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CLINICAL RESEARCH

Hypocholesterolaemia and non-cardiovascular disease:
metabolic studies on subjects with low plasma cholesterol

concentrations
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Abstract

Some epidemiological studies have suggested an inverse
relation between serum cholesterol concentration and
mortality from cancer. Two hypotheses that might ex-
plain such a relation were investigated. To assay poten-
tially deleterious effects of hypocholesterolaemia on
cell membranes the lipid content and fluidity of blood
mononuclear cells were measured in healthy male
volunteers with a wide range of serum cholesterol
concentration (3-:2-10-0 mmol/l (124-387 mg/100 ml)).
Fluidity, unesterified cholesterol content, and the ratio of
cholesterol to phospholipid were unrelated to serum
cholesterol and to low density lipoprotein cholesterol
concentrations. Similar measurements were made on
fibroblasts and mononuclear cells incubated with a
range of concentrations of low density lipoprotein;
fluidity was altered only at extremely low concentrations,
suggesting that changes in cell membranes are unlikely
to occur at serum cholesterol concentrations attainable
by dietary or drug treatment of hyperlipidaemia.
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In the same population direct relations were confirmed
between low density lipoprotein concentration and
plasma concentrations of retinol and p carotene. This is
compatible with the suggestion that an association
between low cholesterol concentration and cancer
may be secondary to a relation between low retinoid
concentrations and cancer.

Introduction

The risk of coronary heart disease is minimal in people with
plasma cholesterol concentrations below 5-2 mmol/l (201 mg/
100 ml).! A committee of the World Health Organisation pro-
posed this value as an upper limit of normality,! and an optimal
population mean of 4-5 mmol/1 (174 mg/100 ml) has been sugges-
ted.? The possibility of untoward effects of such concentrations
deserves careful consideration. Of 27 longitudinal epidemiologi-
cal studies that have addressed this question, 15 detected an
excess mortality from malignant neoplasms in men but not
women with plasma cholesterol concentrations in the lowest
quintile.® In one trial of the hypolipidaemic drug clofibrate an
increased mortality from non-cardiovascular disease was
observed* including a non-significant excess of deaths from
cancer; this was not evident in another large trial of clofibrate.?

These two lines of evidence led to the hypothesis® that pro-
longed contact of cells with hypocholesterolaemic plasma or
tissue fluid may have deleterious effects on plasma membrane
fluidity, implying that hypocholesterolaemia is causally related
to the risk of malignancy. Inbar and Shinitzky reported that
malignant behaviour in lymphoma cells was related to their low
content of unesterified cholesterol,” but a later report did not
confirm this.® An alternative hypothesis, that the hypocholestero-
laemia results from undetected cancer, receives support from
studies in which the excess of deaths from cancer was found only
in a relatively short period after the detection of low serum
cholesterol concentrations. ® *°

Plasma retinol concentrations'* and dietary intake of f8
carotene!? are inversely related to mortality from cancer, and a
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positive relation has been observed between plasma concentra-
tions of cholesterol and retinol.** Hence a third hypothesis is that
the inconsistent but often observed relation between cancer and
plasma cholesterol concentration is merely secondary to this
association between retinol and cholesterol.

In this study we investigated the mechanisms underlying the
first and third of these hypotheses in a normal adult population
with a wide range of serum cholesterol concentrations. We
examined plasma membrane fluidity and cellular unesterified
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lasmas or was taking any drugs known to affect lipid metabolism.
Subjects taking therapeutic diets, those with a weight change in
excess of 1-5 kg in the preceding two months, and those with inter-
current illnesses were excluded. A second blood sample was obtained
from the recalled subjects in the fasted state.

Lipoprotein fractionation was performed by preparative ultra-
centrifugation at density 1-:006 g/ml for very low density lipoprotein and
by heparin manganese chloride precipitation for high density lipo-
protein. Cholesterol concentrations were measured enzymatically
(Boehringer Mannheim catalogue No 187313). Low density lipo-

TABLE 1—Ratio of unesterified cholesterol to phospholipid and relative microviscosity in mononuclear cells,
by quintile of serum cholesterol concentrations and lipoprotein cholesterol concentrations

I I 111 v v
Serum cholesterol
Range (mmol/I) 3:20-4-90 4-94-5-62 5:65-6-40 6°44-7-39 7-45-9-80
Mean +SD (mmol/l) 4431037 5254022 6051025 686+028 8221063
Cholesterol:
phospholipid molar ratio 0461030 0524028 0524038  061+040  0-57+032
Relative microviscosity 0-90 +0-05 0-89 +0:05 0-90 +0-05 0-89 +0-04 0:90+0-04
Very low density lipoprotein cholesterol
Range (mmol/l) 0-01-0-18 0-19-0-30 0-32-0-52 0-55-0-77 0-79-2-78
Mean +SD (mmol/l) 010+£005  025+0:04 0421007  066+007 1211047
Cholesterol :
phospholipid molar ratio 047 +0-35 044 +0-33 054 +0-28 0:64 +0-37 068 +0-35
Relative microviscosity 0-91 4+-0-05 0-90 +0-04 090 +0-04 0-89 +0-04 0-88 +-0:04
Low density lipoprotein cholesterol
Range (mmol/l) 1-45-3-06 3:11-3-60 3:64-4-11 4-16-5-01 5-05-7'55
Mean +SD (mmol/l) 2:49 4048 3:36+0:16 3:8940°16 460 +0-26 592-+071
Cholesterol:
phospholipid molar ratio 0-58 +0-32 0-49 4027 053 +0:42 0-68 -+-0-40 0-50 4028
Relative microviscosity 0-88 +0-04 0-90 + 0-04 0-88-+0-05 091 +0-04 0:89 +0-04
High density lipoprotein cholesterol
Range (mmol/l) 0-87-1:33 1:34-1-47 1-48-1-66 1-67-1-79 1-80-2-55
Mean +SD (mmol/l) 1-18 £0-13 140 +0-04 1:59 +-0-05 1-72+0-04 1994018
Cholesterol:
phospholipid molar ratio 0'57 4-0-35 0-50+0-33 0534043 0-60 +0-25 050+40-36
Relative microviscosity 091 4+0-05 0-88 +0-04 091 +0-04 0924005 0-894+0-04
Conversion: SI to traditional units—Cholesterol: 1 mmol/lx 38:7 mg/100 ml.
TABLE I1—Serum retinoid concentrations, by quintile of plasma cholesterol concentration and lipoproteins
I II III v v
Cholesterol
Range (mmol/l) 3-20-4-90 4:94-5-62 5-65-6-40 6-44-7-39 7-45-9-80
B carotene (nmol/l) 685 1330 806 +423 799 4-328 1088 4-518*** 941 +518*
Retinol (umol/l) 2:14+06 2:4 +0-5* 2:6--06** 2:6+0-5%** 2:740-9**
Retinol: retinol binding protein molar ratio 074+0-13 0-76 +0-07 0-78 +£0:12 0794012 0-77+0-11
Very low “ensity lipoprotein cholesterol
Range (mmol/l) 0-01-0-18 0-19-0-30 0-32-0-52 0-55-0-77 0:79-2-78
B carotene (nmol/l) 922 4445 833492 950 +482 890 + 386 725 +415
Retinol (umol/l) 2:2+06 24406 2:6+06** 2'5+05* 2:840-9**
Retinol: retinol binding protein molar ratio 0:75+0-11 076 +0-11 0774012 0794013 078 +0-11
Low density lipoprotein cholesterol
Range (mmol/l) 1-45-3-06 3-11-3-60 3-64-4-11 4-16-5-01 5-05-7-55
3 carotene (nmol/l) 674 +326 849 4-425* 831 4451 998 -+ 469** 976 +460**
Retinol (umol/l) 2:2+07 23405 2:6+06* 2:7+0-9** 2:6 +0-6*
Retinol: retinol binding protein molar ratio 0-754+0°13 0:76 +0°11 0-79 4013 0:78 +£0-08 076 +0-12
High density lipoprotein cholesterol
Range (mmol/l) 0-87-1:33 1:34-1-47 1:48-1-66 1-67-1-79 1-80-2-55
B carotene (nmol/l) 713 +-419 721 4-305 946 +-454* 931 4-402* 1023 4-548**
Retinol (umol/l) 2:5+06 25408 2:5406 2:5+08 2:54+06
Retinol: retinol binding protein molar ratio 0:78 +0°10 0744013 0-78 4-0-07 077 +0-13 079 +0-13

Conversion: SI to traditional units—Cholesterol: 1 mmol/lx 38:7 mg/100 ml. § carotene: 1 nmol/lx 537 ng/100 ml. Retinol: 1 wmol/l ~

286 1.g/100 ml. . .
*p-<0:05, **p<0-01, ***p< 0001 compared with quintile I.

cholesterol and phospholipid contents in mononuclear cells, and
measured retinoid concentrations. The in vitro effects of lipo-
protein concentration on plasma membranes of fibroblasts and
mononuclear cells were also studied.

Subjects and methods

We screened 300 healthy male employees of the Greater London
Council aged 25-55 by measuring total serum cholesterol concentration.
On the basis of the cholesterol concentration adjusted for age we
recalled 150 subjects representing the top and bottom quintiles and
modal decile. None of the recalled subjects had xanthomas or xanthe-

protein cholesterol concentrations were estimated by difference.

Blood mononuclear cells (comprising >909%, lymphocytes) were
isolated using Ficoll-Hypaque of density 1-077 g/ml.!* Fluidity was
measured by fluorescence depolarisation of 1,6 diphenyl 1,3,5-
hexatriene as the relative microviscosity, with which it is inversely
related, using an Elscint microviscometer after incubation of the cells
with 1,6 diphenyl 1,3,5-hexatriene.’ The cell pellet was solubilised in
0-5 mol (20 g) sodium hydroxide/l and extracted with chloroform;
unesterified cholesterol was measured enzymatically (Boehringer
Mannheim catalogue No 13905) and phospholipid content colometric-
ally after perchloric acid digestion.!¢

Concentrations of 3 carotene and retinol were measured after ex-
traction of whole serum with a mixture of isopropanol and toluene
by high pressure liquid chromatography on a Micropak MCH-10
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reverse phase column using retinol acetate as the internal standard.
Retinol binding protein was measured by radial immunodiffusion using
Behring LC Partigen plates.

For studies in vitro blood mononuclear cells were incubated for 72
hours in medium containing 109, lipoprotein deficient serum'* with
added low density lipoprotein at concentrations of lipoprotein choles-
terol from 0 to 2:6 mmol/l (0 to 101 mg/100 ml). Human fibroblasts
derived from fetal lung were cultured to confluence; cells were incu-
bated for 24 hours in lipoprotein deficient serum containing low density
lipoprotein at cholesterol concentrations from 0 to 0-65 mmol/l (0 to
25 mg/100 ml). Measurements of microviscosity and assays of cellular
unesterified cholesterol and phospholipid concentrations were per-
formed as above. Protein was measured by the method of Lowry.1?
The molar ratio of cholesterol to phospholipid was recorded as well as
cellular cholesterol content because the ratio is a more sensitive
index of membrane cholesterol concentration and is an important
determinant of fluidity.

Results
POPULATION STUDY

Regression to the mean in the second sampling resulted in some
redistribution of serum cholesterol concentrations; results relate to
the serum cholesterol and lipoprotein concentrations in the second
samples. Table I shows the findings in the population study. The molar
ratio of unesterified cholesterol to phospholipid in mononuclear cells
showed a trend to a direct relation with total serum cholesterol
concentration, which was attributable to a positive association with
increasing very low density lipoprotein cholesterol concentration;
these trends, however, were not significant. There was no relationship
between low or high density lipoprotein cholesterol concentrations
(the major components of total serum cholesterol) and the cellular
ratio of cholesterol to phospholipid. Relative microviscosity of the
mononuclear cells showed no relation with low or high density lipo-
protein cholesterol concentrations but a weak negative correlation with
very low density lipoprotein concentrations (r= —0-164, p < 0-05).

Table II shows retinol and £ carotene concentrations related to
cholesterol concentrations in serum and in the lipoprotein classes.
Concentrations of {3 carotene and retinol increased with increasing
concentrations of plasma cholesterol; this reflects in the case of
carotene direct relations with both low (r=0-26, p <0-01) and high
density lipoprotein cholesterol concentrations (r=0-25, p <0-01); and
in the case of retinol a positive correlation with low (r=0-27, p<
0-001) and very low density lipoprotein cholesterol concentrations
(r=0-34, p<0-001). The degree of saturation of its binding protein
by retinol was unrelated to lipoprotein concentration.

Table III shows that the familiar increase in cholesterol and low
density lipoprotein cholesterol concentrations with age is associated
with a similar trend in {8 carotene concentration.

TABLE 111-—Age trends in serum cholesterol, lipoprotein, and retinoid concentra-
tions

Age (years): 26-35 36-45 46-55
Total cholesterol (mmol/l) 58412 62116 65114
Very low density lipoprotein

cholesterol (mmol/l) 047 : 044 053:049 05731042
Low density lipoprotein cholesterol

(mmol/l) 37110 424+13 4:441:3*
High density lipoprotein cholesterol

(mmol/l) 16 + 0-3 16+ 03 16 103
B carotene (nmol/l) 739 : 326 905 { 440 948 1 529*
Retinol (umol/l) 24.:06 25108 25406

Conversion: SI to traditional units—Cholesterol: 1 mmol/l ~ 38-7 mg/100 ml.
@ carotene: 1 nmol/lx 537 ng/100 ml. Retinol: 1 umol/l x 286 +g/100 ml.
*p-.0-05 compared with 26-35 year age group.

IN VITRO STUDY

The figure shows the effects on fibroblasts of varying low density
lipoprotein cholesterol concentration in the incubation medium in the
range 0-0-26 mmol/l (0-10 mg/100 ml). Studies on the lipid and lipo-
protein concentrations of peripheral lymph have suggested that tissue
fluid cholesterol and low density lipoprotein cholesterol concentrations
are of the order of one tenth of those in plasma.!* There was little
variation in relative microviscosity in the range of low density lipo-
protein cholesterol 0-052-0-26 mmol/l (2-10 mg/100 ml); lower
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low density lipoprotein cholesterol concentrations were associated
with reduced values. The unesterified cholesterol content of cells
(related to cell protein) showed a similar trend, as did the ratio of
cholesterol to phospholipid. The ratio was strongly correlated with
relative microviscosity (r=0-74, p <0-05).

Lymphocytes incubated in the presence of the same range of low
density lipoprotein cholesterol concentrations also showed a plateau
in their relative microviscosity and ratio of cholesterol to phospho-
lipid at concentrations between 0-052 and 0-26 mmol/l (2 and 10
mg/100 ml).
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Relative microviscosity, cholesterol to phospholipid molar ratio, and choles-
terol content of fibroblasts incubated for 24 hours in medium containing
human lipoprotein deficient serum supplemented with increasing concen-
trations of low density lipoprotein cholesterol.

Conversion: SI to traditional units—Cholesterol:1 mmol/l1 % 38:7mg/100 ml.

Discussion

It has been hypothesised that reducing plasma cholesterol
concentration by drugs or diet might ‘“lead to pathological
processes’ as a consequence of a resulting low cholesterol content
in cells, leading to increased fluidity of the plasma membrane.®
This implies a causal role for low cholesterol concentrations in
the aetiology of non-cardiovascular disease; hence it was impor-
tant to examine the extent to which the cholesterol concentration
in body fluids influences the lipid content and physical properties
of plasma membranes. We made observations on blood mono-
nuclear cells from normal men with a wide range of serum
cholesterol concentrations and ages. To extend the study to still
lower lipid concentrations and to examine cells other than blood
mononuclear cells we studied the membrane fluidity and
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composition of fibroblasts as well as mononuclear cells incubated
for 24-72 hours in a range of low density lipoprotein cholesterol
concentrations from zero to those typical of tissue fluid.

It was evident that the fluidity of mononuclear cell plasma
membranes is constant over the extensive range of plasma choles-
terol concentrations seen in the normal population (group means
4-43-8-22 mmol/l (171-318 mg/100 ml)), reflecting a range of
low density lipoprotein cholesterol concentrations from 1-45
to 7-55 mmol/l (56 to 292 mg/100 ml). In the in vitro study the
fluidity of both mononuclear cell and fibroblast membranes
was little affected by differences in the low density lipoprotein
cholesterol content of the incubation medium in the range
0-05-0-26 mmol/l (2-10 mg/100 ml) but increased substantially
at concentrations below 0:05 mmol/l. Available information
on tissue fluid and low density lipoprotein cholesterol concentra-
tions suggests that they are about one tenth of those in plasma,'s
and hence the concentrations in plasma corresponding to
0-05-0-26 mmol/l in tissue fluid are of the order of 0-5-2:6
mmol/l (19-101 mg/100 ml). The fifth percentile of plasma low
density lipoprotein cholesterol concentration observed in this
study and in a normal British population'® was 2-6 mmol/l (101
mg/100 ml) and the first percentile was 1-75 mmol/l (68 mg/100
ml). The corresponding fifth percentiles for total plasma
cholesterol concentration were 4-05 and 4-5 mmol/l respectively
(157 and 174 mg/100 ml). Similar trends were noted in cell
content of unesterified cholesterol, as previously noted in mono-
nuclear cells,?* and in the ratio of cholesterol to phospholipid,
which is a major determinant of fluidity.

Thus cell membrane fluidity is unaffected by a wide range of
low density lipoprotein cholesterol concentrations, except at
concentrations considerably lower than those corresponding to
the first percentile in normal subjects.

Most cells, including blood mononuclear cells, fibroblasts, and
adrenal cortical cells but not tissue macrophages, possess high
affinity receptors for low density lipoprotein that mediate uptake
of this lipoprotein even at low concentrations.?' Regulation of the
activity of this receptor is one of the important homeostatic
mechanisms controlling cellular unesterified cholesterol con-
tent.?” If uptake of cholesterol becomes less as the low density
lipoprotein concentration decreases, in situ synthesis of choles-
terol increases due to derepression of the rate limiting enzyme
for this pathway.?* Hence the stability of plasma membrane
fluidity observed in this study, and of the unesterified cholesterol
concentration that it largely reflects, is by no means surprising;
and probably this property is common to all cells possessing the
low density lipoprotein receptor pathway. The choice of mono-
nuclear cells in the present investigation was based on their
accessibility in a population study in quantities permitting
measurements in the freshly isolated state. Such cells recirculate
between lymphoid organs and the blood** and are exposed to
tissue fluid concentrations of low density lipoprotein for most
of their life span. Fibroblasts were selected as an example of a
solid tissue cell continuously exposed to the low tissue fluid
concentrations of this lipoprotein.

Kark er al'* showed a correlation between serum retinol and
cholesterol concentrations, which reflects a relation of serum
retinol with low density lipoprotein cholesterol concentrations.®*
Their studies were performed on stored sera. Using fresh sera we
confirmed these observations and in addition showed associations
of retinol with very low density lipoprotein cholesterol and of 3
carotene with low and high density lipoprotein cholesterol.
The mechanisms underlying the relation between retinol and
lipid transport are unclear; dietary vitamin A (converted to
retinyl esters in the intestine) is transported in chylomicrons in
association with dietary fats and cholesterol. Subsequent trans-
port of retinol does not involve lipoproteins®!; it is in the form
of a retinol-retinol binding protein-prealbumin complex.
We found no relation between the degree of saturation of the
binding protein by retinol and serum or lipoprotein cholesterol
concentrations. By contrast, 3 carotene is transported with lipids
in plasma lipoproteins, and hence the associations observed are
predictable. These findings lend support to the view that a
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relation between cholesterol concentrations and cancer may be
secondary to an association between retinol concentration and
the incidence of cancer.!?

There were no differences in the fluidity of plasma membranes
or cellular cholesterol content between subjects with serum
cholesterol concentrations in the lowest quintile compared with
those in the highest. Our studies in vitro show no substantial
change in these measurements until the external low density
lipoprotein cholesterol concentration is reduced to less than
005 mmol/l (2 mg/100 ml); this probably corresponds to a
serum low density lipoprotein cholesterol concentration of 0-5
mmol/l (19 mg/100 ml), which is below the first percentile (2-0
mmol/l (77 mg/100 ml) and 1-75 mmol/l (68 mg/100 ml)) in a
British population sample'® and in this study respectively.
Hence we found no evidence of deleterious effects on the cell at
serum concentrations of cholesterol attainable by diet or drug
treatment of hyperlipidaemia or seen in any but a minute
fraction of the normal population.
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