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SUMMARY

1. The uptake, esterification and transport of [l4C]oleic acid were
studied using sacs of rat everted small intestine incubated in 25 ml. of a
buffered mixture of sodium taurocholate, glyceryl mono-oleate and 14C-
labelled oleic acid in micellar form.

2. Intestine obtained from bile fistula rats (bile duct cannulated 48 hr
previously) showed elevated rates of 14C uptake into the tissue total lipid
compared with sham-operated controls.

3. Nearly all of the excess 14C uptake in the bile fistula group was in the
form of free fatty acid. Both groups showed similar rates of ["4C]oleic acid
incorporation into tissue triglyceride and also similar, though small,
amounts transported into the serosal fluid.

4. In further experiments using intestine from bile fistula rats the addi-
tion of 1 ml. of fresh rat bile to the incubation mixture reduced the 14C
uptake to approximately control levels. The addition of 2-3 ml. of fresh
bile similarly reduced the uptake and increased 14C incorporation into the
triglycerides of mucosal tissue and serosal fluid.

5. These responses were not entirely the result of the bile salts contained
in fresh bile since increasing the taurocholate concentration per se caused
uptake, esterification and transport all to increase. In the presence of the
higher taurocholate concentration the addition of fresh bile still caused a
decrease in 14C uptake.

6. There was no significant effect of either fresh bile or taurocholate on
the transport of the 3-0-methyl analogue of D-glucose under comparable
conditions.

7. It is concluded that raw bile contains one or more components other
than bile salts which may be important in determining fatty acid
absorption.
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INTRODUCTION

The major functional constituents of bile are probably the bile salts,
amphipathic molecules which serve to disperse the bulk of the trigly-
cerides of the diet into a crude emulsion form, thereby facilitating the
break-down ofthe triglyceride by pancreatic lipase (Hofmann & Borgstrbm,
1962). An important development was the concept that the resulting
monoglycerides and fatty acids then become further dispersed into micellar
form again with the aid of the bile salts (Hofmann & Borgstrom, 1962,
1964; Hofmann, 1966). It is likely that because of their small size (Borg-
str6m, 1965) mixed micelles of bile salts, fatty acids and monoglycerides
constitute one of the important vehicles for transporting lipid into the
intestinal epithelium. The micelles form spontaneously provided bile salt
is present above a certain critical concentration relative to fatty acid and
monoglyceride. They have been used successfully as substrates for lipid
transport studies both in vivo (Redgrave, 1967; Webb, Hamilton &
Dawson, 1969; Rampone, 1970) and in vitro (Johnston & Borgstr6m,
1963; Mishkin, Yalovsky & Kessler, 1970).
In the present study we used micellar lipid in order to measure fatty

acid uptake, esterification and transport by the rat small intestine in
vitro. Since most attention in the past has centred on the role of the bile
salts in bile, it was of particular interest to compare the effects of bile salt
and raw bile on these parameters.

METHODS

Unfasted male Sprague-Dawley rats weighing 250-300 g were used. Under sodium
pentobarbitone anaesthesia the entire small bowel below the ligament of Treitz was
flushed out with saline at room temperature and then removed and everted over a

glass rod (Wilson & Wiseman, 1954). It was then extended by means of ligatures to a
length of 90 cm in a trough filled with saline. Two 20 cm segments located 10-30 and
30-50 cm from the ligament of Treitz were removed for study. The segments, tied
at both ends, were filled with 2 ml. of Krebs phosphate buffer (without calcium and
magnesium) which had been gassed for 1 hr with 100 % oxygen. The filled sacs were
then placed in incubation flasks containing 25 ml. of the same buffer plus bile salt
(sodium taurocholate, 99 %+, K & K labs. Hollywood, Calif.), monoglyceride
(glyceryl mono-oleate, 90 %, Calbiochem, San Diego, Calif.) and fatty acid (oleic
acid, 99% +, Nutritional Biochemicals, Cleveland, Ohio) in micellar form with
glucose added to support metabolism. In some cases, fresh bile was also added.
Except when indicated, the final concentrations in the incubation flasks were as
follows: sodium taurocholate 2-4 mM, glyceryl mono-oleate 0-3 mM, oleic acid 0-6 mM
and glucose 28 mM (Johnston & Borgstrom, 1963). The oleic acid was labelled with a
trace of [1-14C]oleic acid (New England Nuclear, Boston, Mass.). The solution had a
pH of 6-9 and became optically clear after a few minutes of shaking. The segments
were incubated for 1 hr at 38° C with shaking at 80 oscillations per minute in an
atmosphere of oxygen.

After incubation, the sacs were removed from their flasks, washed thoroughly in
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cold saline, emptied into tared centrifuge tubes, and the serosal fluid weighed. The
mucosal tissue was then scraped off with a spatula, transferred to a separate centri-
fuge tube and weighed. The serosal fluid and the mucosal tissue were extracted with
chloroform-methanol (2:1, v:v) and, after evaporating the extracts to dryness, the
lipid content was obtained by weighing (Folch, Lees & Sloane Stanley, 1957). The
lipid was then dissolved in a known volume of chloroform-methanol and aliquots
(10,1.) were spotted on 20 x 20 cm thin layer plates (silica gel on polyethylene
terephthalate (Eastman Chromagram, Eastman Kodak Co., Rochester, N.Y.)).
Similar aliquots of the initial incubation fluid extracts were also spotted. The plates
were developed using a mixture of n-hexane, diethyl ether, acetic acid and methanol
(90:20:2:3, v:v) as described by Brown & Johnston (1962). The spots were detected
with iodine vapour and identified by comparison with a standard mixture of highly
purified glyceryl trioleate, glyceryl dioleate, glyceryl mono-oleate and oleic acid
(99 %+, Sigma Chemical Co., St. Louis, Mo.). The spots were cut out, transferred to
scintillation vials and extracted with 3 ml. of chloroform-methanol (2:1, v:v). After
drying the lipid in the vials, 10 ml. of standard scintillation solution (PPO-POPOP
in toluene) were added and counts were taken in the Packard Tricarb model 314 EX
2 liquid scintillation system. All of the counts were converted to n-mole equivalents
of oleic acid incorporated into the various lipid fractions.

In order to be certain that all traces of natural bile were absent at the time the
sacs were prepared, most of the experiments were done using intestinal segments
obtained from bile fistula rats. Thus, 48 hr before the sacs were made, the animals
were anaesthetized with sodium pentobarbitone and the bile duct was cannulated
above the entrance of the pancreatic ducts using polyethylene tubing (Clay Adams
PE 50). The animals were then housed in restraining cages and allowed food and
water ad libitum. During the last 24 hr of this period, the bile was collected in glass
tubes in ice and stored in a nitrogen atmosphere for later use. The fatty acid uptake
and esterification of these bile-free segments were compared with those of sham-
operated controls.

In one set of experiments [14C]3-O-methyl-D-glucose (a non-metabolized actively
transported analogue of D-glucose (Csaky & Glenn, 1957; Wilson & Landau, 1960))
was used in place of [14C]oleic acid in order to test the effects of raw bile and bile
salts on the uptake and transport of a non-lipid solute. The experimental procedures
were the same as those already described except that both the incubation fluid and
the serosal fluid contained 14C-labelled 3-O-methyl-D-glucose initially in a concen-
tration of 5 mM and the [14C]oleic acid was omitted. Uptake and transport were
gauged by a direct measurement of 14C activity in the serosal and mucosal fluid
compartments after 1 hr of incubation. This was done by preparing a filtrate of the
fluids using a solution of equal parts of 2 % ZnSO4 and 1-8 % Ba(OH)2 and adding an
aliquot of the filtrate to 10 ml. of Bray scintillation solution for counting (Bray,
1960).

RESULTS

Bile fistula vs. control rats

In the initial phase of this study, all of the lipid fractions isolated by thin
layer chromatography were counted to determine the distribution of
[14C]oleic acid in the lipid of mucosal tissue and serosal fluid after the 1 hr
of incubation. The lipid fractions were: a non-migrating fraction (NM) of
unidentified composition, monoglyceride (MG), diglyceride (DG), free
fatty acid (FA) and triglyceride (TG) in order of increasing RF values. The
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recovery of 14C in each of these fractions is given in Table 1 expressed as
n-mole equivalents of oleic acid. The last column in the table (T) is the
amount measured in an aliquot of the total lipid extract before chromato-
graphy and represents the theoretical maximum recoverable.

It can be seen in Table 1 that in the sacs obtained from the bile fistula
rats there was a significantly higher free fatty acid uptake than in control
sacs. This was evidenced by a greatly increased labelled free fatty acid con-
tent in the mucosal tissue plus a slight increase in the serosal fluid. The
incorporation of label into the total lipid of the bile fistula group was also
increased in both compartments chiefly as a consequence of the increase in
the free fatty acid fraction, although in the case of serosal fluid it was not
statistically significant. The amount of [14C]oleic acid incorporated into
triglyceride was similar in both groups of animals and there were no
significant differences between any of the other lipid fractions.

TABLE 1. [14C]oleic acid recoveries in lipid fractions isolated from mucosal tissue and
serosal fluid after 1 hr incubation in a micellar solution of [1- 4C]oleic acid (0-6 mM),
glyceryl mono-oleate (0-3 mM) and sodium taurocholate (2-4 mM) in phosphate
buffer. Values are means + S.E. of means, expressed as n-mole equivalents of oleic
acid

n NM MG DG FA TG T

Mucosal tissue (n-mole/g tissue)
Bile fistula 18 40 + 5 17 ±3 48 3 566 ± 47 265 16 1053 + 49

P < 0-01 P < 0-01
Controls 16 27 +5 19+7 34 3 275 28 276 16 649 34

Serosal fluid (n-mole/sac)
Bile fistula 7 4+1 2+0.4 11+5 29±4 64+ 10 112 17
Controls 6 2 ± 0.5 1 + 03 4 ± 03 17 +2 52 8 78 10

NM, non-migrating fraction; MG, monoglyceride; DG, diglyceride; FA, fatty
acid; TG, triglyceride; T, total in lipid extract before chromatography.

A consistent finding was that nearly 90% of the recovered label was
found in the two fractions, free fatty acid and triglyceride, and only
approximately 10% in the remaining three fractions. Hence, only the free
fatty acid and triglyceride fractions were counted in the remainder of the
study.

Effects of adding raw bile vs. bile salt
In the next set of experiments, the effects of adding a small amount of

fresh rat bile to the incubation fluid was studied. The bile was added in a
volume of 1, 2 or 3 ml. to the 25 ml. of incubation fluid which had the same
initial composition as that used in the preceding experiments. The final
bile salt concentration was therefore slightly in excess of 2.4 mM because of
the bile salt contained in fresh bile, but the concentration was not measured.
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All of the experiments reported in this series utilized segments of small
intestine taken from bile fistula rats.

Table 2 shows the recovery of [14C]oleic acid in free fatty acid, trigly-
ceride and total lipid of the mucosal tissue and serosal fluid. The experi-
ments with no bile added were taken from Table 1 for comparison. The
addition of as little as 1 ml. of fresh bile caused a significant reduction in
the labelled free fatty acid content of the tissue. Adding 2 or 3 ml. of bile

TABLE 2. [14C]oleic acid recoveries in free fatty acid (FA), triglyceride (TG) and total
lipid (T) of mucosal tissue and serosal fluid after 1 hr of incubation. Conditions as in
Table 1 except for the addition of fresh bile as shown and the use exclusively of bile
fistula rats. Values are means ± S.E. of means, expressed as n-mole equivalents of
oleic acid

ml. raw
bile
added n FA TG T

Mucosal tissue (n-mole/g tissue)
0 18 566 ± 47 265 ± 16 1053 49
1 7 235 43* 294 ± 33 686 ± 81*
2 10 220 ±23* 390 ±34* 785 ±65*
3 6 166 ± 28* 450 64* 778 49*

Serosal fluid (n-mole/sac)
0 7 29+4 64+10 112±17
1 6 38 6 148±43 215+58
2 10 34 3 234 ± 24* 303 25*
3 6 45 +8 291+ 66* 375+74*

* P < 0.01, Student test comparing with zero bile added.

also reduced the labelled fatty acid content and, in addition, caused an
increase in the amount of labelled oleic acid incorporated into tissue
triglyceride. Furthermore, the bile appeared to stimulate triglyceride
transport since there were increased amounts of labelled triglyceride
recovered in the serosal fluid in the presence of fresh bile. The results
suggest that some component in bile stimulates triglyceride synthesis and
transport. The decrease in the tissue free fatty acid content in the pre-
sence of fresh bile may have been the result of an increased rate of fatty
acid incorporation into triglyceride or a decreased rate of fatty acid
uptake or both.

It has been shown by Dawson & Isselbacher (1960) that bile salts
stimulate esterification of palmitic acid in the intestine in vitro through
some cellular metabolic effect. It is possible that the effects of fresh bile
seen in the present study were due solely to an increase in bile salt con-
centration, although an attempt was made to obtain bile with a very low
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bile salt content (the bile being obtained 24 hr after the enterohepatic
recirculation had been interrupted). To test for the possibility of a depen-
dence on bile salt concentration an additional set of experiments was
carried out in which the bile salt concentration of the incubation fluid was
increased from 2-4 to 4-8 mM by the addition of sodium taurocholate.

TABLE 3. [14C]oleic acid recoveries in free fatty acid (FA), triglyceride (TG) and
total lipid (T) of mucosal tissue and serosal fluid after 1 hr of incubation. Conditions
as in Table 2 except that sodium taurocholate concentration was 4.8 mM

ml. raw
bile

added n FA TG T

Mucosal tissue (n-mole/g tissue)
0 9 1070 + 168 521 + 57 1899 + 161

P < 0.01 P < 0-01
1 3 528 + 142 527 + 39 1285 + 180
2 4 563 + 158 428 + 73 1197 + 181
3 2 148 + 8 536 + 109 823 + 162

Serosal fluid (n-mole/sac)
0 9 55 + 8 266 + 63 336 68
1 3 34 + 2 251+ 61 302 + 64
2 4 74 + 18 272 + 66 366 + 66
3 2 48 + 17 366 + 250 412 + 263

The results are shown in Table 3. It is noteworthy that, in the absence
of fresh bile, simply doubling the taurocholate concentration caused a
marked increase in free fatty acid uptake and triglyceride synthesis by the
tissue as well as an increase in triglyceride transport into the serosal fluid.
The values appear in most cases to be approximately double those seen
at the lower bile salt concentration (Table 2).
Adding fresh bile to the incubation fluid in the presence of the doubled

bile salt concentration still caused a reduction in the tissue fatty acid uptake
(Table 3) as it did before. However, the fresh bile did not in this case result
in additional triglyceride synthesis and transport presumably because
synthesis and transport were already maximally stimulated by the higher
taurocholate concentration.

Effects of raw bile and bile salt on 3-O-methyl-D-glucose transport
The inhibitory effect of fresh bile on fatty acid uptake appears not to be

due to bile salt, but may possibly be due to some other component of bile
or to a non-specific effect. It is possible that some of the bile salts in the
bile had become deconjugated or that some other process of deterioration
had taken place during collection and storage even though care was taken
to keep the bile at approximately 0° C and in an atmosphere of nitrogen
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before use. If the observed effects were non-specific or 'toxic' in nature
causing altered membrane permeability or changes in cell metabolism, one
might expect the uptake or transport of non-lipid materials to be similarly
affected. Some evidence against this idea was provided in a series of
experiments utilizing [14C]3-O-methyl-D-glucose in place of [14C]oleic acid.
The transport of this non-metabolized actively transported analogue of
glucose was studied in the presence and absence of sodium taurocholate at
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Phosphate 2-4 mM- buffer plus:
buffer only NaTCh 4-8 mM NaTCh
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Fig. 1. Comparison of the effects of sodium taurocholate (NaTch) and fresh
bile on the uptake and transport of 3-0-methyl-D-glucose by everted sacs.
NaTch was used in two concentrations as shown. Fresh bile was added in the
presence and absence of the same NaTch concentrations and the data
pooled.

2-4 and 4-8 mM concentrations and in the presence of 2 ml. of bile under
conditions similar to those of the preceding experiments. Initially, 3-0-
methyl-D-glucose was present in both the incubation fluid (mucosal) and
the serosal fluid at 5 mM concentration and glucose was omitted to avoid
competition for the sugar carrier. Active transport was denoted by a net
transfer of the analogue from mucosal to serosal fluid. Fig. 1 shows the
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results. In all conditions, the final serol 3-0-methyl-D-glucose concen-
tration exceeded the initial concentration. This was accompanied by a
slight fall in the final mucosal fluid concentration, despite the large volume
of fluid used (25 ml.). Hence, there was evidence for transport against a
concentration gradient, and in no case did the addition of either bile salt or
fresh bile significantly alter the transport capabilities of the tissue for this
compound. This is in clear contrast to the effects on fatty acid uptake
described in the preceding experiments. A further contrast with the fatty
acid experiments can be seen in regard to the amount of 3-O-methyl-D-
glucose taken up by the tissue which either did not change or was increased
in the presence of both fresh bile and bile salt.

DISCUSSION

In this study everted intestinal sacs of the upper half of the small
intestine of the rat were used to evaluate certain aspects of micellar fatty
acid uptake, esterification and transport. When the sacs were incubated
in the presence of sodium taurocholate (2-4 mM), glyceryl mono-oleate
(0-3 mM) and 14C-labelled oleic acid (0-6 mM) in micellar form at pH 6-9
there was considerable uptake of the labelled fatty acid by the tissue and a
measurable incorporation of the fatty acid into tissue glyceride. At the end
of 1 hr of incubation nearly 90% of the label recovered in the tissue was
recovered in the sum of the free fatty acid and triglyceride fractions with
the proportion varying under different experimental conditions.

Bile fistula vs. control rats
A surprising finding was a marked discrepancy between bile fistula and

control animals. Sacs obtained from bile fistula rats took up 60-70% more
of the 14C label than did control sacs and most, ifnot all, of the excess label
in the tissue was in the free fatty acid fraction (Table 1). Therefore,
diverting the bile from the intestine (in this case for 48 hr) resulted either
in an increased rate of fatty acid uptake or a decreased rate of fatty acid
mobilization through the tissue. There was evidence against a decrease in
the rate of fatty acid mobilization: no statistically significant differences
between the two groups were found in terms of the amount of label incor-
porated into tissue glycerides or the amount transported into serosal fluid.
However, the amounts transported into serosal fluid were small in both
groups of animals, perhaps reflecting a limited capacity of the intestine
for transporting lipids in vitro. In a previous in vivo study in rats we were
able to show that bile fistula rats demonstrated a less than normal capacity
to transport lipids into lymph when the lipids were perfused through the
intestine in micellar form (Rampone, 1970). In that same study, as in
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the present one, the bile fistula rats showed a tendency to accumulate the
absorbed lipid in the wall of the gut.

Effects of adding raw bile or additional bile salt
in bile-free intestinal segments

The greater tissue uptake of fatty acid in the bile fistula group suggested
that there may be some component in natural bile which was effective in
inhibiting fatty acid uptake and which was absent in the bile fistula
animals. However, since all of the sacs were washed in saline during pre-
paration, this hypothetical component must have been effective in only
trace amounts, or it was firmly bound to the tissue. A further possibility
is that biliary drainage induced changes of a non-specific nature in the bile
fistula group.
Some support for the idea that there may be components in bile in

addition to bile salts which affect fatty acid uptake was obtained in the
experiments in which small amounts of fresh bile were added to the incu-
bation fluid. When this was done, the sacs showed a marked reduction
in fatty acid uptake and an increased incorporation of fatty acid into
triglyceride. The taurocholate concentration in the first such series of
experiments (Table 2) was 2-4 mM before the bile was added. The bile salt
concentration would have been increased somewhat by the addition of
fresh bile even though the amounts added were small (1-3 ml.) and greatly
diluted in the large volume of incubation fluid (25 ml.). Some idea of the
bile salt concentration of rat bile can be obtained from the study of
Klaassen (1971), who found the taurocholate concentration in rat bile to
be in the range 10-15 t-equiv/ml. and the taurochenodeoxycholate con-
centration to be of the order of 4-5 /u-equiv/ml. Therefore, assuming a total
bile salt concentration of 20 ,u-equiv/ml. (as a maximum) in the fresh bile
used in the present study, adding 1-3 ml. to the incubation fluid would
raise the bile salt concentration by 0-8-24 mM, a substantial increase which
could possibly have accounted for the observed effects of the fresh bile.
This idea was tested by determining the effects of doubling the initial
taurocholate concentration from 2-4 to 4-8 mM and then noting any addi-
tional effects of adding fresh bile as before. It was found that doubling the
bile salt concentration alone caused significantly more fatty acid to be
taken up and was accompanied by a correspondingly large increase in the
amount of fatty acid incorporated into triglyceride by the tissue as well as
an increase in the amount of both fatty acid and triglyceride transported
into the serosal fluid. We had assumed that the 2-4 mM concentration used
in the preceding experiments was above the critical micellar concentration
since the solutions were water clear. However, no measurements of actual
light scattering or micellular particle sizes were made. In view of the extra
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uptake, esterification and transport observed in the presence of 4-8 mM
concentration (Table 3) the question of what constitutes a critical micellar
bile salt concentration may perhaps need to be re-evaluated.

In the presence ofa doubled bile salt concentration it is important to note
that the addition of fresh bile still caused a marked reduction in tissue fatty
acid uptake. One ml. was sufficient to reduce it by approximately one half.
This was similar to the effects noted previously at the lower bile salt con-
centration. Therefore, with respect to fatty acid uptake, the effects of
adding fresh bile were clearly not the same as the effects of doubling the
bile salt concentration.

In the presence of the doubled bile salt concentration, but in the absence
of fresh bile, as already noted, there was evidence of increased esterifica-
tion as well as transport (Table 3). However, adding fresh bile to the
system in this case did not bring about a significant increase in esterifica-
tion and transport as it appeared to do in the previous experiments
(Table 2). Therefore, it is reasonable to suggest that the stimulation of
esterification and transport induced by the fresh bile in the previous
experiments may have been due to the bile salts contained in the fresh bile
which had been added.

Failure of raw bile or bile salt to alter transport
of 3-O-methyl-D-glucose

The results lead naturally to the question of a possible non-specific or
'toxic' effect of fresh bile affecting membrane permeability or cell meta-
bolism. This question has not been completely answered. The experiments
showing that raw bile did not affect the transport of 3-O-methyl-D-glucose
suggest that the bile did not alter the permeability of the cell membrane
to this compound, nor did it affect the cellular machinery responsible for
its active transport. It is worthy of note, however, that there is disagree-
ment on the effects of bile salts and raw bile on the absorption and trans-
port of aqueous solutes (Faust & Wu, 1965; Pope, Parkinson & Olson,
1966; Roy, Dubois & Philippon, 1970).

Other possible non-specific effects of raw bile

During the collection of bile, precautions were taken to minimize deteri-
oration by maintaining the bile in the cold and in an atmosphere of
nitrogen. Samples showing signs of pigment discoloration were discarded.
There may have been some loss of CO2 with a change ofpH during storage.
However, the pH change, if any, was not sufficient to cause a measurable
change in pH of the final micellar solution when the bile was added to it.
Finally, it would be difficult to explain the differences observed between
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the bile fistula and control animals in this study on the basis of a toxic or
pH effect.

There is a question as to whether or not the use of a combination of bile
salts would have been a better choice than the single bile salt, tauro-
cholate, as used in the present study. In a few experiments we used sodium
taurocholate in combination with sodium taurodeoxycholate in concen-
trations of 1-8 and 0-6 mM respectively without any apparent differences in
results. It was considered unlikely, therefore that the raw bile effects
observed in the present study were due to some changes in the quality of
the bile salts comprising the micellar solutions used.

Finally, the reduced fatty acid uptake in the presence of raw bile cannot
be explained by a simple dilution of the micellar solution, because equal
volumes of added phosphate buffer also had no measurable effect.
The data are as yet too incomplete to allow reasonable speculation as to

possible mechanisms of action of the raw bile. The predominant effect
seems to be an inhibitory one on fatty acid uptake by the tissue, but uptake
was not measured directly inasmuch as some of the fatty acid taken up was
synthesized to triglyceride and some was transported into the serosal fluid.
Attempts are underway currently to measure the effects on uptake directly
by lowering the incubation temperature to 0° C with the view to suppressing
the esterifying enzyme systems.

Future studies should perhaps also take into account the possible effects
raw bile on the charge and mobility of micellar lipid particles since
these factors may influence their rate of penetration through epithelial
membranes.

This work was supported in part by grant AM 01389 from the U.S.P.H.S.
I should like to thank Lawrence R. Long for his excellent technical assistance.
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