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Abstract

The plasma concentration of the atherogenic low density lipo-
proteins (LDL) increases with age. To clarify the mechanism of
this change, we studied the kinetics of autologous '>*I-LDL
apolipoprotein B (apo B) in 41 normolipidemic, nonobese
healthy males. For comparison, they were divided into three
age groups: young, 21-39 yr (n = 18), middle-aged, 40-59 yr (n
= 11), and old, 60-80 yr (n = 12). The levels of plasma LDL
cholesterol and LDL apo B increased from respectively
3.4+0.1 (SEM) mmol/liter and 86+2 mg/dl in the young to
4.1+0.1 mmol/liter and 95+3 mg/dl in the old (P < 0.01), and
this increase was linked to a progressively decreased (r
= —0.38, P < 0.02) fractional catabolic rate of LDL apo B
(0.348+0.010 pools per day in the young vs. 0.296+0.009 pools
per day in the old, P < 0.01). The production rate of LDL apo B
did not differ significantly between the groups. The reduced
fractional catabolic rate of LDL apo B in the old was not asso-
ciated with a decrease in binding affinity of the LDL particle to
its receptor, as judged from its ability to compete for '>*I-LDL
fibroblast binding. When hepatic LDL receptor expression was
stimulated by cholestyramine treatment in six old males, their
LDL apo B fractional catabolic rate increased to the levels
observed in the young subjects. We conclude that the increase
in LDL which normally occurs with age is explained by a re-
duced capacity for its removal, and hypothesize that this is
mediated via a reduced hepatic LDL receptor expression. (J.
Clin. Invest. 1991. 87:591-596.). Key words: apolipoprotein B
* cholesterol « low density lipoprotein kinetics * low density
lipoprotein receptors

Introduction

Elevated levels of plasma total and low density lipoproteins
(LDL) cholesterol are known to be associated with an increased
risk for coronary heart disease (1), and the lowering of LDL
cholesterol by pharmacological intervention has been demon-
strated to reduce this risk (2, 3). Since plasma LDL cholesterol
levels increase with age (4, 5), and since LDL cholesterol per-
sists as a predictor of risk also in old age (1, 6), much interest
has recently been focused on possible mechanisms for this age-
related increase in LDL cholesterol levels (7).
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The plasma concentration of LDL cholesterol is deter-
mined by the balance between synthesis and catabolism of the
lipoprotein particle (8, 9). The production of LDL is dependent
on the metabolism of their precursor, the triglyceride-rich very
low density lipoproteins (VLDL), whereas normally a major
part (60-80%) of LDL removal from plasma takes place by a
high-affinity process involving specific cell surface receptors,
the LDL receptors (10). These receptors are expressed in all
human cells, particularly in the adrenals, gonads, and liver, and
in actively dividing cells (10, 11). The liver contains the highest
total number of LDL receptors, and the hepatic LDL receptor
activity can be modulated by pharmacological, nutritional, and
hormonal factors (10-13). Some animal studies have indicated
that the hepatic LDL receptor expression may decline with
increasing age (13), but the information from human studies
has not been conclusive. Thus, retrospective analysis of data
compiled from several studies has indicated that the fractional
catabolic rate (FCR)! of LDL decreases with aging (7, 14), but it
has been difficult to determine the importance of this phenome-
non as a primary factor (14, 15).

In the present study, we have characterized the metabolism
of autologous '#’I-LDL apolipoprotein B (apoB) in healthy
normolipidemic, nonobese adult human males. The results
demonstrate that the increase in LDL cholesterol with age is
due to a lower FCR of this lipoprotein, whereas no relation to
production rate or changes in the binding properties of LDL
was observed. Furthermore, reversal of the age-related decrease
in the FCR of LDL apo B could be achieved through stimula-
tion of cholesterol elimination by cholestyramine treatment.

Methods

Subjects and experimental procedure. A total of 41 healthy volunteers
participated in the study. They were all males of Scandinavian origin,
mostly medical students or hospital staff members; the healthy old men -
were recruited from a senior citizen group outside the hospital. None of
the volunteers were obese, and the relative body weights (RBW) ranged
from 82% to 111% with a mean of 97%. All participants were normoli-
pidemic, with plasma cholesterol and triglyceride levels below the 95th
percentile (16). There was no clinical or laboratory evidence of thyroid,
kidney, heart, or liver disease; diabetes mellitus; or alcohol overcon-
sumption in these subjects. None used medication of any kind.

The volunteers were hospitalized in the metabolic ward or followed
closely as outpatients. For 5 d before and during the study they were
given a standardized diet of natural type (17, 18). About 35% of the
energy content was supplied as fat, most of which contained saturated
fatty acids. The major part of the carbohydrates, which accounted for
45% of the calories, was supplied as starch. The energy intake, calcu-
lated from standard foodstuff tables, was adjusted to keep the body
weight constant. The daily intake of cholesterol was ~ 0.5 mmol (200

1. Abbreviations used in this paper: FCR, fractional catabolic rate;
RBW, relative body weight; U/P, urine to plasma. .
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mg). Potassium iodide, 200 mg daily, was given orally 5 d before and
during the study to suppress uptake of radioiodine by the thyroid gland.

A subgroup of six older men (mean age, 68+1 yr) was restudied
under identical conditions 3 wk after the initiation of treatment with
cholestyramine (Questran, Bristol-Myers Co., New York), 8 g b.i.d.

Informed consent was obtained from each subject, and the ethical
aspects of the study were approved by the Ethical Committee at Hud-
dinge University Hospital.

Lipoprotein preparation, quantitation, and turnover. After an over-
night fast, ~ 100 ml of blood was drawn into EDTA-containing tubes,
and plasma was obtained by low-speed centrifugation in the cold. LDL
(density 1.02-1.063 g/ml) were prepared by sequential ultracentrifuga-
tion and labeled with '2°1, using the iodine monochloride method as
described for lipoproteins (19, 20). The specific activity of the '*’[-LDL
varied from 150 to 450 cpm/ng of protein. > 97% of the radioactivity
was TCA-precipitable and < 3% was extractable with ether. As judged
from sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), the radioactivity was present almost exclusively in apo B. The
labeled LDL were sterilized by passage through two 0.45-um filters,
and 30-60 Ci (1.1-2.2 MBq) of '*I-LDL apoB was reinjected into the
patient as described previously (18). Blood samples were collected in
EDTA tubes at 10 min, and at 2, 4, 6, 8, 10, 12, 24, and 36 h after the
injection, whereafter samples were collected daily for 14 d. The urine
was collected in 24-h portions during the whole study.

Lipoprotein quantitation was performed by a combination of ultra-
centrifugation and precipitation (21, 22) on at least two occasions dur-
ing the study. Briefly, plasma obtained under fasting conditions was
spun at 35,000 rpm for 18 h at 4°C in an ultracentrifuge (Centrikon
T-2060, Contron Roche, Zurich, Switzerland) equipped with a 45.6
rotor. The tubes were sliced and the supernatant fraction as well as the
infranatant were analyzed for cholesterol and triglyceride content using
standard enzymatic techniques (Boehringer-Mannheim, Mannheim,
Federal Republic of Germany). A portion of the infranatant was
treated with phosphotungstic acid in order to precipitate apo B-con-
taining lipoproteins. Protein content was measured according to Lowry
et al. (23). The level of LDL apoprotein (LDL apo B) was determined
by multiplying the LDL cholesterol level with the protein/cholesterol
ratio in the isolated LDL (18).

The FCR of '»I-LDL apo B was calculated from the slope of the
plasma radioactivity decay curve using the two-compartment model of
Matthews (24). In addition, FCR was also calculated independently
from the urine/plasma (U/P) ratio (18). The absolute catabolic rate of
LDL apo B, expressed as milligrams of apoprotein synthesized per day
normalized for body weight, was estimated according to Langer et al.
(25), as described (18, 26).

Fibroblast assay of LDL degradation. Human fibroblasts grown in
monolayer culture were preincubated in a medium containing 10%
human lipoprotein-deficient serum for 48 h before assay to induce
maximal LDL receptor expression as described (18, 27). To assess the
affinity of LDL from the different individuals for the LDL receptor, the
cells were incubated with 15 ug/ml of '2*I-LDL (prepared from a young
normal) in the absence and presence of 33 ug/ml of unlabeled LDL
from the different individuals. After 6 h at 37°C the degradation rate of
125I_.LDL was determined after precipitation of the cell medium with
TCA (27). The percentage inhibition of the cellular '**I-LDL degrada-
tion rate in the presence of unlabeled LDL was used as an estimate of
the affinity of the LDL particle for the LDL receptor (18).

Statistical analysis. Data are presented as means=SEM. The signifi-
cance of differences was tested by two-tailed ¢ test. Correlations were
tested by calculating the correlation coefficient, r. Multiple stepwise
regression was performed using an F value of 4.0 to include or exclude
independent variables.

Results

In the present study of nonobese healthy males, the levels of
plasma total and LDL cholesterol rose progressively with age (r
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= +0.30, P = 0.05; and r = +0.37, P = 0.02; respectively). This
age-related change was not related to other variables such as
absolute or relative body weight or triglyceride concentration.
To facilitate further comparison, the subjects were subdivided
into three groups according to their age: young (n = 18), 20-39
yr; middle-aged (n = 11), 40-59 yr; and old (n = 12), 60-80 yr
(Table I).

The plasma concentration of LDL apo B increased in paral-
lel with the LDL cholesterol level. However, the cholesterol/
protein ratio in LDL was not constant but increased with
higher LDL cholesterol values (from 1.52+0.04 in the young to
1.70+0.06 in the old, P < 0.05), indicating that the LDL parti-
cle in the old males was somewhat enriched in cholesterol.

The metabolism of LDL apo B was investigated utilizing
autologous radiolabeled lipoproteins (Table II). The figures for
FCR obtained from analysis of the U/P ratios were in excellent
agreement with the data gained from analysis of the plasma
radioactivity dieaway curves (r = +0.88, P < 0.001); in the
following, all data represent the results derived from plasma
radioactivity measurements.

There were no correlations between absolute or relative
body weight and kinetic parameters for 'I-LDL apo B. When
tested against the independent variables—age, body weight,
RBW, and total triglycerides—only age was a significant ex-
planatory variable. The FCR of LDL apo B, i.e., the fraction of
the LDL apo B pool being removed each day, decreased from
0.348+0.010 pools per day in the young to 0.296+0.009 pools
per day in the old (P < 0.01). Although there was no significant
difference between the young and middle-aged subjects, Fig. 1
A shows that the decrease in LDL apo B-FCR progressed with
age in the group as a whole (r = —0.38, P = 0.01). Interestingly,
the synthesis of the LDL apo B did not increase with age, how-
ever (Fig. 1 B). Rather, there was a tendency for the calculated
synthesis to be lower in the old subjects (12.4+0.5 mg/kg per d)
than in the young (13.2+0.4 mg/kg per d, P = 0.2) and middle-
aged (14.5+0.7 mg/kg perd, P = 0.1). Thus, the decreased FCR
of LDL apo B in the old subjects was clearly not secondary to
an increased production rate. The importance of LDL apo B-
FCR for the variation in LDL cholesterol levels in the present

Table I. Clinical Data and Plasma Lipid Levels of the Subjects

Young Middle aged [o)1¢}
(n=18) (n=11) (n=12)
Age (yr) 28+1 48+2 68+2
Body weight (kg) 80+2 77+3 75+2
Relative body weight* (%) 95+2 96+2 100+2
Plasma cholesterol
(mmol/liter)
Total 4.80+0.18  5.14+0.27  5.44+0.20%
LDL 3.37+0.14  3.76+£0.25  4.05+0.15%
HDL 1.12+0.05 1.02+0.07 1.08+0.06
VLDL 0.31+0.05 0.36+0.06 0.31+0.06
Plasma triglycerides
(mmol/liter) 1.19+0.11 1.33£0.13  1.21+0.12

All values are given as mean+SEM. To convert millimoles per liter to
milligrams per deciliter, multiply cholesterol by 38.7 and triglycerides
by 88.5.

* Calculated as body weight (kg)/[height (cm) — 100] X 100%.

P <0.05;% P <0.01 vs. young (Student’s unpaired  test).



Table I11. Effect of Age on LDL Metabolism

LDL apo B LDL apo B

LDL apo B pool size LDL apo B-FCR production rate

mg/dl mg/kg pools per day mg/kg per day
Young (n = 18) 86+2 38.1+1.0 0.348+0.010 13.2+0.4
Middle-aged (n = 11) 93+6 40.7+1.9 0.342+0.018 13.7+0.5
95+3% 41.8+1.4* 0.296+0.009% 12.4+0.5

Old (n = 12)

Values are given as mean+SEM. FCR calculated from plasma radioactivity decay curve. * P <0.05;* P < 0.01; ¥ P < 0.005 vs. young (Student’s

unpaired ¢ test).

series of healthy, nonobese males was further evident from the
fact that there was a highly significant negative correlation (r
= —0.71, P <0.001) between these two variables, whereas there
was no significant relationship (r = 0.095) between LDL cho-
lesterol and LDL apo B production rate (Fig. 2). A similar
correlation was observed between LDL apo B-FCR and LDL
apo B level (r = —0.54, P < 0.005).

The observed decrease in FCR of LDL apo B with age
might result from a reduced LDL receptor activity or, alterna-
tively, from a decreased affinity of the LDL particle itself for its
receptor. Apart from the increased cholesterol/protein ratio,
there were no significant differences in lipid composition, such
as triglyceride/protein ratio, between LDL obtained from sub-
jects of varying age (data not shown). To test directly the hy-
pothesis that LDL isolated from the old have a lower affinity
for the LDL receptor, the ability of individual LDL prepara-
tions to compete for degradation of '>’I-LDL by cultured fibro-
blasts was studied: LDL isolated from seven young and eight
old subjects were tested during the same experiment (Table
III). There was no difference in the inhibition of cellular '*I-
LDL degradation of the LDL particles from the old (67% inhibi-
tion) compared with those obtained from the young subjects
(64% inhibition).

The increase in LDL cholesterol with age in nonobese
males could thus be explained by a decrease in LDL apo B
elimination, presumably as the result of a reduced activity of
LDL receptors. In order to evaluate whether this apparent loss
of degradation capacity with age was reversible, six old males
were treated with cholestyramine for 3 wk. This drug, which by
trapping intestinal bile acids creates an enhanced hepatic de-
mand for cholesterol, increased the FCR of >I-LDL apo B
from 0.286+0.013 t0 0.326+0.023 pools per day (P < 0.02; Fig.
3), resulting in a reduction of LDL cholesterol levels from
4.2+0.2 to 2.5+0.2 mmol/liter (P < 0.005). Thus, when pro-
vided the stimulus of enhanced cholesterol elimination, the old
subjects could still eliminate LDL to the same extent as the

young.

Discussion

The present study was undertaken to characterize the possible
changes in LDL apo B metabolism normally occurring with
increasing age. To minimize the potential effects of changes in
confounding factors, such as body weight and hormonal status,
we chose to study a genetically homogeneous, nonobese, nor-
molipidemic, entirely male population ranging in age from 21
to 80 yr. In agreement with studies of the general population (4,
16), we could demonstrate an increase in serum cholesterol

levels with age also in this carefully selected group of healthy
subjects. The increased serum cholesterol levels were solely due
to a higher concentration of LDL cholesterol, since the other
lipoprotein fractions did not differ between the three age
groups (21-39, 40-59, and 60-80 yr). The results of the present
study give evidence that this increase in LDL cholesterol levels
was primarily related to a reduced FCR of the LDL apo B with
age. The tendency to an increased pool of circulating LDL apo
B occurs in spite of a tendency to a decreased rate of synthesis
of this lipoprotein. This fact argues strongly against the alterna-
tive hypothesis, namely, that the decreased FCR is secondary
to the increase in LDL apoB pool size (15).

The demonstration of a reduced FCR of LDL apo B as a
major determinant of the increased LDL levels which occur
with increasing age in normal individuals is in agreement with
the mechanism suggested by Miller (7). From his analysis of
several published investigations, it was implied that the produc-
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Figure 1. (4) Relation between age and fractional catabolic rate of
autologous '>’I-LDL apoB in 41 healthy, nonobese males. (B)
Relation between age and estimated synthesis rate of LDL apoB.
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Figure 2. (A) Relation between LDL apoB FCR and plasma LDL
cholesterol level in 41 healthy, nonobese males of varying age. (B)
Relation between estimated synthesis rate of LDL apoB and plasma

LDL cholesterol level. To convert millimoles per liter (1) to milligrams
per deciliter, multiply LDL cholesterol by 38.7.

tion rate of LDL does not substantially affect LDL cholesterol
levels when comparing normal subjects of varying age. Also in
the study by Grundy et al. (14), where middle-aged, slightly
overweight males were compared to nonobese young individ-
uals, a decrease in FCR with age was reported. However, the
synthesis of LDL apo B was simultaneously elevated in the
middle-aged subjects in that study, so it was not possible to
conclude whether or not the decreased FCR was a primary
event. It is evident that the design of this recent study is not
fully comparable to that of the present work: thus, when com-
pared to the young individuals, the middle-aged subjects stud-
ied by Grundy et al. (14) displayed higher plasma triglyceride
levels in addition to their higher ideal body weights. It should
also be pointed out, that the difference in LDL cholesterol and
LDL apo B between young and middle-aged subjects was not
significant in our study. A period of weight gain between the
ages 30 and 40 yr is relatively common in males, which may
well contribute to an increased LDL synthesis (presumably via
an increased VLDL production). Even if great care was taken
to ensure comparable body weights between the various groups
of subjects in the present study, the body composition may
change with age despite an unchanged RBW (28). However,
even when recalculating the data on the basis of estimated fat-
free mass (28), there was no significant difference in LDL apo B
production rate between the three groups (data not shown).
Thus, although the data of the present study by no means ex-
clude the possible relevance of an enhanced LDL synthesis as a
mechanism for the development of a moderate LDL choles-
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Table I1I. Comparison of the Inhibitory Effect of Isolated LDL
Preparations on the Degradation of Standard '*1-LDL
in Cultured Fibroblasts

Degradation
Source of added LDL of '¥I-LDL*
%
No addition 100
Young (30+3 yr; n = 17) 361
Old (68+3 yr; n = 8) 33+2

Values are given as mean+SEM.

* Human fibroblasts in monolayer culture were preincubated in
human lipoprotein-deficient serum-containing medium. After 48 h,
the medium was replaced with fresh medium and the cells incubated
with 15 ug/ml of '*I-LDL as described in Methods. Unlabeled LDL,
isolated from young and old normal subjects, were added to a final
concentration of 33 ug/ml. The degradation of 'I-LDL was deter-
mined and expressed in relation to that observed in the absence of
added unlabeled LDL (100%, corresponding to 1,285 ng/mg per h).
Each figure represents the average from duplicate incubations.

terol elevation in the general population (8, 9, 14), the current
results do establish the presence of an independent reduction in
LDL apo B-FCR with advancing age in nonobese males.

The next step in our study was to evaluate the nature of the
reduced FCR of LDL in the old. As discussed above, the reduc-
tion could not be explained by an increased production rate
and a secondary saturation of removal pathways. An increased
removal of VLDL and VLDL remnants by LDL receptors may
block LDL uptake. However, since VLDL levels were not dif-
ferent between the various age groups in our study, this possibil-
ity is less likely. Several authors have hypothesized that changes
in the composition of the LDL particle may affect its affinity
for the LDL receptor (29, 30), and we were in fact able to
demonstrate a higher proportion of cholesterol in relation to
protein in LDL isolated from the old males. Such a change
could affect the exposure of binding domains of the apolipo-
protein, and ultimately result in a particle with altered recep-
tor-binding properties. When this hypothesis was tested di-
rectly, however, we were not able to detect any reduction in the
binding affinity of LDL from old males compared to young; if
anything, the LDL from the old subjects tended to have a
slightly higher affinity for the LDL receptor.

The most plausible explanation for the decrease in LDL
apo B catabolism with age is thus reduction of LDL receptor
activity, presumably in the liver. Although the hepatic blood
flow may be somewhat reduced in old subjects (31), the fact
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that the hepatic LDL receptors are exposed to concentrations
of LDL far above saturation (11) would speak against any ma-
jor importance of circulatory changes. For the same reason,
reduced affinity of the binding of LDL due to changes in the
receptors themselves would probably also not influence the
LDL receptor-mediated elimination considerably. Instead, a
diminished number of functioning LDL receptors, and possi-
bly a prolonged turnover time of the recirculating LDL recep-
tors, would be the most plausible explanation for a reduced
hepatic LDL uptake. A reduced expression of LDL receptors
on liver cell membranes has been demonstrated to occur with
increasing age in the dog, swine, and monkey (13, 32). Definite
extension of this hypothesis to humans must obviously await
direct determinations of LDL binding activity in the human
liver.

Loss of hepatic LDL receptor activity with increasing age
could be either irreversible and due to a general “senescence”
of the liver cells, or reversible and thus secondary to other age-
related changes of metabolism. Although a progressive de-
crease of the maximal capacity to express cell surface LDL
receptors has been demonstrated in aging cultured human fi-
broblasts in vitro (33), we find the former possibility less likely.
Thus, cells obtained from individuals of varying age in vivo,
e.g., isolated lymphocytes or skin fibroblasts, do not display
such a loss of LDL receptor function (34, 35). Furthermore,
our direct demonstration of an increase in LDL apo B-FCR in
response to cholestyramine treatment in the old subjects,
reaching values similar to those observed in normal young
males (Fig. 3), clearly emphasizes the considerable capacity for
“up-regulation” of hepatic LDL receptors which also exists in
aged individuals. Further support for this concept is gained
from the drastic increase in LDL apo B-FCR observed in old
males treated with pharmacologic doses of estrogen due to
cancer of the prostate (18). Thus, we would favor the hypothe-
sis that the reduced FCR of LDL apo B in the elderly is a
consequence of down-regulation of hepatic LDL receptor ex-
pression.

Possible mechanisms for such a suppression of LDL recep-
tor expression with age can only be speculated upon. Although
no difference in hepatic cholesterol levels has been reported
between patients of varying age with gallstone disease (36),
there is evidence of a gradual accumulation of cholesterol in
many other tissues with advancing age (37). The possible im-
portance of a “Westernized” diet, rich in saturated fat and cho-
lesterol, for the hepatic LDL receptor activity when consumed
over long periods of time has been discussed by several groups
(9, 14, 38). In this context, it is of interest to note that bile acid
synthesis decreases with age in normal humans (17). Further-
more, suppression of bile acid synthesis—by treatment with
chenodeoxycholic acid—reduces the FCR of plasma LDL apo
B and slightly increases LDL cholesterol levels (39-41). An
attractive hypothesis therefore states that the reduced hepatic
lipoprotein receptor expression occurring with age is the conse-
quence of a reduced hepatic demand for cholesterol owing to a
reduced bile acid synthesis. The “normalizing” effect of chole-
styramine treatment in the old subjects would be in good agree-
ment with such a view. However, alternate or additional mecha-
nisms may well be of importance: for example, age-dependent
hormonal changes, such as reduced concentrations of growth
hormone (42), may well be involved. Thus, further studies
should be aimed at exploring the possible relevance of these

alternative mechanisms. The consistent effect of age on LDL
apo B metabolism, and also the fact that it may be reverted by
selective therapy are, however, of practical importance and
may be relevant in the discussion of possible intervention also
in the elderly (43, 44).
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