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In vivo demonstration of the circadian rhythm of

cholesterol biosynthesis in the liver and

intestine of the rat

Peter A. Edwards, Hirohisa Muroya,* and R. Gordon Gould
Department of Medicine, Stanford University School of Medicine, Stanford, California 94305

Abstract The existence of a circadian rhythm in the rate of
hepatic cholesterol synthesis in the rat has been demonstrated
in vivo by measuring the conversion of both [1-14C]Jacetate
and *H,0 to cholesterol. By both methods there was observed
a similar increase in the rate of hepatic cholesterol synthesis
between the nadir at noon and the peak at midnight. Cir-
cadian changes in the rate of hepatic cholesterol synthesis
measured in vivo with [1-14C]lacetate were very similar to
changes in the activity of hepatic microsomal HMG CoA
reductase. Cholesterol synthesis in the jejunum and in the
distal ileum was also shown to exhibit the same circadian
rhythm in vivo but with smaller amplitude (1.6- and 1.3-fold,
respectively). Rats trained to eat during a 4-hr period (9 am—
1 pM) while housed under normal illumination showed changes
in the timing of the circadian rhythm of cholesterol synthesis;
in the liver the maximum rate of cholesterol synthesis occurred
at 6 pyM, 9 hr after the presentation of food, while the two sec-
tions of the intestine investigated exhibited a maximum syn-
thetic response between noon and 6 pM. Results obtained in
this study support the hypothesis that the major portion of
the rise in HMG CoA reductase activity and the increase
in overall rate of cholesterol synthesis in liver and intestine
during the circadian rhythm are due to the ingestion of food.
Under the limited feeding schedule (food access 9 am—1 pM),
the rates of hepatic and intestinal synthesis of fatty acids from
the injected acetate also showed a circadian rhythm with a
peak at about 3 hr after presentation of food.

Supplementary key words small intestine . *H,O
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I‘m CIRCADIAN RHYTHM of hepatic cholesterol synthesis
was first reported by Kandutsch and Saucier (1), who
used mouse liver slices. Back, Hamprecht, and Lynen (2)
used similar techniques and confirmed the phenomenon
in rats. Hamprecht, Niissler, and Lynen (3) and Shapiro
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and Rodwell (4) have reported a circadian rhythm in
the activity of HMG CoA reductase (EC 1.1.1.34), the
primary rate-limiting step in the synthesis of cholesterol
from acetate under most experimental conditions (5-7).

Published data on the hepatic circadian rhythm of
cholesterol synthesis have been obtained only by in vitro
methods (1-4, 8). In the large body of literature on fac-
tors affecting cholesterol synthesis in rat liver, marked
differences have frequently been observed between the
results obtained by in vitro and in vivo methods. Fasting
depresses liver sterol synthesis to extremely low levels as
measured in vitro in liver slices (9) or homogenates (10).
On the other hand, as measured in vivo, fasting results
in a reduction of sterol synthesis of about 509, as mea-
sured with [“Clacetate (11, 12) and 409, with 3H,0O (12).
It therefore seemed pertinent to ascertain whether a
rhythm in hepatic cholesterol synthesis occurred in vivo,
and if so, whether the characteristics of the in vivo and
in vitro rhythms were similar.

In rats, the liver and intestine synthesize most of the
total body cholesterol; on low cholesterol diets these two
tissues synthesize roughly equal amounts (13, 14).
However, changes in the rate of sterol biosynthesis in
liver and intestine frequently do not parallel one another.
For example, cholesterol feeding depresses hepatic sterol
biosynthesis but has little effect on intestinal synthesis
(14-16). Since in this case different control mechanisms
apparently regulate the rates of sterol synthesis in the
liver and intestine, we have investigated the question of
whether or not there is a common circadian rhythm in
cholesterol synthesis in these two tissues.

Abbreviations: HMG CoA, 3-hydroxy-3-methylglutaric acid
coenzyme A.

* Present address: Kyoto University Faculty of Medicine,
Sakyo-ku, Kyoto, Japan.
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We have previously reported that reversing the light-
ing schedule reverses the timing of the rhythm of hepatic
HMG CoA reductase activity (8) ; however, this could be
due to an altered feeding pattern brought about by
changing the lighting schedule. Hence, we have investi-
gated the effects of both reversed illumination conditions
and an artificial feeding schedule (food available 9
aM—1 pM under normal illumination conditions) on the
timing and amplitude of the in vivo rhythm in both liver
and intestine.

To obtain information on the specificity of the changes
in rate of cholesterol synthesis, we also measured the in
vivo rates of synthesis of total fatty acids in liver and
intestine from [1-*CJacetate.

MATERIALS AND METHODS

Materials were obtained as follows: sodium [1-%C]-
acetate, New England Nuclear, Berkeley, Calif.; glucose-
6-phosphate dehydrogenase, Calbiochem, La Jolla,
Calif.; glucose-6-phosphate (disodium salt) and NADP+,
Sigma, St. Louis, Mo.; digitonin, Merck, Rahway, N.J.;
and mylar-backed silica gel chromatography sheets, East-
man, Rochester, N.Y.

Preparation of [3-“C]HMG CoA and assay of liver
HMG CoA reductase activity in vitro have been de-
scribed previously (8).

Animals

Male Sprague-Dawley rats (200-250 g) were housed
individually in windowless rooms with free access to food
(Purina laboratory rat chow) and water, unless otherwise
noted. Rats were acclimatized to strict lighting condi-
tions for periods longer than 3 wk before they were killed
by exsanguination. Normal illumination is defined as a
6 AM—0 PM light period and a 6 PM—6 aM dark period.

In vivo incorporation of [1-!*C]acetate into
nonsaponifiable lipids, cholesterol, and fatty acids

Rats were lightly anesthetized with ether, an external
jugular vein was exposed, and sodium [1-*C]Jacetate in
0.3 ml of isotonic saline was given by iv injection over a
5-sec period. The wound was closed by clips. Exactly
35 min later the rat was killed by cardiac exsanguination
under ether anesthesia. The small intestine and liver were
immediately removed and placed in ice-cold saline.
The intestinal contents were removed by a stream of
cold saline prior to being cut longitudinally and blotted
dry. The 25-cm portion of the ileum proximal to the
ileocecal junction and a portion of the jejunum (the 25
cm proximal to the midpoint of the small intestine) were
removed.

The samples of ileum, jejunum, and liver were treated
with alcoholic sodium hydroxide. The nonsaponifiable

lipid and fatty acid fractions were extracted separately,
and cholesterol was isolated as its digitonide derivative
by previously described methods (16). The dry sterol
digitonide was dissolved in warm isopropanol, and the
radioactivity was counted in Bray’s scintillation fluid
(17) in a Packard Tri-Carb liquid scintillation spectro-
photometer; nonsaponifiable lipids and fatty acids were

counted directly in Bray’s solution as previously de-
scribed (18).

In vivo incorporation of *H,0 into
nonsaponifiable lipid and cholesterol

Rats were injected intraperitoneally with isotonic saline
containing *H»,O (10 mCi/100 g body wt). After 90 min
the rats were killed and the livers were removed and
assayed for *H-labeled nonsaponifiable lipid and choles-
terol as previously described (18).

RESULTS

Diurnal rhythm of cholesterol synthesis in the
liver and intestine in vivo

Rats housed under conditions of normal illumination
and fed ad lib. exhibited a circadian rhythm in the rate of
hepatic biosynthesis of nonsaponifiable material (Fig. 1).
Control experiments with both liver and intestine estab-
lished that nearly 709, of the *C in the nonsaponifiable
fraction was isolated as cholesterol digitonide; conse-
quently, in subsequent experiments the assay of the non-
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Fic. 1. Circadian rhythm of synthesis of nonsaponifiable lipid in
liver and intestine in vivo. Rats were fed ad lib. [1-*C]Acetate (100
uCi; SA, 50 pCi/umole) in 0.3 ml of saline was injected into the
jugular vein 35 min before the animals were killed. Each point
represents the mean of determinations from five animals + sp. P
values by Student’s ¢ test between maximum and minimum of each
curve are: A, liver, P < 0.001; O, ileum, P < 0.002; @, jejunum,
P <0.05.
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Fic. 2. Circadian rhythm of activity of hepatic microsomal HMG
CoA reductase. Rats were housed under normal illumination and
fed ad lib. Nine groups of two rats each were killed at various times
over a 24-hr period and microsomes were prepared from each liver.
The microsomes were assayed for HMG CoA reductase activity as
described under Materials and Methods; the mean value for each
pair is given in nmoles X 10* mevalonic acid synthesized/mg
protein/min. The variation in reductase activity for the two rats
killed at the same time was generally less than 109,

saponifiable fraction was routinely employed as an index
of cholesterol synthesis. The difference is due to squalene
and to sterols other than cholesterol.

The minimal rate of synthesis at noon and the maxi-
mum at midnight correlate well with the timing of the
minimum and maximum obtained from assay of hepatic
microsomal HMG CoA reductase activity in vitro (Fig.
2). The amplitude of the rhythm, as defined by the ratio
of the maximum to the minimum rates, was approxi-
mately 4.0, measured by either the in vitro (P < 0.001) or
in vivo (P < 0.001) method. In order to eliminate the
possibility that a changing acetate~acetyl CoA pool size
accounted for the changing rate of incorporation of in-
jected [1-*C]acetate into cholesterol, *H,O was injected
intraperitoneally 45 min before noon (the nadir of
the rhythm) or midnight (the peak of the rhythm), and
the rats were killed 1.5hr later. Incorporation of ®H intothe
nonsaponifiable lipid fraction varied 2.6-fold between the
two groups (Table 1) (P < 0.001). Assay of liver HMG
CoA reductase from these same rats varied over the same
range (Table 1).

Using the [1-¥C]acetate in vivo assay technique, the
ileal and jejunal sections of the intestine also showed
circadian rhythmic changes in the rate of synthesis of non-
saponifiable lipid (Fig. 1). Although the changes in the
rate of cholesterogenesis were much less than for liver,
the determinations showed a low degree of variability.
The ileum showed a ratio of 1.6 (P < 0.002) and the
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TABLE 1. In vivo incorporation of 3H:O into hepatic
nonsaponifiable fraction

3H Incorporated

Number into Hepatic HMG
Time of of Nonsaponifiable CoA Reductase
Killing Rats Animals Lipid Activity
nmoles/min/mg
dpm/g liver protein
Noon 4 4,872 =£1,070 0.06 &= 0.005
Midnight 6 12,742 + 1,130 0.16 = 0.008=
Ratio, midnight/ 2.6 2.7

noon

Rats housed under conditions of normal illumination were given
an intraperitoneal injection of isotonic saline containing *H:O
(10 mCi/100 g body wt) 45 min before noon or midnight and
were killed 1.5 hr later. Both the incorporation of tritium into the
liver nonsaponifiable fraction and the activity of microsomal
HMG CoA reductase were assayed for each animal.

e P <0.001.

jejunum a ratio of 1.3 (P < 0.05). The maximum rate of
sterol biosynthesis in both ileum and jejunum occurred
at midnight and the minimum between 8 aM and 4 pm.

Effect of illumination and feeding habits on
lipid synthesis in vivo

Reversed illumination periods. Rats housed under a re-
verse illumination cycle (lights on 6 PM—~6 aMm, off 6 AM—6
pMm) showed a shift in the circadian rhythm when the
UC-in vivo assay method was used. After being housed for
1 wk on the new light cycle, the rate of hepatic and in-
testinal sterol synthesis was greater in the animals killed
at noon (the middle of the dark period) than in those
killed at midnight. The hepatic and intestinal (ileum)
values at noon were 1.7 and 1.4 times the values at mid-
night.

Restricted feeding with normal lighting. Rats consumed
over 809, of their food during the daily 12-hr dark
period and the 2.5 hr preceding the onset of darkness
(Table 2). 180-g rats showed a dramatic increase in the
rate of food ingestion during the 3-hr period preceding
the onset of darkness (Table 2). The importance of feed-

TABLE 2. Feeding pattern of Sprague-Dawley rats housed
under normal illumination

Time of Day Food Consumed
I'4 g/hr/rat
9:30 amMm-3 pm 0.84 & 0.51 0.15
3 pM—5 pMm 3.66 = 0.28 1.83
5 pM—6 AM 13.5 £ 0.70 1.0
6 AM—9:30 am 1.5 =+ 0.42 0.43
Total per 24 hr 19.5

The food intake of five rats (180 g body wt) housed for 3 wk on
the normal light cycle (lights on 6 aM—6 PM) was measured by
weighing food remaining in external feeders at the stated times.
The pattern of feeding was identical with that exhibited by 350-g
rats housed under the same conditions for 10 wk.
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Fic. 3. Effect of daily restricted feeding on the rate of hepatic and
intestinal synthesis of nonsaponifiable lipid in vivo. Rats were
allowed access to food between 9 Am and 1 pMm for 19 days. [1-14C]-
Acetate (30 uCi; SA, 2 uCi/umole) was injected into the jugular
vein 35 min prior to killing. Each point is the mean of determina-
tions for five or six animals == seM. Student’s ¢ test was applied
between the maximum value and the 9 am value. For the liver (A),
P < 0.02; the ileum (O), P < 0.002; and the jejunum (@), P <
0.001. For further details see text.

ing habits rather than lighting per se in regulating sterol
synthesis was demonstrated by rats housed under normal
illumination conditions and offered food from 9 am to 1
pM only (during the illuminated period) for 19 days prior
to being killed. Their daily gain in body weight was in the
same range as that of ad lib.-fed control rats (4-6 g/day),
showing that they were acclimatized to the new feeding
schedule. The maximal rate of hepatic sterol synthesis
measured by the *C-in vivo technique occurred ca. 9 hr
after food presentation (Fig. 3), but the maximal rate was
only 2.1 times the minimal rate. Both ileum and jejunum
showed significant increases in the rate of sterol synthesis
after food presentation (Fig. 3); in the ileum the maxi-
mum to minimum ratio was 1.7 and the peak occurred at
3 hr, whereas in the jejunum the ratio was 2.0 and the
peak was essentially constant from 3 to 12 hr.

There was a rapid rise in the rate of hepatic and in-
testinal fatty acid synthesis shortly after the presentation
of food. The maximum rate of synthesis occurred during
the 3-hr period after food presentation (Fig. 4).

DISCUSSION

Estimation of changes in the rate of hepatic cholesterol
synthesis in vivo by determination of the conversion of
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Fic. 4. Effect of restricted feeding on the rate of synthesis of fatty
acids in the liver and intestine measured in vivo. For the liver (A),
P < 0.002; the ileum (Q), P < 0.001; and the jejunum (@), P <
000.1. See Fig. 3 and text for further details.

[1-*Clacetate to cholesterol in the liver of the intact rat
necessarily assumes the absence of significant changes in
the size and turnover rate of the acetate-acetyl CoA pool.
$H-labeled water is theoretically a better precursor for in
vivo determinations of cholesterol synthesis than [“C]-
acetate because it equilibrates rapidly with all labile
hydrogens in all the intermediates in cholesterol bio-
synthesis. This method is consequently free from the un-
certainty regarding variable precursor pool size and
specific activity associated with the use of [“Clacetate.
In our previous studies in which both [“CJacetate and
[*H]water were injected simultaneously into rats with
widely different rates of hepatic cholesterol synthesis, it
was found that both methods gave essentially the same
results; in irradiated and control rats with hepatic syn-
thetic rates varying over a 10-fold range, the ratio of #C
to ®H in cholesterol was 0.51-0.55 with a mean of 0.53,
and in control rats fasted for 48 hr the ratio was 0.374
(12). Consequently, it is highly improbable that the size
of the acetate-acetyl CoA pool in the liver of the ad
lib.-fed normal rat could change sufficiently during a 12-
hr period to account for the fourfold range in the rate of
cholesterol synthesis when [1-*CJacetate was used in vivo.
The results presented in this paper can then be regarded
as confirming the existence of the circadian rhythm of
sterol synthesis in normal intact rats.

Using the in vitro or in vivo techniques, the amplitude
of the circadian rhythm of sterol synthesis and HMG
CoA reductase activity in our experiments was approxi-
mately fourfold. These results are in good agreement

Edwards, Muroya, and Gould Circadian Rhythm of Cholesterogenesis 399

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

with the values reported by Shapiro and Rodwell (19)
from assays of HMG CoA reductase (4.4-fold) and with
those of Back et al. (2) (3.7-fold) and Horter, Hickman,
and Sabine (20) (3.4-6.5-fold) from assays of the rate of
conversion of acetate to cholesterol by liver slices.
Hamprecht et al. (3) have reported that HMG CoA re-
ductase activity varies eightfold over a 24-hr period.
Generally, then, it appears that measurements of HMG
CoA reductase activities are a good measure of in vivo
cholesterogenesis.

The times at which the maximum and minimum
values were observed in this in vivo study correlate well
with the published data on the phasing of the rhythm of
the conversion of acetate to cholesterol or HMG CoA re-
ductase activity measured in vitro in rats housed under
similar conditions (2—4). Our in vivo studies also con-
firmed our earlier in vitro finding that reversal of the
lighting reversed the phasing of the circadian rhythm
(8).

The ileum and jejunum were also shown to exhibit a
circadian rhythm of sterol synthesis similar to, but with
a smaller amplitude than, that of the liver. The time of
minimal rate of synthesis in the intestine segments (8
AM—12 noon) was not as well defined as in the liver (12
noon). This, to our knowledge, is the first evidence for the
presence of a circadian rhythm of cholesterol synthesis in
the intestine.

Since certain experimental conditions (e.g., choles-
terol feeding, X-irradiation) affect liver but not in-
testinal sterol synthesis, it is of interest to note that both
tissues do exhibit a similar circadian rhythm and that
both respond in a similar but not identical way to in-
gestion of a normal diet (Purina laboratory rat chow).

In these experiments the rate of sterol synthesis in both
liver and intestine increased after food was presented
to rats with a limited access to food (9 am—1 pM) even
though this occurred during the light part of the cycle.
Goldfarb and Pitot (21) have reported results in agree-
ment with ours on the effects of restricted feedings (8 am—
4 pM) on the rhythm of hepatic HMG CoA reductase.
The peak reductase activity occurred at 2 pM, 6 hr after
the presentation of food, and was 3.6 times the minimal
activity (12 pM—8 am).

Certain evidence presented above indicates that food
intake is responsible for the major increase in cholesterol
synthesis during the circadian cycle. However, there does
not appear to be general agreement on this point.
Hamprecht et al. (3) have reported that rats starved for
24 hr showed a much reduced but still detectable cir-
cadian rhythm in HMG CoA reductase activity; the
maximum value reached in fasted rats was less than 39,
of the maximum for fed rats and the variability of the
results was large. Kandutsch and Saucier (1) reported an
almost 10-fold increase in the conversion of acetate to
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cholesterol in liver slices of A/Hej mice between 8:30 am
and 8:30 pMm even though food was removed at 8:00 am.
Mice and rats, however, appear to react very differently
to fasting. After 24 hr without food, the rate of conversion
of acetate to cholesterol by mouse liver slices was re-
ported to be 909, the value of that of ad lib.-fed controls
(1), while fasted rats are well known to have very low
rates of cholesterol synthesis as measured in vitro (9, 10).
Additionally, rats fail to show the normal diurnal rise in
activity of HMG CoA reductase if food is removed dur-
ing the nadir of the cycle (20).!

The evidence available at present is not conclusive,
but it suggests that there may be a circadian rhythm in-
dependent of food intake although the major increase in
activity appears to be due to a response to eating. Quanti-
tatively, the response to feeding seems to be more im-
portant since in the fasted rat the highest level of HMG
CoA reductase activity reported is only a very small frac-
tion of that produced after ingestion of a normal diet.
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Health, U.S. Public Health Service grants HE 05360 and HE
08476. Hirohisa Muroya is indebted to the Bay Area American
Heart Association for a Postdoctoral Fellowship.

Manuscript received 17 November 1971; accepted 31 January 1972

REFERENCES

1. Kandutsch, A. A., and S. E. Saucier. 1969. Prevention of
cyclic and Triton-induced increases in hydroxymethyl-
glutaryl coenzyme A reductase and sterol synthesis by
puromycin. J. Biol. Chem. 244: 2299-2305.

2. Back, P., B. Hamprecht, and F. Lynen. 1969. Regulation
of cholesterol biosynthesis in rat liver: diurnal changes of
activity and influence of bile acids. Arch. Biochem. Biophys.
133: 11-21.

3. Hamprecht, B., C. Niissler, and F. Lynen. 1969. Rhythmic
changes of hydroxymethylglutaryl coenzyme A reductase
activity in livers of fed and fasted rats. FEBS Lett. 4: 117~
121.

4. Shapiro, D. J., and V. W. Rodwell. 1969. Diurnal varia-
tion and cholesterol regulation of hepatic HMG-CoA
reductase activity. Biochem. Biophys. Res. Commun. 37:
867-872.

5. Siperstein, M. D., and V. M. Fagan. 1966. Feedback
control of mevalonate synthesis by dietary cholesterol.
J. Biol. Chem. 241: 602—609.

6. Linn, T. C. 1967. The effect of cholesterol feeding and
fasting upon p-hydroxy-8-methylglutaryl coenzyme A
reductase. J. Biol. Chem. 242: 990~993.

7. Gould, R. G., and E. A. Swyryd. 1966. Sites of control of
hepatic cholesterol biosynthesis. J. Lipid Res. 7: 698-707.

8. Edwards, P. A., and R. G. Gould. 1972. Turnover rate of
hepatic HMG-CoA reductase as determined by use of
cycloheximide. J. Biol. Chem. In press.

9. Tomkins, G. M., and I. L. Chaikoff. 1952. Cholesterol
synthesis by liver. I. Influence of fasting and of diet. J.
Biol. Chem. 196: 569-573.

1 Edwards, P. A, and R. G. Gould. Unpublished observations.

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

16.

Cayen, M. N. 1969. The effect of starvation and cholesterol
feeding on intestinal cholesterol synthesis in the rat.
Biochim. Biophys. Acta. 187: 546-554.

Van Bruggen, J. T., T. T. Hutchens, C. K. Claycomb,
W. J. Cathey, and E. S. West. 1952. The effect of fasting
upon lipogenesis in the intact rat. J. Biol. Chem. 196:
389-394.

Gould, R. G., V. L. Bell, and E. H. Lilly. 1959. Stimulation
of cholesterol biosynthesis from acetate in rat liver and
adrenals by whole body X-irradiation. Amer. J. Physiol.
196: 1231-1237.

Gould, R. G. 1955. Sterol metabolism and its control.
In Symposium on Atherosclerosis. Nat. Acad. Sci.—Nat.
Res. Coun. Pub. No. 338. 158-168.

Dietschy, J. M., and M. D. Siperstein. 1967. Effect of
cholesterol feeding and fasting on sterol synthesis in seven-
teen tissues of the rat. J. Lipid Res. 8: 97-104.

Gould, R. G. 1951. Lipid metabolism and atherosclerosis.
Amer. J. Med. 11: 209-227.

Gould, R. G., and R. P. Cook. 1958. The metabolism

17.

18.

19.

20.

21.

of cholesterol and other sterols in the animal organism.
In Cholesterol. R. P. Cook, editor. Academic Press,
New York. 237-307.

Bray, G. A. 1960. A simple efficient liquid scintillator for
counting aqueous solutions in a liquid scintillation counter.
Anal. Biochem. 1: 279-285.

Avoy, D. R., E. A. Swyryd, and R. G. Gould. 1965. Effects
of a-p-chlorophenoxyisobutyryl ethyl ester (CPIB) with
and without androsterone on cholesterol biosynthesis in
rat liver. J. Lipid Res. 6: 369-376.

Shapiro, D. J., and V. W. Rodwell. 1971. Regulation of
hepatic 3-hydroxy-3-methylglutaryl coenzyme A reductase
and cholesterol synthesis. J. Biol. Chem. 246: 3210-3216.
Horter, B. J., P. E. Hickman, and J. R. Sabine. 1970.
The effect of diet on the diurnal variation of cholesterol
synthesis in rat liver. Life Sci. 9: 1409-1417.

Goldfarb, S., and H. C. Pitot. 1971. Regulation of hepatic
HMG-CoA reductase: diurnal rhythm and effect of fat
and cholestyramine feeding. Federation Proc. 30: 633.
(Abstr.)

Edwards, Muroya, and Gould Circadian Rhythm of Cholesterogenesis 401

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

