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ABSTRACT

The feeding of cholesterol-rich diets to random-bred animals results in
marked inter-individual differences in the response of serum cholesterol.
Certain animals show only small responses (hyporesponders), whereas others
develop high degrees of hypercholesterolemia (hyperresponders). Inbred
strains of rabbits, rats and mice differing in their sensitivity to die-
tary cholesterol are available. In these animals, and also in monkeys,
differences in the responsiveness to high-cholesterol diets have a strong
genetic basis. In man the responsiveness to dietary cholesterol also
varies among individuals, although less markedly.

The mechanisms underlying hypo- and hyperresponsiveness to dietary chole-
sterol have not yet been unravelled. We propose that in hyperresponders,
compared with hyporesponders there is a higher hepatic effiux of chole-
sterol in low density lipoproteins (LDL), or its precursors, after cho-
Testerol consumption. This may be caused by unsufficient inhibition of
cholesterol biosynthesis in the hyperresponders. The stimulation of LDL
production accounts for the increase in LDL cholesterol in serum:‘The
number of hepatic LDL receptors, which may be already Qecreased in hyper-
responders, will decrease further through down regulation. The receptor-
-mediated LDL clearance decreases, but the absolute amount of LDL gho]e-
sterol taken up by the cells via the receptor and by the receptor-inde-
pendent pathway increases because of the increased Tevel of LDL chole-
sterol. In this way a new equilibrium is reached in which LDL production

equals LDL catabolism.

The phenomenon of hypo- and hyperresponsiveness may have implications for
counseling subjects who attempt to lower their serum cho]egterol by diet.
However, identification of true hyper- and hyporesponders is greatly
hampered by within-person fluctuations of the Tevel of serum cholesterol.
No simple test is available to discriminate.hypo- from hyperresponders.
As yet, monitoring a person's response to diet shoulq be based on rela-
tively large numbers of serum cholesterol determinations.

INTRODUCTION

In most questions of diet and health, two alternative approaches are
available. If a food component (or its absence) causes metabolic dis- )
turbances in a large proportion of the population, then a public healt
approach is mandated. Measures are taken to protect the whole population
from the harmful agent, even though some subjects may be_tota11y insen-
sitive to it. Many food contaminants are regulated in this way.
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If, however, the agent affects only a Timited number of susceptible sub-
jects, then the usual approach is to screen out these high-risk indivi-
duals, and to leave the diet of the general population alone. An example
of this is phenylalanine, which is harmless to 99.99% of the population,
but causes phenylketonuria in a small minority. This minority is screened
out and treated with special diets.

Dietary cholestero]l when consumed in excessive amounts can be harmful
because it raises plasma cholesterol, which in turn raises the risk of
atherosclerotic heart disease. However, people might differ in their
susceptibility to dietary cholesterol, and this would argue for a case-

~-finding as opposed to a public-health approach of diet-induced hypercho-
lesterolemia.

Here we review the evidence for the existence of differences in suscep-
tibility to dietary cholesterol in man and in various animal species.
Special attention is given to possible mechanisms underlying differences
in responsiveness. It is concluded that large differences exist in animals
and smaller differences in man, and that the underlying mechanisms are
only beginning to be unravelied.

HYPO- AND HYPERRESPONDERS AMONG ANIMALS

The addition of cholesterol to the diet of random-bred rabbits elicits a
rise of serum cholesterol, but many investigators have noted that there
are marked inter-individual differences in the extent of the response. This
indicates that certain animals are hypo-, and others are hyperresponsive

to dietary cholesterol. Table I illustrates this.

TABLE T

E"ffe'ct .of dietary cholesterol on serum cholesterol levels
in individual, random~bred New Zealand White rabbits

Serum cholesterol, mmol/]

Rabbit no. day -8 day 7 day 14 day 20
1 2.6 1.8 2.5 3.2
2 1.8 3.3 3.2 3.5
3 2.1 3.8 4.1 5.6
4 2.6 5.5 7.1 8.2
5 2.7 6.9 1.0 14.4
6 3.5 9.3 13.5 20.1

Up until day 0 of the experiment the male vabbits werve fed
a cholesterol-free diet. Then, 0.2% (w/w) of cholesterol
was added to the diet. The rabbits were sampled after a
16-h fast. Cholesterol : 1 mmol/l = 38.7 mg/dL.

Extreme diffgrences in the response of serum cholesterol to diet can be
found among inbred strains of rabbits (1). Table II shows the levels of
serum cho]gstero] in male rabbits of six inbred strains. The rabbits were
sampled while they were on a commercial rabbit chow, and also after
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21 days of receiving the same diet to which 0.5% (w/w) cholesterol had
been added. The animals with the most extreme response showed almost a
5-fold higher increase in serum cholesterol than the strain with the
lowest response.

TABLE IT
Effect of dietary cholesterol on plasma cholesterol levels
in inbred strains of rabbits

Plasma cholesterol, mmol/]

Strain day O day 21

I11V0/4d 0.7 £ 0.1 8.0+ 1.9
WH/J 0.3 0.0 8.0 £+ 0.8
X/J 0.9 £ 0.3 17.3 £ 4.2
ACEP/J 0.7 £ 0.0 18.9 % 3.5
0S/4d 0.8 £ 0.1 29.4 + 4.8
AX/d 0.6 £ 0.1 33.6 = 3.1

Results are expressed as means * SE for five male animals
per strain. Up until day 0 of the experiment all rabbits
received a cholesterol-free, commercial diet; then, 0.5%
(w/w) cholesterol was added to the diet. Data taken from
Van Zutphen and Fox (1).

Studies with inbred strains of rats (2), mice (3) and pigeons (4) have
also demonstrated marked strain differences in the response of plasma
cholesterol to cholesterol-rich diets. These studies indicate that
differences in responsiveness have a genetic basis.

Many investigators have also documented the existence of hypo- and hyper-
responders in monkeys (5-7). For example, in random-bred squirrel monkeys
(Saimiri sciureus) the response of serum cholesterol is stable and repro-
ducible from one experiment to another (5). Animals hypo- or hyperres-
ponsive to a diet fortified with cholesterol showed simy]ar responses
after a second challenge six months later. Thus responsiveness 1in ﬁhese
primates seems to be an innate characteristic of the 1ndiv1dua1 animal.
Clarkson et al. (5) calculated that in these wild-type squ1rre1 monkeys
about 65% of the variability in serum cholesterol concentration after
cholestero] feeding was attributable to genetic factors. From this study
and from the studies with inbred strains of 1aboratory_an1ma1s it follows
that a major part of the inter-individual differences in the response of
plasma cholesterol to dietary cholesterol is due to genetic differences.

HUMAN HYPO- AND HYPERRESPONDERS

In the numerous studies which have dealt with the effect of dietary cho-
Testerol on serum cholesterol levels in humans a syriking yar1ab111ty in
individual response was generally found (8). Certain individuals showed
negligibte changes in the concentration of serum chq1ester01 (hyporespon-
ders), whereas others developed elevated concentrations (hyperresponders) .
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In the literature the concept of human hyper- and hyporesponders became
firmly entrenched (9, 10). However, in almost all studies the dietary
challenge was only given once and thus the reproducibility of the indi-
vidual cholesterolemic response was not known.

Studies with a small number of subjects who participated twice in the same
type of experiment, did not provide evidence that human hypo- and hyper-
responders exist. In 1942 Messinger et al. (11) fed 4 patients with
various diseases a daily supplement of 150 g of -egg yolk powder (providing
3750 mg cholesterol) emulsified in milk. Typical increases of 6 to 31%

in serum cholesterol were observed, but the individual cholesterolemic
responses were not reproducible. In fact, a patient who displayed the
highest response in the first experiment, showed the lowest response in
the second experiment. We have obtained similar results with healthy
subjects who consumed six egg yolks (about 1500 mg cholesterol) per day
for 10 days in two successive experiments one year apart (12). Three
subjects showed entirely different cholesterolemic responses from one
year to another. This Tack of reproducibility in certain individuals is
not unexpected in view of within-person variability in the level of serum
cholesterol, which is of the same order of magnitude (13) as the chotle-
sterolemic responses to dietary cholesterol.

It is important to know whether individuals with a consistently Tow or
high serum cholesterol response to dietary cholesterol do exist. Hyper-
cholesterolemia may of course be due to monogenetic disorders, or occur
secondary to other diseases or obesity, but the majority of subjects with
mild hypercholesterolemia have no clearly defined defect. Many of the

éqtter could conceivably be persons who are hyperresponsive to an affluent
iet.

The subject of hypo- and hyperresponsiveness is of both practical and
scientific interest. Patients with hypercholesterolemia generally receive
dietary advice from clinicians in order to lower their serum cholesterol
levels. Frequgnt]y, such advice turns out to be ineffective. Although
1ack_of comp11ance may be involved, it is possible that certain patients
are insensitive to cholesterol-Towering diets and need a different form
of therapy. It is assumed here that subjects hypo- and hyperresponsive to
cholesterol-Towering diets are also hypo- and hyperresponsive, respective-
1y, to hypercholesterolemic diets. From the scientific point of view
elucidation of the mechanism underlying hypo- and hyperresponsiveness may

shed more Tight on the relations between dietary components and chole-
sterol metabolism.

We have carried out three controlled dietary trials with the same sub-
jects to address the question whether individuals do exist with a con-
sistently high or low serum cholesterol response to dietary cholesterol
(!4). In each trial the volunteers successively consumed a low- and a
h1gh-cho1ester01 diet, the cholesterol component of the diets (provided

by egg yo]k) being the only variable. Standardized regression coefficients
for 1nd1v1dua1 responses in one experiment as a function of the response
in a previous experiment ranged from 0.34 to 0.53 (n=32, P<0.05).

Under less controlled conditions we found similar results. I
. In 1976
Bronsgeest-Schoute et al. (15) studied the serum cholestero] response to
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cessation of egg consumption in subjects who habitually consumed at Teast
one egg per day. When eqggs were eliminated from the diet, daily chole-
sterol intake decreased from about 800 mg to 300 mg. IMean serum chole-
sterol fell only slightly (by 3%), but the individual responses varied
from -20% to +8%. In 1982, we re-investigated 34 of these subjects (16),
and at our request they again eliminated eggs and egg-containing products
from their diet. The differences in serum cholesterol response between
individuals were partly reproducible; the individual responses in 1976
and 1982 were positively correlated (r=0.32; n=34, P<0.05).

Thus it appears that at least part of the cholesterolemic response to
dietary cholesterol in man is individually determined, although the range
of responsiveness is much smaller in man than in laboratory animals. It
is also clear that one will always find subjects who appear hyperres-
ponsive in one experiment and hyporesponsive in another. This is caused
by the diet-independent within-person variability of serum cholesterol.
Nevertheless, from these repeated experiments with the same subjects it
can be concluded that human hypo- and hyperresponders to dietary chole-
sterol do exist.

MECHANISMS UNDERLYING HYPO- AND HYPERRESPONSIVENESS

In man the responses to increased amounts of ingested cholesterol are
generally a diminished synthesis of cholesterol in the body and an
enhanced excretion of neutral steroids in the feces (17, 18). Sterol
balance studies have shown that on high-cholesterol diets there can also
be net storage of cholesterol in the body (17). The human gut absorbs a
more or less constant fraction of the cholesterol presented to it each
day (17-19), but there is probably inter-individual variation. In
monkeys, differences in absorption may be involved in hypo- and hyper-
responsiveness to dietary cholesterol: hyperresponders showed a higher
efficiency of cholesterol absorption than did hyporesponders (6, 20, 21).

In man, the individual variability in cholesterolemic response could
theoretically be due to differences in feed-back inhibition of chole-
sterol synthesis, in fecal steroid excretion or in cho]estero1 accumu-
lation in the body. We have recently reviewed the evidence that hypo-

and hyperresponders differ in their ability to step up the output of
neutral steroids and bile acids or to store cholesterol in the bo@y after
a cholesterol load (22). We found it less Tikely that these reactions
play a major role. Several lines of evidence however, point to differ-
ences in inhibition of cholesterol synthesis being the key to hypo- and
hyperresponsiveness in man.

The conjecture that hypo- and hyperresponders differ in the degree of
dietary-cholesterol-induced inhibition of cholesterol synthesis is mainly
based on the work of Nestel and Poyser (18). These authors studied nine
subjects first on a low- and then on a high-cholesterol diet. Table III
reveals that the increase in serum cholesterol was related to the decrease
in whole-body cholesterol synthesis; the individuals who depressed chole-
sterol synthesis most markedly showed the smallest increase in serum cho-
lesterol on the cholesterol-rich diet. This agrees with thg f1qd1ngs of
Mistry et al. (23), who studied the activity of the rate-1imiting enzyme
in cholesterol synthesis, 3-hydroxy-3-methylglutaryl CoA (HMG-CoA)
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TABLE IIT .
Increase in serum cholesterol and decrease in whole-body
cholesterol synthesis in human subjects after cholesterol

consumption
Increase in Decrease in
serum cholesterol cholesterol synthesis
Subject no. (mmol1/1) (mmol/day)
1 0.1 0.6
2 0.2 1.1
3 0.2 0.4
4 0.3 0.7
5 0.3 0.6
6 0.7 0.4
7 1.2 0.2
8 1.7 0.1
9 3.7 0.0

Subjects consumed 300 mg cholesterol per day for 4 to 6 weeks
and then 800 mg per day for another 4-6 weeks. Feces were
collected during the final 8 days of each period. Cholesterol
synthesis equals total fecal steroids excretion minus dietary
cholesterol intake. Plasma cholesterol concentrations
represent the means of two to three times weekly determina-

tions during both periods. Data taken from Nestel and Poyser
(18).

reductase, in freshly isolated blood mononuclear cells. In subjects fed
cholesterol the percentual reduction in HMG-CoA reductase was inversely

related to the percentual increase in plasma LDL-cholesterol concen-
tration (r=-0.49, n=37, P<0.01).

We ourselves have carried out an experiment with two hyper=- and four
hyporesponsive subjects; all subjects had shown a reproducible response
in two separate experiments (16). In these subjects we have measured
serum concentrations of lanosterol, a precursor of cholesterol, :and a
possible indicator of cholesterol biosynthetic activity (24). Table IV
shows that serum lanosterol concentrations increased after removal of
cholesterol from the diet in thiee hypo- but not in the two hyperres-
ponders. This suggests that the rate of cholesterol biosynthesis is
regulated by dietary cholesterol in hypo- but not in hyperresponders.
However, 1in these hypo- and hyperresponders we found no clear-cut differ-

ences petwegn cholesterol synthesis measured as total fecal steroids
excretion minus dietary cholestero] intake.

Studies by Quintfo et al. (17)

demonstrate & relationship betw
dietary cholesterol and the deg
sis. This may be related to the
intake of the patients in these
than 50 mg cholesterol/day,
1350 to about 2500 mg/day.

and Maranhdo and Quintdo (25) failed to
een the response of serum cholesterol to
ree of suppression of cholesterol synthe-
extremely Targe changes in cholesterol
studies. The baseline diets provided less
whereas the high-cholesterol diets provided
In 10 out of the 21 patients studied
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TABLE IV
Serum lanosterol concentrations in hyper— and hyporesponsive subjects
on low- and high-cholesterol diets

Serum lanosterol, umoi/]

High-cholesterol  Low-cholesterol  Increase

diet diet
Hyporesponders 1 0.36 0.67 0.31
2 0.44 0.75 0.31
3 0.44 0.67 0.23
4 0.47 0.52 0.05
Hyperresponders 1 0.44 0.52 0.08
2 0.39 0.47 0.08

The 6 subjects received a controlled high-cholesterol diet (67 mg of
cholesterol per MJ; average intake was 697 + 148 mg per day) for 4
weeks, followed by a low-cholesterol diet (10 mg cholesterol per MJ;
109 + 25 mg of cholesterol per day) for 4 weeks. Cholesterol was the
only dietary variable (18). Lanosterol was measured in pools of four
serum samples per diet period per subject.

cholesterol synthesis on the high-cholesterol diet could not be calculated
from the sterol balance data, as their balances (steroid excretion minus
intake) were negative. This implies that the body accumulated cholesterol
during this period.

In studies with rhesus monkeys (26), cholesterol biosynthesis was

assessed by feeding triparanol, a drug that blocks the conversion of
desmosterol into cholesterol, and then determining plasma qesmqstero1
Tevels. The rate of accumulation of plasma desmosterol, which is a

measure of cholesterol biosynthetic rate, was 50% greater in hypo- than

in hyperresponders on a low-cholesterol diet. The add1§1on_of cholesterol
to the diet caused a decrease in desmosterol accumulation in all monkeys,
the decrease being 25% greater in the hypo- than hyperresponders (Table V).

Table IV also shows that in our own experiment serum Tanosterol on the
Tow-cholesterol diet was three to four-fold higher in the four hypores-
ponders than in the two hyperresponders. This indicates that hypores-
ponders have higher basal rates of whole-body cholesterol synthesis than
hyperresponders. This is supported by data from one of our controlled
dietary trials, where we found that whole-body cholesterol synthesis,
measured as the cholesterol balance, was negatively associated (r=—0.44,
n=32, P<0.05) with the responsiveness of serum cholesterol to dietary
cholesterol. Thus the rate of endogenous cho1ester91 synthesis is h1gher
in hypo- than hyperresponders. This could be explained by a Tower effi-
ciency of cholesterol absorption in the hyporesponders as has been
observed in monkeys (6, 20, 21). If cholesterol absorption is lower, then
the rate of body cholesterol synthesis must be higher because Tess chole-
stero] will reach the tissues from the gut, and synthesis will be less
depressed (29).
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TABLE V
Plasma desmosterol accumulation following triparanol administration to
hypo- and hyperresponsive rhesus monkeys

Plasma desmosterol accumulation,
ma/d1 plasma/day

Low-cholesterol High-cholesterol  Decrease
diet diet

Hyporesponders (? 5

3.3
Hyperresponders 2.2

[ o

0.2 1.4 £ 0.2 1.9
0.4 0.7 £ 0.1 1.5

+ H+

)
6)

n

Results expressed as means # SE. Plasma cholesterol levels (mean * SE)
on the low-cholestercol diet were 2.8 + 0.2 and 3.8 %+ 0.2 mmol/l for the
hypo- and hyperresponders; on the high-cholesterol diet these values
were 3.8 # 0.3 and 6.1 # 0.4 mmol/l, respectively. Data taken from
Bhattacharyya and Eggen (26).

The increase in serum cholesterol after cholesterol feeding of humans is
due mostly to an increase in low density lipoprotein (LDL) cholesteral
concentration. Why does dietary cholesterol cause an increase in LDL cho-
Testerol 1in hyperresponders, but not or less so in hyporesponders? Upon

an increase in cholesterol consumption more dietary cholesterol carried

by the chylomicron remnants could enter the Tivers of hyper- than hypo-
responders. The liver seems to be very efficient at removing chylomicron
remnants from the plasma. However, the liver responds to excessive uptake
of cholesterol with at Teast two mechanisms: suppression of endogenous
cholesterol synthesis and increased secretion of cholesterol into the
blood. If there is a lack of inhibition of cholesterol synthesis in hyper-
responders as outlined above, then more cholesterol could be secreted.

The increased output of cholesterol by the Tiver would explain the observed
(27) increase in LDL production after cholesterol feeding. LDL may be
secreted as such into the plasma from the 1iver, but in essence it appears
initially as its precursors very-Tow density (VLDL) and intermediate
density (IDL) lipoproteins. Nestel and Billington (28) have in fact shown
that in man cholesterol feeding caused an increase in IDL-apo B production,
and that this increase was directly correlated with the rise in serum
cholesterol. Thus, hyperresponders may have increased rates of LDL chole-
sterol production after cholesterol feeding, and this may explain the
elevated concentrations of LDL cholesterol in hyperresponders. Subse-
quently, the number of LDL receptors will decrease through down regulation
(29), as shown in blood mononuclear cells (27, 30). As a result the
receptor-mediated fractional clearance of LDL decreases (27) but the
absolute amount of LDL cholesterol delivered to the cells by the receptor
pathway increases somewhat because the concentration of substrate (LDL) is
increased (27). The rise in LDL production will also increase LDL clearance
by the receptor-independent scavenger pathway (27). In this way a new
equilibrium is reached in which LDL production again equals LDL catabolism.

WMistry et al. (23)

have suggested that h i i i b
2 reticed omben e gg yperresponsiveness is explained by

LDL receptors. These workers have demonstrated that
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human hyperresponders to dietary cholesterol have a Tower maximal capacity
for LDL receptor activity in blood mononuclear cells than hyporesponders.
The increment in plasma cholesterol concentrations after egg-yolk feeding
was negatively associated with the LDL receptor activity measured before
the dietary challenge in derepressed blood mononuclear cells (r=-0.74;
n=18; P<0.001). This suggests that the maximally attainable rate of recep-
tor-mediated catabolism is Tower in hyperresponders. A Tow capacity of the
LDL receptor pathway by itself probably does not cause increased sensiti-
vity to dietary cholesterol. Patients with familial hypercholesterolemia,
who have drastically reduced numbers of LDL receptors in all tissues, have
been shown to produce cholesterolemic responses to dietary cholesterol
which are similar to those of healthy subjects (31-33). The key question
really is whether there is a difference between hypo- and hyperresponders
in the degree of suppression of hepatic LDL receptor activity after chole-
sterol feeding. At present, this question cannot be answered.

CONCLUSION

We have presented evidence that persons exist with a consistently high
(hyperresponders) or low (hyporesponders) response of the concentration of
serum cholesterol to a change in diet. This phenomenon may have impli-
cations for counseling subjects who attempt to lower their serum chole-
sterol by diet. However, identification of true hyper- and hyporesponders
is greatly hampered by spontaneous, diet-independent within-person fluc-
tuations of the level of serum cholesterol. An improved understanding of
the mechanism of hyper- and hyporesponsiveness would help in deve10p1ng a
test to discriminate hyper- from hyporesponders. The use of genetically
defined animals with different sensitivity to diet may be of great impor-
tance in this respect. As yet, monitoring a person's response to diet
should be based on relatively large numbers of serum cholesterol deter-
minations.
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