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Bile salts are known to be essential for the ef-
fective absorption of fat from the intestinal tract
(1). They have been shown to stimulate the ac-
tion of pancreatic lipase (2) and have an impor-
tant emulsifying action on water-insoluble dietary
triglycerides that is probably related to their abil-
ity to form micelles with fatty acids and mono-
glycerides (3). In addition to their role in tri-
glyceride absorption, bile salts also appear to be
essential in the absorption and esterification of
vitamin A (4) and cholesterol (5).

In previous studies from this laboratory (6),
it was shown that conjugated bile salts enhanced
the esterification of palmitate-C** to triglycerides
and appeared to stimulate the incorporation of
glucose-C** into glyceride-glycerol. These ob-
servations suggested that in the intestinal mucosa,
bile salts influence the metabolism not only of
lipid, but also of carbohydrate. The present ex-
periments were designed to investigate further
the actions of conjugated and unconjugated bile
salts on glucose metabolism. These studies have
been carried out with slices of hamster small in-
testine. In addition, because of some disagree-
ment in the literature concerning the utilization

- of glycerol in the intestine (7, 8), the metabolism
of glucose and glycerol by hamster intestinal mu-
cosa has been compared.

EXPERIMENTAL PROCEDURE

Materials. Male golden hamsters! weighing 100 to
120 g were used in all experiments. Glucose-1-C* 2 and
glucose-6-C* 2 were checked for purity on Dowex col-
umns. Batches of glucose-C* with more than 0.5% im-
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purities were not used. In uniformly labeled glycerol-C*,2
no contamination was detected by means of paper chro-
matography in two solvent systems (9, 10). Column
chromatography was performed with Dowex 1, 20-50
mesh, which had been converted to the carbonate form
by repeated washing with 10 vol of 1 N sodium carbo-
nate and subsequent washing with excess water just be-
fore use. Purified sodium taurocholate3 and sodium
glycocholate 3 were checked for purity by paper chro-
matography by a modification of the method of Beyreder
and Rettenbacher-Diubner (11). Cholic acid,* Tween
80,5 and digitonin ¢+ were obtained from manufacturers.
Pure lysolecithin was a gift of Dr. Alan Hoffman. Hya-
mine was prepared by a modification of the method of
Passman, Radin, and Cooper (12).

Methods for the measurement of radioactivity. Meas-
urements of radioactivity were made with a Packard
Tri-Carb liquid scintillation spectrometer. The solu-
tion prepared for counting substances in organic solvents
or hyamine contained 8 ml of toluene with 0.01% p-bis-
2(5-phenyloxazolyl)-benzene and 0.3% 2,5-diphenyl-
oxazole, and 3 ml of absolute ethanol. For counting
aqueous materials, 15 ml of a solution of p-dioxane con-
taining 5% naphthalene, 0.05% p-bis-2(5-phenyloxazolyl) -
benzene, 0.7% 2,5-diphenyloxazole, and 13.3% absolute
ethanol was used. Appropriate corrections were made
for differences in relative counting efficiencies of the two
solutions.

Preparation of intestinal slices and incubation proce-
dure. Animals were fasted for 72 hours in order to
deplete the endogenous glycogen content of the intestinal
mucosa (13). Preliminary experiments showed that this
period of fasting was unaccompanied by any significant
change in the utilization of glucose by intestinal slices.
The animals were killed by a blow on the head, the
small intestine was rapidly removed, and the contents
washed out with cold saline. The intestine was then
inverted on a chilled glass rod by the technique of Wil-
son and Wiseman (14), the duodenum discarded, and
cylindrical, consecutive slices of upper intestine were pre-
pared, each weighing approximately 15 mg. Four ani-
mals were usually sacrificed to provide slices for one set
of experiments. One slice from each animal, chosen ran-
domly, was blotted on filter paper and placed in

3 Organon, Inc., Orange, N. J.

4+ Eastman Kodak, Rochester, N. Y.

5 Polyoxyethylene sorbitan monoleate, Atlas Powder
Company, Wilmington, Del.
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weighed, 25-ml Erlenmeyer flasks having a center well.
These flasks contained 3 ml of the incubation medium
and 0.25 ml of a solution of bile salts or other substances
to be tested. The incubation medium consisted of Krebs-
Ringer bicarbonate buffer modified so that the glucose
concentration was 50 mg per 100 ml and the calcium con-
centration 1.3 moles per L. This medium was treated
with 95% O, ad 5% CO, shortly before use and at that
time approximately 1 uc of either C*-labeled glucose or
C*-labeled glycerol was added.

After the addition of the slices to the flasks, they
were reweighed to obtain the weight of the intestinal
tissue. The flasks were then treated with 95% O, and
5% CO, and capped with serum stoppers. Incubations
were performed in a Dubnoff shaking incubator for 30
minutes at 37° .C., The reaction was stopped by the in-
jection of 0.1 ml of 80% trichloroacetic acid through the
rubbet caps into the outer well. All experiments were
performed in duplicate. Paper chromatographic analy-
sis of the bile salts remaining in the medium after in-
. cubation showed no change in R, and no additional
spots appeared. .

From preliminary experiments with glucose concen-
trations ranging from 25 to 100 mg per 100 ml, it was
determined that 50 mg per 100 ml. (2.8 umoles per ml)
was optimal for our purposes. Higher glucose - con-
centrations yielded such small differences after incu-
bation that they were difficult to quantitate accurately,
and lower concentrations resulted in a lower total glu-
cose utilization. In the glucose studies reported below,
a total of 9 umoles of glucose were present in the medium
of each flask. When incubations were attempted at 25°
instead of 37° C, glucose utilization was reduced 50%.
It was also shown that the rate of glucose utilization per
milligram of tissue was quite constant for a period of 30
minutes when slices weighing between 70 and 150 mg
were used. No histological evidence of damage to the
tissue was found unless otherwise noted in the text.

Estimation of C*O, liberated. One ml of hyamine was
injected into the center well of the Erlenmeyer flasks
at the end of the incubation, and the C*O, liberated by
acidification was collected during the next 30 minutes
as described previously (15). The hyamine was then
pipetted into a standard 20-ml counting vial, and the
center well of the incubation flask rinsed with 10 ml of
the toluene counting solution.

Estimation of lipid radioactivity. The tissue was re-
moved from the incubation medium, rinsed, and homoge-
nized in 10 ml of chloroform-methanol (2:1) and the
total lipid extracted by the method of Folch, Lees, and
Sloane Stanley (16). The lower organic layer was re-
moved, evaporated to dryness, and the lipid residue re-
dissolved in 10 ml of petroleum ether. After washing
three times with isotonic saline, the petroleum ether was
reduced to about 1 ml by a stream of air. To the pe-
troleum ether was added 10 ml of the toluene counting
solution, and the C" activity was assayed.

In some experiments, a sample of the petroleum ether
fraction was evaporated to dryness and saponified with
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0.5 N alcoholic KOH for 45 minutes at 80° C. After
acidification, the liberated fatty acids were extracted with
petroleum ether and counted as above. Alkaline hydroly-
sis showed that 92 to 97% of the C* was present in the
glycerol moiety.

Estimation of C* products in the incubation medium.
The incubation medium was separated into glucose- and
lactate-containing fractions by column chromatography.
After neutralization (pH 8 to 9, phenolphthalein), the
medium was added to a Dowex 1 carbonate column, and
the glucose washed off the column with exactly 100 ml
of water. One hundred ml of 0.2 N HCI was then added
to the column. The first 20 ml of the eluate was dis-
carded, and the lactate-containing fraction was collected
in the subsequent 80 ml. Duplicate 1-ml samples of each
fraction were then added to the dioxane counting solu-
tion, and the C* was assayed.

Dowex 1 carbonate was chosen for column chromatog-
raphy because preliminary experiments with chloride and
other resin forms indicated that over 1% of the glucose
was eluted along with the lactate-containing fraction and
thus was a major contaminant in experiments where glu-
cose utilization was low. On the other hand, with
Dowex 1 carbonate, no glucose remained on the column
after washing with 100 ml of water. Furthermore, analy-
sis of the initial eluate by paper chromatography re-
vealed no glycerol-C* to be present. The lactate-con-
taining fraction was analyzed chemically and found to be
free of glucose, but did contain approximately 3% keto-
acids (17) and 5% phosphorylated intermediates (18).
Although lactate formation was not measured chemically,
analysis of the lactate-containing fraction revealed that
the presence of bile salts did not alter the percentage of
the nonlactate-C* components in this fraction. Therefore,
the changes in the lactate-containing fraction have been
considered to reflect predominantly alterations in lactic
acid-C*. o

For controls, the medium alone was incubated for 30
minutes, and the intestinal slices were added after acidi-
fication. Glucose utilization was estimated by calculation
of the glucose disappearance between the control and ex-
perimental flasks, and also by summation of thé imeas-
ured, isotopically labeled products. The latter method
was found to be the most reproducible, and was used to
calculate the results presented. Although C* appeared in
other metabolites, these represented an insignificant per-
centage of total glucose utilization. In some preliminary
experiments, glucose utilization was estimated by meas-
urement of the disappearance of glucose from the incuba-
tion medium using glucose oxidase. Because of the small
changes in glucose concentration, this enzymatic method
was found to be inaccurate.

The results that follow are all expressed per 100 mg of
wet tissue.

RESULTS

Metabolism of glucose by slices of small intes-
tine in the absence of bile salts. When hamster
jejunal slices were incubated in the absence of



BILE SALTS AND INTESTINAL GLUCOSE METABOLISM

TABLE I

The effect of bile salts on glucose utilization by slices of
hamster small intestine*

No. of Glucose utilizationt

Bile salt exp'ts (range Changel

umoles /100 mg tissue %
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centration of 20 umoles per ml altered glucose
utilization only slightly above control levels, but
sodium glycocholate at the same concentration in-
creased glucose utilization by 102% (Table I).
It will be noted in Table II that, in the presence of
sodium glycocholate, a much greater percentage of

None 10 04 1%53 678) the utilized glucose appeared as labeled lipid. '
. ) ) With the increase in glucose utilization with so-
Sodium taurocholate 6 0.63 +14 . . . .
(20 gmoles per ml) (0.51-0.73) dium glycocholate taken into account, this bile
Sodium glycocholate 5 1.10 +102 salt actually led to a tenfold increase in the con-
(20 pmoles per ml) (0.96-1.35) version of glucose-C'* to labeled lipid. Thus the
Sodium cholate 4 1.22 +130 : : T : ; :
(10 wmoles per ml) (1.06-1.35) increased labeling of the lipid fraction was not di

* Each incubation flask contained 3.25 ml of modified
Krebs-Ringer bicarbonate buffer, 2.8 umoles of glucose-
1-C* or glucose-6-C* per ml (specific activity, 0.11 uc per
umole), and 70 to 150 mg of intestinal slices. Incubation
was at 37°C for 30 minutes.

t Each experiment consisted of 4 incubation flasks, 2
containing glucose-1-C* and 2, glucose-6-C", from which
the individual means were calculated. The range is given
in parentheses.

I Because of the variation in glucose utilization, the
percentage of change with bile salts was based on control
experiments without bile salts performed at the same time.

bile salts, glucose utilization was found to range
between 0.42 and 0.68 pmoles per 100 mg of tis-
sue, with a mean of 0.54 umoles (Table I). As
seen in Table II, 25% of glucose-1-C'* and 17.6%
of glucose-6-C** appeared as C*O,, the C-1:C-6
ratio being 1.52. The tissue lipids contained an
average of 1.6% of the glucose carbon utilized;
the difference between the radioactivity appearing
from C-1 and C-6 of glucose was insignificant.
Glucose-1-C**,73.6%, and 81.7% of the glucose-
6-C** appeared as lactic acid-C*.

Metabolism of glucose in the presence of conju-

gated bile salts. - Sodium taurocholate at a con-

rectly proportional to the increased glucose utili-
zation. This was also strikingly demonstrated in
experiments with sodium taurocholate, where a
mean rise in glucose utilization above control of
only 149% was associated with an increase of 3.5
times of label in the lipid fraction.

With both taurocholate and glycocholate (20
pmoles per ml), the percentage of the utilized glu-
cose appearing in C'*O, decreased (Table II).
More C*O, was produced from glucose-1-C**
than from glucose-6-C**, and the C-1:C-6 ratio
was significantly increased above control values.
No changes in lactic acid-C** production were ob-
served with taurocholate. In the experiments
with sodium glycocholate, the percentage of glu-
cose-1-C** converted to lactic acid-C** fell slightly ;
however, because of the greater increase in fotal
glucose utilization (Table I), the total amount of
lactic acid-C** and C**O, produced was consider-
ably increased.

Effect of concentration of conjugated bile salts
on glucose metabolism. Sodium taurocholate had
little effect on glucose utilization up to a bile salt

* TABLE II

The eﬂ'ect of bile salts on the conversion of glucose-C™ to labeled CO,, lactatc, and lipid by slices of
hamster small intestine*

' Glucose-l-C“‘converted to Glucose-6-C converted to 1-Cu40O,
No. of Ratio
Bile salt exp'ts CO: Lactate Lipid CO: Lactate Lipid : 6-CH4Os
% utilised glucose
None 10 25.1 73.6 14 16.5 81.7 1.8 1.52
Sodium taurocholate 6 22.0 74.0 4.0 12.2 83.0 4.8 1.80
(20 umoles per ml) (p = <.005)
Sodium glycocholate 5 20.0 70.9 9.1 11.8 80.5 7.8 1.70
(20 umoles per ml) ) p=< 025)'
Sodium cholate 4 18.7 80.7 0.6 11.6 87.9 0.5 1.61 -
' p=> 5)

(10 umoles per ml)

* The experiments from which these data are calculated are the same as in Table I.
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FiG. 1. EFFECT OF VARYING CONCENTRATIONS OF BILE

SALTS ON GLUCOSE UTILIZATION AND METABOLISM BY
SLICES OF HAMSTER SMALL INTESTINE. A. Effect of bile
salts on glucose-C* utilization. B. Effect of bile salts
on the incorporation of label into lipid from glucose-C*.
C. Effect of bile salts on the conversion of glucose-1-C*
and glucose-6-C* to C*Q,. Incubation flasks contained
325 ml of modified Krebs-Ringer bicarbonate buffer,
intestinal slices totaling 70 to 150 mg, 2.8 umoles glu-
cose-1-C* or glucose-6-C* (specific activity, 0.11
uc per umole), and bile salts at the final concentra-
tions indicated in the figure. Incubations were at 37° C
for 30 minutes. Results are expressed per 100 mg of
tissue. Figure shown represents mean values of 4 ex-
periments performed in duplicate for taurocholate and
glycocholate and 3 experiments in duplicate for cholate.

concentration of 50 umoles per ml, whereas gly-
cocholate stimulated glucose utilization con-
sistently with a maximum at 20 pmoles per ml
(Figure 1A). Glucose utilization fell markedly in
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the presence of both bile salts at a concentration of
100 pmoles per ml.

The appearance of label in the lipid fraction at
differing concentrations of bile salts (Figure 1B)
in general followed the change in glucose utiliza-
tion, but as noted before (Table II), was not di-
rectly proportional to the glucose utilized. Alka-
line hydrolysis revealed that over 95% of the C**
in lipid was in the glycerol moiety.

The effect of varying concentrations of bile
salts on the conversion of glucose-1-C** and glu-
cose-6-C** to C1*Q, is shown in Figure 1C. Dis-
tinct stimulation of C*O, production from glu-
cose-1-C'* was noted even with low concentrations
of conjugated bile salts. Because of the experi-
mental variation in the absence of bile salts, addi-
tional experiments were performed that repeatedly
confirmed this observation. There was, however,
no stimulation of C*QO, formation from glucose-6-
C. C*Q, production from glucose-C** decreased
in the presence of bile salt concentrations above
20 pmoles per ml. '

In general, the amount of glucose-C'* converted
to lactic acid-C** closely reflected changes in total
glucose utilization. Thus, although the percent-
age of glucose-C'* converted to lactic acid-C** re-
mained unchanged, when total glucose utilization
increased, the total production of labeled lactic
acid also increased. As seen in Table II, the
amount of lactic acid-C** produced from glucose-
1-C** and glucose-6-C** "was inversely propor-
tional to the C'*Q, produced from these sub-
strates.

Metabolism of glucose in the presence of uncon-
jugated bile salts. It was previously shown (6)
that conjugated bile salts behave differently from
their unconjugated derivatives and that the latter
may, under some conditions, actually exert a
destructive effect on the intestinal mucosa. In
our system, no histological evidence of damage
was found with low concentrations of sodium cho-
late (less than 20 pmoles per ml), -but sodium de-
oxycholate was deleterious to the mucosa, and was
therefore not used. Sodium cholate, at a concen-
tration of 10 umoles per ml (Table I) and at all
concentrations below 20 umoles per ml (Figure
1A), produced striking stimulation of glucose
utilization. In addition, although some decrease
in the percentage of utilized glucose converted to
C*Q, occurred (Table IT) because of the great in-
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crease in glucose utilization, the total amount of
C*0, produced was considerably increased (Fig-
ure 1C). Different results were seen with higher
concentrations of cholate in that both glucose uti-
lization and C'O, production fell markedly.

In contrast to the observations with conjugated
bile salts, the appearance of C** in lipid never in-
creased (Figure 1B), and in fact was negligible
at 33 wmoles sodium cholate per ml. At this cho-
late concentration, glucose utilization was still ap-
preciable and C'*O, production significant.

In previous studies from this laboratory (19),
it was shown that palmitate esterification by the
intestinal mucosa ceased in the absence of oxygen.
Experiments were therefore performed in an at-
mosphere of 95% N, and 5% CO, to test if the
effects of sodium cholate on glucose metabolism
by intestinal slices were similar to those seen with
anaerobiosis. A depression of glucose-C'* in-
corporation into lipid and an increase in lactic
acid-C'* production was observed just as was
noted in the presence of sodium cholate. Only a
10% rise in glucose utilization occurred, however.
and there was a distinct fall in the appearance of
C**0O,. Thus the results under conditions of
anaerobiosis were different from those seen with
sodium cholate,

Quantitative studies of glucose metabolism by
cellular constituents released into the medium dur-
ing incubation. To determine whether the ob-
served metabolic effects of bile salts were due to
reactions that occurred within the intestinal slices.
or to activity of intracellular enzymes released
into the medium, experiments were performed
in which intestinal slices were first preincubated in
the medium with or without bile salts. After this,
the slices were removed, and the medium remain-
ing was then incubated with glucose-C'* for 30
minutes. It is seen in Table III that in the ab-
sence of bile salts, glucose utilization by the me-
dium prepared in this manner was only 6% of
that by the slice preparation incubated in the usual
manner. Furthermore, while glycocholate stimu-
lated glucose utilization and glucose oxidation by
the slices as in previous experiments, glucose uti-
lization and oxidation in the medium were fur-
ther depressed in the presence of the bile salt. It
would appear, therefore, that the changes in glu-
cose metabolism observed by incubating intestinal
slices were due to effects on metabolic reactions
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TABLE III

Comparison of glucose-1-C* metabolism by hamster small in-
testinal slices and by medium after preincubation with
slices, in the presence and absence of bile salts

Distribution
of CMin
Glucose Lac- |
Bile salt Incubation* utilized CO: tate Lipid
umoles/ Y% wtilized glucose
mg
tissue
None Slices incubated 0.65 30 68 2
004 49 47 4

Slices preincubated
then medium
incubated

Slices incubated 1.31 39 56
Slices preincubated 0.02 7 88
then medium
incubated

Glycocholate
(20 umoles
per ml)

wvn

* In preincubation experiments, intestinal slices were
preincubated for 30 minutes in 3.25 ml of modified Krebs-
Ringer bicarbonate buffer and 2.8 umoles glucose per ml.
The slices were then removed and glucose-1-C* added
(final specific activity, 0.11 uc per pmole), and incubation
was carried out for 30 minutes. In regular incubations,
slices were incubated in the same system for 30 minutes
with glucose-1-C%.  All incubations were at 37° C. Data
shown represent mean values of 4 experiments performed
in duplicate.

occurring within the cell and not to effects on en-
zymes that had leaked into the medium.

The effect of other surface-active agents on glu-
cose metabolism. Steroid and nonsteroid surface-
active substances were tested in order to com-
pare their actions with those of bile salts. Tween
80 was studied at concentrations between 1.4 and
14 umoles per ml.® At these concentrations, no
gross changes in histological structure could be
detected. Figure 2A demonstrates that glucose
utilization was stimulated progressively as the
Tween 80 concentration increased; at 14 umoles
per ml, glucose utilization was increased by 250%.
This great rise in glucose utilization was primarily
due to an increased lactic acid-C** production. In
contrast to the observations with bile salts, there
was no associated change in C*O, production from
glucose-1-C** despite the great increase in glu-
cose utilization (Figure 2C). C'O, formation
from glucose-6-C** did increase slightly at the
higher concentrations. Although the incorporation
of C'* into lipid was stimulated (Figure 2B), the
amount of labeled lipid produced per pmole of
glucose utilized was considerably less than with

6 The molecular weight of Tween 80 was taken as
1,450 (20).
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the conjugated bile salts. Thus, the metabolic
effects of Tween 80 differ from those of the con-
jugated or unconjugated bile salts.

Lysolecithin at a concentration of 5 umoles per
ml and digitonin at 2.5 and 20 umoles per ml de-
pressed all reactions measured, and on histologic
examination, there was pronounced destruction of
the mucosa. In view of this, no further studies
were carried out with these substances.

A

20

uMoles GLUCOSE UTILIZED

AMoles GLUCOSE~LIPID

o~ GLUCOSE-1-C4
~ =~ GLUCOSE-6-C!4

Y Moles GLUCOSE—~CO,

ol 1 1
0 5 10 15

Tween80 CONC. (uMoles/ml)

Fic. 2. EFFECT OF VARYING CONCENTRATIONS OF
TWEEN 80 ON GLUCOSE UTILIZATION AND METABOLISM BY
SLICES OF HAMSTER SMALL INTESTINE. Incubation system
was as described in Figure 1. The medium contained
2.8 pmoles of either glucose-1-C* or glucose-6-C*, and
Tween 80 at the concentrations indicated. Figure shown
represents mean values of 3 experiments performed in
duplicate. '
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TABLE IV

Comparison of glycerol and glucose utilization and the effect
of bile salts on the conversion of glycerol-C" to labeled
COs, lactate, and lipid by slices of hamster
small intestine*

Distribution of C4 in

Amount
Addition utilized CO: Lactate Lipid
umoles /100 mg % utilized substrate
tissue

Glycerol-CH 0.18 55 39 6
Glycerol-C" plus 0.27 57 23 20

taurocholate

(20 umoles per ml)
Glucose-1-C1 0.66 27 71 2
Glucose-1-C* plus 0.73 21 73 6

taurocholate
(20 umoles per ml)

* Each incubation flask contained, in addition to the
intestinal slices, 3.25 ml of modified Krebs-Ringer bicar-

. bonate buffer and 2.8 umoles per ml of either glycerol-C*

or glucose-1-CM (specific activity, 0.11 uc per mmole).
Incubation was at 37° C for 30 minutes. Data shown
represents mean values of 4 experiments performed in
duplicate.

Comparison of glycerol and glucose metabolism.
To compare glycerol and glucose metabolism,
glycerol-C** was used instead of glucose-1-C%,
C** appeared in CO, and lipid, both in the pres-
ence and absence of glucose in the medium.
Table IV shows the results of an experiment in
which equimolar concentrations of glycerol were
substituted for glucose. Although significant
utilization of glycerol did occur, it was only 20%
as great as the glucose utilization. In addition, a
much smaller percentage of the C** from glycerol
appeared in lactic acid. As in the case of glucose
metabolism, taurocholate (20 pmoles per ml)
stimulated glycerol utilization significantly (Table
IV) and led to a threefold stimulation of incor-
poration of glycerol-C** into lipid. It will be seen
that in the presence of taurocholate, almost as
much glycerol-C** as glucose-C!* appeared in
lipid.

DISCUSSION

In previous studies from this laboratory (6), it
was shown that in the intestinal mucosa conju-
gated bile salts stimulate palmitate-C'* and glu-
cose-C'*  incorporation into . glyceride-glycerol.
These results suggested that in addition to their
role in intraluminal digestion, bile salts directly
influence metabolic events within the epithelial
cells of the intestinal mucosa. In the studies re-
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ported here, the effects of bile salts on the intesti-
nal metabolism of glucose-C'* have been further
investigated. '

The results of our experiments indicate that the
effect of bile salts on glucose metabolism are not
confined to changes in glucose incorporation into
glyceride-glycerol. Glucose utilization was en-
hanced considerably in the presence of sodium
glycocholate and to a small extent by taurocholate.
The changes in glucose utilization were neither
solely due to the diversion of the additional utilized
glucose into metabolic pathways leading to glycer-
ide-glycerol formation, nor were they directly pro-
portional to the amount of glucose-C** incorporated
into lipid-C**. Thus at low concentrations of
conjugated and unconjugated bile salts, the C*
incorporation into lipid was unchanged, although
increased glucose utilization and incorporation of
label into CO, and lactic acid were observed
(Figure 1). Furthermore, in the presence of
glycocholate (20 umoles per ml), glucose utiliza-
tion increased two times, but labeling of the lipid
fraction increased ten times.

Since most of the C** of glucose appearing in the
glyceride-glycerol molecule was in the glycerol
rather than the fatty acid fraction, the question
arises whether there may have been displacement
of previously unlabeled glycerol from neutral
lipids (i.e., transesterification or exchange), or
esterification of fatty acids present in the tissue.
The latter mechanism would appear most likely,
since transesterification or exchange reactions be-
tween glycerol and glycerides have thus far not
been observed (21).

In the previous experiments cited (6), uncon-
jugated -bile salts were shown to suppress both
palmitate esterification to triglycerides and in-
testinal transport of glucose. It was postulated
then that the depression of palmitate esterification
might be related to a decreased supply of tissue
glucose. In the present experiments, however,
glucose utilization, and lactic acid-C** and C*O,
production by the intestine were increased in the
presence of sodium cholate. This suggests that
the decrease in palmitate esterification by sodium
cholate ‘is not due to a decrease of available tissue
glucose, but more likely to a direct effect on fatty
acid absorption or triglyceride synthesis in the
mucosal cell. In the present experiments, so-
dium cholate inhibited glucose-C** incorporation
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into mucosal lipid even without any additional
lipid in the medium. Under these conditions, the
endogenous fatty acids are utilized for glyceride
formation. Inhibition of fatty acid esterification
by unconjugated bile salts could be due to a) loss
of tissue fatty acids into the medium and depres-
sion of their reabsorption, b) suppression of fatty
acyl-CoA formation, or ¢) interference of the re-
action by which L-a-glycerophosphate and two
acyl-CoA fatty acids are converted to phosphatidic
acid (22). Conjugated as well as unconjugated
bile salts have been shown to inhibit both the for-
mation and subsequent esterification of palmityl
CoA by subcellular particles of the intestinal mu-
cosa (23). Because of the solubilization property
of bile salts, studies of fatty acid esterification in
subcellular particles are difficult to interpret, and
for this reason the present studies were performed
with slices of small intestine.

Our data on C'*O, production confirm the ob-
servations of Landau and Wilson (24) that the
pentose phosphate shunt is present in the hamster
intestine. In addition, we observed that C'O,
formation from glucose-1-C** was stimulated at
low concentrations of bile salts, while that from
glucose-6-C** was unchanged. This suggests that
bile salts can increase the amount of glucose me-
tabolized via the pentose phosphate shunt. The
glucose-C* data, however, could also be explained
by simultaneous stimulation of both the shunt and
Embden-Meyerhof pathways, but without in-
creased tricarboxylic acid cycle activity. The lack
of difference in the recovery of label in lipid from
glucose-1-C** and glucose-6-C'* agrees with the
latter possibility.

In comparing the effect of two conjugated bile
salts, it was found that glycocholate stimulated
glucose utilization, and enhanced glucose-C'* in-
corporation into C*O, and glyceride-glycerol to
a far greater extent than taurocholate, The rea-
son for this difference is not clear. Hamster as
well as human bile contains predominantly gly-
cine conjugated bile salts, and glycocholate has
also been shown to form micellar solutions with
oleic acid more readily than taurocholate, but no
difference has been noted with other lipids (3).
Olson (25), however, in studying the stimulation
of vitamin A cleavage in the intestine by bile salts
observed no significant difference between a num-
ber of taurine and glycine conjugates.
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The in vitro demonstration of glycerol-C** me-
tabolism by the intestinal mucosa is consistent with
recent in vivo demonstrations of gylcerol incorpo-
ration into lymph triglyceride in animals (26) and
in man (27). The demonstration of glycerol uti-
lization and incorporation into intestinal tri-
glyceride raises the question of the metabolic steps
involved, since earlier reports (7, 28) suggested
that the intestinal mucosa lacks a glycerokinase.
Recent experiments in this laboratory, however,
indicate that such an enzyme is indeed present in
the intestinal mucosa (29), although its activity is
much lower than in the liver (30).

In order to ascertain if the metabolic changes
observed with bile salts were due only to their
surface active properties, studies were performed
with other surface active agents. Digitonin and
lysolecithin were found to be destructive to the
intestinal mucosa. The damaging effect of lyso-
lecithin at a concentration of 5 pmoles per ml is
of interest in view of the recent demonstration
that phospholipids are secreted in large quantities
into the intestinal lumen from the biliary tract
(31). Tween 80 greatly stimulated glucose
utilization and glycolysis, but in contrast to bile
salts, failed to enhance glucose oxidation. This
surface-acting agent had previously been shown
to enhance fatty acid esterification only slightly
(6), and in the present experiments stimulated
glucose-C'* incorporation into triglycerides less
than bile salts. Such stimulation of esterification
of fatty acids, however, contrasts with the obser-
vations of Mahadevan, Murthy, Krishnamurthy,
and Ganguly (32), who found distinct inhibition
of vitamin A esterification in rat intestinal ho-
mogenates in the presence of Tween 80. We con-
sidered the possibility that part of the Tween 80
might have been absorbed and subsequently hy-
drolyzed to liberate oleic acid in the intestinal
mucosa, and that the results noted were in fact
caused by this fatty acid. The effects, however,
of oleic acid absorption on intestinal glucose me-
tabolism (33) are quite different from those with
Tween 80. It is of interest that Tween 80 is
frequently used to solubilize lipids for in vitro ex-
periments. In view of the pronounced metabolic
effects of this agent, it would seem undesirable
to use it in experiments where the function of the
intestinal mucosa is being investigated.

Some of the previously noted effects of conju-
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gated bile salts on intestinal mucosal function (6,
34, 35), although most likely intracellular, could
also have been secondary to actions on the cell
surface. QOur data clearly demonstrate that the
changes in glucose metabolism observed resulted
from the action of the bile salts on the intact in-
testinal slice and not on cellular constituents re-
leased into the medium during incubation. In
fact, bile salts inhibited not only glucose utiliza-
tion, but glucose oxidation in the medium. Thus
the effects of bile salts must have resulted from
actions on the cellular surface or within the cell.

The present experiments would suggest that the
actions of bile salts are more likely to be due to
effects within the cell rather than on the surface
alone. This is demonstrated by the fact that bile
salts affect glucose utilization and incorporation of
glucose-C* into various metabolites differently.
Sodium cholate, for example, inhibited the incor-
poration of glucose-C** into glyceride-glycerol,
although glycolysis and C**O, production were
stimulated. On the other hand, with glycocholate
and taurocholate, all reactions were enhanced.
Furthermore, in the presence of the conjugated
bile salts, C**O, production from glucose-1-C'*
and glucose-6-C'* were not equally affected, so
that the C-1:C-6 ratio varied even at the low
bile salt concentrations present in the fasting hu-
man intestine. In addition, clearly different re-
sults were noted with Tween 80, a surface-active
detergent, as compared to both conjugated and un-
conjugated bile salts. Finally, it is known that
bile salts are transported into the cell under the
conditions of our experiments (36), and thus it
is reasonable for them to exert intracellular ef-
fects. The mechanisms by which these intra-
cellular actions may be mediated, however, re-
quire further elucidation.

SUMMARY

Bile salts have been shown to influence the
utilization and metabolism of glucose-1-C** and
glucose-6-C** by slices of hamster small intestine
in vitro. 1) Glucose utilization was considerably
increased in the presence of sodium glycocholate
and sodium cholate, although only slightly with
sodium taurocholate. These effects were noted
with bile salt concentrations that occur physio-
logically in the lumen of the small intestine. 2)
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Glucose-C** incorporation into glyceride-glycerol
was stimulated by conjugated bile salts and was
not related to changes in total glucose utilization.
On the other hand, in the presence of sodium cho-
late, glucose-C'* incorporation into lipid was de-
pressed despite an increased glucose utilization.
3) C*O, production increased as glucose utiliza-
tion rose, but it was not proportional to the in-
creased glucose utilization. The appearance of
CH"0, from glucose-1-C** was stimulated at low
concentrations of conjugated bile salts, while
C*Q, production from glucose-6-C** was un-
changed. Sodium cholate stimulated C**O, pro-
duction from both glucose-1-C** and glucose-6-C*.
4) Lactic acid-C** formation was a prominent
feature of aerobic glucose utilization in hamster
jejunum, 5) The effects of bile salts on glucose-
C** metabolism differed qualitatively and quanti-
tatively from those produced by Tween 80, a non-
ionic surface-active agent.

Significant glycerol-C'* incorporation into mu-
cosal lipids was demonstrated in hamster intesti-
nal slices, and this was also stimulated by sodium
taurocholate. In addition, C**O, and lactic acid-
C** production from glycerol-C'* were observed.

The results reported provide further evidence
that bile salts influence metabolic reactions oc-
curring within the cells of the small intestinal

mucosa.
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