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Diurnal variation of cholesterol precursors squalene
and methyl sterols in human plasma lipoproteins'

T. A. Miettinen

Second Department of Medicine, University of Helsinki, 00290 Helsinki 29, Finland

Abstract Animal cholesterol synthesis shows a marked diurnal
variation, a phenomenon, at the moment, not known to occur
in man. Since cholesterol precursors in serum reflect overall
cholesterol synthesis in many conditions, a 24-hr profile of squa-
lene and methy! sterols was studied in plasma lipoproteins in
order to demonstrate whether these cholesterol precursors could
exhibit a diurnal cycling in healthy human subjects. During
the 24-hr period, lipoproteins of density < 1.006 g/ml trans-
ported 30-50% of the plasma squalene. Free methyl sterols
were found mainly in low density lipoproteins (LDL) and es-
terified methyl sterols in LDL and high density lipoproteins
(HDL). Postprandial hyperlipidemia at noon was associated
with an inconsistent increase of the squalene and free methyl
sterol concentrations in the lipoproteins of density < 1.006 g/
ml. In terms of ug per mg of cholesterol, the precursor contents
were, however, low in each lipoprotein during the daytime.
During the night and early morning, the values were several
times higher. Thus the peak plasma squalene and methyl sterol
contents occurred at midnight and 4 AM. The highest variation
was found for squalene in the density class < 1.006 g/ml and
for lanosterol and diunsaturated dimethyl sterol in LDL and
HDL. For different methyl sterols, the mean diurnal variation
was 3.5- to 6.9-fold in LDL, 2.0- to 4.5-fold in HDL, and 2.6-
to 3.6-fold in the density class < 1.006 g/ml. The respective
values for squalene were 2.2, 1.4, and 2.9. Esterified methyl
sterols varied slightly in the density class < 1.006 g/ml only,
and the percentage esterification exhibited a diurnal fluctuation
that was the reciprocal of that of free methyl sterol levels. Bl
The rapid and marked diurnal fluctuation of squalene and free
methyl sterols in plasma lipoproteins suggests that these pre-
cursors are metabolized on and off lipoproteins. The variation
is most likely caused by changes in cholesterol synthesis, infer-
ring that circadian rhythm also regulates human cholesterol
production.—Miettinen, T. A. Diurnal variation of cholesterol
precursors squalene and methyl sterols in human plasma li-
poproteins. /. Lipid Res. 1982, 23: 466-473.

Supplementary key words circadian rhythm e cholesterol synthesis
e lanosterol

In vitro and in vivo studies have shown convincingly
that cholesterol synthesis exhibits a marked diurnal vari-
ation in experimental animals (1-3). This variation oc-
curs in the liver and with a somewhat lesser amplitude
in the intestinal mucosa (3, 4). The rate of cholesterol
biosynthesis is highest after midnight and lowest during
the morning and early afternoon. The rhythm variation
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is associated with food intake, the peak being reached
about 6 hr after the presentation of food (3, 5).

Closer investigation has revealed that the circadian
rhythm is caused by diurnal changes in the activity of
the cholesterol biosynthesis rate-limiting enzyme hy-
droxymethylglutaryl coenzyme A reductase (HMG-
CoAR) (6, 7). The circadian rhythm of hepatic and in-
testinal HMG-CoAR seems to persist even during en-
hanced cholesterol synthesis caused by interrupted en-
terohepatic circulation of bile acids with cholestyramine
in the rat (4, 5).

At the moment it is not known exactly whether cho-
lesterol synthesis exhibits diurnal variation in man. This
is mainly due to methodological difficulties in obtaining
serial tissue samples for in vitro studies. Assuming a
similar rapid variation in the hepatic and intestinal
HMG-CoAR activity in man as in experimental ani-
mals, the production rate of all cholesterol precursors
from mevalonate onwards, including squalene and methyl
sterols, should also exhibit a marked diurnal variation.
This may result in a cyclic accumulation of the precursors
in the hepatic and intestinal epithelial cells, and subse-
quently in increased release into blood lipoproteins.
Measurements of cholesterol precursors in serum would
thus offer a practically noninvasive method of studying
diurnal changes in human cholesterol synthesis. Earlier
studies have indicated that serum methyl sterol levels in
fasting subjects correspond to the overall cholesterol syn-
thesis measured with the sterol balance technique under
many clinical and experimental conditions (8, 9). In the
present study, squalene and methyl sterols in different
serum lipoprotein fractions from normal human subjects
under normal conditions were quantitated over a 24-hr
period. A several-fold diurnal variation was found in the

Abbreviations: HMG-CoAR, hydroxymethylglutaryl coenzyme A
reductase; VLDL, very low density lipoprotein (includes chylomicrons
whenever present); LDL, low density lipoprotein; HDL, high density
lipoprotein; GLC, gas-liquid chromatography.

U Some of the results have been presented in the VII International
Symposium on Drugs Affecting Lipid Metabolism, Milan, May 28-
31, 1980. Abstract Book, p. 10 (Fondazioni Giovanni Lorenzini).
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precursor levels. The findings suggest that cholesterol
synthesis also follows a diurnal rhythm in man.

SUBJECTS AND METHODS

Seven normolipidemic (cholesterol 168 * 8 mg/dl, tri-
glycerides 61 + 9 mg/dl), non-obese, healthy subjects
aged 16 to 49 years volunteered to give a blood sample
every 4 hr starting at 8 AM. The subjects used no drugs.
Breakfast was consumed after the 8 AM sample, lunch
after the noon sample, dinner after the 4 PM sample, and
evening tea and snacks after the 8 pM sample. A food
record indicated that the fat intake provided about 35%
of calories.

Lipoprotein isolation

Very low density lipoprotein (VLDL, d < 1.006 g/
ml) was isolated by ultracentrifugation (10) from 6 ml
of plasma. After careful collection of the supernatant,
which contained any chylomicrons present, the infra-
natant was sampled for lipid analysis. In three cases a
portion of the infranatant was used for the separation
of high density lipoprotein (HDL) with heparin-man-
ganese precipitation (11). Low density lipoprotein (LDL)
cholesterol was calculated as the difference between the
infranatant and HDL cholesterol.

Lipid analysis

Lipids were extracted with chloroform-methanol from
VLDL, infranatant, or HDL after addition of 5a-cho-
lestane and coprostanol as internal standards. An aliquot
of the extract was used for the quantitation of triglyceride
levels. The remainder of the extract was used for the
determination of squalene, free methyl sterols, and cho-
lesterol. This was performed using the thin-layer chro-
matography-gas-liquid chromatography (GLC) proce-
dure described earlier (9, 12). In short, the extract, to
which a small amount of a-tocopherol was added, and
a reference mixture (squalene, a-tocopherol, lanosterol,
coprostanol, and cholesterol) were applied to a 0.5-mm
thick Silica Gel-G plate. The plate was developed for
almost its full length in hexane-benzene 90:10 (v/v).
The squalene area containing 5a-cholestane was sepa-
rated and the plate was redeveloped in heptane-diethy!
ether 53:46 (v/v). The lipid fractions were localized with
Rhodamine under UV light. Free cholesterol and the
methyl sterol mixture (including coprostanol) from the
area between cholesterol and a-tocopherol (excluded)
were eluted for quantitation. To isolate esterified sterols,
the ester fraction was eluted and saponified with 2M
NaOH in 90% ethanol for 1 hr at 80°C. Nonsaponifiable
lipids were rechromatographed on the Silica Gel-G plate
in heptane-diethyl ether as described above for the free
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Fig. 1. Diurnal variation of triglycerides and cholesterol in plasma
lipoproteins. Means are of the three subjects in whom LDL and HDL
were separated. Meal intakes indicated by arrows; snack by an arrow
in parentheses. Triglycerides (mg-107'/dl) are shown for VLDL
(density <1.006 g/ml) only.

sterols. The sterol fractions were eluted as in the case
of unesterified sterols.

Quantitation of squalene and methyl sterols was per-
formed by GLC on a 1% neopentenyl glycolyl succinate
column using trimethylsilyl derivatives for sterols and
5a-cholestane as the internal standard. On GLC the
methyl sterol mixture gave five different peaks (8) des-
ignated as fractions I~V in increasing order of retention.
Tentative GL.C-mass spectrometric identifications were:
I, A%-methostenol and some dihydrolanosterol; 11, mono-
unsaturated monomethyl sterol (4,4 dimethyl A%; 111,
methostenol; IV, lanosterol; V, diunsaturated dimethyl
sterol (4,4 dimethyl A7?*). Triglycerides were quanti-
tated with an automated method (13) and cholesterol
with an enzymatic procedure (14). The analysis of vari-
ance was applied for the statistical treatment of the data,
using logarithmic transformation when necessary.

RESULTS

VLDL

Triglyceride and cholesterol (Fig. 1). Postabsorption
hyperlipidemia increased VLDL (including any chylo-
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microns present) triglycerides about threefold, and free
and esterified VLDL-cholesterol twofold. The maximum
values were found in the samples taken at 8 PM and the
lowest levels at 8 AM. The respective values for total
cholesterol in VLDL of the seven subjects were 12.5
+ 1.7 and 5.4 = 0.8 mg/dl.

Squalene. The mean VLDL squalene concentration
(Table 1, Fig. 2) was lowest at 8 AM. The concentration
curve followed the pattern of major VLDL lipids during
the daytime but not during the night. Thus, a low peak
was found in many cases at noon, followed by an incon-
sistent drop, and the maximum value, about 3 times
higher than at 8 AM, occurred at midnight. In individual
cases the peak value was found between 8 PM and 4 AM.
VLDL squalene (in terms of pg/mg of free cholesterol)
was lowest during the daytime, indicating that the post-
prandial VLDL is poor in squalene (Fig. 3). This was
followed by a continuous increase; VLDL richest in
squalene was found at midnight and early in the morn-
ing. The peak values were 2.5 times higher than those
at noon.

Free methyl sterols (Table 1, Figs. 2 and 3). Total
unesterified VLDL methyl sterols exhibited the same
pattern as squalene, viz. an inconsistent peak at noon
and a consistent peak at 8 PM or at midnight. In fact,
the squalene and methyl sterol concentrations correlated
highly significantly with each other. The lowest mean
value was found at 4 PM and the mean peak level, 2.9
times the lowest, at midnight. Methyl sterols (in terms
of pug/mg free cholesterol) demonstrated a single peak
at 4 AM. The most consistent changes were seen in frac-
tions IV (lanosterol), V (diunsaturated dimethyl sterol),
and III (methostenol). Despite marked changes in the
total concentrations, the relative composition of the
methyl sterol mixture was fairly constant throughout the
24-hr period.

Esterified methyl sterols (Table 7). The concentration
of total esterified methyl sterols showed a relatively weak
diurnal variation in VLDL. Methostenol (fraction III)
was the major component and it also showed the most
consistent diurnal rhythm with a peak at 8 pMm (Fig. 4).
Only traces of esterified fraction V were detectable and
lanosterol was esterified only to a small extent.

LDL and HDL

Triglyceride and cholesterol. The triglyceride concen-
tration showed little variation even though the pattern
followed that of cholesterol especially in LDL (data not
shown). The free and esterified cholesterol levels were
10-20% lower at midnight and early in the morning than
at any other time. This was seen in both LDL and HDL
(Fig. 1).

Squalene (Table 1, Figs. 2 and 3) . The squalene con-
tent of the combined LDL and HDL fraction was lowest
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at noon, and the midnight values were almost twice as
high. In LDL the diurnal rhythm of squalene resembled
that in VLDL. In HDL the pattern was different; a
peak at 4 PM was detectable in all the cases, and a less
marked increase occurred during the night.

Free methyl sterols (Table 1, Figs. 2 and 3). The
lowest mean methyl sterol values were found from noon
to 8 pM in LDL and HDL, and the peaks were at 4 AM.
The correlation between the squalene and methyl sterol
values was less consistent, especially in HDL, than in
VLDL and the methyl sterol peaks occurred later than
those of squalene (Fig. 2). Fractions I and II were rel-
atively small in HDL. The relative distribution of HDL
methyl sterols resembled more that in VLDL than in
LDL. The peaks tended to occur earlier in HDL (clear
for methostenol) than in LDL, causing a substantial
decrease in LDL methyl sterols between 8 AM and noon.
The highest absolute variation was found for fractions
IV and V both in HDL and LDL. The mean amplitude
of diurnal variation was higher in LDL (3.5 to 6.9-fold
for different methyl sterols) than in HDL (2.0 to 4.5-
fold) or in VLDL (2.6 to 3.6-fold). Fractions II and 111
of LDL and fraction I of HDL exhibited the highest
mean relative amplitude (6.9-, 6.5-, and 4.5-fold, re-
spectively). The concentration peaks (at 4 aMm) of LDL
and HDL methyl sterols occurred later than those in
VLDL (Fig. 2). However, the curves, in terms of ug/
mg free cholesterol, showed maxima at the same time,
indicating that all the lipoproteins were richest in methyl
sterols at 4 am (Fig. 3).

Esterified methyl sterols (Table 1, Fig. 4). Total es-
terified methyl sterols of the combined LDL and HDL
fraction showed virtually no diurnal fluctuation. Meth-
ostenol tended to increase at 8 PM, mainly in LDL. The
esterified methyl sterol pattern of HDL resembled more
that of VLDL than of LDL. Thus, at different time
points, methostenol comprised 48-55% and fraction 11
14-18% of total esterified methyl sterols in HDL. The
respective values were 58-64% and 7-14% in VLDL,
and 17-34% and 35-45% in LDL.

Transport of precursors in different lipoproteins

During the 24-hr period, 30 to 50% of squalene was
transported by VLDL, 35 to 45% by LDL, and 15 to
30% by HDL. This agrees with earlier observations on
fasting samples (15, 16). Unesterified methyl sterols were
found mainly in LDL, only 5-15% in VLDL, and 20-
40% in HDL. LDL contained about 50% of esterified
methyl sterols whereas HDL contained 35-45% and
VLDL only 5-10%.

The esterification percentage

The percentage of esterified cholesterol varied little
throughout the day in each lipoprotein. With the excep-
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Fig. 2. Diurnal variation of free methyl sterol (I-V) and squalene
(SQ) concentrations in plasma lipoproteins. Means are of the three
subjects in whom LDL and HDL were analyzed separately. Tentative
identification of each GLC fraction in increasing order of retention
times: I, A®-methostenol (some dihydrolanosterol); II, dimethyl sterol
(4,4 dimethyl A®); III, methostenol; IV, lanosterol; and V, dimethyl
sterol (4,4 dimethyl A%24),

tion of VLDL methostenol, the percentage of esterified
methyl sterols was lower than that of cholesterol and it
was highest in HDL and lowest in VLDL. Even within
the lipoprotein, the esterification percentage varied
markedly from one methyl sterol to another. Fraction V
was practically unesterified in all lipoprotein fractions,
only 10-30% of lanosterol being esterified. Methostenol
exhibited the highest esterification percentage in VLDL
(up to 70%) and HDL (up to 80%), whereas in LDL
the percentage was highest (75%) for fraction II.

Since esterified methyl sterols exhibited a relatively
low amplitude of diurnal variation, especially in LDL
and HDL, the esterification percentage showed a vari-
ation opposite to that of the unesterified methyl sterol
concentration. Thus, the highest percentage occurred at
4 pM and the lowest 12 hr later at 4 AM. In VLDL this
pattern was less consistent.
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DISCUSSION

The 24-hr profile of the lipoprotein lipids has been
studied very little, especially for normal dietary habits.
With the exception of chylomicrons and VLDL, the lip-
ids of other lipoproteins show quite small fluctuations
after food intake unless a large fatty meal is consumed
(17-21). The present results confirm the existence of
postprandial hyperlipidemia and show that, after normal
daily consumption of mixed food meals, VLDL triglyc-
erides (including chylomicrons) and free and esterified
cholesterol reach a peak late in the evening. In addition,
in agreement with an earlier article (22), nocturnal free
and esterified cholesterol of LDL and HDL were 10-
20% lower than at noon or 4 PM. The reason for the
significant increase in the free and esterified cholesterol
in LDL and HDL before breakfast is not known. The
squalene and methylene sterol contents in LDL and
HDI. exhibited, however, a reciprocal pattern to those
of free and esterified cholesterol.

The present study shows for the first time that the
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Fig. 3. Diurnal variations of squalene and free methyl sterols (sum
of fractions 1-V) contents in different plasma lipoproteins. Means are
in terms of ug/mg of free cholesterol of the three subjects in whom
LDL and HDL were analyzed separately. Meals as indicated in Fig.
1. Analysis of variance (calculated for VLDL and LDL + HDL of
the seven subjects) revealed a significant (P < 0.05 or less) diurnal
variation for squalene and free methyl sterols in VLDL and free methyl
sterols in LDL + HDL.
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METHYL STEROL ESTERS, ug/dl
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Fig. 4. Diurnal variation of esterified methyl sterol concentrations in
different lipoproteins. Mean + SE (vertical lines) of seven subjects.
Fraction V was not measurable in VLDL. Analysis of variance showed
a significant (P < 0.05) diurnal rhythm for VLDL 1.

cholesterol precursor levels exhibit a marked diurnal
variation in human plasma lipoproteins, the nocturnal
values being several times higher than the daytime levels.
Saudek, Frier, and Liu (16) followed the plasma squa-
lene level after two 500-calorie meals for 7 hr. Triglyc-
erides increased significantly at 2 hr, and squalene first
at 6 hr. The night levels were not measured. Plasma
squalene (15, 16, 23, 24) and methyl sterols (8, 15) are
rapidly labeled after an intravenous administration of
labeled mevalonate, suggesting that they undergo a rapid
equilibrium with the sterols at their site of synthesis.
This site has been suggested to be the liver (15), where
in fact an increase in cholesterol synthesis caused by cho-
lestyramine treatment increases both squalene and methyl
sterol contents to about the same extent as in the plasma
of the rat (9). In man, a stimulation of cholesterol syn-
thesis by cholestyramine or ileal bypass operation in-
creases serum methyl sterols, and, less consistently, squa-
lene (8, 25, 26), usually in proportion to increased
cholesterol elimination (8, 9, 12). On the other hand,
reduced cholesterol synthesis by fasting lowers methyl
sterols (8, 12). Though no direct evidence is available,
these observations suggest that changes in cholesterol
synthesis are associated with corresponding changes in
the precursor production and in their subsequent release
into the blood stream. Thus, the diurnal variation in the
lipoprotein precursor levels might ultimately be a sign
of diurnal rhythm in human cholesterol synthesis. The
exact site of origin and the fate of the precursors in
different lipoproteins can only be hypothesized at the
moment.

The postprandial increase in VLDL seen in the pres-
ent study (Fig. 1, VLDL includes chylomicrons) origi-
nates mainly from the intestine transporting absorbed
dietary lipids. The inconsistent increase in the VLLDL
squalene and methyl sterols at noon (after breakfast)
indicates that the intestinal chylomicron and VLDL pro-
duction and the intestinal mucosa as a whole might not
be important sources of the cholesterol precursors in
serum. Increased intestinal mucosal synthesis and ab-
sorption of dietary and biliary precursors could enhance
precursor production, but the quantitative role of the two
sources is unknown. Human bile contains these precur-
sors (26, 27), and large amounts of dietary squalene are
known to increase plasma squalene (26).

VLDL (and chylomicron) particles of intestinal origin
were actually relatively low in the cholesterol precursors
because, in terms of ug/mg of cholesterol (or triglycer-
ides), the contents were lowest during the afternoon and
highest during the night (Fig. 3). The nocturnal VLDL,
which was rich in precursors, may originate mainly from
the liver and to a lesser extent from the intestine. Since
newly synthesized hepatic lipids are released in VLDL
into the circulation, the nocturnal VLDL peak of the
precursors might originate mainly from the liver, reflect-
ing a high rate of nocturnal hepatic cholesterol synthesis.
The composition of the free methyl sterol mixture was
fairly constant in VLDL throughout the 24-hr period,
suggesting that the site(s) of origin remained unchanged.
The mucosal and hepatic methyl! sterol patterns appear
to differ from each other in postmortem human speci-
mens (28), but they are both different from that in
VLDL. Methyl sterol patterns in intestinal mucosal
biopsies? and biliary samples (27) were also different
from that in VLDL. Thus, the mucosal fraction I and
lanosterol each included about 40% of the methyl sterols,
whereas in the bile almost 60% were lanosterol.

Alternatively, the precursors might have been trans-
ferred from the cells in the circulating VLDL or other
lipoproteins. Removal of the precursors from the VLDL
may take place by their transfer to LDL and HDL as
VLDL is catabolized, or by hepatic uptake from VLDL
or its remnants. In fact, apoproteins and some lipids of
VLDL and/or chylomicrons can be transferred to both
LDL and HDL as VL DL is catabolized (29, 30). Thus,
precursors may also have been transferred. The rate of
diurnal change in the cholesterol precursor concentra-
tions of VLDL agrees with the established half-life of
VLDL triglycerides (31), but the rate of change in the
LDL and HDL precursor levels is clearly faster than
the catabolism of these lipoproteins. The findings do not
exclude the possibility that the cholesterol precursors in
VLDL (and chylomicron) are metabolized with the li-

2 Miettinen, T. A. Unpublished observations.
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poprotein itself. However, the precursors appear to equi-
librate on and off LDL and HDL.

The intravenous administration of labeled mevalonate
by Saudek et al. (16) was followed by the appearance
of labeled squalene in all lipoprotein fractions without
complete equilibration. The subsequent turnover rates
of VLDL and LDL + HDL squalene suggested that
newly synthesized squalene was equilibrated on and off
all lipoproteins. The half-life of plasma total squalene
is about 2 hr (23, 24) and that of the free methyl sterol
fraction is about 5 hr (8).

Esterified methyl sterols exhibited a markedly differ-
ent pattern from that of free sterols and showed a quite
negligible circadian rhythm seen in VLDL methostenol
only. Furthermore, despite marked changes in the levels
of free lanosterol and diunsaturated dimethyl sterol (frac-
tion V), their ester concentrations remained low through-
out the day. These observations are explainable by a
finding that methyl sterols are not esterified in serum by
lecithin:cholesterol acyltransferase (32). Thus, the serum
methyl sterol esters apparently originate from tissue(s)
where sterol esters are known to be formed by acyl coen-
zyme A cholesterol-acyltransferase from newly synthe-
sized methyl sterols (33). Esterification of methostenol
predominates, but the reason for the low ester content
of lanosterol and dimethyl sterol (fraction V) is not
known. The esterified methyl sterol pattern of LDL re-
sembles those found in postmortem specimens of human
liver and intestine (28) in that fraction II is predominant.
After an intravenous injection of labeled mevalonate, a
small amount of label appears in the esterified methyl
sterol fraction in serum (8). However, acute diurnal
changes in free methyl sterol production have little effect
on the level of esterified methyl sterols (Fig. 4), whereas
a cholestyramine-stimulated increase in cholesterol syn-
thesis also augments esterified serum methyl sterols sig-
nificantly (8). It can be inferred that methyl sterol esters,
being comparatively nonpolar lipids, enter the circulation
with newly formed VLDL and possibly also with chy-
lomicrons. As in the case of free methyl sterols, the methyl
sterol pattern of HDL resembles that of VLDL, and to
a lesser extent that of LDL. It can be hypothesized that
methyl sterol esters are transferred to HDL as VLDL
is catabolized B
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