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SUMMARY

1. Everted sacs from hamster proximal and distal small intestine were incubated
for 10 min at 37° in a micellar solution containing labeled palmitic acid, sodium tauro-
deoxycholate and inulin. After incubation, efflux of the labeled compounds from the
intestinal mucosa was measured by sequential I-min rinsings in separate zo-ml
volumes of ice-cold Krebs—Ringer phosphate buffer for a total of 25 min. The radio-
activity in each rinsing solution, tissue homogenates and serosal fluids was assayed.

2. The uptake of labeled taurodeoxycholate and inulin by the proximal and
distal small intestine was not significantly different. However, the amount of [1-14C]
palmitic acid taken up by the proximal small intestine was significantly greater.

3. A considerable fraction of the labeled substances taken up during the initial
incubation could be released by rinsing. The distal small intestine released a greater
fraction of labeled palmitic acid and its release appeared to be inversely related to the
esterifying capacity of the intestine. Proportionately greater amounts of [3H]tauro-
deoxycholate and [1Clinulin than that of [1-C]palmitic acid were released by both
proximal and distal small intestine.

4. Analysis of the kinetics of efflux of each substance indicated that efflux
occurred from two compartments, one rapidly and one slowly turning over. The charac-
teristics of efflux of labeled palmitic acid and taurodeoxycholate from the rapidly
turning over compartment were similar to those of labeled inulin suggesting that they
occupied the extracellular fluid space. The characteristics of efflux from the slowly
turning over compartment were different for each substance, and no conclusions could
be drawn regarding the location of this compartment. However, the finding that the
efflux of [1-¥C]palmitic acid and [3H]taurodeoxycholate from this compartment was
slower than that of [14CJinulin indicate that superficial binding sites may be involved
in the reversible uptake of these substances. In addition the ratio of [*H]taurodeoxy-
cholate to [1-14C]palmitic acid in this compartment was greatly in excess of the 10:1
ratio of the micellar incubation medium indicating that the efflux of [*H]taurodeoxy-
cholate exceeded that of [1-14C]palmitic acid.

INTRODUCTION

It is known from #» vivo studies in man and experimental animals that the prin-
cipal site for the intestinal absorption of bile salt is the terminal ileum?®. In contrast,
virtually all ingested lipid is absorbed in the proximal intestine2. On the basis of these
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findings it is believed that the bile salts in the proximal small intestine are contined
predominantly to the intraluminal fluid, where by mediating the micellar solubilization
of the end-products of lipid digestion, free fatty acid and f-monoglyceride, ensure their
efficient absorption®. However, the manner in which the mixed micellar aggregate
once formed, comes into contact with the epithelial surface and preferentially releases
its free fatty acid-monoglyceride content is as vet unknown.

The results of in vitro experiments designed to study this problem have so far
been conflicting. While some authors conclude from their results that the intact
micellar aggregate penetrates the membrane?.® others believe that only the free fatty
acid-monoglyceride component penetrates this barrierf. Furthermore, it is clear that
in wvitro preparations of the proximal intestine take up significantly more conjugated
bile salt than would have been predicted from the findings i» vivo?. In order to account
for this apparent discrepancy it has been postulated without direct evidence that bile
salt originally taken up by the tissue can subsequently be released back into the intra-
luminal fluid*. Data obtained recently in our laboratory have indicated that a signifi-
cant proportion of both micellar free fatty acid and bile salt originally taken up by
hamster proximal small intestine in vitro was reversibly bound to the tissue®. The
finding that a significantly greater proportion of bile salt than of free fatty acid was
available for release, indicated that hamster intestine binds fatty acid more tightly
than bile salt. These results were felt to be compatible with the hypothesis that the
initial step in the uptake of conjugated bile salt and fatty acid from micellar solution
involved the reversible association of these molecules to binding sites, presumably
located near or at the surface of the epithelial cell. Once bound, these molecules could
proceed in either of two directions: they could be released back into the aqueous
medium bathing the villous surface (net eflux) or thev could be drawn deeper into the
cell along electrochemical gradients (net influx).

In the case of free fatty acid taken up by the proximal intestine it can be expect-
ed that the relatively tight surface binding of fatty acid® as well as the favourable gra-
dient for absorption created by the continuous removal of intracellular free fatty acid
by the process of esterification, which is very active in this region'®, would promote a
net influx. With regard to the uptake of bile salt in this region, it can be predicted that
the relatively weak surface binding as well as the absence of an active transport mech-
anism proximally?, would favour the return of bile salt molecules back into the intra-
luminal fluid.

It is reasonable therefore, to expect that the handling of free fatty acid and bile
salt molecules would be different in the distal intestine. This region is normally not
presented with fatty acid for absorption and possesses very little esterifving activity?
whereas it does contain an active transport mechanism for the absorption of bile salt!.
At present, however, there is no information about the reversible binding of micellar
fatty acid and bile salt by the distal small intestine. This investigation was undertaken
to study this aspect by characterizing and comparing the kinetics of in vitro efflux of
“MC]palmitic acid and sodium 3H]taurodeoxyvcholate from the proximal and distal
intestine.

MATERIALS

Palmitic acid and monoolein were purchased from the Hormel Institute, Austin,
Minn. and sodium taurodeoxvcholate from Maybridge Research Chemicals, Tintangel,

Biochim. Biophys. Acta, 225 (1971) 335346



INTESTINAL ABSORPTION OF BILE SALT AND FATTY ACID 337

Cornwall, U.K. These chemicals were certified as at least 9g %, pure by the suppliers
and confirmatory tests with gas-liquid and thin-layer chromatography were in close
agreement with the stated purities. [1-**C]Palmitic acid (New England Nuclear Cor-
poration) was certified to be 98 % pure by the supplier and on thin-layer chromato-
graphy 97 + I.0°% was present in the free fatty acid fraction. This fraction gave a
single peak, corresponding to palmitate on gas-liquid chromatography. Sodium tauro-
deoxycholate was tritiated by the Wilzbach technique (Tracerlab, Waltham, Mass.),
which vielded a chemically pure substance which was stored at 4° in ethanol. In view
of the significant exchange of radioactivity which occurred with the dissolving medium,
aliquots of sodium [3H]taurodeoxycholate were run twice on thin-layer chromato-
graphy, extracted and recrystallized prior to incorporation into each micellar incuba-
tion medium. 'carboxy-1*C]Inulin (New England Nuclear Corporation, Boston, Mass.)
was found to be chemically pure when run on paper chromatography!’ *. All chemi-
cals used were reagent grade and all organic solvents were doubly distilled.

ANALYTICAL PROCEDURES

Thin-layer chromatography was carried out on standard glass plates (20 cm <
20 cm) coated with silica gel G (E. Merck Company, Darmstadt, Germany). For the
separation of lipid fractions, 2’,7’-dichlorofluorescein was incorporated into the silicic
acid and the solvent system used consisted of n-hexane—diethyl ether-acetic acid-
methanol (go:20:2:3, by vol.)!2. The lipid fractions were identified by comparison
with simultaneously run standards (Hormel Institute). The fractions were visualized
by ultraviolet illumination and the corresponding silica gel as well as appropriate
blanks were scraped directly into counting vials containing 12 ml of a scintillation
solution, made up of 4 g of Omnifluor (New England Nuclear Corporation, Boston,
Mass.) dissolved in 1 1 of toluene. Bile salts were separated using a solvent system of
isooctane-acetic acid-isopropyl alcohol-isopropyl ether (120:60:60:60, by vol.)8,
After separation, the plates were sprayed with a 109 solution of phosphomolybdic
acid in ethanol and heated briefly to visualize the bile salts. The Rr values for each bile
salt were determined with standard bile salts (Maybridge).

Total radioactivity of the different incubation and washing solutions, as well as
the tissue homogenates and serosal fluid, was assayed in 1-ml aliquots added to 12 ml
of solution according to Bray!4. All samples were counted in a Tri-Carb liquid scintil-
lation counter (Model 3375, Packard Instrument Company, Downers Grove, I11.) with
a minimum efficiency of 43 %, for 1C and 23 %, for 3H in toluene, and 38 9, for 4C and
11 °, for 3H in solution according to BrRay!*. The samples were corrected for quenching
bv the channels ratio method!®, or by internal standardization.

Aliquots of samples containing [¥CJinulin were counted in solution according to
Brav! as described. In view of the fact that a rapid loss of activity has been found to
occur from ™Clinulin in dioxane based scintillation media'é, all such samples were
counted within 24 h of preparation, as preliminary experiments indicated that only a
negligible loss of radioactivity had occurred during this period.

* Kindly performed by Dr. K. Baerlocher, the deBelle Laboratory for Biochemical Genetics,
Montreal Children’s Hespital Research Institute, Montreal, Canada.

Biochim. Biophys. Acta, 225 (1971) 335-346



338 S. MISHKIX ef al.
EXPERIMENTAL PROCEDURE

Female golden hamsters, weighing from 100 to 120 g (Quebec Breeding Labora-
tories, L.aPrairie, Quebec) were fasted overnight and anaesthetised with ether. The
small intestine was removed and rinsed with ice-cold saline. The gut was then everted
over a chilled glass rod and filled with 0.15 M Krebs-Ringer phosphate buffer (pH 6.3)
(Ca?r and Mg?* omitted). Sacs, 3 cm in length, were prepared from the proximal and
distal small intestine by cutting between double ligatures. The portions of intestine
used were restricted to the proximal 15 cm from the pylorus and terminal 12 cm from
the ileocecal valve, as these regions were found in preliminary experiments to manifest
a uniform uptake and release of [1-14C]palmitic acid and sodium !*H taurodeoxy-
cholate and [1-*C]palmitic acid esterification. The everted sacs of each region were
randomized and incubated in pairs for 10 min at 37° under O,-CO, (95:5, by vol.) in
10 ml of micellar incubation medium which contained 10 gmoles [1-*C]palmitic acid
{0.05uC/umole), 10 umoles monoolein, 100 wmoles sodium 3H]taurodeoxycholate
(0.05-0.08 puC/umole) and 100 pmoles glucose made up in 0.15 M Krebs—Ringer
phosphate buffer (pH 6.3, Ca?* and Mg*  omitted)% 7. In some of the experiments
0.10 umole of [MCJinulin (0.07 xC/umole) was added to the incubation medium, which
was identical to that described above, except that stable palmitic acid was used in
place of [1-1*C]-palmitic acid. Following incubation, the sacs were drained along the
wall of the incubation vessel and transferred sequentially into a series of unlabeled
washing solutions maintained at 4° to ensure that the release of the radioactive com-
pounds was unaffected by the energy-requiring processes of the tissue.

The rinsing procedure was carried out in the following order: (a) a single 20-sec
rinse in an identical but unlabeled micellar solution, (b) fifteen separate 1-min rinses
followed by five 2-min rinses in Krebs-Ringer phosphate buffer (pH 6.3) (i.e. for a total
of 25 min). Each successive rinse was carried out in a fresh 2o-ml volume of uniabeled
rinsing solution, by gently swirling the sacs every 30 sec. Rinsing of the sacs for longer
than 25 min or the use of more vigorous rinsing resulted in the histological deteriora-
tion of the tissue when examined under the light microscope. The principal changes
noted were the shedding of significant numbers of epithelial cells from the villi, as well
as the appearance of irregularities in the PAS-positive “brush border region” of the
remaining epithelial cells.

The amounts of '1-¥CTpalmitic acid and [®*H]taurodeoxycholate released into
any given rinsing solution never exceeded their theoretical solubilities in Krebs—
Ringer phosphate buffer 1%:1%. In addition, preliminary studies showed that identical
results were obtained by rinsing with volumes of 20, 50 and 100 ml of Krebs-Ringer
phosphate buffer, indicating that the solubilizing capacity of the rinsing solutions for
palmitic acid and sodium taurodeoxycholate was not a limiting factor in the release of
'1-14Cpalmitic acid and 3Hltaurodeoxvcholate from the tissue.

After completion of the rinsing sequence, the sacs were drained of serosal fluid,
weighed, and homogenized in 10 ml of normal saline in an all-glass Potter-Elvehjem
homogenizer. 1-ml aliquots of incubation medium, rinsing solutions, tissue homogenate
and serosal fluid were directly counted in solution according to BrRav as described.
The remaining samples were extracted with chloroform—methanol (2:1, by vol.)20 and
aliquots of the lipid extract were subjected to thin-layer chromatography to determine
the distribution of 'C radioactivity among the free and esterified fattv acid fractions.
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The total uptake of [1-14C]palmitic acid, 3H]taurodeoxycholate and [Clinulin
(umoles x 1073/100 mg wet weight) were calculated by addition of the amounts of
these respective substances released into all the rinsing solutions to that which
remained in the tissue at the end of the rinsing sequence. As no direct measurements of
fatty acid or bile salt mass were done in these experiments, all calculations assume
that the specific activity of the labeled fatty acid and bile salt which was released into
the washing solutions was identical to that present in the initial incubation medium.
This assumption was based on the observation that intestinal sacs obtained from fasted
animals did not release any determinable amount of fatty or bile acids (gas-liquid and
thin-layer chromatography) when subjected to an identical incubation and rinsing
sequence in Krebs-Ringer phosphate buffer. Analysis of the tissue immediately after
incubation, prior to rinsing, yielded values for total uptake which were within one
standard deviation of the mean value obtained by the method described above. The
amount of tissue-esterified '1-1*Clpalmitic acid at the end of incubation and that after
rinsing for 25 min at 4°, remained within very narrow limits, indicating that the 1C
radioactivity released during the rinsing procedure had not been derived from the
lipolysis of this fraction. Furthermore, the substitution of [9,10-*H,]palmitic acid for
1 1-14C palmitic acid in the incubation medium did not change the results obtained.
This finding is consistent with the conclusion that oxidation of the terminal carboxyl
group of palmitic acid had not occurred to any significant extent under our experimen-
tal conditions.

STATISTICAL ANALYSIS

The Student’s ¢-test for paired values was used for comparing individual differ-
ences. Only P values of <0.01 were considered as being significant.

The curves of efflux of tissue radioactivity were obtained by the use of semilo-
garithmic plots of the amounts of the respective labeled substances released during
each successive rinse against time. The exponential components of the curves were
resolved according to the method of RiGcGs?! and the resulting straight lines were
fitted by the method of least squares adapted for logarithmic values of the amounts
released. The regression lines derived in this manner were then compared statistically.

RESULTS

Uptake of [1-14C [palmitic acid, sodium [3H |taurodeoxycholate and [°C Jinulin bv proxi-
mal and distal hamster small intestine

The data shown in Table 1 indicate that the uptake of each substance by the
proximal and distal small intestine was not significantly different except in the case of
[1-14C]palmitic acid which was taken up in significantly greater amounts by the proxi-
mal small intestine. The uptake of "®H Jtaurodeoxycholate by the sacs was proportio-
nately less than that of [1-1*C)palmitic acid and the ratio of taurodeoxycholate to
palmitic acid radioactivity in the tissue was 7.3:1 and 9.3: I in the proximal and distal
small intestine, respectively. These values were found to be significantly smaller than
the corresponding ratio of 10:I present in the micellar incubation medium. Even
though the fractional uptake of [*H]taurodeoxycholate by the everted sacs was lower
than that of [1-1C]palmitic acid, it was still greatly in excess of that predictable from
In vivo experiments’.
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TABLE 1

UPTAKE OF [[-¥CIPALMITIC ACID, 5O0DIUM [PH |TAURODEOXYCHOLATE AND [MC INULIN BY PROXIMAL
AND DISTAL SEGMENTS OF HAMSTER SMALL INTESTINE

Iiverted gut sacs prepared from proximal and distal hamster small intestine were incubated in
duplicate for ro min at 377 in 10 ml of micellar solution, containing 1o ymoles [1-1C ipalmitic acid
(0.05 «C{umole), 10 gmoles monoolein, 100 ymoles sodium PH taurodeoxycholate (0.05 uC/pmole)
and 100 gmoles glucose made up in o.15 M Krebs—Ringer phosphate buffer (pH 6.3). Only stable
palmitic acid was present in the incubation media containing o.1 gmole of [MCiinulin (0.07 pC;
pmole). The amount of [1-1C palmitic acid, sodium [*H Jtaurodeoxycholate, and {1*C inulin present
in the tissue immediately after incubation is termed the total uptake. This total uptake is also ex-
pressed as the percentage of the amount of labeled compound initially present in the incubation
medium (shown in brackets in the first column). The figures represent the mean . S.I%.

Intestinal Total uptake Vo of radioactivity

Conmpond
segment (pmoles < 10°* 100 Mg taken up pev 100 my
wet wt.) wet wt.

[1-1C Palmitic acid Proximal 142.4 . 210 1.42 | 0.21

(10 pmoles) Distal 114.0 + 10.0 1.14 4 0.11
Sodium [3H]taurodeoxycholate  Proximal 1027.4 + 129.5 1.03 & 0.13

(100 pimoles) Distal 1073.9 = 130.5 1.07 b 0.13
[4C Inulin Proximal 0.917 ;- 0.03 0.92 1 0.03

(0.1 gmole) Distal 0.937 0.04 0.94 - 0.03

TABLE IT

COMPARTMENTAL DISTRIBUTION OF | T-MC[PALMITIC ACID, $ODIUM *H ITAURODEOXYCHOLATE AND
(MO UNILIN

Iiverted gut sacs were incubated as described under Table 1. The sacs were then subjected to a
20-sec rinse in unlabeled micellar solution and then to twenty five 1-min sequential rinses in sepa-
rate 20-m] volumes of ice-cold Krebs-Ringer phosphate (0.15 M, pH 6.3). Using the total uptake
of M palmitic acid, sodium [3Hjtaurodeoxycholate and [1C Jinulin as 100 °, for each substance,
the table indicates the summated percentages of each labeled substance released into the rinsing
solutions, as well as the percentages of the total uptake which remained in the tissue and serosal
fluid after rinsing. All calculations were based on the assumptions outlined in EXPERIMENTAL
PROCEDURES. The figures represent the mean + S.I.

Compound I ntestinal ", Released into  °, Remaining in the
segment Krebs—Ringer T e e
phosphate buffer Tissue Sevosal fluid
[1-1*C Palmitic acid Proximal 33.0 = 3.3 00.7 i 3.0 0.7 & O
Distal 46.2 £ 4.3 52.9 + 4.2 1.0 -+ o.1
Sodium [*H]taurodeoxvcholate  Proximal 79.2 i 2.6 19.2 i 2.0 3-3 4 our
Distal So.5 ++ 1.9 4.8 + 1.9 4.7 4. 0.5
(1Cfnulin Proximal 89.0 4 1.7 5.9 4 1.5 5.1 } 0.2
Distal 90.5 1 1.6 4.3 1.2 5.2 + 0.3

The reversible uptake of 11-Y¥C ] palmitic acid, \3H ltaurodeoxvcholate and [MCVinulin by
hamster small intestine

A significant amount of each substance was found to be reversibly bound to the
tissue and could be removed by sequential rinsing in Krebs—Ringer phosphate buffer
{(Table I1). Approx. go 9, of the [1“Clinulin and 8o ¢, of the [3H]taurodeoxycholate
taken up during the 10 min of incubation was released in the rinsing solutions. These
values were the same regardless of whether the sacs had been prepared from proximal
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or distal small intestine. In contrast, only 33.0 4~ 3.8 and 46.2 + 4.3 % of [1-14C pal-
mitic acid taken up by the proximal and distal small intestine, respectively, could be
removed. The fraction of [1-"Cjpalmitic acid released from the distal small intestine
was significantly greater than that released proximally. This difference was minimized
because of the use of randomized segments of proximal and distal small intestine.
However, when segments of corresponding levels of jejunum and ileum were compared,
a distinct gradient of releasable ¥C radioactivity from proximal to distal small intes-
tine was obtained. The fractions released from the first two proximal and the last two
distal segments differed by a factor of 2-3. Independent of the intestinal level of the
segments used, g3.1 + 1.19% of the '1-1C palmitic acid released into any of the
Krebs—Ringer phosphate rinses was in the form of free fatty acid.

Following the 25-min rinse, a significant amount of radioactivity was retained
in the tissue. The greatest retention of radioactivity occurred in the case of '1-14C1-
palmitic acid in the segments of proximal small intestine, namely 66.7 -+ 3.6 °,. The
corresponding value for the segments of distal small intestine, 52.9 4 4.2 %, was found
to be significantly smaller. Again, when segments of corresponding levels of jejunum
and ileum were compared, the difference between the radioactivity retained in the
tissue increased progressively from proximal to distal small intestine. In addition, it
was found that 59.5 4 1.9 and 15.9 — 2.1 % of the tissue radioactivity was in the
form of esterified fatty acid in the proximal and distal small intestine, respectively.
The findings suggested that an inverse relationship existed between the esterifying
capacity of the tissue and the proportion of 1-14C palmitic acid which was available
for release into Krebs—Ringer phosphate buffer. Less than 209, of the uptake of
i3H Jtaurodeoxycholate and less than 6%, of that of "*C inulin was retained in the
tissue after rinsing. The serosal fluid contained 3.3 = 0.1 and 4.7 4+ 0.5 % of the up-
take of [3H]taurodeoxycholate in the proximal and distal small intestine, respectively.
These values were significantly different at the 19, level, and may result from the
active transport of bile salt by the distal small intestine, as experiments done at 4~ did
not show this difference. It was found that approx. 5 % of the [*CJinulin taken up by
the proximal and distal small intestine was present in the serosal fluid, while the
amounts of [1-*C]palmitic acid in this conmpartment were very small and never ex-
ceeded 1.4 % of the uptake.

These results indicated that |[1-*C]palmitic acid and '3H]taurodeoxycholate
taken up by the sacs behaved very differently from each other in these experiments.
Firstly, the fraction of [*H Jtaurodeoxycholate released into Krebs—Ringer phosphate
buffer exceeded that of {1*Clpalmitic acid by a factor of 2.4 and 1.8 in the proximal
and distal small intestine, respectively. Secondly, the percentage of |1#C]palmitic acid
retained in the tissue was approximately 3 times greater than that of !3H Jtaurodeoxy-
cholate, regardless of whether the sacs were prepared from proximal or distal small
intestine. Thirdly, the proportion of [®*Hltaurodeoxycholate in the serosal fluid com-
partment of both the proximal and distal segments was 4.7 times larger than that of
1-MCJpalmitic acid.

Kinetics of release of the labeled substances during sequential washing of the intestinal sacs
in Krebs—Ringer phosphate buffer

The semilogarithmic plot of the amounts of each substance released from the
tissue as a function of time is shown in Figs. 1 and 2. In all cases each curve was
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readily resolved into two exponential functions which were assumed to represent two
compartments with significantly different half-times of efflux (Table 111).
Compartment A, in all cases, was rapidly turning over and had a half-time of
release (f15) ranging between 0.93 and 1.24 min. In contrast, compartment B, in each
case, displayed a much slower and more variable half-time of release (Table L11).
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Fig. 1. The efflux curves for [1-13C jpalmitic acid and sodium {*H Jtaurodeoxvcholate into Krebs
Ringer phosphate buffer from everted sacs of proximal small intestine. The everted sacs were pre-
incubated for 1o min as described under Table I. The sacs were then subjected to a 20-sec rinse in
1o ml of unlabeled micellar solution and to twenty five 1-min sequential rinses in separate 20-ml
volumes of ice-cold Krebs—Ringer phosphate buffer. The amounts released during each successive
rinse (@) are plotted against time of rinsing (min). Lach point represents the mean value of six
experiments. The standard error for each point never exceeded 0.50 and 20.9 ymoles x 107%/100 mg
for 1C jpalmitic acid and sodium [*H Jtaurodeoxycholate, respectively. All calculations were based
on the assumptions outlined under EXPERIMENTAL PROCEDURES. The efflux curves of labeled
palmitic acid and sodium taurodeoxycholate from the distal small intestine were very similar and
are not shown in this figure.

Fig. 2. The efflux curve for [1*C’inulin into Krebs—Ringer phosphate buffer from everted sacs of
proximal small intestine. The experimental conditions were indentical to those described under
Fig. 1. The amount of {1Clinulin released during each successive rinse in Krebs—Ringer phosphate
buffer (@) is plotted against time of rinsing (min). Each point represents the mean of four experi-
ments. The standard error of cach point never exceeded 0.5 gmole x 107%/100 mg. The efflux curve
of labeled inulin from the distal small intestine was identical to the curve shown in this figure.

Statistical analysis of the regression lines derived for compartment A indicated
that there was no significant difference between the characteristics of efflux of [1-14C}-

palmitic acid, [®H]taurodeoxycholate and [#Clinulin from either the proximal or
distal small intestine. This suggested that the location of compartment A was the same
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TABLE IIIL

EFFLUX OF [ 1-4C|PALMITIC ACID, SODTIUM [*H TAURODEOXYCHOLATE AND [MC JINULIN INTO KREBS—
RINGER PHOSPHATE BUFFER

The everted sacs were incubated as described under Table I. Efflux was into separate zo-ml volumes
of Krebs—-Ringer phosphate buffer. The figures for £1; were calculated from the lines A and B for
curves drawn as in Ifigs. 1 and 2. Each curve was drawn from the mean points of six experiments.
Compartment size expressed as ymoles X 10°3/100 mg wet tissue was derived by expressing the
amounts released into each rinse as in Iigs. 1 and 2 as the fraction of the total exchangeable
radioactivity in the tissue. The resultant curves were resolved as described in Statistical analysis
and pool size was derived by extrapolating each line to zero time. All calculations were based on
the assumption outlined in EXPERIMENTAL PROCEDURE.

Compound Intestinal (£v, min) Compartment size
segment - . SR
A B A B
[1-1¢C Palmatic acid Proximal 0.93 14.44 15.11 18.20
Distal 1.05 10.19 15.32 15.14
Sodium *H Jtaurodeoxycholate  Proximal .23 8.77 201.06 330.76
Distal 1.22 8.45 198.82 358.74
[MC Inulin Proximal 0.96 5.06 0.32 0.23
Distal 0.95 5.06 0.30 0.24

for all three substances measured, and corresponded to the extracellular fluid space as
defined by [*C]Jinulin.

Statistical comparison of the data derived for compartment B revealed that
while no significant difference was found for the efflux of each labeled substance from
the proximal and distal small intestine, the efflux characteristics of each compound
differed very significantly from each other and especially from [*CJinulin. The half-
time of release of [1C]palmitic acid from compartment B was much slower than that
of 3H taurodeoxycholate which in turn was significantly slower than that of [4C]-
inulin. These differences may have resulted from the fact that each substance was con-
tained within a different anatomical compartment, or alternately, that each substance
was bound with different degrees of tightness to superficial binding sites.

The values derived for compartment size (see Table III) represent the amounts
of the isotopic substances present in each compartment before any efflux had occurred.
While the ratio for *H]ltaurodeoxycholate to [1-1*C]palmitic acid in the initial incu-
bation medium was 10: 1, the ratio of these substances in compartment A was 13.3:1
and 13.0:1 for the proximal and distal small intestine, respectively. The corresponding
ratios for compartment B were 18.2:1 and 23.8:1. The great excess of [3H]tauro-
deoxvcholate to "1-1*Clpalmitic acid in compartment B is mainly responsible for the
finding that approximately twice as much of the bile salt as compared to the palmitic
acid taken up by the everted sacs was available for release during the 25 min of
rinsing in Krebs-Ringer phosphate buffer (Table II).

DISCUSSION

It has been shown that a significant proportion of fatty acid originally taken up
by a variety of in vifro preparations is available for release into different aqueous
media22-24, We have extended these observations to the release of [1-4C]palmitic acid,

and sodium [3H Jtaurodeoxycholate by both proximal and distal small intestine of
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hamster. Our results clearly indicate that although both substances were reversibly
bound, they behaved very differently with regard to their uptake and availability for
release into Krebs—Ringer phosphate buffer. The uptake of micellar 3H jtaurodeoxy-
cholate by segments of proximal and distal small intestine was within very narrow
limits and the fraction available for release in the washing solution, which was approx.
S0 % of the uptake, was independent of the intestinal origin of the segments. In con-
trast, the uptake and release of ' 1-1C |palmitic acid was markedly dependent on the
level from which the intestinal segments were prepared. Whereas the uptake by the
proximal segments was 142.4 -+ 21.0 gmoles ~ 1073/100 mg, of which 33.0 = 3.8°9,
was available for release, the distal segments took up and released significantly differ-
ent amounts of [1-¥C]palmitic acid, i.e. 114.0 4+ 10.6 gmoles - 1073100 Mg and
146.2 + 4.3 %, respectively. These differences became even greater when intestinal
segments from corresponding levels of jejunum and ileum, instead of randomized
proximal and distal segments, were compared. In view of the finding that a significant
difference in the capacity for |1-1C |palmitic acid esterification existed between the
proximal and distal small intestine (59.5 + 1.9 ¢s. 15.9 = 2.1 %), it appeared that the
greater esterification of '1-4C palmitic acid in the proximal small intestine had con-
tributed to the greater uptake and the diminished fractional release of . 1-12C {palmitic
acid in this region. This conclusion was supported by the finding that brush border
preparations of proximal and distal small intestine, in which no esterifying activity
could be detected, took up and released identical amounts of 1-14C ! palmitic acid and
by the demonstration of a highly significant linear inverse relationship between the
capacity for esterification and the fraction of [1-1*C |palmitic acid available for release
from the small intestinal segments®. The factors described above would promote a
large net influx of fatty acid, especially in the proximal small intestine, while most of
the bile salt taken up in this region would be available for efflux back into the intra-
luminal fluid bathing the villous surface of the intestine.

The efflux of { 1-1C |palmitic acid and |3H taurodeoxycholate could be described
in terms of two functionally distinct compartments regardless of whether the sacs were
prepared from proximal or distal small intestine (I'ig. 1, Table I11}. Compartment A,
which had a rapid half-time of efflux was identical for both substances, in contrast,
compartment B, which had a much slower half-time of efflux, was markedly different
for each substance. These results are in agreement with those of HorryMax23, who has
also described two compartments for the effiux of ;1Cloleic acid from rat jejunum.
The half-times of release of 1-C palmitic acid derived from our data were much
shorter than those obtained for (CJoleic acid. These results may be attributable to
either a difference in the physical properties of the fatty acids tested, to differences in
the binding properties of the intestinal mucosa towards different fatty acids, or to
variations in the experimental procedures employed. The efflux of #*Ciinulin from
hamster small intestine also occurred from two analogous compartments (Ifig. 2), the
tirst of which, compartment A, had a half-time of eflux which was very similar to
that obtained for the efflux of 1-1*C palmitic acid and 3Htaurodeoxycholate from
the same compartment. These findings suggest that compartment A for 1-''C pal-
mitic acid and *Hltaurodeoxycholate was largely, if not entirely, confined to the
extracellular space as defined by [*C’inulin. In contrast, the efflux of these substances
from compartment B was significantly slower than that of ™Clinulin (Table I1}. This
would imply that either these lipid substances were in a different anatomical com-
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partment or that all of them had been bound with different degrees of tightness to
superficial binding sites, which as indicated by experiments with brush border prepa-
rations®, may possibly be located in the glycocalyx or the microvillous membrane.
It is of interest that the ratio of [3H]taurodeoxycholate to [1-*C}palmitic acid in
compartment B was 18.2:1 and 23:8:1 for the proximal and distal small intestine,
respectively (Table I11). These values were significantly in excess of the corresponding
ratios in compartment A, namely 13.3:1 and 13.0:1, as well as the ratio of 10:1
present in the initial micellar incubation medium. It would appear that the excess of
bile salt in compartment B as well as the more rapid half-time for its release accounted
for the finding that a greater proportion of the uptake of [3H Jtaurodeoxycholate than
. I-MC palmitic acid was available for release from the tissue (Table IT).

The conclusions which may be dawn from the results of these in vitro experiments
with regard to the process of fat absorption iz vivo must of course remain speculative.
It is conceivable that the distribution of fatty acid and bile salt in the compartments
described might be very different in the presence of an intact circulatory system.
[furthermore, it is not known to what extent fatty acid and bile salt taken up in vivo
can be removed by serial washings. Recent preliminary ¢n v7vo experiments in our
laboratory (S. MisHKIN, E. CrysTaL anD J. I. KESSLER, unpublished observation) in
which the same parameters were investigated in ligated intestinal segments with intact
circulation seem to support our in vitro results and lend further support to the hypoth-
esis that a significant fraction of the micellar fatty acid and bile salt taken up by the
intestinal mucosa is contained within the extracellular fluid space of this tissue (com-
partment A), possibly in the form of micellar aggregates similar in composition to
those present in the micellar phase of the intraluminal fluid. In addition, it would
appear that one of the initial steps in the absorption of micellar fatty acid and bile salt
involves the reversibly binding of these substances to binding sites, located possibly
near the surface of the epithelical cell (compartment B). Once present in these two
compartments, these molecules can proceed in either of two directions: they can be
released back into the aqueous medium bathing the villous membrane or be drawn
deeperinto the cell along electro-chemical gradients maintained by the continuous ester-
ification of fatty acids. If the Krebs—Ringer phosphate used in our artificial system
shares the physical properties of the fluid medium bathing the villous surface iz vivo,
it can be expected that bile salts, because of their weaker association with the intestinal
mucosa and the absence in the proximal small intestine of an active mechanism to
maintain a proper concentration gradient for inward flow, would be released in excess
of fatty acid. This mechanism would ensure the presence of an effective intraluminal
concentration of bile salts in the proximal small intestine, resulting in a continuous
formation of micelles and the efficient absorption of fatty acid, which once esterified
would not be available for intraluminal release. According to this hypothesis, the con-
tinuous uptake and release of bile salt would occur repeatedly along the length of the
small intestine, until the terminal ileum was reached, where the active mechanism for
bile salt absorption would result in its irreversible removal from the lumen.
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