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SUMMARY

1. A micellar solution containing trace amounts of different radioactive species
of lipid was injected into a rat jejunal segment, tied off at both ends, with or without
blood supply. Incubation was performed for different times after which the jejunal
tissue was isolated and the radioactivity uptake determined. In one experiment
jejunal slices were incubated for different times in a micellar solution.

2. With intact blood supply to the intestinal segment the uptake of the different
species of lipid varied between 8 and 30 9% 0.5 h after administration. Octadecane
had the most rapid rate of uptake followed by oleic acid, monoolein and cholesterol,
respectively. The rate of sitosterol uptake was approximately one third that of
cholesterol.

3. When the blood supply to the segment was interrupted, the uptake decreased
for all species of lipid to 1.5-4.5 %. After 5 min there was no net uptake with time.
The cholesterol uptake decreased more than the sitosterol uptake, the latter being
about 0.7 of that of cholesterol.

4. When a micellar solution containing KCN was injected into a jejunal segment
with intact blood supply, there was a decrease in lipid uptake similar to that produced
by exclusion of the blood supply.

5. In contrast to the low uptake by segments with interrupted blood supply,
the uptake of radioactive sterols by preparations ¢n vitro increased markedly with
time. Sitosterol was taken up to the same extent as cholesterol.

6. The results suggest that intestinal lipid absorption cannot be investigated
by conventional methods ¢ vitro. The penetration of lipid from micelle to mucosa
epithelial cell is thought to be an active process the arrangement of which is hypothe-
tically described in a four-dimensional membrane.

INTRODUCTION

The intestinal absorption of different species of lipid is considered to involve
a transfer from an oil phase through a micellar phase to the mucosa epithelial
celll-2. Digestion of triglyceride by pancreatic lipase results in the production of

Definition: In this investigation, octadecane, oleic acid (9-octadecenoic acid) and monoolein
(glycerol-1-monooctadecenoate) are as a group referred to as octadecanoic compounds.
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monoglyceride and fatty acid. These compounds form mixed micelles together
with components of the bile3. Transfer from the micellar phase to the epithelial
cell is thought to be a passive diffusion process?.

The micellar solubilization and hence the luminal transfer of sitosterol and
cholesterol to the epithelial cell are dependent on the presence of the products of
glyceride hydrolysis in the micellar phaset. Sitosterol and cholesterol seem to be
transferred from oil phase to micellar phase to the same degrees6. In vivo the uptake
of cholesterol by the epithelial cell”’ and the transport of absorbed cholesterol in the
thoracic duct lymph® are about 5 times greater than for sitosterol. In vitro, 1.e.
when everted sacs have been incubated, sitosterol and cholesterol are taken up to
the same extent®. The specificity mechanism in sterol absorption, which exists
4n vivo, has been localized to an outer layer of the mucosa epithelial cell”8.

In this investigation lipid absorption and the specificity mechanism in sterol
absorption have been studied in preparations that can be pictured as representing a
gradual transition from conditions in vifro to ¢n vivo. Different micellar solutions
containing sterols, octadecane or oleic acid and monoolein have been used to study
uptake into small intestinal slices 7 wvitro. In addition, these solutions have been
injected in situ into rat jejunal segments which had been tied off at either end.
Conditions of both intact and interrupted blood supply were studied.

MATERIALS

[4-14C]- and [7-®H]cholesterol (the Radiochemical Centre, Amersham, Bucks,
Great Britain) were checked by thin-layer chromatography and found to have a radio-
purity of more than 98 %. [22,23-°H] Sitosterol was prepared from stigmasterol by
hydrogenation as previously described® and found by thin-layer chromatography to
have a radiopurity of more than 97 %. [1-4C] Oleic acid, [9,10-*H] oleic acid and
[1-14C] octadecane (the Radiochemical Centre, Amersham, Bucks, Great Britain) were
found by thin-layer chromatography to have a radiopurity of more than 98 %.

[14C] Monoolein was synthesized from isopropylideneglycerol and [1-'4C]-
oleic acid?. It was further run on thin-layer chromatography to a radiopurity of
more than g6 %. Sodium taurodeoxycholate was synthesized according to HOFMANN.
Monoolein was a product of Distillation Products Industries (Rochester, N.Y.).
It was purified on an alumina column. 2-(4'-fert-Butylphenyl)-5-(4-biphenyl)-1,3,4-
oxadiazole was obtained from Ciba Ltd., Basle, Switzerland.

METHODS

White male rats (250 g) were fasted overnight prior to experimentation.

Anaesthesia was induced by administration of Nembutal intraperitoneally.
The abdominal wall was opened in a 37° room. 0.30-g wet wt. jejunal segments of
approx. 3 cm were ligated with intact blood supply. The first of these segments
was located just distal to the ligament of Treitz. Before the segment was completely
closed, 0.4 ml of a micellar solution was injected through one end. In some cases
the blood supply was excluded by tying off the whole mesentery of the segment
under study. The segment was resected 5, 15 or 30 min after injection. Where the
blood supply had been left undisturbed for the study ligation was carried out just
prior to resection.
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In a few experiments KCN was included in the micellar test solution which
was then injected into the proximal jejunal segment. In the adjacent segment the
same test solution without KCN was administered.

In one experiment jejunal slices of approx. 2z cm (0.20 g wet wt.) were carefully
resected, opened along the anti-mesenteric border and immediately transferred to
2.0 ml of the micellar solution. Using segments of this size, the tissue remained
extended so that the mucosal surface was exposed to the micellar solution during
the whole incubation. Gentle agitation was employed.

At the end of the experiment the mucosal surface of the segment was exposed
to 5 ml 0.15 M NaCl containing 2.4 pumoles sodium taurodeoxycholate per ml. The
segment was then washed 3 times in 10 ml of the same solution (5 min in each) with
gentle agitation. It was thereafter dried with filter paper and weighed.

Homogenization was performed in chloroform-methanol (2:1, v/v). The
lipids were extracted according to the Folch procedure. An aliquot was evaporated
to dryness in a counting vial. 15 ml of toluene—dioxane-2-(4'-tert.-butylphenyl)-5-
(4-biphenyl)-1,3,4-0xadiazole scintillation solution were added. Counting was per-
formed to at least g5 % confidence in a Packard liquid-scintillation spectrophotometer
of the 4000 series. Quench correction with internal standard was performed.

The micellar solutions were generally prepared according to HoFMANNIZ,
They consisted of 10 mM monoolein, 10 mM sodium taurodeoxycholate and different
radioactive tracers in phosphate buffer (pH 6.3) which was 0.15 M with respect to
Na+. The administered cholesterol tracer represented 0.0006 pmole, the sitosterol
tracer 0.01 umole, the oleic acid tracer < 0.02 pmole and the octadecane tracer
0.2 uymole. When radioactive monoolein was administered the solution was, as in
the other experiments, 10 mM with respect to this substance. Monoolein and tracers
were evaporated to dryness and buffered sodium taurodeoxycholate solution was
then added. The solution was shaken until water-clear.

Where KCN was included in the micellar test solution the composition was
as follows: 10 mM monoolein, 10 mM sodium taurodeoxycholate and the radioactive
tracers in glycine-NaOH buffer (pH 11.4) which was 0.15 M with respect to Nat.

Each experiment consisted of four observations made in different rats during
the same day.

RESULTS

Fig. 1 illustrates the uptake of trace amounts of radioactive cholesterol and
sitosterol by six adjacent segments of rat jejunum with intact blood supply after
30 min. The uptake of cholesterol was around 22 % in the proximal two segments
and 13 9% in the distal four. The sitosterol uptake was 5 % in all segments. The ratio
8H/%C in the radioactivity uptake was 0.20-0.40 in all the segments (Fig. 1).

In order to determine whether the label left the intestinal segment during
the incubation, a micellar solution was incubated in segments for different times.
The radioactivity of the segment and of its intestinal content was then measured.
Fig. 2 shows that there was no change in the radioactivity recovered with time.
Because of a systematical error of the method, the amount recovered was-about 8 %,
more than the amount of radioactivity injected into the segment.

As indicated previously, the intestinal segment was washed 3 times. The
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efficacy of the washing procedure was studied by measuring the timed release of
radioactivity from the segment into each of the three wash solutions (Fig. 3). It was
found that 3 min was the optimal time period, since no further radioactivity was
recovered after this interval.
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Fig. 1. Above: Uptake of [22,23-%H] sitosterol 4 range (O—Q) and [4-'4C] cholesterol - range
(®@—@) by six adjacent jejunal segments. Below: Ratio of uptake 3H/!4C. The ratio was taken as
1.0 in the micellar test solution. 0.4 ml of this containing tracers of [22,23-3H] sitosterol and
[4-14C] cholesterol was injected 30 min before isolation.

Fig. 2. Percent radioactivity recovered + range of [4C] monoolein (Q—Q) and [BH] cholesterol
(@ —@) in intestinal segments and their intestinal content. The segment was isolated at different
times after the injection of 0.4 ml of a micellar test solution containing the radioactivities. ® refers
to one segment without blood supply.

Fig. 3. Percent radioactivity released from an intestinal segment into washing Solutions I, IT and
III containing 5 ml 2.4 gmoles sodium taurodeoxycholate per ml in 0.15 M NaCl. Above: [14C]-
Monoolein. Below: [®H] Cholesterol. The segment was washed in each solution for 1 min (@ —@),
3 min (¥—W), 5 (A—A) or 10 min (l—M). 0.4 ml of a micellar solution with the two radio-
activities was injected 30 min before isolation of the segment. Each point represents eight obser-
vations. After isolation the segment was opened and rinsed with 5 ml sodium taurodeoxycholate
solution. Then it was transferred to the wash solutions. ‘ Percent radioactivity’ denotes the fraction
found in the wash solution divided by the radioactivity recovered from the segment and the
wash solutions.

Studies on lipid uptake

It is assumed that the percentage of isotope taken up by the tissue equals
mass uptake, 7.e. that no exchange of labeled molecules for unlabeled molecules
took place.

The cholesterol and sitosterol uptake both increased with time (Figs. 4A and 4B).
However, the cholesterol uptake was 4 times as large as that of sitosterol. When
the blood supply to the jejunal segment was excluded the cholesterol uptake, 5 min
after administration, was 5 %. After 15 or 30 min there was rather a decrease to 3 %.
A parallel effect was observed on the sitosterol uptake so that 15 or 30 min after
administration 2 % was recovered in the jejunal segment. Fig. 4C shows that the
ratio 3H/1C of the radioactivity uptake by segments with blood supply was 0.25-0.35.
With interruption of blood supply there was an increase to 0.60-0.80.

With the blood supply excluded, the uptake of sitosterol and cholesterol by
a jejunal segment was not further changed when the connections with the peritoneum
and the rest of the jejunum were excised. After 5 min incubation there was no net up-
take. The uptake of sitosterol and cholesterol in jejunal slices incubated in vitro
increased with time (Fig. 5).
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In both experiments the ratio 3H/“C (Fig. 5) increased with time, 7.e. there
was an increased uptake of sitosterol relative to cholesterol with time. In the experi-
ment n vitro the ratio 3H/MC was 0.74-1.04. Thus, after 30 min the ratio was 1.04,
indicating that sitosterol was taken up to the same extent as cholesterol.
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Fig. 4. Uptake of [4-*%C] cholesterol + range (A) and [22,23-°H] sitosterol + range (B) by a
jejunal segment the blood supply of which was intact (@-—@) or ligated (O—O).

Ratio of uptake 3H/MC in relation to a ratio of 1.0 in the micellar test solution (C). 0.4 ml of this
containing tracers of [22,23-*H] sitosterol and [4-14C] cholesterol was injected. Six tests were
carried out in each animal, every second one with ligated blood supply.

Fig. 5. Above: Percent uptake per g wet wt. of [4-14C] cholesterol + range by isolated jejunal
segments in situ (Q—Q) and by jejunal tissue in vitro (@ —@). Below: Ratio of uptake 3H/14C
4 range. The ratio was taken as 1.0 in the micellar test solution. In the experiment iz sitx 0.4 ml
of the micellar test solution containing [22,23-%H] sitosterol and [4-14C] cholesterol was injected,
and in the experiment in vifro the tissue was incubated in 2.0 ml of the same solution.

In the following three experiments a micellar solution with the same concen-
trations of monoolein, sodium taurodeoxycholate and Na* in phosphate buffer
(pH 6.3) was administered but with other pairs of radioactive lipids, 7.e. monoolein
and cholesterol (Fig. 6A), oleic acid and monoolein (Fig. 6B) and octadecane and
cholesterol (Fig. 6C). The uptake of all the tracers by jejunal segments with intact
blood supply increased with time.

Fig. 7 shows the uptake of the different species of lipid in these experiments
relative to that of octadecane, taken as unity. In order of decreasing uptake octa-
decane is followed by oleic acid, monoolein, cholesterol and sitosterol. The relative
uptake of the different species of lipid changed little with time.

With excluded blood supply the uptake of all lipid species investigated was
identical. Up to 5 min after injection of the test solution there was a net uptake.
After 15 min there was a net decrease, which was unchanged after 30 min.
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Fig. 6. Uptake of (A) (O—Q) a [®*H] cholesterol tracer and [1C] monoolein (@ —@), (B) an
[BH] oleic acid tracer (O—Q) and [¥C] monoolein (@ —@), (C) a [¥H] cholesterol (O—O) and
an [MC] octadecane tracer (@ —@) by a jejunal segment with intact blood supply. @- - - -@ and
O- - - -0, uptake of the same tracers by segments with ligated blood supply. The pairs of radio-
active substances were injected, dissolved in 0.4 ml of a micellar test solution. Six tests were
carried out in each animal, every second one with ligated blood supply.

Fig. 7. Relative uptake of tracers of different radioactive species of lipid by a jejunal segment
into which 0.4 ml of a micellar test solution was injected. The percent uptake of the different
lipids was divided by that of octadecane (octadecane equal to unity). O0—Q, oleic acid; V—V,
monoolein; Ww—W, cholesterol; A—A, sitosterol.
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Fig. 8. Above: Uptake of [22,23-3H]sitosterol and [4-1*C]cholesterol after 30 min by a jejunal
segment when tracers of sterols were administered in 0.4 ml of a micellar solution with or without
varying concentrations of KCN. O—0Q, ([4-1%C]cholesterol without KCN; @—@, [4-1*C]-
cholesterol with KCN; v—V [22,23-3H]sitosterol without KCN; w—W, [22,23-*HJsitosterol
with KCN. Two incubations, the first with and the second without KCN, were carried out in
each animal. Below: Ratio of uptake 3H/14C 4 range as before.

Fig. 9. Uptake of a [3H] cholesterol tracer and [1C] monoolein after 30 min by a jejunal segment
when the lipids were injected in micellar form with or without varying concentrations of KCN.
O—0, [®H] cholesterol without KCN; @ —@, [3H] cholesterol with KCN; v—v, [1C]-
monoolein without KCN; w—W, [14C] monoolein with KCN. Two incubations, the first with
and the second without KCN were carried out in each animal. o
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Fig. 8 shows that the uptake of cholesterol decreased with increasing concentra-
tion of KCN in the micellar test solution injected in the first segment. With sitosterol
the uptake was low even with the smallest concentration of KCN used. With increasing
concentrations this low uptake was not further decreased. The uptake of radioactivity
of both sterols was always larger in the second segment where the same micellar
solution without KCN was injected. The ratio ®H/*C in the first segment increased
with increasing concentration of KCN (Fig. 8).

The effect of KCN on the uptake of monoolein and cholesterol is shown in
Fig. 9. There is a parallel net decrease in the uptake of both lipids with increasing
concentration of KCN. The uptake of both radioactivities in the second segment
was always greater than in the first segment. It decreased with increasing KCN con-
centration in the first segment.

DISCUSSION

Reliability of the method

In each experiment the uptake was studied in a maximum of six intestinal
segments. In order to test if the treatment of the jejunum during this procedure
resulted in a modified uptake, the same micellar solution containing radioactive
sitosterol and cholesterol was administered into six sequential segments. In the
more distal segments there was a decreased uptake. The characteristics of uptake,
however, expressed as the difference in uptake between sitosterol and cholestercl,
were not changed. At least the proximal three fourths of the small intestine is involved
in fat uptake’. In the present study experiments were performed in the proximal
jejunum. The difference in uptake between segments therefore may not be due to
biological differences between segments but rather to traumatic effects on the tissue
exerted by the experimental technique.

The volume of test solution to be injected into each jejunal segment was
0.4 ml. This volume filled up the intestinal channel of the segment used. No radio-
activity left the segment during the time of the experiment probably because of
the fact that the lacteals in the tissue were occluded through the special handling
of the segment. This may explain the difference between these results and others!2,

In preparations ¢n vitro or in preparations in situ without blood supply the
possibility exists that the bile salts used may have damaged the tissue. This possibility
cannot at present be excluded. The bile salt concentration employed was in the
same range as that used in previous studies in vitros:12,13,

Studies on lipid uptake

In the following the term uptake is thought to include the whole transfer of
substances from the luminal micellar phase through the membrane of the epithelial
cell into the cell.

The uptake of every species of lipid tested was dependent on the blood supply
to the jejunal segment. By administration of KCN (a respiratory inhibitor) this
dependence could be further traced to an energy supply. Based on this evidence
lipid uptake seems to be an energy-dependent process. This tentative conclusion is
at variance with the current view on lipid absorption!.1* but does find support in
earlier studies!2.15,
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The results are similar to the findings on the absorption of glucose. This de
creased, as did the ATP concentration, in a segment of the small intestinal wall
when its blood supply was diminished!s.

In segments with intact blood supply different species of lipid were taken up
at different rates. This has been observed before in vivo* and in vitrol8. Octadecane
was taken up at the fastest rate followed by oleic acid and monoolein. The polarity
of the compounds seems to be associated with a decreased rate of uptake. These
results favour the view that individual compounds dissolved in the micelle are
released from the micelle at the membrane. The rate of release may partly be due to
the fact that the polarity of the individual micellar compound influences its solubili-
zation in the lipid part of the membrane of the epithelial cell.

The rates of uptake of cholesterol and sitosterol were lower than those of the
octadecanoic compounds. In vivo cholesterol has been shown to be taken up about
5 times more rapidly than sitosterol”¥?. This difference in absorption rate was also
observed in the present investigation.

The limited intestinal absorption of cholesterol and sitosterol in comparison
with the quantitative absorption of glyceride fat is explained as being due to two
limiting steps in the transfer of sterol from the intestinal content to the mucosa
epithelial cell®!8. These steps are the micellar solubilization of sterols and, as is
also shown in this investigation, differences in rates of transfer for different species
of lipid across the plasma membrane of the mucosa epithelial cell.

The mechanism responsible for the difference in absorption between sitosterol
and cholesterol has earlier been localized to ‘an outer layer of the mucosa epithelial
cell’®. Evidence in the present investigation suggests that this mechanism in addition
may be energy-dependent and that it might be closely related to the energy-dependent
uptake of different species of lipid by the epithelial cell. Possibly, therefore, the
mechanism as well as the active uptake process are located in the plasma membrane
of the epithelial cell.

When the blood supply was excluded the ratio 3H/4C increased to 0.60-0.70.
This indicated that cholesterol uptake decreased more than sitosterol uptake. There
was no net uptake with time for any lipid species tested. However, when the jejunal
tissue was further manipulated, i.e. when it was carefully cut into intestinal slices
which were incubated ¢» vitro in vessels that were not oxygenated, there was a
marked uptake of radioactivity with time. In this case cholesterol and sitosterol
were taken up to the same extent. This has also been observed when incubations
were performed under oxygenation®. A high uptake <n vitro has in addition been
recorded for other species of lipid%: 34,

Evidently conditions exist in the preparations i» vifro which allow uptake of
different lipid species by passive diffusion from micelles to lipoproteins in the epithelial
cell. However, these conditions do not describe the penetration in vive of different
lipid species from the micelle into the mucosa epithelial cell. This is the case since
they leave unexplained the lack of uptake of any lipid species by jejunal segments
without blood supply. In addition, in preparations % vitro there is no distinction
between cholesterol and sitosterol. In order to fully describe the penetration it
seems to be mandatory to use methods in which the metabolic integrity of the epi-
thelial cell is not disturbed.

Recent advances!®-?2 in the understanding of membrane phenomena have
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led to the view that energy brought to the membrane is transformed and conserved
as conformational energy, which can be used for various purposes. When this takes
place, energized structures are transformed into non-energized ones which thereafter
are thought to become reenergized.

It is tempting to suggest that lipid absorption in general and the specificity
mechanism in sterol absorption depend on such energized, labile structures. When
the energy flux is decreased, the energized structure no longer exists, and therefore
no absorption of lipid can occur.

Such a hypothesis, however, describes the absorption which must be considered
to be a flux of substances in structural terms only. It does not describe the flux
per se.

In order to do this the following theoretical consideration should be made.
The structural part of the membrane is described in the Cartesian coordinate system
with the help of the three dimensions of space (%), (y) and (z), while the dynamic
part, i.e. the change in the membrane, is added to the three spatial dimensions in
the form of the time dimension expressed as (7). When the membrane is to be de-
scribed adequately in the four-dimensional space, every dimension must be taken
into consideration. The general view on the membrane created by this idea implies
a highly structuralized process or state, which is continuously renewed and destroyed.
This hypothesis is supported by the observation that there is a turnover of membrane
components?324,

In the present investigation the uptake in lipid absorption might be schemati-
cally explained as in Figs. 10A and 10D. The membrane is regarded as consisting of
units continuously renewed which partly consist of lipid-soluble material. These
units might vibrate in an ordered fashion. Through this vibration lipid-soluble
spaces are propagated from outside to inside the membrane by the membrane.
Depending on the movement in the membrane, different lipid-soluble spaces will
be generated, whereby a differentiation between molecules of different shape will
take place, s.e. in the present investigation between octadecanoic compounds and
cholesterol and between cholesterol and sitosterol.
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Fig. 10. Schematic representation of the plasma membrane. It consists of vibrating units with
lipid-soluble parts. A. The arrows indicate flux of lipid from outside to inside the membrane
by the active membrane. In B it is indicated that there is no flux of substance by the membrane
without energy supply, while C indicates a flux of substance through the membrane in prepa-
rations in vitro. D shows the different types of lipid-soluble spaces which might be created by
different frequencies in the membrane vibrations.
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With the exclusion of the blood supply, the energy supply to the membrane is
broken so that movement within it cannot take place. No net uptake of any lipid
species will occur (Fig. 10B).

In incubations ¢n vitro there is a marked uptake. In this case the integrity of
the membrane seems to be broken so that the physicochemical properties of the
membrane lipoproteins allow a passive uptake of radioactivity from the micelle
(Fig. 10C).

In this hypothesis on membrane transport the idea of a hypothetical carrier
as a well-defined spatial unit transporting substances from one side to the other of
a equally hypothetical spatially well-defined membrane has been transformed into
a particular process accomplished by the overall process that constitutes the mem-
brane. Through this transformation of the idea, membrane transport-processes need
no special explanation as the movement and generation of transport flows are viewed
as fundamental properties of the membrane itself. Energy brought to the membrane
is thought not only to be transformed into conformational energy but also into
ordered movement.

One implication of the hypothesis is that fundamental biological phenomena
are to be explained not only on a molecular basis but also by properties that are
original to higher forms of structure (in four dimensions).

The membrane hypothesis expressed above is in agreement with that put
forward by Nims?® who classifies membrane properties into two classes, intensive
and extensive. According to him “it is to gradients of intensive properties that one
looks for ‘‘causes’ of material transfer through biological barriers”.
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