two or more amino acid
substitutions, a much larger sample will be required to de-
termine the effect of these alleles on plasma sterol levels.
The demonstration that plasma cholestanol, campes-
terol, and sitosterol levels are highly heritable may have im-
portant clinical implications. Recent data from the Scan-
danavian Simvastatin Survival Study indicate that statin
therapy may reduce the recurrence of coronary events
more effectively in individuals with low baseline ratios of
serum cholestanol and plant sterols to cholesterol (indicat-
ing low cholesterol absorption) than in individuals with
high baseline ratios of these sterols. The present study pro-
vides strong evidence that these ratios are largely deter-
mined by genetic factors. If the efficacy of statin treatment
in secondary prevention is constrained by the genetic back-
ground of the patient, then more aggressive intervention
may be merited in patients with high baseline ratios of
cholestanol, campesterol, and sitosterol to cholesterol. B
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