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The characteristics of people whose serum cholesterol level is unusually
susceptible to consumption of cholesterol were investigated. Thirty-two volun-
teers from the general population of Wageningen, the Netherlands, each partici-
pated in three controlled dietary trials in 1982. A low-cholesterol diet was fed
during the first half and a high-cholesterol diet during the second half of each

trial, and the change (response) of serum cholesterol was measured. The re-
sponses in the three trials were averaged to give each subject’s mean respon-
siveness. Fecal excretion of cholesterol and its metabolites were measured in
the second trial, and body cholesterol synthesis was calculated. Responsiveness
showed a positive correlation with serum high density lipoprotein, (HDL;) choles-
terol (r = 0.41, p < 0.05) and with serum total cholesterol level on a high-
cholesterol diet (r = 0.31, p = 0.09). A negative relation was found with habitual
cholesterol consumption (r = —0.62, p < 0.01), with body mass index (r = —0.50,
p < 0.01), and with the rate of endogenous cholesterol synthesis (r = —0.40, p <

0.05), but not with the reaction of endogenous cholesterol synthesis rate to an
increased intake of cholesterol. No relation was found with age, sex, total caloric
needs, or the ratio of primary to secondary fecal steroids. Upon multiple regres-
sion analysis, only habitual cholesterol intake and serum total and HDL. choles-
terol levels contributed significantly to the explanation of variance in responsive-
ness. Thus, a low habitual cholesterol intake, a high serum HDL. cholesterol level,
or a low body weight do not make one less susceptible to dietary cholesterol-

induced hypercholesterolemia.

bile acids and salts; cholesterol; cholesterol, dietary; controlled clinical trials;

individuality; lipoproteins, HDL; obesity

Reduction of elevated levels of serum
chok.esterol by drug (1) or dietary (2) inter-
vention can markedly reduce the risk for
coronary heart disease. Not all subjects,
however, react to dietary intervention to
the same extent. Although much of the

apparent variability in the response of se-
rum cholesterol to a cholesterol-lowering
diet may be due to chance fluctuations
(3, 4), authentic hyper- and hyporesponders
to diet do seem to exist. We have estab-
lished the existence of specific hypo- and
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hyperresponders to egg yolk cholesterol by
employing repeated controlled trials (4).

In the present paper we describe the re-
lation of responsiveness in these trials with
various physiologic and dietary character-
istics of subjects, and the possible interpre-
tation of these relationships in terms of the
mechanisms of cholesterol homeostasis in
man. The characteristics of hypo- and hy-
Perresponders to dietary cholesterol are of
interest for several reasons, Firstly, knowl-
edge of the hyperresponder profile will help
to determine beforehand which patients
will benefit most from dietary therapy. Sec-
ondly, such characteristics may tell some-
thing about underlying mechanisms deter-
mining responsiveness, and also about the
mechanisms relating diet and serum cho-
lesterol levels in general.

METHODS
Design, subjects, and diets

Twenty-one men and 11 women each
participated in three controlled experi-
ments in 1982 spread out over the course
of the year (figure 1). Their ages ranged
from 19 to 62 years. All were in good health.
Eleven were university staff members, 18
were students, and the others were inhab-
itants of the town of Wageningen, the
Netherlands. Out of the original 94 partic-
ipants in experiment 1, 23 with a response
in the highest quartile and 18 with a re-
sponse in the lowest quintile had been re-
tained. Subjects were not informed about
the responsiveness of their serum choles-
terol to diet until after experiment 2 had
been completed. Nine subjects were lost to
follow-up between experiments 2 and 3 be-
cause they had moved, were unwilling to
continue, or had become pregnant. This left
32 subjects for whom complete data were
available. Further characteristics may be
found in a previous report (4).

Each experiment consisted of a low-cho-
lesterol period, followed by a high-choles-
terol period (figure 1). Natural mixed diets
were provided as previously described (4);
the diets were formulated so that choles-
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terol, provided by egg yolk, was the only
variable. Cholesterol was fed in a constant
proportion to calories. Cholesterol intakes
were 12 and 56 mg/megajoule (MJ) (49 and
234 mg/1,000 keal) in experiment 1; 10 al}d
57 mg/MJ (40 and 243 mg/1,000 kcal) in
experiment 2; and 11 and 84 mg/MJ (48
and 349 mg/1,000 keal) in experiment 3.

Body weights were checked to the nearest
100 g twice a week and energy intake was
adjusted when necessary.

The composition of the habitual frc?e-
living diets was estimated one month prior
to experiment 1 by having the subjects
weigh and record all their food items for
two working days plus one weekend day.
Prior to experiment 3 the diets were as-
sessed once more, this time using the dlj
etary history method. Intake data were con-
verted into nutrients using the 1982 release
of the computerized Dutch food table (.5).

Buttock fat tissue biopsies were obtained
on the first or second day of experiment 2
and analyzed as described (6).

Blood sampling and analysis

Figure 1 gives the blood sampling
scheme, with each vertical dash represent-
ing one sample. Total and high density
lipoprotein (HDL) cholesterol were C.iefiel"
mined in fasting blood serum using rigidly
standardized techniques (4, 7). Total
cholesterol was measured using serum cal-
ibrators and direct addition of Liebermann-
Burchard reagent; the results met the
criteria of the Lipid Standardization Lab-
oratory of the Centers for Disease Control
(7). HDL was isolated by precipitating non-
HDL lipoproteins with heparin and man-
ganese (92 mmol/liter). Since posture influ-
ences serum levels (8), subjects stood and
waited until their turn had come for veni-
puncture. They then sat down and were
bled right away.

In experiment 2, serum lipoproteins were
separated by density gradient ultracentrif-
ugation (9, 10) at the end of the low-cho-
lesterol diet period (figure 1); to this end,
serum samples of days 10 and 11 were
pooled per subject, This was repeated at the
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FIGURE 1. Duration of three controlled experi-
ments and timing of blood sampling of 32 subjects in
1982, Wageningen, the Netherlands. Each vertical
dash denotes one blood sample. —, low-cholesterol diet
period; +, high-cholesterol diet period. Further details
are given in reference 4.

end of the high-cholesterol period (experi-
ment 2, days 23 and 24). The following
lipoprotein fractions were obtained by as-
piration: d < 1.010 (very low density lipo-
proteins); 1.010-1.019 (intermediate den-
s-ity lipoproteins); 1.019-1.055 (low density
!1poproteins); 1.055-1.075 (HDL,, includ-
ing lipoprotein(a)); 1.075-1.100 (HDLs);
1.100-1.210 (HDLs), and d > 1.210 (bot-
tom). Cholesterol was determined in the
fractions enzymatically as described (10).
The mean recovery of serum cholesterol in
these fractions (as a percentage of whole
serum cholesterol) was 94 per cent in the
low- and 95 per cent in the high-cholesterol
period.

The concentration of the lipoprotein(a)
antigen (11) in whole serum was measured
by. rocket immunoelectrophoresis (12, 13)
using an antiserum provided by Dr. Ger-
ha}rd M. Kostner (University of Graz, Aus-
tria), and human reference standard lipo-
protein(a) (Immuno A.G., Industriestrasse
72, Vienna, Austria). For each subject, four
sera obtained throughout experiment 2
were analyzed and the results averaged.

Feces

Subjects collected their feces in experi-
ment 2 during the final five days of the
!OW- and of the high-cholesterol period, us-
ing 1.85 liter plastic buckets. Buckets were
handed in daily at the laboratory and then
stored at —20 C. Subjects swallowed 20
small radio-opaque plastic rings with their
lunch daily from three days before the start
until the end of experiment 2. By the start
of the first feces collection period they had
thus been swallowing markers for 10 days,
so that even subjects with a long intestinal
transit time should by then have reached a
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steady state where on average 20 markers
per day were excreted. The mean marker
output per five days (+ standard deviation
(SD)) was 106 = 19. All individual fecal
data were recalculated to a marker output
of 100 per five days to correct for irregular-
ities in fecal flow. On the first fecal collec-
tion day of both periods, 20 rings of outer
diameter 3 mm instead of the usual 4.5 mm
were swallowed. In addition to their func-
tioning as the recovery markers mentioned
above, these smaller markers allowed cal-
culation of the mean transit time through
the gut (14, 15). On average, 90 per cent of
these single-dose transit markers were re-
covered in the feces collected over the fol-
lowing five days; missing markers were ar-
bitrarily assigned a transit time of 175
hours.

Feces were thawed, pooled per person per
diet period, weighed, and homogenized with
a known and about equal weight of H0.
The solid matter content was determined
on aliquots dried overnight at 105 C. Sam-
ples of 150-250 ml were freeze-dried,
ground to a fine powder, and stored at
—90 C. Neutral steroids were extracted in
duplicate from 150 mg of freeze-dried feces
essentially as described (15), silylated
with trimethylchlorosilane: hexamethyldi-
silazane:pyridine (1:3:9), and injected into
a Varian 2700 gas chromatograph equipped
with a 25 m X 0.25 mm capillary CP Sil 5
column (Chrompack, 4330 AA Middelburg,
The Netherlands). Thin-layer chromatog-
raphy showed that this column yields a
good separation of cholesterol and its sec-
ondary bacterial metabolites from plant
steroids and their metabolites, as shown
earlier by Miettinen (16). Duplicate sam-
ples of a control feces pool were included
in each run and used for quality control.
The combined within- and between-run
coefficients of variation were 5 per cent for
coprostanol, 6 per cent for cholesterol, and
28 per cent for coprostanone, which is only
a minor metabolite. The total content of
cholesterol plus its metabolites in this pool,
when averaged over this analysis period,
differed less than 3 per cent of that ob-
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tained three and four years earlier in the
same feces pool in our laboratory (15). Bile
acids and their secondary bacterial metab-
olites were measured in feces by W. G.
Brydon (Western General Hospital, Edin-
burgh, U.K.) as described (15, 17).

Data analysis

The responsiveness to dietary cholesterol
was defined as the difference in total serum
cholesterol level between the high- and the
low-cholesterol diet period in each experi-
ment, averaged over the three experiments.
For experiments 1 and 2 we used the final
two and for experiment 3 the final four
cholesterol values obtained during each di-
etary period. Thus, the responsiveness was
based on 16 cholesterol measurements. In
view of the diet-independent within-person
variability of cholesterol levels, we regarded
this average as the best estimate of each
subject’s susceptibility to dietary choles-
terol (4). The Pearson product-moment
correlation coefficient (18) was calculated
between this responsiveness and various
characteristics. If inspection of scatterplots
revealed marked deviations from a normal
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distribution, the Spearman rank-order cor-
relation coefficient R (18) was also com-
puted. The variables showing the highest
correlation with responsiveness were then
combined in a multiple linear regression
analysis (19). '

REsSULTS
Serum total and HDL cholesterol

Figure 2 shows the time course of the
serum total and HDL cholesterol concen-
tration throughout the three experiments
in 15 putative hypo- and 17 hyperrespon-
ders. These had been selected at the end of
experiment 1 as having a serum cholesterol
response to dietary cholesterol appreciably
lower or higher than the mean response of
the full 94 participants in this experiment
(4). On the controlled diets, both serum
total and HDL cholesterol concentrations
were on average higher in the hyper- than
in the hyporesponders throughout the three
experiments. The only exception was at the
end of the low-cholesterol period of exper-
iment 1, and this was probably caused. by
the selection ‘procedure that we applied.
Serum cholesterol is subject to large chance
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FIGURE 2. Time course of serum total and HDL cholesterol in hypo- and hyperresponders in repeated trials.
Sub,

jects were categorized as putative h
response in experiment 1, and then retested in ex
of 17 hyperresponders; ~, low-cholesterol diet peri
each point represents the mean of two values ob

Wageningen, the Netherlands, in 1982, with volun

ypo- or hyperresponders according to their total serum cholesterol
periments 2 and 3. @, mean of 15 hyporesponders; M, mean
od; -+, high-cholesterol diet period. In experiments 1 and 2,
tained one day apart. The experiments were performed in
teers from the general population of that town.
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fluctuations, which are independent of diet
(50). As a result, the selection procedure
applied after experiment 1 will have caused
the inclusion in the hyperresponder group
of some subjects whose serum cholesterol
through chance fluctuations happened to
be depressed at the start of the high-cho-
lesterol diet period of experiment 1 (figure
9). The reverse held for the hyporesponder
group. This may explain why the mean
serum cholesterol of the group of “hyper-
responders” selected in this way was
slightly lower than that of the “hyporespon-
ders” just before the start of the high-cho-
lesterol period in experiment 1. Such effects
of random within-subject fluctuations show
that it is desirable to average results from
multiple experiments before classifying a
subject as hypo- or hyperresponsive. Figure
3 gives these responses averaged for each
of the 32 subjects over the three trials.
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FIGURE 3. Individual responses to dietary choles-
terol in 32 volunteers from the general population of
Wageningen, the Netherlands, each investigated three
times in 1982. Dietary intakes are averages of the
respective low- and high-cholesterol periods of the
three trials; 10 MJ equals 2,390 kcal. All serum cho-
lesterol values obtained at the end of the three low-
cholesterol periods were averaged per subject to yield
the serum cholesterol level on a low dietary intake of
cholesterol. The values obtained at the end of the
three high-cholesterol periods together yielded the
final level.
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As a measure of the absolute serum cho-
lesterol level on a defined high-cholesterol
diet, we took from each experiment the first
two cholesterol values obtained on the
high-cholesterol diet (figure 1), and aver-
aged these six values per subject. Some of
these values had been obtained at a point
where serum levels were still adapting to
the dietary change. However, we wanted to
avoid spurious correlations. None of these
six values had been used in constructing
the “responsiveness” variable, and the
number of days between blood samples was
such that the autocorrelation between con-
secutive serum cholesterol values was neg-
ligibly small (4). Thus, these cholesterol
levels and the responsiveness calculated as
described under “Methods” were based on
independent sets of measurements. Dips
and peaks in individual serum cholesterol
values, caused by, for example, transient
subelinical infections or by slight variations
in blood sampling and analysis technique,
would cause spuriously high correlations if
the same serum cholesterol value went into
both the x- and the y-variable. By using
separate sets of observations for construct-
ing the “absolute level” and the “response”
variable we avoided such a statistical arti-
fact.

The Pearson correlation coefficient be-
tween the cholesterol level on a controlled
diet and the mean response was r = 0.31
(p=0.09,n= 32). This low value suggests
that the differences in absolute cholesterol
level observed between subjects on a uni-
form diet are largely caused by differences
in sex, age, and undefined genetic factors
not related to dietary responsiveness. The
correlation between the absolute individual
cholesterol levels on low- and on high-cho-
lesterol diets was r = 0.95. Thus, adding
cholesterol to the diet had only a small
effect on the position of subjects in the
serum cholesterol distribution; those that
were high stayed high. Figure 3 illustrates
this. Thus, responsiveness to dietary cho-
lesterol is not the only nor even the major
determinant of a person’s serum cholesterol

level.
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A nonsignificant correlation of 0.19 was
found between the mean responsiveness in
trials and the free-living serum cholesterol
concentration, obtained by averaging the
cholesterol values measured before, be-
tween, and after the experiments. Figure 2
also shows no consistent elevation of free-
living serum cholesterol values in hyperres-
ponders. Differences in free-living dietary
habits between hypo- and hyperresponders
may play a role here, and are discussed
below.

The concentration of cholesterol in man-
ganese-heparin soluble HDIL, was also
higher in those subjects initially selected in
experiment 1 as being hyperresponders,
both during and outside the trial periods
(figure 2). The correlation of the mean re-
sponsiveness in the three experiments with
the free-living HDL cholesterol level was
0.26 (not significant).

HDL can be divided into fractions of
different density, and a high level of the
HDL, subfraction is associated more
strongly than that of total HDL, with a low
risk for atherosclerosis (20). We therefore
subfractionated lipoproteins by density ul-
tracentrifugation at the end of the low- and
the high-cholesterol period in experiment
2. The univariate correlation of the respon-
siveness with the HDL, cholesterol concen-
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tration in experiment 2 was 0.39 for HDIL,
measured at the end of the low-cholesterol
period, 0.42 at the end of the high-choles-
terol period, and 0.41 with the mean of
these two measurements (n = 32, p <0.01;
table 1).

Body mass index

The body mass index (weight/height?)
was negatively correlated with the mean
responsiveness (r = —0.50, R = —0.34, n =
32, p < 0.05; table 1). The relation was
strong for women (r = —0.77, n = 11, p <
0.01), but not significant for men (r =
=0.17, n = 21).

Fecal steroid excretion and cholesterol
balance

One hypothesis to explain differences in
response between hypo- and hyperrespon-
ders is that in hyperresponders the endog-
enous synthesis of cholesterol doeg not
adapt well to changes in exogenous input
of cholesterol with the diet (21). We there-
fore measured whole body cholesterol syn-
thesis on the low- and high-cholesterol
diets in experiment 2 as the balance of fecal
excretion of cholesterol and its neutral a.nd
acidic metabolites minus the cholesterol in-
take.

TABLE 1

Correlation coefficients between serum cholesterol

response and other variables for 32 subjects participating in

three controlled experiments in Wageningen, the Netherlands, in 1982

Serum

HDL, Body mass Cholesterol Cholesterol
cholesterol cholesterol§ index|| synthesis consumptiontt
Responset 0.31 0.41% —0.50*+* —0.40* —0.62**
Serum cholesterol} 0.34 —-0.08 -0.11 0.10
HDL, cholesterol§ —0.09 ~0.38* ~0.06
Body mass index|| —0.01 0.68**
Cholesterol synthesisy 0.12

*p < 0.05, two-tailed; ** p < 0.01, two-tailed.
t Responsiveness of serum cholestero] to chan

t Average of six determinations, namely for each ex

after the switch to the high-cholesterol diet,
§ Density fraction 1.075-1.100; mean of low-

ge in dietary cholestero] intake; mean of three experimenfis' d
periment the first two serum cholesterol values obtaine

and high-cholesterol period in experiment 2.

| Pre-experimental weight (mean of three values) divided by height?,

1 Determined as fecal steroid excretion minu
cholesterol period of experiment 2,
11 Habitual cholesterol intake
experiment 1 and one prior to experiment 3.

s cholesterol intake, mmol/24 hours in the last week of the low-

(mg) divided by caloric intake (MJ); mean of one assessment prior to
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The mean balance for the 32 subjects was
2.36 = 0.73 mmol/24 hours on the low-
cholesterol diet, and 1.89 = 0.66 mmol cho-
lesterol/24 hours on the high-cholesterol
diet (913 + 282 and 731 = 257 mg/24 hours,
respectively). The decrease in balance dif-
fered significantly from zero (p < 0.01).
The mean responsiveness of serum choles-
terol to dietary cholesterol in the three
experiments showed no correlation with the
change in whole body cholesterol synthesis
upon going from the low- to the high-
cholesterol diet (» = 0.00). If the change in
synthesis was expressed per kg body weight,
no correlation was found, either. However,
responsiveness was negatively correlated
with the individual cholesterol balance,
both on the low-cholesterol diet (» = —0.40,
p < 0.05; table 1), and on the high-choles-
terol diet (r = —0.43; p < 0.05). Thus,
subjects with a low absolute synthesis rate
provéd more responsive to dietary choles-
terol. The relation was caused mainly by a
negative relation between responsiveness
anfl fecal neutral steroid excretion, the re-
lation with bile acid production being much
weaker.
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Habitual cholesterol intake

The habitual diet was recorded during
the recruitment phase prior to experiment
1, and once more just before the start of
experiment 3 (figure 1). Habitual choles-
terol intake was expressed as mg/MJ so as
to make it independent of absolute energy
intake.

Subjects who professed a high cholesterol
intake relative to their energy intake turned
out to be rather unresponsive to dietary
cholesterol in the three controlled trials:
the correlation of habitual relative intake
of cholesterol with mean responsiveness
was r = —0.43 for cholesterol intake deter-
mined prior to experiment 1, r = —0.55 for
cholesterol intake in the weeks prior to
experiment 3, and r = —0.62 (n=382,p<
0.01) for the mean of the two intake values
(figure 4). The rank order correlation was
equally strong (R = —0.62), showing that
the relation was not due to an occasional
outlying value.

There was no correlation of responsive-
ness with total energy intake, and only a
weak negative correlation with the percent-
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EIGURE 4. Relation between habitual cholesterol consumption relative
to dietary cholesterol in controlled trials. The self-selected habitual diet
find-recoyding method in November or December 1981, prior to experimen
n August 1982, prior to experiment 3 (figure 1); the results of the
experiment 1 the mean intake (+ standard deviation) o
(range: 102 to 618). Prior to experiment 3 the intake was 31 & 16 mg/MJ or 280 =
476). One megajoule equals 239 kcal. Subjects were

Wageningen, the Netherlands.

to energy intake, and responsiveness
was assessed by a three-day weighing-
t 1, and by a dietary history interview
two assessments were averaged. Prior to

£ cholesterol was 31 % 12 mg/MJ or 323 & 114 mg/day

103 mg/day (range: 109 to

healthy volunteers from the general population of
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age of calories provided by saturated fatty
acids (r = —0.27). The relation between
responsiveness and habitual cholesterol in-
take was therefore due to differences in the
intake of foods rich in cholesterol, such as
eggs, rather than to foods containing both
cholesterol and saturated fat, such as butter
and meat. This was in line with the absence
of a relation between responsiveness and
the polyunsaturated/saturated (P/S) fatty
acid ratio in buttock fat tissue. This ratio
did show the expected correlation with the
P/8S ratio in the habitual pre-experimental
diet (r = 048, p < 0.01, n = 40), which
confirms its validity as a measure of the

fatty acid composition of the habitual diet
(22, 23).

Other variables

We found no relation of responsiveness
with age, sex, intestinal transit time, ratio
of primary to secondary steroids in the
feces, within-subject variability of serum
cholesterol while on constant diets, or the

serum concentration of the lipoprotein(a)
antigen.

Multivariate analysis

As shown in table 1, the variables that
correlated with responsiveness in general
showed only low correlations among each
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other. Exceptions were a negative correla-
tion between cholesterol synthesis and se-
rum HDL, cholesterol level, and a strong
positive correlation between body mass in-
dex and habitual cholesterol consumption.
The relation of responsiveness with habit-
ual cholesterol consumption, total serum
cholesterol level on a high-cholesterol diet,
and serum HDL, cholesterol concentration
persisted upon multiple regression analysis
(multiple r = 0.77, 28 degrees of freedom;
table 2). After these three variables had
been taken into account, body mass index
and total body cholesterol synthesis no
longer contributed significantly to the ex-
planation of variance in responsiveness.

DisScUSSION

Systematic studies of responsiveness 9f
serum cholesterol to dietary cholesterol in
man have been rare, and the factors deter-
mining responsiveness in animals have not
been identified unequivocally (21). Never-
theless, suggestions about possible deter-
minants of responsiveness in man have
been put forward, some of them based
on metabolic considerations, e.g., down-
regulation of cholesterol synthesis (24), ’{nd
others more intuitively, such as adiposity
(25).

TABLE 2

Multiple regression analysis of determinants of responsiveness of serum cholesterol to dietary cholesterol in 32
subjects participating in three controlled experiments in Wageningen, the Netherlands, in 1982

. . Regressio

Independent variable Unit coefficient igr starlldx:ard error* P
Habitual cholesterol consumptiont mg/MJ% —-0.019 + 0.004 0.00
Serum total cholesterol level§ mmol/liter|| 0.10 =+ 0.05 0.04
Serum HDL, cholesterol§ mmol/liter| 0.43 * 0.20 0.04

*The regression coefficient equals the change in average response of serum cholesterol (in mmol/liter) to

the dietary cholesterol Joads employed if the in
t Habitual cholesterol intake
1 and one prior to experiment 3

.

dependent variable increases by one unit. . ¢
(mg) divided by caloric intake (MJ); mean of one assessment prior to experimen

11 MJ equals 239 keal. Mean =+ standard deviation of habitual intake was 31 £ 12 mg/MJ or 323 + 114 mg/

day (range: 102 to 618) prior to e
to experiment 3.

§ Average of six determinations,
after the switch to the high-cholesterol diet,

{| 1 mmol/liter = 39 mg/dl.

f Density fraction 1.076-1.100; mean of low-

xperiment 1, and 31 =+ 16 mg/MJ (280 =+ 103 mg/day, range 109 to 476) prior

namely for each experiment the first two serum cholesterol values obtained

and high-cholesterol period in experiment 2.
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The association of various characteristics
with responsiveness in our subjects is dis-
cussed below. Some of these variables de-
scribe known aspects of cholesterol metab-
olism; for others a link is less clear.

Metabolic differences between hypo- and
hyperresponders

Endogenous cholesterol synthesis in man
is depressed when cholesterol is ingested
(26). Our data confirm this; in experiment
2, mean cholesterol input rose by 1.45
mmol/day (561 mg/day) but fecal steroid
output by only 0.98 mmol/day (380 mg/
day), the difference presumably being
caused by a reduction of 0.47 mmol/day
(181 mg/day) in the synthesis of cholesterol
by the body itself. Nestel and Poyser (24)
found that this inhibition of body synthesis
after an increase in cholesterol consump-
tion correlated with the rise in plasma con-
centration of cholesterol; the subjects
w.hose plasma cholesterol rose most on a
high-cholesterol diet also showed the small-
est decrease of total body synthesis after
the increase in exogenous supply. However,
we were unable to confirm this. In experi-
ment 2 there was no relation of the change
in cholesterol balance from the low- to the
high-cholesterol diet period with the serum
cholesterol response in this experiment, nor
with the mean response in experiments 1
to 3 combined. In univariate analysis, we
f9und that the higher the absolute synthe-
sis level, the lower the responsiveness, and
this agrees with findings in several animal
species (21). However, the relation did not
persist on multivariate analysis (tables 1
and 2).

. Cholesterol is not destroyed in the body;
1t leaves the body via excretion into the
Intestine, either as such or as bile acids
produced from cholesterol in the liver. In
the gut, cholesterol and the primary bile
acids are largely degraded to secondary ste-
roids by colonic bacteria before being ex-
creted with the feces. Bartizal et al. (27)
studied the effect of some of these bacterial
strains on cholesterol metabolism in the
gerbil. They produced gerbils with an intes-
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tinal flora incapable of metabolizing bile
acids. These animals showed a greater-
than-usual elevation of serum cholesterol
when they were challenged with a choles-
terol-rich diet. Bartizal et al. (27) specu-
lated that conversion of bile acids hindered
their reabsorption, and in that way helped
to remove steroids from the body. In our
volunteers, the ratio of unmetabolized to
total bile acids in the feces showed no cor-
relation with responsiveness. However, this
ratio was relatively high in all our subjects.
It could still be possible that so-called non-
converters, the human equivalent (28) of
the nonconverting gerbil of Bartizal et al.
(27) are indeed more responsive to dietary
cholesterol.

Serum total and HDL cholesterol level

One would expect that, other things
being equal, hyperresponders should have
higher absolute serum cholesterol levels
than hyporesponders. Keys et al. (29) found
that in middle-aged men the individual se-
rum cholesterol response to dietary change,
AX, was strongly correlated with the indi-
vidual serum cholesterol level, X. The least-
squares equation relating the two was AX/
AX =1.84 X/X — 0.84. Here X is the mean
population cholesterol level predicted by
the formula of Keys et al. (29) for a given
diet, and AX is the predicted mean re-
sponse to a given dietary change, all ex-
pressed in mg/dl. In our case, the individual
cholesterol levels were obtained on diets of
a composition that according to their for-
mula should produce a mean population
level X of 240 mg/dl. Their formula also
predicts that the dietary changes in our
trials would produce a population mean
serum cholesterol change AX of 11.6 mg/
dl. Substitution of these values in the above
equation yields AX = 0.09 X — 9.7. Thus,
this equation predicts that in our experi-
ments an increase in absolute serum cho-
lesterol level of one unit would be associ-
ated with an increase in responsiveness of
0.09 unit. This is very close to what we
found; the absolute serum cholesterol level
was significantly and independently asso-
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ciated with the response, and the regression
coefficient was 0.10 (table 2). This close
correspondence is all the more remarkable
in view of the differences between the ex-
periments of Keys et al. (29) and our study.
Our dietary manipulations involved choles-
terol intake alone, while those in the study
by Keys et al. (29) dealt predominantly
with dietary fatty acids. This suggests that
absolute cholesterol level on a given diet,
responsiveness to dietary cholesterol, and
responsiveness to dietary fatty acids are
closely related, and are all determined by a
common metabolic pathway.

Still, the proportion of the variance in
absolute cholesterol levels that could be
explained by variance in responsiveness
was quite modest. Figure 3 depicts this
graphically: large differences in absolute
level were already present on the low-cho-
lesterol diet, and these differences persisted
on the high-cholesterol diet. Compared
with the range of cholesterol levels found
in a normal population, the range of the
responses—at least to dietary cholesterol—
is quite small. Apparently, age, sex and
other constitutional or environmental fac-
tors are stronger determinants of absolute
cholesterol levels than is dietary cholesterol
intake.

The free-living cholesterol levels meas-
ured when subjects were eating their habit-
ual self-selected diets showed an even
smaller correlation with the extent of the
response to dietary cholesterol in the con-
trolled trials. However, the relation may
have been disturbed by differences in the
self-selected diets; as discussed below, hy-
perresponders had more prudent dietary
habits than hyporesponders. This might
override their innate tendency toward
higher cholesterol levels. Such- prudence
might be a specific feature of our sample of
hyperresponders and not representative of
the population in general. In that case, it
would still be possible that part of the var-
iation in serum cholesterol levels found in
the normal population is due to differences
in sensitivity to the cholesterol-elevating
elements in the usual diet,

KATAN AND BEYNEN

Hyperresponders not only had higher to-
tal, but also higher HDL cholesterol levels,
and responsiveness correlated especially
strongly with the cholesterol concentration
in the light subfraction of the high density
lipoproteins called HDL,. This fraction is
of special interest because, in contrast to
total or low density lipoprotein cholesterol,
a high concentration of HDL, cholester?l
in plasma predicts a lower risk for ischemic
heart disease. The positive correlation of
responsiveness with HDL, cholesterol per-
sisted upon multivariate analysis (table 2).
In an independent study of subjects with a
high habitual egg consumption, we also
found that those volunteers who haf;l the
highest HDL levels were most sensit1v9: to
a change in cholesterol intake (30). Similar
findings were recently reported by Oh and
Miller (31). On the other hand, Fisher et
al. (32) reported a negative relation be-
tween basal HDL levels and cholesterol
response to diet. Animal data on response
and HDL are also conflicting (21). It coulfl
be that HDL is acting as a surrogate vari-
able for an underlying metabolic determi-
nant, e.g., the activity of the low density
lipoprotein receptor (33, 34).

Dietary habits

Habitual dietary cholesterol intake (ex-
pressed relative to energy intake) was t'he
single variable most strongly related with
responsiveness in our subjects, both in uni-
variate and in multivariate analysis (ta}ble
2 and figure 4). The relation was negative;
thus, volunteers with a high habitual cho-
lesterol consumption were less reactive
when cholesterol intake during the experl-
ments was changed from low to high. This
association calls into mind the experinr}ents
of Reiser and Sidelman (35), who claimed
that early cholesterol feeding in rats de-
creased the response to high-cholesterol
diets in later life. However, these rqsults
could not be reproduced by others, either
in rats (36-38) or in baboons (39). In hu-
man infants no indications for such a “pro-
gramming” effect were found, either (40).
An experimental study of the Tarahumara
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Indians (41) also showed a normal sensitiv-
ity to dietary cholesterol in these people
who had lived on a low-cholesterol diet all

their life. If long-term intake of cholesterol

makes one partly immune to its effects,
then a high-cholesterol diet should cause
only a transient rise in serum levels which
subsides with time. However, such experi-
mental and epidemiologic evidence as we
have does not support the concept that one
becomes immune to dietary cholesterol if a
high-cholesterol diet is maintained over a
long enough period.

An alternative explanation for the asso-
ciation of high cholesterol consumption
and low responsiveness is that the cause-
and-effect relation was the other way
around, and that hyporesponders allowed
themselves cholesterol-rich food because
they knew that they were relatively insen-
sitive to dietary cholesterol. However, the
hyporesponders were already eating more

cholesterol than the hyperresponders be-

fore our experiments started, and it is un-
likely that subjects already had information
a]oout their sensitivity to cholesterol at that
tl.me. Finally, we cannot exclude the possi-
bl}ity that the relation of responsiveness
with cholesterol consumption is spurious.
Qbservations in other subjects are ob-
viously needed.

Oh and Miller (31) recently reported that
hyporesponders habitually consumed more
cholesterol than hyperresponders. How-
ever, in their study the baseline value used
for calculating the response was not ob-
tained on a uniform, controlled, low-choles-
terol diet, but on the subjects’ own habitual
free-living diet. In such a design it is to be
expected that subjects with a lower habitual
cholesterol intake show a larger rise in se-
rum cholesterol when eggs are added to
their diet. Thus, the study by Oh and Miller
peither confirms nor denies our own find-
ings.

Responsiveness did not differ between
subjects of different energy intake. We fed
cholesterol in a constant proportion to en-
ergy intake, and thus subjects with higher
total food intake received more cholesterol;
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nevertheless, their serum cholesterol did
not rise more than that of subjects with
lower food intakes. This implies that sub-
jects who require more food can tolerate
higher absolute amounts of cholesterol.
Again, this agrees with the results of the
classical studies by Keys et al. (42); their
formula already expressed cholesterol in-
take as mg per 1,000 kcal and not as mg
per day.

Obesity

Connor and Connor (43) have speculated
that the rise in the plasma cholesterol level
caused by cholesterol overload perhaps
worsens with adiposity. However, both in
the present study (table 1) and in another
population (30) we found that hyperrespon-
ders were actually leaner. One could hy-
pothesize that fat tissue provides a recep-
tacle for dietary cholesterol which has to be
filled before serum levels start to rise. How-
ever, in that case one would expect a more
pronounced response in elderly subjects
with a high habitual cholesterol consump-
tion, because their receptacles should be
overflowing. This is not what we observed:
responsiveness did not rise with age, and
subjects with a high cholesterol intake
showed a lower instead of a higher re-
sponse. In the present study the relation of
obesity with responsiveness was not sig-
nificant in multivariate analysis, possibly
because of the intercorrelation between
obesity and HDL cholesterol. It should be
stressed that, unlike others (44), we found
no relation between obesity and body cho-
lesterol synthesis (table 1).

Variables not related to responsiveness

Contrary to expectation (43), the
younger persons in our sample were not
less responsive than the older volunteers,
the oldest of whom was age 62 years at
entry. Serum cholesterol rises with age, and
Miller (45) has suggested that this rise is
due to a deterioration of the capacity of
cellular low density lipoprotein (LDL) re-
ceptors to remove cholesterol from the cir-
culation. This would fit with the findings
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of Mistry et al. (46) who reported that
responsiveness to dietary cholesterol was
negatively related with LDL receptor activ-
ity in blood lymphocytes. Thus, as people
age, their LDL receptor activity might de-
teriorate, serum levels would rise, and the
capacity to deal with a dietary cholesterol
load would diminish. Unfortunately, our
data provide no support for this attractive
hypothesis. Observations on patients with
defects in their LDL receptor activity also
do not fit this hypothesis, because their
response to dietary cholesterol is not un-
usually high (47-49).

Conclusion

Thus, the pathways that control respon-
siveness remain to be clarified. Also, the
characteristics of hypo- and hyperrespon-
ders have as yet not been defined clearly
enough to help in deciding which patients
will benefit from dietary therapy and which
will not: a screening test is not yet in sight.
However, our studies do show that a high
HDL cholesterol concentration, a low ha-
bitual cholesterol intake, and a low body
fatness do not make one less susceptible to

dietary cholesterol-induced hypercholes-
terolemia.
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