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Abstract Thiry-Vella-isolated ileal segments in dogs
were used to study the regulation of intestinal cholesterol
synthesis. This excluded fistula enabled independent in vivo
manipulation of luminal and vascular influences on mucosal
cells. Segments were studied repeatedly and each animal
served as its own control. Cholesterol synthesis rate was
assessed by measuring mucosal activity of the rate-limiting
enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG
CoA) reductase. Luminal cholesterol and 25-hydroxycholes-
terol were shown to reduce HMG CoA reductase activity to
64 * 7% and 42 + 4%, respectively, of control within 4 hr.
Reductase activity in the excluded segment also responded
to alterations in serum cholesterol produced by cholesterol
or cholestyramine feeding. Similarly, in vitro studies showed
that lipoprotein cholesterol inhibited HMG CoA reductase
in mucosa from the excluded segment but not in mucosa
from intact bowel. In contrast to sterols, fatty acids stim-
ulated HMG CoA reductase activity by luminal contact.
These findings suggest that the cholesterol needs of canine
intestinal epithelial cells are acutely balanced by absorption
and synthesis of cholesterol. Mucosal cells may also utilize
lipoprotein cholesterol under certain conditions, perhaps
via low density lipoprotein receptors. Fatty acid absorption
stimulated cholesterol synthesis in the absence of luminal
cholesterol, perhaps to facilitate chylomicron formation.—
Gebhard, R. L., and W. F. Prigge. In vivo regulation of
canine intestinal 3-hydroxy-3-methylglutaryl coenzyme A
reductase by cholesterol, lipoprotein, and fatty acids. J.
Lipid Res. 1981. 22: 1111-1118.

Supplementary key words Thiry-Vella ileal mucosa * lipoprotein
receptors * cholesterol absorption * fatty acid absorption

Intestinal mucosa has been demonstrated to be
second only to liver as a source of endogenously syn-
thesized cholesterol (1, 2). In many tissues, the rate of
cholesterol synthesis in cells has been shown to be
regulated by cholesterol itself in a feedback manner
(3, 4). This regulation occurs in most instances by
modulation of the quantity or the activity of the rate-
limiting microsomal enzyme in cholesterol synthesis,
3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA)
reductase (EC 1.1.1.34) (5, 6). Activity of this enzyme

appears to be influenced by the cholesterol content of
the cell. In liver, both cholesterol synthesis and HMG
CoA reductase activity appear to be principally
regulated via cholesterol carried in chylomicron
remnants (7, 8). These activities in fibroblasts and
leukocytes are regulated primarily via cholesterol car-
ried in low density lipoprotein (9-11).

Compared to liver, the regulation of cholesterol syn-
thesis in intestine has been less well studied and with
contradictory results. Effects of bile salts and choles-
terol have been investigated most thoroughly. Biliary
diversion has been shown to stimulate intestinal
cholesterol synthesis rate in the rat (12), and bile salts
inhibit reductase activity in cultured explants of canine
intestinal mucosa (13). Luminal cholesterol appears to
regulate cholesterol synthesis in cultured intestinal
explants (13). In animals fed cholesterol, some studies
have shown inhibition of gut synthesis (14) while other
studies have not (1). Low density lipoprotein (LDL)
regulation of intestinal cholesterogenesis has been
suggested by the observation that cholesterol synthe-
sis in the intestine of intact rats was stimulated by
drug-induced hypolipoproteinemia (15), and subse-
quently suppressed by reinfusion of LDL (16). How-
ever, LDL could not be demonstrated to inhibit HMG
CoA reductase activity during acute in vitro
studies (13).

The current experiments were designed to evaluate
the in vivo isolated ileal segment, or Thiry-Vella
fistula (17), as a model for the study of intestinal HMG
CoA reductase regulation. The in vivo ileal fistula
allows greater independent control of luminal and
humoral variables than is possible with standard feed-
ing and drug studies in intact animals. This model
was used to study the effects of luminal neutral sterol
and circulating lipoprotein cholesterol on the regula-

Abbreviations: HMG CoA, 3-hydroxy-3-methylglutaryl co-
enzyme A; LDL, low density lipoprotein.
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tion of intestinal HMG CoA reductase. The effect of
fatty acids in the intestinal lumen was also studied
because cholesterol is required for chylomicron
formation during fatty acid absorption and because
several fatty acids have been demonstrated to influ-
ence hepatic cholesterol synthesis (18, 19).

MATERIALS AND METHODS

Materials

Fatty acids, cofactors, enzyme substrates, and highly
purified cholesterol were purchased from Sigma (St.
Louis, MO). Cholesterol purity was greater than 99%
as judged by thin-layer chromatography and was con-
firmed by gas-liquid chromatography. Synthetic
dipalmitoyl-pL-a-phosphatidylcholine was obtained
from Sigma and was 99% pure. 25-Hydroxycholes-
terol was obtained from Steraloids (Wilton, NH) and
showed less than 3% impurities by gas-liquid chro-
matography. pL-[5-*H]Mevalonic acid, [4-**C]choles-
terol (purified by thin-layer chromatography), [1-
"Cloleic acid, and [3-"*CJHMG CoA of high specific
activity were obtained from New England Nuclear.
The specific activity of the ["*CJHMG CoA was ad-
justed to 12 nCi/nmol using nonradioactive HMG
CoA from Sigma.

Mylar-backed Silica Gel G chromatography sheets
were obtained from Eastman Kodak. Organ culture
dishes were obtained from Falcon Plastics (Oxnard,
CA) and Roswell Park Memorial Institute (RPMI) 1640
tissue culture media was purchased from Difco Labs.
Mucosal biopsies were taken using the Quinton-Rubin
multipurpose biopsy tube from the Quinton Instru-
ment Company (Seattle, WA).

Delipidated bovine serum albumin (BSA) was ob-
tained from Miles Laboratory (Elkhart, IN). Fetal
calf serum was obtained from Gibco (Grand Island,
NY). The bile acid-binding resin cholestyramine was
purchased from Mead Johnson Laboratories (Evans-
ville, IN).

In vivo studies

Healthy, adult mixed-breed dogs, fed a standard
diet of Wayne Dog Chow (Allied Mills, Inc., Chicago,
IL), were utilized. Five animals underwent formation
of an isolated ileal segment fistula (Thiry-Vella
fistula) under pentothal anesthesia. A 45-cm segment
of ileum approximately 30 cm proximal to the ileoce-
cal valve was isolated in each case. The remaining
bowel was anastamosed to reestablish luminal con-
tinuity. The isolated segment retained its vascular
relationships but was removed from luminal con-
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tinuity by creating an enterocutaneous stoma at each
end. Thus, access to the lumen of each animal’s
isolated ileal segment was chronically maintained for
perfusion and mucosal biopsy. Animals gained weight
postoperatively and remained healthy on the standard
diet, except during specific diet changes, for more
than 12 months.

Isolated ileal segments were Iuminally irrigated
with saline or solutions of gelatin or albumin multiple
times weekly. Following irrigation, mucosal biopsies
for HMG CoA reductase determinations were ob-
tained from the distal end of the segments using the
Quinton-Rubin biopsy tube. Biopsies were obtained
at 10 am and two to four specimens were pooled to
minimize sampling variability. Perfusion studies were
performed over a 4-hr period between 10 aM and 2
pM. Unanesthetized dogs stood quietly in Pavlov
stands while the segments were perfused with control
or experimental solutions. Mucosal biopsies from the
isolated segments were obtained before and after per-
fusion. Mucosal reductase activity was measured in a
paired fashion for each animal and animals served as
their own controls for experimental and control per-
fusions. Because of variability between animals’
initial HMG CoA reductase activity, values were best
expressed as percent change over the 4-hr period (or
HMG CoA reductase at 4 hr/HMG CoA reductase
initial X 100%).

The control perfusion solution consisted of saline
containing 0.1% gelatin with or without 0.5% ethanol.
Experimental perfusion solutions consisted of 1) fatty
acids (hexanoic acid, octanoic acid, lauric acid,
palmitic acid, stearic acid, oleic acid, and linoleic
acid) dissolved in ethanol and sonicated in normal
saline as 2-mM suspension with 0.1% gelatin and a
final concentration of 0.5% ethanol; 2) 25-hydroxy-
cholesterol at a concentration of 100 wg/ml in control
solution with 0.5% ethanol; or 3) cholesterol-
containing suspensions or liposomes which were made
by a modification of the method of Rothblatt, Arbogast,
and Ray (20). Suspensions of cholesterol and dipal-
mitoyl-pL-a-phosphatidylcholine in molar ratios of
either 3.5:1 or 0.5:1 were sonicated for 20 min in
saline with 5% BSA. Following centrifugation, the
high cholesterol preparation yielded liposomes with a
molar ratio of 2.8:1 (15.5 umol cholesterol/ml), while
in the low cholesterol liposomes the ratio was 0.5:1.

Assay for HMG CoA reductase activity

HMG CoA reductase was measured in whole
mucosal homogenates as previously described (13).
Tissue fragments were homogenized in 0.1 M potas-
sium phosphate buffer (pH 7.2) containing 0.2 M
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sucrose and 40 mM EDTA. Assay conditions con-
sisted of 0.1 to 0.2 mg of mucosal homogenate protein
with 25.5 mM glucose-6-phosphate, 3 mM NADP,
15 mM dithiothreitol, 70 mM NaCl, and 1 unit/ml of
glucose-6-phosphate dehydrogenase. Samples were
preincubated at 37°C for 5 min prior to addition of
["*CJHMG CoA to a final concentration of 31 uM. This
concentration of HMG CoA has previously been
shown to represent substrate excess for these condi-
tions (13). Incubations were terminated after 15 min
by addition of 0.025 ml of concentrated HCI followed
by 2 pmol of pr-[5-*H]mevalonic acid (20,000 dpm/
pmol). After allowing time for mevalonic acid to lac-
tonize, samples were centrifuged and a portion of the
supernate was applied to activated Silica Gel G thin-
layer chromatography sheets and developed in ben-
zene—acetone 1:1. The R, region 0.5 to 0.9 was
removed, placed in 10 ml of Aquasol and radio-
activity was measured. [*H]Mevalonate was utilized to
assess recovery of counts and reductase activity was
expressed as picomoles of [**C]mevalonate formed/
mg tissue protein per min. Protein was determined by
the method of Lowry et al. (21).

Organ culture

For some experiments, mucosa was obtained from
ileum in luminal continuity at time of surgery or from
isolated ileal segments using the Quinton-Rubin
biopsy tube. Mucosal organ culture was performed as
previously described (13). For some cultures, RPMI
1640 media was enriched with lipoprotein prepared
from dog serum by the method of Havel, Eder, and
Bragdon (22). The lipoprotein fraction of density
1.006-1.063 g/ml, containing LDL, was utilized.
After washing, the cholesterol to protein ratio of this
fraction was 0.6 while the triglyceride to cholesterol
ratio was 1.8. These values indicate that this prepara-
tion is predominantly canine LDL as characterized by
Mahley and Weisgraber (23). At the end of 6-hr cul-
tures, tissue was removed, homogenized, and assayed
for HMG CoA reductase activity.

RESULTS

HMG CoA reductase activity in isolated
ileal segment mucosa

Fig. 1 illustrates the changes in activity of mucosal
HMG CoA reductase at representative times after
formation of the Thiry-Vella fistula in five dogs.
Initial activity was measured in biopsy mucosa taken
from ileum in continuity with the fecal stream at the
time of surgery. Subsequently, activity was measured

40

HMG CoA REDUCTASE ACTIVITY
(pmoles/min/mg protein)

20} 1

10}
0 2 6 CHOLESTYRAMINE 1% CHOLESTEROL
WEEKS AFTER SURGERY FEEDING FEEDING

Fig. 1. Reductase activity in mucosal biopsy taken from the iso-
lated ileal segment at time of surgery and at postoperative inter-
vals. Enzyme activity was measured as described in Methods. Two
to four biopsy pieces were used for each animal’s individual
value. Results are mean + SEM of reductase activity for the five
dogs. Standard errors are large because of variability in activity
between animals. Since each animal served as his own control,
paired t-test for significance was utilized. Each animal showed
changes in activity in the same direction, resulting in significant
differences (P < 0.05) for each successive time point and for the diet
changes compared to 6-week value.

in mucosal biopsy samples from the isolated ileal
segments. All mucosal biopsies, including the initial
tissue, were obtained at 10 aM. Mucosal reductase
activity increased significantly over the initial 1-2
weeks following removal of the ileal segment from the
fecal stream. After 2 weeks, however, reductase
activity fell to levels near or below the initial values.
Basal activity then remained at these levels for subse-
quent experiments except during periods of altered
diet.

The initial rise in reductase activity most likely
reflected the fact that neutral sterols and bile acids
were removed from contact with the isolated loop
mucosa. As a consequence of this luminal deprivation,
synthesis of endogenous cholesterol may have been
stimulated in order to meet the cholesterol needs of
mucosal cells. The subsequent fall in activity may be
accounted for in at least two ways. Mucosal choles-
terol need may have decreased because of villous
hypoplasia and changes in epithelial cell mitotic index
which have been reported to occur in Thiry-Vella seg-
ments (24). Alternatively, the cells may have become
better able to utilize cholesterol from another
source, such as circulating serum lipoprotein.

In order to assess this latter possibility, the effect of
dietary alterations on HMG CoA reductase activity in
the mucosa of the isolated segment was examined. At
least 6 weeks following formation of the Thiry-Vella
segment, dogs were fed cholestyramine (12 g/day) for
2 weeks. Cholestyramine feeding resulted in a sig-
nificant rise in activity of HMG CoA reductase in the
mucosa of the isolated segments (Fig. 1). This increase
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TABLE 1. Lipoprotein effect on reductase activity in mucosa
removed from intact ileum and from Thiry-Vella ileum

0.07 mg/ml 0.2 mg/ml
of Lipoprotein of Lipoprotein

Tissue Cultured Cholesterol Added Cholesterol Added P

HMG CoA (% of 6-hr control)
reductase
Intact ileal mucosa
(n=12) 95+ 3 96 = 8 N.S.
Thiry-Vella ileal
mucosa (n = 12) 75 £ 4 73+ 3 <0.001

Mucosa from ileum in the luminal stream and mucosa from
the isolated bowel were maintained for 6 hr in organ cultures as
described in Methods. Culture has been shown to induce a 4- to
6-fold rise in HMG CoA reductase activity (13). Each culture pair
consisted of tissue cultured without lipoprotein and tissue cultured
with lipoprotein (d 1.006-1.063 g/ml) added to media. Tissue
reductase was measured in each pair and lipoprotein effect was
expressed as:

activity in the presence of lipoprotein % 100%

activity in the absence of lipoprotein

Values are mean + SEM for 12 culture pairs.

occurred in association with a mean serum choles-
terol decrease from 135 mg/dl to 107 mg/dl. Fol-
lowing the cholestyramine feeding, dogs were fed
cholesterol in the form of a 1% supplementation
with free cholesterol in the normal diet. One week of
feeding resulted in a fall in HMG CoA reductase ac-
tivity in the segment to 48% of the control value (Fig.
1). This fall in reductase activity occurred concomi-
tant with an increase in serum cholesterol levels to a
mean of 189 mg/dl. Both of these diet-related changes
in reductase activity occurred in the Thiry-Vella
mucosa, isolated from luminal contact with the fed
substances. This suggests that the principle stimulus
for change in the HMG CoA reductase activity under
these conditions originated from the serosal side of
the epithelial cells.

To test the idea that ileal mucosa isolated from
luminal contents may become responsive to lipopro-
tein cholesterol, the in vitro organ culture methods
of Browning and Trier were utilized (25). We have
previously shown that culture conditions produce an
increase in mucosal HMG CoA reductase activity over
6 hr (13). The extent to which canine lipoprotein
fraction of density 1.006-1.063 g/ml inhibits this
increase was assayed by measuring reductase in
paired 6-hr cultured mucosa with and without lipo-
protein added to the media. Mucosal biopsies were
obtained from intact ileum at time of surgery and
from Thiry-Vella segments at least 6 weeks after their
preparation. As previously reported (13), LDL had no
effect on reductase activity in mucosa from intact
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ileum (Table 1). In contrast, LDL significantly in-
hibited the rise in reductase activity in mucosa from
the Thiry-Vella segment. These findings are con-
sistent with the hypothesis that ileal cells are capable
of responding to lipoprotein cholesterol.

Luminal sterol effect

The lumen of the Thiry-Vella loops were regularly
and repeatedly perfused via a balloon catheter in-
troduced into the proximal stoma. Perfusate ef-
fluxed from the distal stoma and mucosal biopsies
were taken from this stoma before and after 4-hr per-
fusions. Control perfusions with saline containing
0.1% gelatin, 0.5% alcohol, or BSA had no significant
effect on reductase activity over this 4-hr period,;
initial reductase activity tor 21 control perfusions
was 32.5 = 2.3 pmol mevalonate/mg protein per min,
while post-perfusion activity was 32.7 = 2.8 pmol/mg
per min, The luminal effect of other substances was
then studied in comparison to these control perfu-
sions. Control and test perfusion studies were carried
out in isolated segments at least 6 weeks old.

Cholesterol per se has an extremely low solubility
and its absorption in the absence of bile salts and
other solubilizers is mintmal. Therefore, the lumen of
Thiry-Vella segments was perfused with sonicated
cholesterol-phospholipid liposomes at a molar ratio
of 2.8:1. Cholesterol-rich liposomes have previously
been shown to be able to transfer cholesterol into
red blood cell membranes (26) and liver cells (27). In
preliminary experiments using purified [**C]choles-
terol in these liposomes, cholesterol uptake by
mucosa was shown by the fact that **C-labeled choles-
teryl ester (by thin-layer chromatography) appeared
in epithelial cells. The effect of 4-hr luminal perfu-
sion with cholesterol-rich liposomes on mucosal reduc-
tase activity is shown in Fig. 2. Contact with high
cholesterol liposomes reduced mucosal HMG CoA
reductase activity to 64 + 7% of control values over
4 hr. In contrast, luminal perfusion with a choles-
terol-deficient suspension (cholesterol:phospholipid
molar ratio of 0.5:1) caused mucosal reductase
activity to increase to 133 + 8% of the inital control
value. Liposomes with low cholesterol content may
remove cholesterol from cell membranes (28) and
therefore increase the cholesterol requirements of the
cell, a stimulus for synthesis. This in vivo evidence
that luminal cholesterol may regulate mucosal reduc-
tase activity and thus cholesterol synthesis is consis-
tent with previous in vitro findings (13). Also con-
sistent with in vitro data was the finding that mucosal
reductase activity was significantly inhibited by per-
fusing the lumen of the isolated segment with 25-hy-
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droxycholesterol in an 0.5% ethanol-saline solution
(Fig. 2). 25-Hydroxycholesterol is a more soluble
cholesterol analogue that inhibits HMG CoA reduc-
tase activity in intestinal explants.

Effect of fatty acids

The process of fatty acid absorption by intestinal
mucosa utilizes cholesterol as a component of chylo-
micron formation. For this reason, mucosal HMG
CoA reductase activity was measured during perfu-
sion of fatty acids through the isolated ileal segment.
Seven fatty acids of varying saturation and chain
length were sonicated into 2-mM suspensions with
normal saline, 0.1% gelatin, and 0.5% alcohol. As
before, mucosal biopsy samples were obtained from
the distal stoma before and after a 4-hr perfusion
with 100 ml of the fatty acid solution. Activity of
HMG CoA reductase in the mucosal homogenates was
measured and the percent change in the paired sam-
ples was determined. Ileal segments in the animals
were repeatedly studied with all fatty acid per-
fusates as well as with the control solution in an
alternating fashion. Fatty acid absorption under these
conditions was demonstrated using [**Cloleic acid in
the perfusate. Label appeared in peripheral blood
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Fig. 2. Effect of sterols on mucosal reductase activity. Thiry-
Vella ileal segments were luminally perfused for 4 hr with
liposomes or 25-hydroxycholesterol (100 ug/ml saline with 0.5%
ethanol). The molar ratio of cholesterol to phospholipid in
high cholesterol liposomes was 2.8 to 1.0 and in low cholesterol
liposomes the ratio was 0.5 to 1.0. Biopsies taken before and after
perfusion were assayed for HMG CoA reductase and the percent
change was determined. Values are expressed as percent of paired
control perfusions for each animal. Results are mean = SEM for
one to three studies in each of five dogs. The change in reductase
activity is significantly different from paired control perfusions at
P <0.05 for low cholesterol liposomes and P < 0.01 for the
others. In absolute reductase values (pmol mevalonate/mg pro-
tein per min), low cholesterol liposomes raised mean activity from
28.2 to 35.1, high cholesterol liposomes reduced activity from
32.5 to 20.7, and 25-hydroxycholesterol reduced activity from 37.8
to 15.2

POST-PERFUSION
HMG CoA REDUCTASE ACTIVITY
(PERCENT OF PAIRED CONTROL PERFUSION)

C60 C80 C120 C160 C180 Ci81 Ci8:2
FATTY ACID PERFUSED THROUGH ILEAL LOOP

Fig. 3. Effect of luminal fatty acids on mucosal reductase activity.
Thiry-Vella ileal segments were luminally perfused for 4 hr with a
2 mM solution of the various fatty acids (C 6:0 = hexanoic, C
8:0 = octanoic, C 12:0 = lauric, C 16:0 = palmitic, C 18:0
= stearic, C 18:1 = oleic, C 18.2 = linoleic). Data expressed in
absolute reductase activity (pmol mevalonate/mg protein per min)
showed the mean pre-perfusion activity to be 27.3, with mean post-
perfusion activities of 26.4 for hexanoic, 33.2 for octanoic, 43.8
for lauric, 37.1 for palmitic, 41.2 for stearic, 68.6 for oleic, and 44.1
for linoleic. To allow comparison of paired perfusions, values were
best expressed as percent change in reductase activity in homog-
enates of mucosa taken prior to and following perfusion cor-
rected for paired control perfusions in each animal. Results shown
are mean + SEM percent changes for two to four studies in each of
five dogs. C 6:0 is not significantly different from control perfu-
sions. The other fatty acids differ significantly from control
(P < 0.05 for C 16:0 and P < 0.02 for the others) but not from one
another.

within 10 min, and 10% of the label was present in the
vascular space at 2 hr. Fig. 3 illustrates the effect of per-
fusion of these fatty acids on mucosal HMG CoA
reductase activity in isolated ileal mucosa. Except for
hexanoic acid, all of the fatty acids studied had a
marked stimulatory effect on reductase activity. The
degree of stimulation appeared to be unrelated to the
saturation of the fatty acid or to the length of longer
chain fatty acids.

DISCUSSION

Previous studies of the regulation of intestinal
cholesterol synthesis and HMG CoA reductase ac-
tivity have utilized intact animal models or isolated
in vitro cell or mucosal preparations. Intact animal
feeding or infusion studies have the disadvantage of
allowing poor control over a large variety of inter-
dependent variables. For example, feeding bile salts
will affect cholesterol absorption and metabolism as
well as having their own direct effect. Similarly,
sterol or drug feeding and infusions are likely to
affect multiple aspects of metabolic and hormonal
balance. The precise basis for observed changes
during in vivo feeding studies may be obscure. In
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vitro mucosal preparations, in contrast, allow precise
manipulation of isolated variables. However, cell
viability in vitro limits the duration of studies. For
cells with the well-defined polarity of the intestinal
epithelium, it is also difficult to determine whether a
substance is acting on the luminal or the serosal side
of the cell.

The Thiry-Vella loop model offers several advan-
tages. First, animals serve as their own controls for
repeated studies or to provide tissue for in vitro tech-
niques. Second, evaluation of a substance placed in
the lumen of these segments is not complicated by the
complex luminal contents of intact gut or by diverse
alterations in circulating blood substances resulting
from absorption. Finally, influences on the serosal side
of the cell can be assessed by feeding or injection
studies without affecting content of the study seg-
ment lumen.

The fistula model was used to study the regulation
of intestinal HMG CoA reductase activity in the dog.
In all instances, total reductase activity was measured
rather than state of enzyme activation. Results con-
firm that intestinal HMG CoA reductase activity is
in part regulated by absorption of cholesterol from
the bowel lumen. Regulation by cholesterol in the
lumen was demonstrated by the fact that mucosal
reductase activity decreased when unesterified choles-
terol liposomes were placed in the bowel lumen. The
degree of inhibition by cholesterol in vivo was greater
than has been observed in vitro (13). Cellular choles-
terol content appears to be a principle factor in the
control of reductase activity and endogenous choles-
terol synthesis in many tissues. This is likely to be the
case for enterocytes as well. Since intestinal mucosal
cells absorb cholesterol from the bowel lumen, it is not
surprising that luminal cholesterol inhibited reduc-
tase activity. 25-Hydroxycholesterol, a cholesterol
analogue which inhibits reductase activity and choles-
terol synthesis in hepatocytes (29, 30) and many other
cells, also inhibited mucosal reductase activity when
placed in the lumen.

Andersen and Dietschy (15, 16) have reported the
regulation of intestinal cholesterogenesis by serum
LDL cholesterol in fasted rats. Stange et al. (31) have
reported LDL regulation of reductase activity in cul-
tured rabbit mucosa. Three findings in the current
study also suggest that canine mucosal reductase can
be influenced by serum lipoprotein cholesterol. Fol-
lowing formation of the ileal segment isolated from
luminal contents, reductase activity of mucosa in-
creased to meet cell needs, but then fell. The fall in
activity may have been due to cells obtaining choles-
terol from a source other than the lumen. The second
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evidence for LDL regulation was the finding that
reductase activity in isolated bowel inversely corre-
lated to serum cholesterol levels during cholestyramine
and cholesterol feeding periods. McNamara, David-
son, and Fernandez (32) have shown increased
cholesterogenesis in mononuclear cells of patients
fed cholestyramine. They suggested that the rate of
cholesterol flux into and out of cells may regulate syn-
thetic rate. Changes in plasma cholesterol levels would
alter cellular cholesterol flux if the enterocytes were
capable of utilizing lipoprotein. Such utilization would
account for the changes in reductase activity observed.
The final piece of evidence for lipoprotein influence
on reductase activity came from the in vitro studies.
LDL significantly inhibited reductase activity in cul-
tured mucosa from the isolated segment but not
from intact ileum. The quantity of luminal cholesterol
absorbed by intact canine mucosa may be large enough
to minimize mechanisms for utilization of lipopro-
teins. Enterocytes removed from luminal contents,
however, may synthesize LDL receptors and increase
lipoprotein uptake. Similarly, fibroblasts cultured in
the absence of cholesterol are found to synthesize LDL
receptors to facilitate binding and entry of LDL into
the cell (33).

These studies have shown an additional dietary
factor to be capable of affecting bowel cholesterol
synthesis. Fatty acids placed in the lumen of the iso-
lated segment resulted in increased activity of intes-
tinal HMG CoA reductase. During long-chain fatty
acid absorption, apoprotein and cholesterol are con-
tributed by mucosal cells for chylomicron formation.
Exogenous cholesterol was absent from the Thiry-
Vella segment lumen, so that cholesterol synthesis may
have been necessary to meet demands. Consistent with
this premise, the C-6 shorter chain fatty acid had no
effect on HMG CoA reductase activity. However, the
C-8 acid, which is transported in large measure with-
out chylomicron production, did produce moderate
stimulation. It may be that intrinsic properties of the
fatty acids such as solubility or uptake are involved in
the observed stimulation. Fatty acids have been dem-
onstrated to influence hepatic cholesterogenesis and
reductase activity. However, both stimulation (18)
and inhibition (19) have been reported.

Fatty acids with variable degrees of saturation were
studied because a diet containing unsaturated fatty
acids has been observed to reduce serum cholesterol
levels in man. These studies revealed that fatty acids
of the C-18 series all stimulated intestinal HMG CoA
reductase to approximately the same extent. This
finding is also consistent with the hypothesis that the
cholesterol requirement for packaging and transport
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of fatty acid was the mechanism producing the rise
in reductase activity. Alternatively, the lack of correla-
tion between stimulation and degree of saturation
could be species specific, since serum cholesterol in the
dog has been shown to increase following ingestion of
fats containing fatty acids of varying saturation (34).
While it appears that fatty acid absorption is capable
of influencing intestinal cholesterol synthesis, the
quantitative importance of this synthesis warrants
further study.if

This investigation was supported by the Medical Research
Service of the Veterans Administration. A preliminary re-
port was presented at the annual meeting of the American
Federation for Clinical Research, San Francisco, CA, April,
1978, and published as an abstract (Clin. Res. 26:
319, 1978). The authors express their appreciation to
Sheila Haroldson for her assistance in the preparation of
this manuscript.

Manuscript received 26 January 1981 and in revised form 2 June 1981.

REFERENCES

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

2. Dietschy, J. M., and J. D. Wilson. 1968. Cholesterol
synthesis in the squirrel monkey: relative rates of syn-
thesis in various tissues and mechanisms of control. J.
Clin. Invest. 47: 166-174.

3. Frantz, I. D., H. S. Schneider, and B. T. Hinkelman.
1954. Suppression of hepatic cholesterol synthesis in
the rat by cholesterol feeding. J. Biol. Chem. 206:
465-469.

4. Brown, M. S., S. E. Dana, and ]J. L. Goldstein. 1974.
Regulation of 3-hydroxy-3-methylglutaryl coenzyme A
reductase activity in cultured human fibroblasts. J. Biol.
Chem. 249: 789-796.

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

6. Balasubramaniam, S., J. L. Goldstein, ]. R. Faust, and
M. 8. Brown. 1976. Evidence for regulation of 3-hy-
droxy-3-methylglutaryl coenzyme A reductase activity
and cholesterol synthesis in nonhepatic tissues of rat.
Proc. Natl. Acad. Sci. USA. 73: 2564-2568.

7. Cooper, A. D. 1977. The metabolism of chylomicron
remnants by isolated perfused rat liver. Biochim. Biophys.
Acta. 488: 464-474.

8. Sherrill, B. C., and J. M. Dietschy. 1978. Characteriza-
tion of the sinusoidal transport process responsible for
uptake of chylomicrons by the liver. J. Biol. Chem. 253:
1859-1867.

9. Brown, M. S, S. E. Dana, and J. L. Goldstein. Regula-
tion of 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase in human fibroblasts by lipoproteins. Proc. Natl.
Acad. Sci. USA. 70: 2162-2166.

10. Higgins, M. J. P., D. S. Lecamwasam, and D. J. Galton.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

1975. A new type of familial hypercholesterolemia.
Lancet. 2: 737-740.

Ho, Y. K., J. R. Faust, D. W. Bilheimer, M. S. Brown,
and J. L. Goldstein. 1977. Regulation of cholesterol
synthesis by low density lipoprotein in isolated human
lymphocytes. J. Exp. Med. 145: 1531-~1549.
Dietschy, J. M. 1968. The role of bile salts in controlling
the rate of intestinal cholesterogenesis. J. Clin. Invest.
47: 286-300.

Gebhard, R. L., and A. D. Cooper. 1978. Regulation of
cholesterol synthesis in cultured canine intestinal mu-
cosa. J. Biol. Chem. 253: 2790-2796.

Shefer, S., S. Hauser, V. Lapar, and E. H. Mosbach.
1973. Regulatory effects of dietary sterols and bile acids
on rat intestinal HMG CoA reductase. J. Lipid Res. 14:
400-405.

Andersen, J. M., and ]J. M. Dietschy. 1976. Choles-
terogenesis: derepression in extrahepatic tissues with 4-
aminopyrazolo (3,4-d) pyrimidine. Science. 193: 903~
905.

Andersen, J. M., and J. M. Dietschy. 1977. Regulation of
sterol synthesis in 15 tissues of rat. I1. Role of rat and
human high and low density plasma lipoproteins and of
rat chylomicron remnants. J. Biol. Chem. 252: 3652—
3659.

Parsons, D. S. 1967. Method for investigation of
intestinal absorption. In Handbook of Physiology.
Section 6: Alimentary Canal, Vol. 3. C. F. Code, editor.
American Physiological Society, Washington, DC. 1177.
Goh, E. H., and M. Heimberg. 1977. Effects of free fatty
acids on activity of hepatic microsomal 3-hydroxy-3-
methylglutaryl coenzyme A reductase and on secretion
of triglyceride and cholesterol by liver. J. Biol. Chem.
252: 2822-2826.

Kuroda, M., and A. Endo. 1977. Inhibition of in vitro
cholesterol synthesis by fatty acids. Biochim. Biophys.
Acta. 486: 70-81.

Rothblat, G. H., L. Y. Arbogast, and E. K. Ray. 1978.
Stimulation of esterified cholesterol accumulation in
tissue culture cells exposed to high density lipoprotein
enriched in free cholesterol. J. Lipid Res. 19: 350-358.
Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with Folin phenol
reagent. J. Biol. Chem. 193: 265-275.

Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The
distribution and chemical composition of ultracentri-
fugally separated lipoproteins in human serum. J. Clin.
Invest. 34: 1345-1353.

Mahley, R. W., and K. H. Weisgraber. 1974. Canine
lipoproteins and atherosclerosis. I. Isolation and char-
acterization of plasma lipoproteins from control dogs.
Circ. Res. 35: 713-721.

Keren, D. F., H. L. Elliott, G. D. Brown, and J. H.
Yardley. 1975. Atrophy of villi with hypertrophy and
hyperplasia of Paneth cells in isolated (Thiry-Vella)
ileal loops in rabbits. Gastroenterology. 68: 83-93.
Browning, T. H., and ]J. S. Trier. 1969. Organ culture
of mucosal biopsies of human small intestine. J. Clin.
Invest. 48: 14231432,

Cooper, R. A,, C. Arner, J. S. Wiley, and S. J. Shattil.
1975. Modification of red cell membrane structure by
cholesterol-rich lipid dispersions. J. Clin. Invest. 55:
115-126.

Gebhard and Prigge Intestinal HMG CoA reductase 1117

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

ASBNMB

JOURNAL OF LIPID RESEARCH

i

27.

28.

29.

30.

31.

Cooper, A. D. 1976. The regulation of 3-hydroxy-3-
methylglutaryl coenzyme A reductase in the isolated
perfused rat liver. J. Clin. Invest. 57: 1461-1470.
Edwards, P. A., A. M. Fogelman, and G. Popjik. 1976.
A direct relationship between the amount of sterol lost
from rat hepatocytes and the increase in activity of
HMG CoA reductase. Biochem. Biophys. Res. Commun.
68: 64-69.

Bell, J. J., T. E. Sargeant, and J. A. Watson. 1976.
Inhibition of 3-hydroxy-3-methylglutaryl coenzyme A
reductase activity in hepatoma tissue culture cells by
pure cholesterol and several cholesterol derivatives.
J. Biol. Chem. 251: 1745-1758.

Kandutsch, A. A., and H. W. Chen. 1977. Conse-
quences of blocked sterol synthesis in cultured cells.
J. Biol. Chem. 252: 409-415.

Stange, E. F., M. Alavi, A. Schneider, G. Preclik, and H.

1118  Journal of Lipid Research Volume 22, 1981

32.

33.

34.

Ditschuneit. 1980. Lipoprotein regulation of 3-hy-
droxy-3-methylglutaryl coenzyme A reductase in cul-
tured intestinal mucosa. Biochim. Biophys. Acta. 620:
520-527.

McNamara, D. J., N. O. Davidson, and S. Fernandez.
1980. In vitro cholesterol synthesis in freshly isolated
mononuclear cells of human blood: effect of in vivo
administration of clofibrate and/or cholestyramine.

J. Lipid Res. 21: 65-71.

Brown, M. S., and J. L. Goldstein. 1975. Regulation of
the activity of the low density lipoprotein receptor in
human fibroblasts. Cells. 6: 307-316.

Prigge, W. F., and F. Grande. 1973. Effects of dietary
fat and of a lipolytic agent on postprandial free fatty

acids and fasting serum lipids in the dog. J. Nutr. 103:
1200-1207.

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

