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Summary &horbar; The effect of Ca++ and Mg++ upon intestinal absorption of oleic acid was investigated
using two in vitro models : rat isolated jejunal loops at 30°C and 37°C and mouse jejunal explants at
37°C. At 30°C or at 37°C, Ca++ significantly increased 14C oleic acid uptake by rat isolated jejunal
loops or mouse jejunal explants; at 37°C, Ca++ significantly enhanced lipid exocytosis in rat intesti-
nal loops but not in mouse jejunal explants; in both models, in the presence of Ca++ and at 37°C,
Mg++ significantly improved the esterification of oleic acid phospholipids and triacylglycerols, as
shown by the increase in triacylglycerol synthesis in rat isolated intestinal loops or by the increase in
triacylglycerols recovered from the incubation media of mouse jejunal explants; experiments carried
out with rat isolated jejunal loops highlighted the determinant role of temperature in oleic acid

absorption processes. The present work shows that the stimultaneous presence of Ca++ and Mg++
did not impede oleic acid absorption processes but, on the contrary, enhanced them.
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Résumé &horbar; Influence des ions calcium et magnésium sur l’absorption intestinale de l’acide
oléique. Etude in vitro. L’influence des ions calcium et magnésium sur l’absorption intestinale de
l’acide oléique est étudiée à l’aide de 2 modèles in vitro : des intestins isolés de rat perfusés à
30 °C et à 37 °C et des explants jéjunaux de souris à 37 °C. A 30 °C ou à 37 °C, les ions calcium
n’augmentent pas significativement le prélèvement de l’acide oléique, quel que soit le modèle utili-
sé. A 37 °C, les ions calcium augmentent significativement l’exocytose de l’acide oléique avec le
modèle de l’anse intestinale isolée perfusée de rat, mais non significativement avec le modèle des
explants jéjunaux de souris. En présence des ions calcium à 37 °C, les ions magnésium entraînent
une meilleure estérification en phospholipides et triacylglycérols de l’acide oléique prélevé, comme
en témoigne leur augmentation dans le transudat des intestins isolés de rat d’une part et dans les
milieux d’incubation des explants jéjunaux de souris d’autre part. Les expériences conduites sur les
intestins isolés perfusés de rat soulignent le rôle particulièrement déterminant de la température
dans les processus d’absorption in vitro. Ce travail montre que non seulement la présence des ions
calcium et magnésium ne gêne pas l’absorption de l’acide oléique in vitro, mais au contraire ces
ions ont un effet synergique.
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Introduction

Many authors analysing the in vitro intes-
tinal absorption of lipids have used a lipid
mixture devoid of calcium and magne-
sium ions : Kern and Borgstrbm (1965)
using hamster intestinal rings and Breck-
enridge and Kuksis (1975) using rat ever-
ted sacs.

Accordingly, Browning and Trier

(1969), studying the ability of human
intestinal cells to absorb fatty acids and
monoglycerides in organ culture, incuba-
ted explants in a calcium/magnesium-free
medium. However, several in vitro studies
using hamster everted sacs at 37°C

(Strauss, 1977; Strauss and Jacob, 1981)
or rat isolated perfused intestines at 30°C
(Saunders and Sillery, 1979) have shown
a significant stimulation of the rate of fatty
acid absorption by calcium ions.

Considering their key roles in cell
metabolism and tissue preservation, cal-
cium and magnesium ions should theor-
etically be added to the media of any
comprehensive cultures. They have

usually been included in culture media
used for intestinal explants. Rachmilewitz
et al. (1980) and Zimmerman et al.

(1985), analysing lipid secretion by cult-
ured human intestinal biopsies, used a
medium (RPMI) containing calcium and
magnesium ions. In our in vitro studies

(Carlier ef al., 1986) on fatty acid absorp-
tion using short-term incubation, we

mixed lipids with Dulbecco’s modified

Eagle medium (DMEM) which contains
calcium and magnesium ions.

To bring to light their effect at the high
concentration usually employed in culture
media, we tested their role in oleic acid

absorption at 30°C and at 37°C using
isolated perfused rat intestine, a model
routinely used in pharmacological work
(Richter and Strugala, 1985), and we ana-
lysed their influence on oleic acid absorp-
tion in mouse jejunal explants at 37°C.

Materials and methods

Animals

Adult male Wistar rats weighing 200&horbar;250 g
and 2-month old Swiss mice weighing 45&horbar;50 g
were used. They were fasted overnight, but had
free access to water.

Experimental procedure
Isolated perfused intestinal loops. Under light
ether anaesthesia 10 cm of the upper jeju-
num was isolated and a catheter (Biotrol No. 12 2
F-75140, Paris Cedex 03) firmly sutured at both
ends. The loop was rinsed for 5 min with 10 ml
of a saline buffer at 37°C, pH 7.4 : NaCI (109.4
mM), KCI (5.37 mM), NaHC03 (44 mM), NaH2
P04, H20 (0. 9 mM). The jejunal segment was
then mounted in the closed system of Parsons
and Volman-Mitchell (1974), modified by Saun-
ders and Sillery (1979), and immersed in liquid
paraffin. A lipid mixture (A or B) was cont-
inuously perfused by recycling for 2 h at a flow
rate of 2 ml·min-!. The lipid mixture was
emulsified in an oxygenated saline buffer (95%
02, 5% C02). The 3 saline buffers used con-
tained : (1) no Ca++ or Mg++; (2) Ca++ alone

(CaC’2, 1.8 mM); (3) Ca++ (CaC12, 1.8 mM)
and Mg++ (MgS04, 7 H20, 0.8 mM). Lipid
droplets transuding through the intestinal wall
were collected at the vessel bottom in 3 samp-
lings at 30, 60 and 120 min. At the end of the
experiment, the jejunal loop was rinsed with the
buffer saline medium, disconnected from the
pump and cut longitudinally. The mucosa was
immediately scraped off.

Mousejejunal explants. 1-mm3 explants of the
mouse jejunum were prepared (Ferland and
Hugon, 1979; Carlier et al., 1986) and randomly
distributed into 3 groups. Each group of 30

explants was incubated for 15 min in 10 ml of
an oxygenated saline buffer (95% 02, 5%
C02) with or without CaC12 (1.8 mM) or with
CaCl2 (1.8 mM) and MgS04, 7 H20 (0.8 mM)
and containing glucose (25 mM) in the same

proportion as the DMEM, but devoid of amino
acids and vitamins. Other explants were incu-
bated in complete DMEM. An optically clear

lipid mixture was added to these media.

Lipid mixtures
Two lipid mixtures were used. Lipid mixture A
(14C oleic acid/monooleyglycerol, 2/1 mol/mol,
7.5 mM; sodium taurocholate, NaT, 5 mM)



contained a high level of lipids. Lipid mixture B
(14C oleic acid/palmitic acid/monopalmitoylgly-
cerol, 1/1/1 mol/mol/mol, 1.2 mM; sodium tau-
rocholate, NaT 2.4 mM) was similar to the lipid
mixture employed in our previous experiments
in organ culture (Carlier et al., 1986). 14C oleic
acid, 1.6&horbar;2 pci (50 mCi/mmol), was obtained
from CEA Saclay France; its radiochemical

purity was checked by gas liquid chromatogra-
phy.

Biochemical methods

Lipid analysis. For each experiment, the lipids
were extracted from the mucosal scraping, the
intestinal wall and the transudates or from
mouse jejunal explants by the method of Delsal
(1944). Because of the presence of salts and
glucose and the low level of lipids in the per-
fused medium and the incubation medium, the
method of Folch (1957) was used for lipid
determination. The individual lipid classes were
separated from the total extracts by thin-layer
chromatography (Stahl et al., 1956). The radio-
activity of the different fractions was measured
with a liquid scintillator spectrometer (Packard
Prias PLD, Tricarb).
Protein assays. Proteins from the lipid extract
residues (mucosa, and intestinal wall, explants)
were measured using the method of Lowry e t
al. (1951 ).
Electron microscope study. Some transudate
samples were fixed with osmium tetroxide for 1
hr at 4°C. One drop of the fixed suspension
was placed on collodion carbon grid. The par-
ticles shadowed with gold&horbar;palladium were

observed with a Hitachi HU 11 E electron micro-

scope.

Expression of results and statistics. The
amount of 14C oleic acid recovered in the
different lipid classes from the extracts was
converted into nmol by using its specific activity
in the lipid mixtures. Particularly in the mouse
jejunal explants, the amount of 14C oleic acid
incorporated into phospholipids and triacylgly-
cerols was considered as an index of lipopro-
tein synthesis and secretion. The results were
expressed as the means of 3 experiments
(SEM). Statistical analysis was carried out

using : (1) an analysis of variance (two-way
classification; factor 1 = temperature, factor 2 =
perfused medium composition) to compare the
means; (2) the Newman&horbar;Keuls test (Statitcf
Logiciel, 8 av. President Wilson, 75116 Paris) to
study the interactions between the 2 factors.

Results

Isolated rat jejunal loops
General remarks. At the end of the experi-
ments no proteins or radioactive esterified
lipids were recovered in the lipid perfusion
medium, indicating that the epithelial layer
of the intestinal loop did not suffer a major
disruption, and that very few physiologi-
cally active absorbing cells were shed

during perfusion. The pH of the gassed
lipid perfusion medium remained constant
throughout the experiments.

The radioactivity recovered from the

perfusate and from the intestinal compart-
ments revealed a significant uptake of
radioactive oleic acid from lipid mixture A
(16&horbar;35%) and from lipid mixture B

(24%). As shown in Table I in each experi-
mental condition, the uptake of radio-
active oleic acid was associated with exo-

cytosis of the radioactive lipids recovered
mainly in the intestinal wall. Ultrastructural
controls showed the presence of lipopro-
tein particles in the transudates (Fig. 1 ). In
all cases very low density lipoproteins
(VLDL) and chylomicrons were visualized;
a few reached diameters of 0.2 or 0.3 pm.
Morever, we never observed any defect in
the lipoprotein structure, even during the
second half-hour of the experiments.

An analysis of the various lipid classes
for each experiment showed that the yield
of radioactive diacylglycerols remained

low in the mucosa with a high load of
radioactive triacylglycerols and phospholi-
pids. Morever, the data of the Ca++ and

Mg++ experiments at 30°C revealed that
the yield of radioactive triacylglycerols and
phospholipids from the mucosa to the

transudates increased.

Effect of Ca++- At 30°C, 14C oleic acid
was taken up and lipids were secreted.
With the 2 Mg++-free lipid media, no

significant difference in uptake was mea-
sured between the Ca++-enriched and







the Ca++ -free media : 246 (19) and 226
(3.5) molomg-1 of protein; in the presence
of Ca++ we observed a significant in-
crease in lipid exocytosis (intestinal wall +
transudates) : 39.6 (2.4) vs 29.5 (2.2)
(Table I).

At 37°C with the 2 Mg++-free media a
significant increase in the overall uptake
and in the exocytosis of 14C oleic acid
was seen in the presence of Ca++ :
470(20) vs 394(24). A significant in-
crease in the transudates was measured :
22.5 (4.4) vs 9.8 (1) nmol·mg-1 of intest-
inal proteins.
Effect of simultaneous presence of Ca+ +

and Mg++. At 30°C the simultaneous

presence of Ca++ and Mg++ in the lipid
emulsion caused a significant increase in
uptake and in exocytosis compared to the
Mg++-free media (Table I), but radioactivi-
ty in the transudates was low. In spite of
the increased uptake, the percentage of
phospholipids and triacylglycerols was of
the same order in the mucosa as in the

Mg++-free media (Table II) : 63 (2.1) v s
60 (7) and 56. 8 (3.9). Therefore, esterifi-
cation was efficient since the radioactive

phospholipids and triacylglycerols recov-
ered in the intestinal wall and mucosa
increased.

At 37°C, with lipid medium A contain-
ing Ca++ and Mg++ ions, no significant
difference in uptake or exocytosis ap-
peared compared to the Mg++-free lipid
media. There was an enrichment
in phospholipids and triacylglycerols
(Table II). As shown at 30°C, the effect of
Mg++ was revealed when the yields of
the total radioactive phospholipids and tri-
acylglycerols were compared. In the pres-
ence of Mg++ we observed a significant
increase in esterified lipids : 337 (7.5)
nmol-mg-1 of intestinal proteins vs 210. 3
(36.2) and 286.3 (14.1 ).
Effect of temperature. As verified by stat-
istical analysis, a comparison between
the experiments carried out at 30°C and

at 37°C, in the absence or the presence of
Ca++ or Mg++, indicated that temperature
had a very determinant effect on intestinal

lipid uptake and on the esterification pro-
cesses and thus on exocytosis, revealed
by the amounts of phospholipids and tri-
acylglycerols recovered in the intestinal
wall and the transudates (Table II). In

some cases, the transudates collected

during the experiments were 5&horbar;6&horbar;fold

higher than at 30°C (Table 1).
Interactions of temperature and perfused
medium composition. Statistical studies
revealed a clear interaction of the perf-
used medium composition with the temp-
erature. The synergic effects on uptake
(Table I), esterification (Table II) and
secretion (Table I and II) were obvious.
Effect of lipid medium B. At 37°C, in the

presence of Ca++ and Mg++ (Table I and
II), ! 4C oleic acid uptake was consistent
with oleic acid molarity in the lipid
medium, i.e. a ratio of 0.4/5 M/M when

compared with the Ca++/Mg++ lipid
medium A. Recovery from the intestinal
wall and from the transudates followed
the same pattern.

Mouse jejunal explants
The explants were immersed in a lipid
medium containing no Ca++ and Mg++ or

enriched with Ca++, or in the DMEM. In

these conditions, the presence of Ca++
alone did not significantly increase the
amount of radioactive esterified lipids
measured in the explants and in the incu-
bation medium at the end of the incuba-
tion period. The presence of Mg++ signifi-
cantly enhanced oleic acid esterification.
This enhancement was expressed by an
increase in the radioactive triacylglycerols
detected in the incubation medium, as

noted in the isolated rat jejunal loop expe-
riments. The same results were obtained
when the Ca++ and Mg++ of the DMEM

were complexed with EDTA (recent unpu-
blished data).





Discussion

The aim of this work was to discover whe-
ther Ca++ and Mg++, currently added to
survival and culture media, interfered with
oleic acid intestinal absorption. Ca++ and

Mg++ molarities were therefore chosen in
reference to the culture media containing
the highest amounts of these ions, such
as Trowell Tg or NCTC 135 or DMEM
media. Two complementary models were
used : isolated perfused intestinal loop
which preserved luminal absorption
polarity, and intestinal organ culture which
might not completely preserve it. The
mouse intestine is too fragile to be used
for isolated loop study ; on the other

hand, organ culture of adult rat intestine is
not as yet well mastered. We therefore
chose the rat intestine for isolated loop
research and mouse intestine for the

organ culture. The first model has not
been used much for the study of lipid
transport (Saunders and Sillery, 1979).
Nevertheless, it has been employed to

study the biotransformation of foreign
compounds or the metabolism of lipophilic
xenobiotics for time periods of up to 2 h
(Richter and Strugala, 1985). Tso and
Simmonds (1984) emphasized 2 of the
advantages of Parson and Volman-
Mitchell’s model (1974) used by Saunders
and Sillery (1979), i. e. the easy collection
of lipid transudates and the absence of
plasma protein contamination, an obser-
vation confirmed by our results. Due to
the small amount of translocated lipids,
these authors insisted on the use of radio-
active labeled exogenous lipids. Organ
culture has been widely used for investi-
gating physiological and pathological
conditions of the intestinal mucosa. With
this model, several authors have ana-

lysed the uptake and metabolism of fatty
acids (Browning and Trier, 1969; Rachmi-
lewitz et al., 1980; Zimmerman et al.,
1985; Carlier et al., 1986).

To permit optimal yield of the esterifica-
tion processes we used 14C oleic acid in
the presence or absence of another satu-
rated fatty acid and in the presence of a

monoacylglycerol. Oleic acid absorption
was followed from the mucosal to the
serosal side to study uptake, esterification
and exocytosis of the radioactive lipids.
Exocytosis was evaluated by the amounts
of phospholipids and triacylglycerols in the
intestinal wall after mucosal scraping and
by the amount of transudates. In spite of
the small amount of lipids recovered in
transudates (Breckenridge and Kuksis,
1975; Tso and Simonds, 1984) their study
was crucial in evaluating the esterification
efficiency of the enterocytes. Electron

microscope observations have demon-
strated the presence of lipoprotein par-
ticles in transudates with a high proportion
of VLDL at both lipid concentrations, as
observed in vivo with the same lipid emul-
sions (Bernard et al., 1987). The enrich-
ment in radioactive phospholipids and tri-
acylglycerols from the mucosal scrapings
to transudates and the low yield of radio-
active diacylglycerols recovered in the
mucosal scrapings suggest that the nor-
mal metabolic pathways of the entero-

cytes were preserved during incubation.

Manganaro and Kuksis (1981) observed a
significant decrease of the diacyglycerol-
acyltranferases when the normal structure
of the enterocytes was destroyed as in

homogenates and in subcellular fractions.
Moreover, oxygenation of the perfused
medium probably improved mucosal survi-
val.

Table I and Figure I show that at 37°C
the model behaved both physiologically
and biochemically, and that lipoprotein
was formed and secreted at 2 oleic acid

concentrations, 5 mM and 0.4 mM; this
agrees with the data of Johnston and

Borgstr6m (1964) in reference to tempera-
ture and lipid molarity. The overall results,
and particularly the distribution in our



experiments of the radioactive lipids
among the mucosa, intestinal wall and

transudates, are in accordance with the
data of Breckenridge and Kuksis (1975)
and Shiau et al. (1978) on rat everted
intestinal sacs. In experiments carried out
at 30°C, in the absence of Ca++ and

Mg++ or in the presence of Ca++ and the
absence of Mg++, the amount of lipids
recovered in transudates is also in agree-
ment with results presented by Saunders
and Sillery (1979) on isolated rat intestinal
loops.

Our present work confirms the key role
of Ca++ in the esterification and secretion
of lipoprotein particles in the intercellular

spaces and thus agrees with the observa-
tions of Strauss (1977) and Strauss and
Jacob (1981) using hamster everted intes-
tinal sacs and those of Saunders and

Sillery (1979) on rat isolated intestinal

loops. Some of the differences observed
between our two models in the present

study could be explained by the higher
Ca++ sensivity of the mucosal surface

compared to the serosal surface of the
intestine (Strauss and Jacob, 1981). This
role of Ca++ is therefore necessary in

every in vitro study of lipid absorption. On
the other hand, if Mg++ did not always
enhance lipid secretion, as mentioned by
Saunders and Sillery (1979) and Strauss
and Jacob (1981), that ion clearly im-

proved triacylglycerol synthesis at 37°C in
both the isolated jejunal loop and the jeju-
nal organ culture models. Its role appears
more obvious in the latter and is probably
due to the synergic effect of Ca++ and to
its availability at both the mucosal and the
serosal sides of the explants (Strauss and
Jacob,1981). ).

The stimulating effects of temperature
increase on many metabolisms is well
known. Johnston and Borgstr6m (1964)
showed that low temperature impaired
lipid secretion. Strauss and Jacob (1981)



emphasized its role in intestinal lipid up-
take and esterification; those authors veri-
fied that if lipid secretion also took place
at 30°C, it was at a low rate and that the

optimal temperature for lipid secretion of
everted sacs was 35°C. Our results
confirm these observations of the very
decisive role of temperature and the

synergic effect of Ca++ and Mg++ inter-
action on absorption. The results also

emphasize the specific role of Mg++ at

37°C in the esterification processes.

Conclusion

Lipid intestinal absorption involves suc-
cessive events that are closely correlated
and influenced by many factors. Ca++
and Mg++, in concentrations generally
found in culture media, appear to be

synergically beneficial to these proces-
ses. Mg++ significantly improves entero-
cyte iipid esterification and Ca++ signific-
antly enhances esterified lipid exocytosis.
Temperature interferes critically with
these events. In conclusion, at 37°C the
presence of Ca++ and Mg++ in incubation
or culture media promotes oleic acid up-
take and its esterification by the intestinal
mucosa. They are therefore beneficial in

in vitro experiments on lipid absorption.
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