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Abstract

This study examines the potential influence of genetic varia-
tion on the metabolism of LDL. Restriction fragment length
polymorphisms (RFLP) of the gene coding for apo B were
identified using the endonucleases Xba I, Eco RI, and Msp I in
a group of 19 subjects with moderate hyperlipideniia. There
was a significant association between the Xba I polymorphism
and the total fractional clearance rate- (FCR) of LDL. The
individuals with the XIXI genotype had, on average, a 22%
higher FCR(P < 0.025) than those with the genotype X2X2
(X2 allele = presence of Xba I cutting site). This difference
was attributable to increasd clearance by the receptor-me-
diated pathway of LDL catabolism. In this group of subjects,
there was no association of LDL kinetics parameters and
RFLPs of the LDL receptor gene or the AI- CIII- AIY gene
cluster. The data suggest that variation in apo B itself, presum-
ably acting through variable binding to the LDL receptor,
makes a significant contribution to the rate of catabolism of
LDL.

Introduction

Apo B, the major protein component of LDL, contains the
binding site for the LDL receptor and consequently plays a
pivotal role in the metabolism of the lipoprotein, by facilitat-
ing its cellular uptake and degradation (1, 2). In recent years,
attention has focused on the receptor as the mediator of cho-
lesterol homeostasis in the body, and we now know that a
variety of mutations in this protein may produce gross distur-
bances in plasma LDL levels (3, 4). Now, with the isolation of
the gene coding for apo B (5), we are able to use the techniques
of molecular biology to analyze the contribution that the li-
gand might make to alterations in lipoprotein metabolism.

DNAprobes for the human apo B gene have recently been
isolated (6-9) and a number of common restriction fragment
length polymorphisms (RFLP)' have been described (9-1 1).
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1. Abbreviations used in this paper: FCR, fractional clearance rate;
RFLP, restriction fragment length polymorphism.

One of these, an RFLP detected using the restriction enzyme
Xba I, has been shown in normal individuals to be associated
with variations in plasma cholesterol and triglyceride (12-14).
The same polymorphism has also been reported to represent
an independent risk factor for ischemic heart disease (15), al-
though there is not universal agreement on this point (16). In
this study, we use three polymorphisms of the apo B gene locus
to examine the relationship between variation in the apo B
gene and the metabolism of LDL in a group of individuals
with moderate hyperlipemia.

Methods

Subjects. Volunteers aged between 40 and 60 yr were identified as
hyperlipidemic during an opportunistic screening program in the city
of Glasgow. Those detected were given dietary advice designed to
correct their lipid abnormality and reassessed after 2 mo. At this point,
potential sufferers from familial hypercholesterolemia were diagnosed
on the basis of recognized criteria (17) and excluded if they had tendon
xanthomata or a first-degree relative (particularly a child) with raised
LDL cholesterol. Two subjects with total cholesterol values of 8.5 and
8.3 mmol/liter were rejected on this basis. None of the remaining 19
unrelated Caucasian subjects (4 male, 15 female; Table I) who failed to
respond adequately to the diet, had a strong family history of prema-
ture cardiovascular disease (i.e., more than one affected first-degree
relative aged < 55 yr). Two presented with xanthelasmata, two with
corneal arcus, and two with angina of effort (Table I). Their plasma
cholesterol levels were, on average, 7.69±0.73 mmol/liter and their
diet was maintained during the evaluation of LDL metabolic parame-
ters. 60 mgpotassium iodide was given thrice daily for 3 d before and 2
wk after the study to prevent thyroidal sequestration of radioiodide.
Biochemical tests showed that none of the subjects suffered from he-
patic, renal, or endocrine disease and none had overt ischemic heart
disease. All subjects gave informed consent to the study, which was
approved by the Ethical Committee of Glasgow Royal Infirmary.

Metabolic studies. LDL turnover was assessed in the patients using
a protocol described elsewhere (18, 19). Briefly, autologous LDL (d
= 1.03-1.05 kg/liter) was prepared by rate zonal ultracentrifugation
(20) and divided into two aliquots, which were labeled separately with
1251I and 1311 (21). The latter was then subjected to modification with
1, 2-cyclohexanedione, which blocks the arginyl residues on its protein
moiety (22) and provides a tracer of receptor-independent LDL metab-
olism (18, 19). Such modification prevents interaction of the lipopro-
tein with the receptor and denies it access to the receptor-dependent
degradation pathway. Plasma clearance of each tracer was followed
over a 2-wk period and the radioactive decay curves were constructed
and analyzed using the SAAM29 computer program (23). This gave
fractional clearance rates (FCRs) for the native and chemically modi-
fied LDL that were used to obtain values for total, receptor-indepen-
dent, and, by difference, receptor-mediated catabolism of the lipopro-
tein (18, 19). Plasma apo LDL concentrations were determined from
calculations based on serial LDL cholesterol measurements and on
compositional data derived from analyses of the isolated lipoprotein
(24). The absolute clearance rate for LDL apoprotein was then calcu-
lated as the product of the total FCRand the plasma LDL pool (i.e.,
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apo LDL concentration times the plasma volume). This parameter is
commonly expressed per kilogram of body weight, and under the
steady state conditions of the study equals the synthetic rate of the
protein. Separate absolute clearance rates can also be calculated for the
receptor-dependent and independent routes as the product of the apo
LDL pool and the FCRcan be determined for each pathway.

DNAanalysis. Blood was collected into 2.0 mg/ml K2 EDTAand
stored at -20'C until analysis. DNAwas prepared from these speci-
mens by the Triton Xl00 lysis method (25), and a 5.0-,gg aliquot was
digested using a panel of enzymes (Eco RI, Xba I, Pvu II, XmnI, and
Nco I) at 2-10 U of enzyme per microgram of DNAaccording to the
supplier's instructions (Anglian Biotech, Colchester, England).

The fragments generated in each digest were separated by agarose
electrophoresis and transferred to Hybond filters (Amersham Corp.,
Amersham, England) by Southern blotting.

Polymorphisms of the apo 1 gene were detected (Fig. 1): (a) by
hybridizing the two Xba I digest fragments designated XI (8.6 kb) and
X2 (3.5 kb), with the 3.5-kb probe pABC3.5 (I 1); (b) in an Eco RI
digest by hybridizing the two fragments, RI (10.5 kb) and R2 (12.5 kb),
with the cDNAprobe pAB3 ( 11); and (c) after digestion with Msp'I and
probing with PH2 (a 2-kb Hind III fragment subcloned from an apo B
genomic recombinant). Multiple hybridizing fragments could be dem-
onstrated (1 1). Those 2.6 kb and larger were designated Ml and those
2.2 kb and smaller were designated M2. Polymorphisms of the LDL
receptor gene were detected using a 1.9-kb Bam HI cDNA (26, 27)
after digestion with either Pvu' II or Nco I.

Apolipoprotein AI/CIII/AIV gene cluster polymorphisms were
identified' using (a) a 2.2-kb Pst I fragment (28) of the apo AI gene after
XmnI digestion and (b) a 1.0-kb Pvu II fragment (29) of the C-III gene
after Pvu II digestion.

All probes were labeled with 32P dCTP at a specific activity of 800
Ci/mmol (Amersham Corp.) by a random oligonucleotide priming
method (30). The hybridization, filter washing, and autoradiographic
procedures are described elsewhere (28).

Statistical analysis. Statistical analysis was carried out by the Min-
itab program (State College, PA). A one-way analysis of variance was
performed to test the null hypothesis that kinetic variation was not
associated with genetic variation detected by the different RFLPs. The
F statistic' was employed to test the significance of differences between
the genotypes. Weconsidered significance to be at the 0.05 level.

Results

The 19 subjects could be divided into three groups on the basis
of the polymorphisms detected using the Xba I endonuclease
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(Table I). There was no difference in body weight or mean age,
nor in the plasma'concentrations of cholesterol, triglyceride,
LDL cholesterol, or apoprotein between those with the geno-
type XJXl (absence of cutting site) and those with the geno-
type X2X2. There were also no significant differences in these
parameters when the subjects were grouped according to the
polymorphisms detected with the Msp I and the Eco RI en-
zymes. Similarly, the gross composition of LDL was not al-
tered in individuals of different Xba I genotype (Table II).

However, the metabolic properties of LDL did differ be-
tween the genotype groups. The catabolic rate of LDL apo-
protein measured as the fraction of the plasma pool catabo-
lized each day (FCR), was significantly higher in individuals
with the XJXJ genotype compared with those with X2X2 (F
= 9.18; P < 0.025). The subjects with the genotype XJX2 had
an intermediate mean FCR. Simultaneous with the injection
of native lipoprotein, subjects received a tracer of cyclohex-
anedione-treated LDL that permitted the estimation of recep-
tor-dependent versus receptor-independent removal (Table
III). This revealed that the difference in overall catabolism was
due to an increase in the fraction and amount of LDL de-
graded by the receptor route. Subjects of XIXJ genotype ex-
hibited a 58% higher receptor-mediated FCRthan those with
the genotype X2X2 (F = 9.08; P < 0.025) and cleared 65%
more LDL protein through this pathway. No such difference
was observed in the fraction of LDL degraded by receptor-in-
dependent mechanisms. Likewise, when the synthetic rate of
LDL apoprotein was calculated, no significant'association
with genotype was observed, although this parameter was
highly variable within the groups.

There was a weak association between LDL apoprotein
clearance rate and the apo B polymorphism detected using
Msp I (Table IV), but the differences did not reach statistical
significance. In the 19 subjects examined, LDL kinetic param-
eters were not significantly different in individuals with differ-
ent RFLPgenotypes of the LDL-receptor gene or the AI-CIII-
AIV gene cluster (data not shown).

Discussion

The individuals examined in this study had diet-refractory hy-
perlipidemia that arose from a combination of oversynthesis
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Figure 1. Southern blot analysis of the Xba I, Eco RI, and Msp I polymorphism of the apo B gene. 5 ug of DNAfrom three individuals is
shown. The Msp I polymorphism is a length variation due to different numbers of copies of a 14-bp repeat sequence in the 3' flanking region of
the gene (36).
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Table L Plasma Lipids, Lipoproteins, and Clinical Data from Individuals with Different Apo B Xba I Genotype

Plasma

Subject Genotype Cholesterol Triglyceride LDL-cholesterol LDL-apoprotein Clinical data

mmol/liter mg/dl

1 XlXl 8.10 1.95 5.90 193 Angina
2 XXlX 7.74 i.24 5.99 192 Xanthelasmata
3 X1X1 6.89 1.66 4.93 149 Normal
4 XlXl 8.49 3.24 6.28 211 Corneal arcus
5 XlX1 7.08 1.43 5.28 179 Normal

n = 5 Mean±I SD 7.76±0.59 1.88±0.65 5.73±0.47 187±19

6 X1X2 8.09 1.20 5.76 151 Normal
7 X1X2 8.79 1.90 6.63 204 Normal
8 X1X2 7.12 2.60 4.80 173 Normal
9 X1X2 6.97 1.80 4.99 167 Angina

10 X1X2 8.09 2.31 6.01 174 Myocardial infarction in mother
(age 55)

11 X1X2 6.85 0.83 3.76 156 Normal
12 X1X2 7.05 2.14 4.75 135 Normal
13 X1X2 8.53 2.15 6.58 186 Myocardial infarction in brother

(age 54)

n = 8 Mean±I SD 7.69±0.72 1.87±0.55 5.41±0.94 168±20

14 X2X2 8.33 2.23 5.46 253 Arcus
15 X2X2 8.56 2.76 6.20 175 Myocardial infarction in father

(age 45)
16 X2X2 6.36 0.82 3.79 146 Normal
17 X2X2 8.00 3.11 5.62 176 Normal
18 X2X2 7.03 1.68 4.88 160 Xanthelasmata
19 X2X2 8.09 2.57 5.84 192 Normal

n = 6 Mean±I SD 7.73±0.78 2.32±0.77 5.30±0.78 184±34

All values given in the table are means of at least three independent determinations. Analysis of variance showed no significant differences in
plasma lipid parameters between any of the three groups (X I X 1, X1X2, or X2X2).

and defective catabolism. Most had LDL apoprotein synthetic
rates (Table III) in excess (31-33) of normal values (11-13
mg/kg per d), whereas their total LDL FCRs lay between the
values observed (32, 33) in controls (0.35±0.06 pools/d) and
those (18, 31) in familial hypercholesterolemia heterozygotes
(0.19±0.046 pools/d) that have only a partial complement of
LDL receptors. They also exhibited reduced receptor-me-
diated FCRs that varied from 9 to 39% of the total. This is
lower than the 50%we have previously observed in normolip-

idemic controls (33, 34) because of the general inverse rela-
tionship between plasma LDL concentration and receptor ac-
tivity (31). Note also that there are differences seen in the
estimated contribution of the receptor pathway when alterna-
tive methods of modifying LDL are used. For example, Ke-
saniemi et al. (35) reported much higher values for receptor-
mediated clearance using glucosylated LDL. The relative
merits of the different approaches have been discussed in de-
tail (34).

Table II. LDL Composition in Individuals with Different Apo B Xba I Genotype

LDL composition

Genotype Free cholesterol Esterified cholesterol Triglyceride Phospholipid Protein

g1100 g

X1Xl (n = 5) 9.29±0.81* 36.93±2.77 8.06±0.99 20.52±0.35 25.21±1.15

X1X2 (n = 8) 9.25±0.77 38.26±1.93 7.02±1.28 21.43±1.29 23.91±0.72

X2X2 (n = 6) 8.42±0.80 37.64±1.34 7.26±0.73 20.97±0.58 25.69±1.73

No significant differences were present in composition between any of the three groups.
* Mean±1 SD.
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Table III. LDL-Kinetic Parameters and Xba I Genotype

RFLPgenotypes Fractional catabolic rate Absolute$
receptor-mediated

Subject Sex Xba I Eco RI Msp I Total Receptor mediated Synthesis* catabolic rate

poolsld mg/kg per d

1 F X1Xl RiRl M1M2 0.248 0.088 19.10 6.80
2 F XlXl R1R2 M1M2 0.256 0.101 19.70 7.80
3 F XlXl RIRI M2M2 0.270 0.079 16.10 4.71
4 F XlXl RIRI M1M2 0.282 0.069 23.80 5.82
5 M XlXl R1R2 M1M2 0.297 0.072 21.27 5.16

n = 5 Mean±I SD 0.271±0.020 0.082±0.013 19.99±2.84 6.06+1.25

6 F X1X2 R1R2 M1M2 0.219 0.078 13.23 4.71
7 F X1X2 RIRI M2M2 0.229 0.087 18.69 7.10
8 F X1X2 R1R2 0.252 0.022 17.40 1.50
9 F X1X2 R1R2 M1M2 0.251 0.044 16.80 2.90

10 F X1X2 RIRI M1M2 0.241 0.070 16.77 4.87
11 F X1X2 R1R2 M1M2 0.218 0.084 13.60 5.20
12 M X1X2 R1R2 M1M2 0.280 0.114 15.12 6.16
13 M X1X2 RIRI M2M2 0.205 0.056 15.25 4.16

n = 8 Mean±1 SD 0.237±0.024 0.069±0.028 15.86±1.89 4.58±1.77

14 F X2X2 RIRI 0.218 0.020 22.10 2.00
15 M X2X2 RIRI M2M2 0.197 0.067 13.79 4.69
16 F X2X2 RIRI M2M2 0.182 0.042 10.60 2.50
17 F X2X2 RIRI M2M2 0.265 0.054 18.66 3.80
18 F X2X2 RIRI M2M2 0.217 0.070 13.90 4.50
19 F X2X2 RIRI M2M2 0.250 0.059 19.20 4.53

n = 6 Mean±1 SD 0.222±0.031 0.052±0.019 16.38±4.29 3.67±1.15

Analysis of XIXI:XlX2:X2X2 P < 0.025 NS NS P < 0.050
variance XIXI:X2X2 P < 0.025 P < 0.025 NS P < 0.010

No significant differences could be detected when genotypically different groups (R I RI versus RP1R2; M1M2 versus M2M2) were compared by
analysis of variance. * The synthetic rate is equal to the product of the total FCRand the plasma LDL pool (LDL concentration X plasma
volume). * The absolute receptor-mediated catabolic rate is the product of the receptor-mediated FCRand the plasma LDL pool.

It is difficult to make a definitive diagnosis of familial hy-
percholesterolemia in individuals with moderately elevated
cholesterol levels using available techniques. Clinical criteria
remain the best guide, but even here, lack of available family
history may cloud the issue. In this study, commonly accepted
exclusion criteria were set for individuals with familial hyper-

cholesterolemia (see Methods). However, it is important to
note in interpreting the data that these criteria are not abso-
lute.

Although individuals with familial hypercholesterolemia
were'excluded from the study and all of the subjects had simi-
lar plasma lipid and lipoprotein levels, the FCRfor LDL var-

Table IV. LDL Kinetic Parameters and Eco RI and Msp I RFLPGenotypes

Fractional catabolic rate
Absolute* receptor-mediated

Genotype Total Receptor mediated Synthesis* catabolic rate

pools/d mg/kg per d

Eco RI-RFLP
RlRl n = 12 0.234±0.031 0.063±0.019 17.33±3.70 4.62±1.50
R1R2 n = 7 0.253±0.029 0.074±0.032 16.73±3.01 4.78±2.07

Msp I-RFLP
M1M2 n = 9 0.255±0.027 0.080±0.020 16.20±6.87 5.49±1.39
M2M2 n = 8 0.227±0.032 0.064±0.014 15.77±3.00 4.50±1.28

* * For definitions see Table III.
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ied by up to 50%. This variability was related to the apo B
genotype of the individual. The group of five subjects with
genotype XJXJ had a 22% higher total FCRthan the six who
had genotype X2X2. More detailed examination of the cause
of this difference, using a receptor-blocked LDL tracer, re-
vealed that the difference was due to an increased flux through
the receptor pathway. Both the proportion of the plasma LDL
apoprotein pool and the amount cleared via receptors was
significantly elevated in XJXJ individuals. It is unlikely that
these observations can be explained by changes of the consti-
tutive activity of the receptor. Rather, they indicate that varia-
tions in the structure of the ligand LDL are responsible. Our
data suggest that apo B produced in X2X2 individuals has a
perturbed structure that diminishes its ability to interact with
the receptor on cell membranes. Since it is known that only
one B protein is present on each particle, this hypothesis also
implies that individuals who are heterozygous for the polymor-
phism would produce two forms of LDL (one receptor active,
the other relatively inactive) and would express an interme-
diate FCR(Table III).

The DNAsequence change that creates the Xba I restric-
tion site occurs at the third base of the codon for threonine
2,488 in apo B (36). No amino acid change results, and so it is
unlikely that the Xba I polymorphism itself is functionally
significant. Rather, this site is probably in linkage disequilib-
rium with an important change elsewhere in the coding region.
One possibility is that the important mutation lies in the puta-
tive receptor binding site (5), i.e., between amino acids 3,147-
3,157 or 3,351-3,367, a region close to the Xba I cutting site.

The findings presented here also suggest a mechanism for
the association of Xba I genotype and plasma cholesterol in
the normal population (12-14). In subjects with normal lipid
levels, there is a strong relationship between the receptor-me-
diated FCRand LDL concentration (31). The observed higher
plasma cholesterol in individuals of X2X2 versus XJX1 geno-
type thus might be explained by the production of a relatively
receptor-inactive apo B in the former group that would lead to
accumulation of LDL in the circulation. Where the influence
of synthesis becomes predominant, as in our present cohort of
hypercholesterolemic patients, this relationship with plasma
LDL concentration would be diminished. It is not yet clear
whether the metabolic changes described in this study relate to
the higher incidence of ischemic heart disease reported in one
study to be associated with the Xl allele (15). However, if the
trend toward higher LDL apoprotein synthesis in the XJXJ
group (Table IV) is confirmed in subsequent studies, then it
may point to the importance of LDL flux and plasma concen-
tration as risk markers for ischemic heart disease.
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