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A B S T R A C T The metabolism of low density lipopro-
tein (LDL, beta lipoprotein) was studied in 10 normal
individuals and 10 patients with familial type II hyper-
lipoproteinemia using purified radioiodinated LDL.
Over 97% of the label was bound to the protein moiety
of LDL and therefore the turnover data reflect the fate
and distribution of LDL-apoprotein. Comparison of the
metabolic behavior of biologically screened and utn-
screened labeled LDL preparations in dogs as well as
the analysis of the urinary excretion of radioiodide de-
rived from labeled LDL degradation in humans indicated
that no significant denaturation resulted from the iso-
lation, purification, and labeling techniques.
The plasma concentration of LDL-cholesterol in nor-

.mals was 105±21 mg/100 ml (mean +1 SD) in contrast
to 254±47 mg/100 mg in patients with type II hyperlipo-
proteinemia; these values corresponded to LDL-apo-
protein concentrations of 63±13 mg/100 ml and 153±(30
mg/100 ml, respectively. Despite these differences in
concentration, the synthetic rate of LDL-apoprotein in
both groups was not significantly different (14.43±1.75
mg/kg per day in normals vs. 15.01±1.71 mg/kg per
day in type II) nor was there any difference in the frac-
tion of the total exchangeable LDL which was in the
intravascular space (68.4±4.3% vs. 73.3+5.2%). How-
ever, the fractional catabolic rate of LDL in normal
individuals differed significantly from that of patients
with type II hyperlipoproteinemia (0.462+0.077/day in
normals vs. 0.237±0.044/day in type II) and correspond-
ingly the biological half-life of LDL was significantly
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prolonged (3.08+0.35 days normals vs. 4.68±0.44 days
in type II).
These data indicate that the pathologic elevation of

plasma LDL concentration in the individuals with type
II hyperlipoproteinemia studied here is due to a de-
creased fractional rate of LDL degradation rather than
to an abnormality of LDL synthesis. This defect of ca-
tabolism ;nay be the primary defect in type II hyper-
lipoproteinemia or, alternatively, may be secondary to an
underlying abnormality in lipid metabolism.

INTRODUCTION
Familial type II hyperlipoproteinemia is a lipid trans-
port disorder transmitted as an autosomal dominant and
characterized by a marked elevation in the concentration
of plasma low density (Sf 0-12, density 1.019 - 1.063)
beta lipoprotein (LDL) ,' hypercholesterolemia, xantho-
matosis, and premature coronary atherosclerosis (2).
The primary metabolic abnormalities responsible for

the hyperlipoproteinemia and hypercholesterolemia in
type II patients have not been elucidated. One possibility
is that the abnormality in type II hyperlipoproteinemia
involves a defect in the metabolism of LDL and more
specifically that of the protein moiety of LDL rather than
one of its lipid constituents (3). To study this question
we have performed, and now report on, metabolic studies
with purified, radioiodinated plasma LDL in normal
individuals and patients with type II hyperlipopro-
teinemia.

METHODS
Patients
Normal patients. 10 normal patients (6 men and 4

women) were studied. Clinical data for these individuals

'Abbreviations used in this paper: FCR, fractional cata-
bolic rate; LDL, low density lipoprotein; P, plasma; U,
urinary.
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are summarized in Table I. Each patient had normal thyroid,
hepatic, and renal function and normal glucose tolerance
tests. None of the normal patients had a family history of
hyperlipoproteinemia.
Type II patients. 10 patients with heterozygous familial

type II hyperlipoproteinemia were studied (6 men and 4
women). Clinical data for these patients are summarized in
Table II. The clinical diagnosis was established in all 10
by: (a) the presence of marked elevations of plasma LDL
in the absence of clinical or chemical evidence of other dis-
orders associated with secondary hyperbetalipoproteinemia
(i.e., hypothyroidism, hepatic disease, nephrotic syndrome,
or dysglobulinemia) (3), (b) the presence of at least one
similarly affected first degree relative, and (c) the presence
of characteristic tendon xanthomata.

All patients were studied on the metabolic wards of the
Clinical Center of the National Heart and Lung Institute
and were fed a balanced diet containing < 300 mg of choles-
terol/day and a ratio of polyunsaturated to saturated fat of
approximately 2.5/1 with 40% of the calories derived from
fat, 40% from carbohydrate, and 20% from protein. Body
weight, total plasma cholesterol, triglyceride, and LDL-
cholesterol concentrations were measured serially through-
out each study period and remained constant. None of the
patients or volunteers were taking medications during the
period of study.

Preparation of LDL
LDL was prepared from plasma of type II patients and

normals. Blood (150 ml) was collected in sterile, pyrogen-
free plastic bags containing a 1%o solution of the disodium
salt of ethylenediaminetetraacetic acid (EDTA) (15 ml).
The plasma was immediately separated by centrifugation at
4VC and its density adjusted to 1.019 g/ml by the addition
of a solution of NaCl-KBr of density 1.085 g/ml. The
plasma was then subjected to preparative ultracentrifuga-
tion for 12 hr at 40,000 rpm in a Spinco No. 40 rotor
(Beckman Instruments, Inc., Fullerton, Calif.) after which
the d < 1.019 g/ml (i.e., Sf> 12) supernate was removed
by tube slicing. The infranate was then adjusted to a density
of 1.063 g/ml by the addition of NaCl-KBr solution of
density 1.35 g/ml and subjected to further ultracentrifuga-

TABLE I
Clinical Data, Normals*

Plasma LDL Plasma
choles- choles- glycer-

Initials Sex Age Weight terol terol ides

yr kg mg/ mg/ mg/
100 ml 100 ml 100 ml

A. R. F 42 60.1 167 116 72
J. R. F 24 47.0 189 151 134
N.E. F 21 52.9 134 84 62
B. S. F 21 67.8 172 114 52
S. G. M 24 75.2 114 82 66
A. A. M 21 57.5 153 119 81
B. S. M 22 64.6 147 108 89
E. S. M 26 60.0 142 100 51
B. V. C. M 22 70.6 142 89 47
B. B. M 22 72.7 153 88 81

* Lipid values are those obtained after 2 wk on a low choles-
terol, high polyunsaturated/saturated ratio diet (see text).

TABLE I I
Clinical Data, Type II Patients*

Plasma LDL Plasma
choles- choles- glycer-

Initials Sex Age Weight terol terol ides

yr kg mg/ mg/ mg/
100 ml 100 ml 100 ml

B. C. F 34 54.6 359 308 136
M. B. F 62 61.1 324 249 135
T. G. F 27 62.5 238 196 73
A. B. F 39 48.5 355 271 106
H. J. M 36 72.4 373 310 134
J. B. M 32 57.6 254 190 85
G. H. M 35 83.7 365 273 204
H. K. M 49 55.5 341 304 162
A. L. M 48 70.2 287 236 139
S. T. M 40 75.7 300 204 96

* Lipid values are those obtained after 2 wk on a low choles-
terol, high polyunsaturated/saturated ratio diet (see text).

tion for 12 hr in a Spinco No. 65 rotor at 65,000 rpm after
which the supernate containing lipoprotein of density range
1.019-1.063 g/ml was isolated. This material was then
washed and concentrated by a final ultracentrifugation after
carefully overlayering with NaCl-KBr solution of density
1.063 g/ml. As a final purification step, concentrated LDL
was dialyzed overnight against 0.15 M NaCl containing 0.1%o
EDTA, pH 7.4, in order to remove KBr and return the
preparation to plasma density (1.006 g/ml).
Each preparation of LDL used in turnover studies was

demonstrated to be free of contaminating lipoproteins by
immunoelectrophoresis in agarose gel employing specific anti-
sera prepared against high density (alpha), low density
(beta) lipoproteins, and very low density lipoprotein apo-
proteins (4). In addition, no other contaminating serum
proteins were found using antisera reacting with albumin,
gamma globulin, and whole human serum (4).

Canine LDL was prepared in a similar fashion, except
that the lipoprotein of d = 1.019 - 1.050 was isolated to
minimize contamination with HDL which, in the dog, is
present in considerably greater amounts than LDL. In addi-
tion, tests of lipoprotein purity were conducted using anti-
sera specific for canine plasma proteins and lipoproteins.

Radioiodination
Radiolabeling of LDL was carried out using a modifica-

tion of the iodine monochloride method of McFarlane (5).
Purified LDL protein (10-40 mg) in a volume of 1.0-1.5
ml was labeled with carrier-free 'I at 4VC in 1.0 M
glycine-NaOH buffer, pH 10. In vitro studies revealed that
the efficiency of iodination, i.e. the fraction of the radio-
iodine in the reaction mixture which is bound to LDL, was
maximal at pH 9.0-10.0, but the proportion of the label
which was bound to lipid (rather than protein) was minimal
at the higher pH (Fig. 1). The efficiency of iodination at
pH 10 was 10-25% and this resulted in the attachment of
approximately 0.5 atoms of iodine to each LDL molecule
(assuming a molecular weight for LDL of 2 X 101 (6, 7)
of which 25% by weight is protein [8]).
Unbound iodine was removed by dialysis vs. 0.15 M NaCl,

0.1% EDTA, pH 7.4. After dialysis the 'I-LDL prepara-
tions all contained less than 1% free 'I as determined by
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FIGURE 1 Effect of pH of iodination medium on efficiency
of iodination (0) and percentage of 126I bound to the lipid
moiety of LDL (A).

precipitation with 10%, trichloroacetic acid (TCA) and 5%O
phosphotungstic acid in the presence of carrier albumin,
cold LDL, or plasma.
The extent of lipid labeling was determined by extraction

of labeled LDL with a 2: 1 chloroform: methanol solvent
(9). It was found that the fraction of radioiodine bound to
lipid was related to the overall efficiency of the labeling
procedure and to the pH. Lipid labeling was minimal at
higher pH: the mean fraction of lipid extractable lipoprotein-
bound radioiodine was 2.4%o (range 1.8-3.4%o) at pH 10.
The distribution of lipid-bound radioactivity among the
various lipid constituents of LDL was determined by thin-
layer chromatography of chloroform-methanol extracts. The
lipid extracts were evaporated to dryness under nitrogen,
redissolved with small amounts of CHCl-CHsOH solvent,
applied to thin-layer chromatographic plates, and run in
polar (chloroform-ethanol-water:: 195: 75: 12) and nonpolar
(petroleum ether: ethyl ether: glacial acetic acid: : 90: 10: 1)
solvent systems along with appropriate standards (10). The
plates were dried, stained with anisaldehyde or iodine vapor,
and the bands sequentially scraped and counted. The major
portion of lipid-bound 12"I was associated with phospholipids,
especially lecithin, with smaller amounts associated with free
cholesterol, cholesterol ester, and glyceride.
The iodination procedure did not affect the electrophoretic

behavior or immunologic reactivity of the LDL as demon-
strated by simultaneous agarose-gel immunoelectrophoresis
(4) and paper electrophoresis (11) of unlabeled and radio-
labeled LDL. Furthermore, the paper electrophoretograms
were scanned to localize small amounts of labeled proteins
which did not migrate with LDL; in all cases, > 95% of
the radioactivity was localized to the beta2 globulin band
characteristic of native LDL.

Iodination did not affect the flotation characteristics of
LDL. The 'I-LDL was mixed with human plasma from
a normal fasting individual and ultracentrifuged at densi-
ties 1.006, 1.019, 1.063, and 1.21 g/ml (after addition of
appropriate quantities of NaCl-KBr solution and solid KBr)
to determine if gross alterations in flotation were produced
by radioiodination. These studies demonstrated that > 98%
of the radioactivity could be recovered between densities
1.019 and 1.063 g/ml.

Preparation of 125I-LDL for in vivo studies
Immediately after removal of unbound '5I by dialysis,

sterile human albumin was added to the 'I-LDL prepara-
tions to minimize damage due to self-radiation. The prepara-
tion was then passed through a 0.45 mg Millipore filter
(Millipore Corp., Bedford, Mass.) and tested for sterility
and pyrogenicity before in vivo studies. Final dilutions of
each preparation were made with buffered saline containing
0.1% EDTA; such dilutions contained 35 mg/ml of albu-
min and 10 gCi/ml of 'I-LDL. The 'I-LDL was usually
considered ready for reinjection approximately 96 hr after
the original plasma sample was obtained.

Study protocol
Metabolic studies in dogs. Mongrel dogs weighing ap-

proximately 20 kg were placed in metabolic cages with free
access to food and water containing sodium iodide. To
obtain 'I-LDL plasma decay curves, 25-50 gCi of 'I-LDL
prepared as described above were administered intravenously
to fasting animals and serial blood samples obtained from
the opposite foreleg 10 min after injection and daily for
7-10 days thereafter. A series of "screening" experiments
were conducted to detect the presence of denatured, rapidly
degradable protein in the 'I-LDL preparations. In these
experiments a first set of dogs was injected with 1-2 mCi
of freshly prepared 1"I-LDL and then plasmapheresed ap-
proximately 24 hr later. During this period these animals
clear and degrade any denatured material which is present
in the preparation. The residual "biologically screened" '5I-
LDL contained in the 24 hr plasma sample is then reinjected
into a second set of dogs and plasma samples collected as
in the usual study.
Metabolic studies in htlmans. Fasting, supine patients and

normals were administered 25-50 /ACi of 1"I-LDL (approxi-
mately 1-2 mg of LDL apoprotein) intravenously from a
calibrated syringe via a continuous saline infusion. Subse-
quently, 10-ml blood samples were collected in glass tubes
containing EDTA at 10 min ("zero time"), 1, 4, 8, 12, 24,
36, 48, 60, and 72 hr and then daily for 14 days. The plasma
was immediately separated at 4°C and portions removed for
counting and total cholesterol determinations. 40-ml fasting
samples were obtained on days 1, 3, 7, 10, and 14 and sub-
jected to complete lipoprotein quantification (3). 24 hr urine
specimens were collected in glass jars containing small
amounts of KI, NaHSO3, and NaOH to minimize volatili-
zation of 'I or its adsorption to glass. The patients re-
ceived 1.0 g of KI daily by mouth in divided doses for 3
days before and throughout each study to inhibit uptake of
radioiodine by the thyroid. Informed consent was obtained
from each patient and normal volunteer.

Sample analysis
2-ml portions of the daily plasma samples and 5-ml por-

tions from the 24-hr urine collections were counted along
with appropriate standards in an automatic gamma-ray,
well-type scintillation counter. In early studies, every plasma
sample was precipitated with 10%o TCA to determine if
nonprotein-bound 'I accounted for a significant proportion
of radioactivity. In every case it was found that <3%o of
the radioactivity consisted of nonprotein-bound iodide; hence
in later studies this procedure was discontinued and it was
assumed that total plasma radioactivity represented protein-
bound 'I.
Each plasma sample was analyzed for total cholesterol

content. In addition, larger samples were obtained during

1530 T. Langer, W. Strober, and R. I. Levy



each study for a more complete lipid analysis including
determination of triglycerides, high density, low density,
and very low density lipoprotein cholesterol concentration
using methods previously described (3). In these studies,
LDL of density 1.019-1.063 g/ml was isolated separately for
lipid analysis. Portions of the larger samples were also sub-
jected to ultracentrifugation at densities 1.006, 1.019, 1.063,
and 1.21 g/ml to determine the flotation characteristics of
the circulating 'I-LDL. Finally, a portion of the original
purified, unlabeled LDL isolated from each subject was also
analyzed for protein (12), total cholesterol (13), triglyceride
(14), and phospholipid (15).

Data analysis
The metabolic parameters governing the turnover of LDL

were calculated by methods described by Matthews (16) and
by Nosslin (17) for the analysis of plasma decay curves
(Fig. 2, upper panel).
The fractional catabolic rate (FCR) (the fraction of the

intravascular LDL pool catabolized per day) was calculated
using the expression: Fractional catabolic rate= 1/ (C1/b1
+ C2/b2), where C. and b. are the y intercepts and slopes
of the plasma radioactivity decay curve and its peeled expo-
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nentials (see reference 16). The distribution of LDL be-
tween the intravascular and extravascular compartments was
calculated using the expression:

% intravascular =[ + ]/ -1 + C2
bi b2J (b1)2 (b2)2

The plasma volume was calculated by isotopic dilution
using the 10 min plasma sample on the assumption that
during this interval the distribution of '5I-LDL was uni-
form and that insignificant amounts of labeled lipoprotein
were catabolized or entered the extravascular compartment.
The total intravascular LDL-cholesterol pool was computed
from the product of the LDL-cholesterol concentration (the
mean of five determinations of LDL-cholesterol concentra-
tion during each study) and the plasma volume. The intra-
vascular LDL-apoprotein pool was then calculated from the
product of the LDL-cholesterol pool and the ratio of LDL-
apoprotein/LDL-cholesterol which was measured for each
subject. (This ratio was approximately 0.6).
The steady-state synthetic rate (or absolute catabolic rate)

was then calculated as follows: synthetic rate = FCR X in-
travascular LDL-apoprotein. The synthetic rate was ex-
pressed as milligrams of apoprotein synthesized per day
normalized for body weight (milligrams/kilogram per day).

In addition to the method described above for the calcu-
lation of the fractional catabolic rate (which relies solely
on the plasma decay curve) an independent estimate of the
FCR was obtained from the daily urinary radioactivity ex-
cretion using the metabolic clearance method of Berson and
Yalow (18). With this method, the clearance of 'I-LDL
is calculated for each day of the study from the ratio of
total urinary radioactivity excreted in each 24 hr period to
the mean plasma radioactivity during that interval (Fig. 2,
lower plane). This U/P ratio is an accurate estimate of
the fractional catabolic rate provided the rate of iodide ex-
cretion is rapid compared to rate of LDL breakdown.

RESULTS

Animal studies
The mean fractional catabolic rate (+1 SD) of un-

r\ screened human 'I-LDL obtained in eight dogs using
four different protein preparations was 0.0338±0.0030
of the intravascular pool/hr (0.810±0.070/day); this

0.40 corresponded to a biological half-life of 26.6±1.7 hr.
0.30 The FCR and biological half-life of four additional prep-

arations of human 'I-LDL which had first been screened
0.20_~j ,for 18-24 hr in dogs was 0.0326+0.0019/hr (0.781±

0.045/day) corresponding to a biological half-life of
27.0±0.8 days; these values were not significantly dif-
ferent from the unscreened preparations (P > 0.4) and

0.10 2 I I there was therefore no evidence for the presence of rap-2 4 6
D

8 10 12 14
idly degradable protein in the 'I-LDL preparations. It

'GURE 2 Upper panel: Typical LDL plasma decay curve was of interest that 'I-LDL injected into a dog 2 wk
th exponentials. First exponential is the terminal (linear) after labeling contained a considerable amount of rapidly
rtion of decay curve extrapolated to zero time. Second degradable material; in this case the plasma decay curve
ponential is the plot of values obtained from subtracting
st exponential from original decay curve. Lower panel: showed a rapid early decline followed by a normal ter-
etabolic clearance values (U/P values) of LDL plotted minal slope. This observation suggests that radioactive
r each day of a typical study. Initial value is low because LDL must be used promptly after purification and
delay in iodide excretion. Constancy of subsequent values
licates metabolic homogeneity of labeled LDL. labeling.
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TABLE I I I
Metabolic Parameters, Normals

Plasma Plasma Intra- Fractional cata- Biological
Initials volume APO-LDL vascular* bolic rate half-life (tj) Synthetic rate

ml mg/ % fraction of IV pool/day days mg/day mg/kg
100 ml At BI per day

A. R. 2927 70 65.2 0.452 0.365 3.58 926 15.4
J. R. 2250 91 66.4 0.418 0.400 3.33 856 18.2
N. E. 2807 51 64.4 0.528 0.486 3.00 756 14.3
B. S. 2616 80 69.2 0.398 0.385 3.00 1041 15.3
S. G. 3515 49 75.0 0.633 0.653 2.25 1090 14.5
A. A. 2737 72 69.8 0.385 0.364 3.25 759 13.2
B. S. 3102 65 66.4 0.445 0.370 3.25 897 13.9
E. S. 2780 60 70.0 0.455 0.423 3.00 759 12.5
B. V. C. 3410 62 75.3 0.393 0.405 3.10 841 12.0
B. B. 3432 62 62.6 0.511 0.492 3.17 1087 15.0

* Per cent of APO-LDL pool in intravascular compartment.
t Calculated from serum decay curve by method of Matthews'(16); see text.
§ Calculated from U/P ratios; see text.
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FIGURE 3 Mean plasma decay (die-away) curves for nor-
mal individuals (A) and patients with type II hyperlipo-
proteinemia (0). Shaded areas indicate 1 so on either side
of mean. Since the fractional catabolic rate is equal to the
reciprocal of the areas under these curves, it is clear that
type II patients have a lower fractional catabolic rate than
normal individuals.

Identical plasma decay curves were observed when
'I-LDL obtained from normal individuals and patients
with type II hyperlipoproteinemia were injected into
dogs, suggesting that there are no major structural
differences in the LDL molecules from these two
sources. On the other hand, canine LDL demonstrated
a considerably slower rate of degradation than LDL
from human sources. In this case the FCR was 0.0262 of
the intravascular pool/hr (0.628/day) and the biological
half-life was 38.5 hr.
Throughout each study in the dogs, greater than 95%

of the plasma radioactivity could be reisolated between
the densities 1.019 and 1.063 g/ml and less than 1% of
the radioactivity was found in the density 1.21 g/ml
infranate, indicating that, in the dog, the labeled LDL
circulates as an intact lipoprotein and does not associate
with or become converted to lipoproteins of other
densities.

Human studies
LDL metabolism in normal subjects (Table III) (Figs.

3 and 4). In 10 normal individuals the mean FCR
of autologous LDL was 0.462+0.077 of the intravascular
pool/day (range 0.385-0.633/day) and the mean bio-
logical half-life was 3.08±0.35 days (range 2.25-3.58
days). The mean synthetic rate of LDL apoprotein was
14.43±1.75 mg/kg per day (range 12.0-18.2 mg/kg per
day) or 901.2±132.2 mg/day (range: 756-1090 mg/
day).The mean percentage of the total exchangeable
LDL confined to the intravascular compartment was
68.4±4.3% (range 62.6-75.0%).
LDL metabolism in subjects with familial type II hy-

perlipoproteinemia (Table IV) (Figs. 3 and 4). In 10
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patients with type II hyperlipoproteinemia the mean
FCR of autologous LDL was 0.237±0.044 of the intra-
vascular pool/day (range: 0.205 - 0.352 of the intra-
vascular pool/day) and the mean biological half-life was
4.68+0.044 days (range: 3.80-5.17 days); both of these
parameters are significantly different from normal (P <
0.001). The mean synthetic rate of LDL-apoprotein was
15.01±1.71 mg/kg per day (range: 12.2-17.5 mg/kg
per day) or 955.0±147.5 mg/day (range: 769-1255 mg/
day) and 73.3±5.2% (65.0-83.2%) of the total ex-
changeable LDL was in the intravascular space. The syn-
thetic rate of LDL in type II patients was not signifi-
cantly different from normal (P > 0.4), nor was the
distribution of LDL among the body spaces (P > 0.05).
U/P ratios. In all studies the fractional catabolic

rate obtained from the mean U/P ratio was in close
agreement with the FCR calculated from the plasma
decay curve (Tables III and IV). The U/P ratio for
the 1st day of each turnover study was always consider-
ably lower than for succeeding days and this value was
excluded from the calculations. This finding was attrib-
uted to the normal delay in iodide excretion after 'I-
LDL catabolism. The U/P ratio for the remainder of
each study was constant except for a few cases within
the normal group when this parameter decreased slightly
in the last few days of the study at a time when the
total remaining plasma radioactivity was considerably
less than 3% of the injected dose. This gradual decline
in the U/P ratio was not seen in any study involving
patients with type II hyperlip-oproteinemia including
one study which was continued for an additional 7 days.
It was concluded from the constancy of the U/P ratio
that the 'OI-LDL molecules in each preparation had
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viduals (A) and patients with type II hyperlipoproteinemia
(0). Fractional catabolic rate of LDL is greatly reduced
in the patient group (3rd panel) whereas synthetic rate is
normal (4th panel). Horizontal bars represent mean values.

uniform metabolic behavior and that no significant
amounts of rapidly degradable protein were present.

Flotation of plasma ...1-LDL. Throughout each study,
greater than 95% of the circulating radioactivity was
recovered by ultracentrifugation between densities 1.019
and 1.063 g/ml, with less than 1% in the 1.21 g/ml
infranate. These data confirmed the in vitro and ani-
mal studies and provided evidence that LDL-apoprotein
is not converted or incorporation into lipoproteins of
other density classes, nor does it circulate in significant
amounts as the free apoprotein at a density greater than
1.21 g/ml.
The metabolism of isologous .5I-LDL in patients

with type II hyperlipoproteinemia. To determine if

- TABLE IV
Metabolic Parameters, Type II Patients

Plasma Plasma Intra- Fractional cata- Biological
Initials volume APO-LDL vascular* bolic rate half-life (tj) Synthetic rate

ml mg/ % fraction of IV pool/day days mg/day mg/kg
100 ml At B§ per day

B. C. 2234 185 71.6 0.211 0.207 5.17 872 16.0
M. B. 2500 149 74.1 0.221 0.221 4.90 823 13.5
T. G. 2694 118 65.0 0.352 0.348 3.80 1038 16.6
A. B. 1940 163 74.2 0.257 0.241 4.00 812 16.7
H. J. 2681 186 72.3 0.217 0.215 5.00 1082 15.0
J. B. 2835 114 71.9 0.238 0.238 4.70 769 13.3
G. H. 3430 164 83.2 0.223 0.236 4.67 1255 15.0
H. K. 2601 182 76.5 0.205 0.208 4.93 970 17.5
S. T. 3147 122 66.5 0.241 0.233 4.83 925 12.2
A. L. 3414 142 77.4 0.207 0.199 4.83 1004 14.3

* Per cent of APO-LDL pool in intravascular compartment.
t Calculated from serum decay curve by the method of Matthews (16); see text.
§ Calculated from U/P ratios; see text.
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FIGURE 5 Relationships between beta apoprotein concentra-
tion (mg/100 ml) and LDL fractional catabolic rate (9%
intravascular [IV] pool/day) in normal individuals (A)
and patients with type II hyperlipoproteinemia (A).

the differences in the catabolism of LDL in normal in-
dividuals and patients with type II hyperlipoproteinemia
resulted from inherent differences in the circulating
LDL molecules, the turnover of 'I-LDL which had
been isolated from a normal individual was studied in
three subjects with type II disease who had previously
received autologous 'I-LDL. No differences in meta-
bolic behavior were noted between the autologous and
isologous proteins. The FCR, biological half-life, and
U/P ratios were virtually identical in each paired study.

DISCUSSION
In the present investigation, radioiodinated, purified
low density lipoprotein (d = 1.019 - 1.063 g/ml) was
used to determine the behavior of LDL in normal in-
dividuals and patients with heterozygous familial type
II hyperlipoproteinemia.

Studies of ..5I-LDL turnover in normal individuals.
The metabolic parameters of LDL apoprotein in nor-
mal individuals obtained with iodinated preparations
used in these studies are comparable to the values re-
ported by Volwiler et al. (19) using biosynthetically
labeled 'S-LDL and by Gitlin et al. (20), Walton et al.
(21, 22), Scott and Winterbourn (23), and Hurly and
Scott (24), using radioiodinated LDL. We did not
observe a difference in LDL metabolism between men
and women as reported by others (23, 24).
LDL has several singular metabolic features when

compared with other plasma proteins. To begin with,
although LDL is similar to other large serum proteins
such as IgM and fibrinogen with regard to its dis-
tribution among the body compartments, the fractional
catabolic rate of LDL is significantly greater than these
proteins (25, 26). This suggests that LDL may be

acted upon by a unique catabolic mechanism not shared
by other proteins, or more likely, that LDL is subject
to a specific degradation mechanism which acts in
addition to a more generalized catabolic mechanism.
This hypothesis is supported by studies which indicate
that LDL clearance and degradation are linked to bile
acid and cholesterol metabolism and transport. In this
regard, we have shown that the administration of
cholestyramine results in an increase in the fractional
catabolic rate of LDL of type II patients (27). Since
the action of cholestyramine is limited to the intra-
luminal binding of bile salts in the gastrointestinal tract,
the effect of this perturbation on LDL metabolism
would be mediated through changes in bile acid and/or
cholesterol metabolism presumably occurring in the
liver.
Another unusual attribute of LDL metabolism is

the observation that, to a greater extent than other
plasma proteins, the physiologic control of LDL con-
centration appears to be mediated via changes in cata-
bolic rates rather than by alterations in synthetic rates
(28). Thus, the normal patient with the lowest LDL
concentration had the highest fractional catabolic rate
and, in general, the plasma LDL concentration was
inversely proportional to the fractional catabolic rate
(Fig. 5). In contrast, the synthetic rate was not corre-
lated with plasma LDL levels and was relatively con-
stant. These observations are consonant with the find-
ing that changes in dietary cholesterol and saturated
fatty acid content exert their effect on LDL concen-
tration in normal patients by changing the fractional
catabolic rate of LDL whereas synthetic rates remain
unchanged (27). A similar relationship between LDL
concentration and fractional catabolic rate is observed
in patients with type II hyperlipoproteinemia, but in
this case the entire range of LDL concentrations is
shifted to a higher level (Fig. 5).

Studies of .'.I-LDL metabolism in patients with type
II hyperlipoproteinemia. Patients with type II hyper-
lipoproteinemia had normal synthetic rates for LDL
and a normal distribution of the lipoprotein in the body
compartments. However, all patients demonstrated a
striking decrease in the fractional catabolic rate of
LDL which in each case was sufficient to account for
the elevation in plasma LDL concentration. Since we
could detect no differences in the metabolic behavior
of autologous and isologous LDL from normal in-
dividuals when injected into patients with type II dis-
ease or into dogs, it is apparent that this defect in LDL
metabolism is not intrinsic to the LDL molecule itself
but instead resides in the catabolic mechanisms for
LDL in these hyperlipoproteinemic patients. The ab-
normality in LDL catabolism in type II patients can
therefore be visualized as a resetting of the LDL cata-
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bolic mechanism so that it operates at a lower range of
fractional catabolic rates at the expense of an expanded
plasma LDL pool.
Our results differ from previous studies of the be-

havior of LDL in hyperlipoproteinemic individuals.
Walton et al. (21) and Scott and Hurley (29) found
that the biological half-life and the fractional catabolic
rate of LDL in type II patients were not significantly
different from normal and concluded that excessive
LDL synthesis was responsible for the hyperlipopro-
teinemia. It is likely from the data presented by these
authors that many of these individuals did not have
type II hyperlipoproteinemia. Furthermore it is possible
that some of their patients represent an isolate within
the broad definition of familial type II hyperlipoprotein-
emia who synthesize excessive amounts of LDL and
who differ from our type II patients who display de-
fective catabolism of LDL.
The finding of a decreased fractional catabolic rate

in patients with type II hyperlipoproteinemia was un-
expected since pathologic elevations in plasma protein
concentration are usually due primarily to changes in
the rate of protein synthesis. We therefore considered
the possibility that the observed depression of FCR
was a secondary metabolic phenomenon resulting from
a primary change in synthetic rate or in the pool size
of LDL. This hypothesis is made unlikely by the fol-
lowing considerations. In the first place, one cannot
postulate that increased LDL synthesis led to an ex-
panded LDL pool since the measured synthetic rates
in hyperlipoproteinemic individuals are normal. In
addition, it would be more reasonable to expect that
the expansion of the LDL pool would be followed by
a homeostatic increase in fractional catabolic rate so
as to reestablish the original plasma protein concen-
tration; this response is typical of the metabolic be-
havior of plasma IgG and to a lesser extent albumin
when the pool sizes of these proteins are altered (30).
In the second place, recent observations suggest that
the fractional catabolic rate of LDL is independent of
pool size. Studies from our laboratory have demon-
strated that the reduction of LDL synthesis and de-
crease in the plasma pool of LDL in normal and hyper-
lipoproteinemic subjects induced by nicotinic acid are
not accompanied by changes in the fractional catabolic
rate (31). In addition, the fractional catabolic rate of
LDL was normal in three individuals with familial hy-
pobetalipoproteinemia who had synthetic rates and con-
centrations of LDL which were less than one-third of
normal (32). Finally, Lees, and Ahrens (33) have
demonstrated that the rate of disappearance of infused
LDL was constant in an individual with abetalipo-
proteinemia, despite a constantly changing LDL pool
size as LDL was removed from the plasma. For these

various reasons, the observed decreased fractional cata-
bolic rate in type II patients is not likely to be sec-
ondary to a primary change in LDL synthetic rate or
pool size.
The metabolic defect in type II hyperlipoproteinemia.

We have concluded that a decreased fractional cata-
bolic rate of LDL is responsible for the hyperlipo-
proteinemia in patients with type II disease but the
mechanism underlying this metabolic abnormality re-
mains unclear. The metabolic defect responsible for
the abnormal catabolism of LDL in type II hyperlipo-
proteinemia could be related to a primary disturbance
in the metabolism of the intact lipoprotein or the LDL
apoprotein, or it could be the consequence of a more
fundamental abnormality in the metabolism of one of
the lipid moieties of LDL.
As to the latter possibility, efforts to find a primary

lipid abnormality have focused on the supposition that
cholesterol synthesis was increased in type II hyper-
lipoproteinemia. In this regard, no consistent abnor-
mality in the synthesis of cholesterol has been found
in individuals with type II disease studied either by
the incorporation of acetate-'4C into cholesterol, by the
analysis of cholesterol-14C decay curves and by fecal
sterol balance techniques (34-38). Indeed, recent stud-
ies by Goodman and Noble (37) have shown that both
normal and hypercholesterolemic individuals synthesize
and degrade equal amounts of cholesterol daily.
Whereas cholesterol synthetic rates may be normal,

the fractional rate of cholesterol degradation may be
depressed in type II patients. Nestel, Whyte, and Good-
man (39), using the two-pool model for cholesterol
metabolism of Goodman and Noble, have shown that
the plasma cholesterol concentration was not related to
the production rate or the amount of cholesterol in the
two exchangeable pools in normal and hyperlipidemic
individuals. However, they determined that the clear-
ance of plasma cholesterol, expressed as a fraction of
the total mass of cholesterol in the plasma, is depressed
in hypercholesterolemic patients. This observation on
cholesterol metabolism appears to parallel our own
regarding LDL metabolism and could be the more
fundamental abnormality. Thus, it may be argued that
a defect in the transport and/or degradation of choles-
terol (either cholesterol bound to circulating LDL or
cholesterol in some other body compartment) is re-
sponsible for the decreased catabolism of plasma LDL
in type II patients. Just as reasonably, however, a de-
fect in plasma LDL catabolism may be primary to a
similar defect in cholesterol metabolism. In point of
fact, the available data do not allow any conclusion
as to which phenomenon is cause and which is effect.
In any case, our questions concerning the abnormality
in type II hyperbetalipoproteinemia have been focused
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and we now ask: what is the basis of the defect in
LDL catabolism in this disease?
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