ASBMB

JOURNAL OF LIPID RESEARCH

i

Intestinal lipids and lipoproteins in the human
fetus: modulation by epidermal growth factor

Emile Levy,! Louise Thibault, and Daniel Ménard

Departments of Nutrition, Centre des Recherche, Hopital SteJustine, Université de Montréal, and
Groupe de recherche en biologie de développement, Département d’anatomie et de biologie cellulaire,
Faculté de Médecine, Université de Sherbrooke, Québec, Canada

Abstract The aim of the present investigation was first, to ex-
amine the ability of human fetal intestine (17-20 wk) to incorpo-
rate fatty acid into esterified lipids; and second, to study in vitro
lipoprotein synthesis and secretion by fetal explants, as well as
the effect of epidermal growth factor (EGF) on these processes.
Cultured fetal jejunal explants were incubated in Leibovitz
medium for 42 h with ['*C]loleate. Both triglycerides (TG) and
phospholipids (PL) were the major labeled products. Whereas
TG were predominant (80%) in the culture medium, PL ac-
counted for more than 50% of total tissue lipids. More than
60% of the radioactivity in PL was associated with phospha-
tidylcholine. Some labeling (<5%) was also recovered in the
cholesteryl ester fraction. Active exocytosis was demonstrated by
the accumulation of newly synthesized esterified lipids in the
medium and the presence of lipoproteins in the basolateral
membrane region and intercellular spaces. Most of the newly
synthesized lipids were found in lipoproteins of d < 0.97 g/ml
(561.2%) and d < 1.21 g/ml (39.3%), whereas the rest were re-
covered in d < 1.006 g/ml (9.8%) and 1.063 g/ml (5.6%). A
similar trend characterized the lipoprotein secretion. The syn-
thesis of the d < 0.97 g/ml fraction (30,653 + 4,122 dpm/mg
protein) was significantly greater than the 1.006 g/ml fraction
(5,897 + 1,734), P < 0.005. The secretion of d < 0.97 g/ml
particles into the medium was also five fold higher than that of
the d < 1.006 g/ml fraction (P < 0.01). The addition of EGF to
the culture medium (25, 50, and 100 ng/ml) significantly en-
hanced the d < 0.97 g/ml lipoprotein secretion (25-40%) and
decreased the d 1.006 g/ml and 1.063 g/ml fraction output. The
lipid composition of these lipoprotein fractions was never altered
by the presence of EGF, suggesting that the number of lipopro-
tein particles, rather than size, was modified by the growth
factor. B The present findings provide the first evidence that
the human fetal intestine has the capacity to elaborate lipopro-
tein fractions for the transport of newly synthesized lipids. Fur-
thermore, our data suggest that EGF, present in significant
quantity in saliva, amniotic fluid, and bile, can modulate the
release of TG-rich lipoproteins by fetal intestinal explants.
—Levy, E., L. Thibault, and D. Ménard. Intestinal lipids and
lipoproteins in the human fetus: modulation by epidermal
growth factor. J. Lipid Res. 1992. 33: 1607-1617.
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Dietary lipids represent a major portion of the total
daily calory intake of humans, and play an important role

in the nutritional and physiological processes of the body.
The intestinal absorption of long-chain fatty acid triglyc-
erides (TG) is assured by two sequential processes: intra-
luminal and intracellular phases leading to the formation
of chylomicrons (CM) (1, 2). When the rate of TG trans-
port is low, as in the fasting state, the small gut becomes
a considerable source of very low density lipoproteins
(VLDL) (3).

In addition to the production of TG-rich lipoproteins,
the enterocyte secretes nascent high density lipoproteins
(HDL), consisting of spherical as well as disc-shaped par-
ticles (4, 5).

If this lipoprotein-lipid transport system, providing
efficient mechanisms for moving large amounts of luminal
fatty acids into the blood circulation, is well documented
in the adult, it still remains largely unknown in the fetus
and in the newborn. With a morphological approach,
VLDL particles were visible within the endoplasmic retic-
ulum, the Golgi apparatus of the absorptive cell as well as
the intercellular spaces, the lamina propria, and the
lumen of lymphatic lacteals (6). Mak and Trier (6) postu-
lated that the VLDL particles might serve as precursors
for CM formation during absorption of dietary fat upon
initiation of suckling. However, available data in suckling
rats emphasized that during infusion of lipid load, luminal
fatty acids were incorporated into TG carried by VLDL
alone, implying that CM are not involved as carriers of
lipids from intestinal absorption (7). The conclusions that
can be drawn at this time are that the intracellular meta-
bolic mechanisms required for VLDL production are al-
ready present in rat jejunal epithelial cells at birth, but
these are largely based on morphologic evidence. It re-

Abbreviations: CE, cholesteryl esters; CM, chylomicrons; DG,
diglyceride; HDL, high density lipoproteins; EGF, epidermal growth
factor; MG, monoglyceride; M/T, medium/tissue ratio; PL, phospho-
lipid; TG, triglyceride; TLC, thin-layer chromatography.
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mains to determine whether the developing intestine is
able to serve as an important source of CM and HDL as
in adults.

The paucity of information regarding both the develop-
mental aspect of intestinal lipoproteins and their regula-
tion is partly due to the complexity of the processes in-
volved and the lack of appropriate experimental models.
Furthermore, there are no studies on human material.
The only available date concerning these processes during
perinatal development pertain to animals.

Contrary to our meager knowledge of developmental
lipoproteins, several reports have firmly stressed the intes-
tinal synthesis of human apolipoproteins in human fetuses
(8, 9) and suckling animals (10). It is therefore possible
that the presence of the latter may reflect an active synthe-
sis and secretion of lipoproteins. Another unanswered
question relates to the physiologic regulation of lipopro-
tein synthesis and secretion. On the basis of available in-
formation, hormones appear to play a key role in the
modulation of apolipoprotein synthesis in adults (11, 12).
Surprisingly, many of the factors that serve a regulatory
role in control of fetal enterocyte maturation and differen-
tiation (13) have not been investigated. Epidermal growth
factor (EGF) is one of the best characterized growth fac-
tors that produces a variety of biologic responses, most of
which involve enhanced proliferation or differentiation, or
both, of epidermal as well as epithelial tissues (14). Its
presence in many biologic fluids such as amniotic fluids,
milk, and saliva has led us to postulate a role for EGF
either in the development of the gastrointestinal tract or
in the functional maintenance of the adult gastrointestinal
tract tissues (15, 16). Over recent years, the developing
human gut has been shown to possess specific EGF recep-
tors (17, 18). Furthermore, the successful morphologic
and physiologic maintenance of human intestinal tissue in
serum-free organ culture up to 5 days (19) permitted the
study of the biological effects of EGF in human fetal jeju-
num (20). The presence of EGF receptors together with
the known biological effects of EGF in both fetal small in-
testine and colon suggest an important role for EGF in
human prenatal gastrointestinal maturation. In this
report, we have studied the synthesis and secretion of the
typical lipoprotein classes associated with the human fetal
intestine. Using the organ culture technique it has been
possible to demonstrate direct EGF regulation of the in-
tracellular events governing the intestinal formation and
release of lipoproteins.

MATERIALS AND METHODS

Specimens

Tissues from six fetuses ranging from 17 to 20 weeks in
age were obtained after legal abortion by suction curet-
tage, for medical-social indications. Studies were ap-
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proved by the appropriate Human Subject Review Com-
mittee. The entire small intestine was immersed in
Leibovitz-1.15 medium (room temperature) containing
garamycin (40 pg/ml) and mycostatin (40 pg/ml). The
proximal half of the intestine excluding the first 3 cm was
used and defined as jejunum. The time required to bring
the tissue to the culture room after abortion and to place
it in culture never exceeded 30 min.

Organ culture

The jejunum was cleansed of mesentery, split longitudi-
nally, washed in culture medium, and cut into explants
(3 x 7 mm). Five to seven explants were randomly trans-
ferred onto lens paper with the mucosal side facing up in
each organ culture dish (Falcon Plastics, Los Angeles,
CA). Six dishes were used for each experimental condi-
tion. An amount of medium (0.8 ml) sufficient to dampen
the lens paper was added. Explants were cultured in
serum-free Leibovitz L-15 medium according to the tech-
nique described previously (19, 20). After a 3-h stabiliza-
tion period, the medium was changed with a fresh one
containing a final amount of 0.13 umol/ml of nonlabeled
oleic acid with 0.3 pCi of [**CJoleic acid attached to albu-
min (sp act 53.9 mCi/mmol, Amersham, Montreal,
Quebec, Canada). The preparation of oleate/albumin
complex was prepared according to the method of Field-
ing et al. (21). EGF (Collaborative Research, Waltham,
MA) dissolved in redistilled water was added at concen-
trations of 25, 50, and 100 ng/ml. Intestinal explants were
cultured for 42 h.

Light and electron microscopy

For morphological studies, explants freshly prepared
from human fetal intestine, after a 42-h incubation period,
were fixed in ice-cold 2.8% glutaraldehyde buffered with
0.1 M sodium cacodylate for 60 min. After being rinsed
with cacodylate buffer, the tissues were postfixed in 2%
osmium tetroxide/0.1 M cacodylate for 30 min, de-
hydrated, and embedded in Epon. One-micrometer sec-
tions were stained with a mixture of 1% methylene blue,
1% azure II, and 1% borax for high resolution light
microscopy. Ultra-thin sections were stained with uranyl
acetate followed by lead citrate and examined under a
Philips EM-300 electron microscope.

Lipid carrier

Blood was drawn 3 h after the oral intake of 50 g of fat
per 1.72 m? (flavored commercial cream) and postpran-
dial plasma was prepared in order to serve as a carrier for
the lipoproteins synthesized by the organ culture. The
CM-enriched plasma was obtained after an oral fat load-
ing as described previously (22), and was incubated at
56°C for 1 h to inactivate enzymatic activity.
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Isolation of lipoproteins

After incubation, the explants were lightly homoge-
nized (3 strokes) in a solution of saline containing antibac-
terial and antiprotease agents (sodium azide 0.01%,
EDTA 0.1%, and Trasylol 10.000 Ik/ml). The medium and
the homogenate were mixed with the plasma lipid carrier
(2:1, v/v), and the lipoproteins were isolated by sequential
ultracentrifugation using the newly available TL-100
ultracentrifuge (Beckman Instruments, Inc., Montreal,
Quebec, Canada). We adapted the ultracentrifugation
method of the Lipid Research Clinics Program for the
separation of lipid subfractions (VLDL, LDL, and HDL)
to this tabletop ultracentrifuge which provides a fast and
convenient method for specimens with small volume. Ex-
cellent results were obtained for triglycerides and choles-
terol contained in CM, VLDL, LDL, and HDL when
compared with those from a L5-65 ultracentrifuge (Beck-
man Instruments). Furthermore, no contamination was
detected in lipoprotein fractions when labeled lipopro-
teins were centrifuged and examined by agarose gel elec-
trophoresis. Briefly, after the removal of 0.97 g/ml fraction
by short centrifugation in a TLS 55 rotor (20,000 rpm for
20 min), lipoproteins of d < 1.006 g/ml and d < 1.063
g/ml were separated by spinning at 100,000 g for 2.26 h
with TL 100.3 at 5°C. The high density fraction was ob-
tained by adjusting the 1.063 g/ml infranatant to density
1.21 g/mi and by centrifuging for 6.30 h at 100,000 rpm.
Each lipoprotein fraction was exhaustively dialyzed against
0.15 M NaCl, 0.001 M EDTA, pH 7.0, at 4°C for 24 h.

Agarose column chromatography

[**C]Joleate and [3H]leucine were added to the culture
medium of jejunal explants which were incubated for
42 h. The conditioned media and homogenates were ad-
justed to density 1.21 g/ml with KBr and ultracentrifuged
at 4°C as detailed above. The top fraction of d < 1.21
g/ml was concentrated, dialyzed, and applied to a
1.0 x 70 cm column of Bio-Gel A-5m (Bio-Rad) previ-
ously calibrated with small amounts of human lipoprotein
fractions (CM, d < 0.96 g/ml; VLDL, d < 1.006 g/ml;
LDL, d < 1.063 g/ml; HDL, d < 1.21 g/ml) and eluted
with 150 mM NaCl, 10 mM Tris-HCI, pH 8.0. Fractions
of 1.0 ml were collected.

Analyses

Aliquots of explant homogenates and their respective
incubation media were lipid-extracted with chloroform-
methanol 2:1 (v/v) (23). Small amounts of lipid standards
were added to the samples before separation of individual
lipid classes by one-dimensional thin-layer chromatogra-
phy (TLC) (silica gel, Eastman Kodak Rochester, N.Y.) as
described previously (24). The nonpolar solvent system
was hexane-diethylether-glacial acetic acid 80:20:3 (v/v/v)
and the polar solvent was chloroform-methanol-water-

acetic acid 65:25:4:1 (v/v/v/v). The radioactivity of the
separated fractions was measured in a Beckman liquid
scintillation spectrometer. Quenching was corrected using
computerized curves generated with external standards.
An aliquot of the tissue homogenate was used for protein
determinations (25). The concentration of total lipid was
determined by a Boehringer commercial kit (#124 303).

RESULTS

Morphological study

Fig. 1 (a-f) illustrates the general morphology both at
light and electron microscopic levels of human fetal
jejunal explants at the beginning and after 42 h of culture.
The addition of oleic acid during 42 h of culture did not
modify the general morphology of the jejunal explants
(Fig. 1, a, ¢). Indeed, the jejunal mucosa exhibited well-
developed villi and forming crypts. The epithelial cells
lining the villi were tall and contained glycogen. The
epithelium of the developing crypts was well preserved
and mitotic figures were seen. The mucosal epithelium
was always intact and no damaged cells were present. The
addition of different concentrations of EGF did not
modify the overall intestinal morphology (not shown).
Therefore, the morphological aspect of the cultured intes-
tinal explants with oleic acid and/or EGF was quite simi-
lar to that observed at the beginning of the culture and is
in agreement with previously described results (19, 20). At
the ultrastructural level, the morphological integrity of
the epithelial cells was always noted after 42 h of culture
(Fig. 1, d, e, f) and was quite comparable to that of uncul-
tured explant (Fig. 1, b). The villus absorptive cells were
tall with well-defined brush border. No modification of
the apical tubular system, endoplasmic reticulum, mito-
chondria, lysosomes, and Golgi apparatus was recorded.
Lipid droplets were observed in the smooth endoplasmic
reticulum (Fig. 1, d). In the Golgi area, lipoprotein parti-
cles were visible within the cisternae (Fig. 1, e). Golgi-
derived vesicles containing lipoproteins were present near
the basolateral membrane (Fig. 1, €) and numerous lipo-
protein particles were observed in the intercellular spaces
(Fig. 1, e and f). Therefore, after the addition of oleic acid
to the medium, the intestinal cells synthesized lipopro-
teins and secreted them into intercellular spaces. The ex-
cellent viability of the tissue was also reflected by the
significant (P < 0.05) increased brush border sucrase ac-
tivity during the course of the culture (56 + 7 u) as com-
pared with the uncultured tissue (40 + 4 u), 2 < 0.05.

Incorporation of [1*C]oleic acid and secretion of

1#C-labeled lipids

To determine whether fetal intestinal tissue could syn-
thesize and secrete newly formed lipids, jejunal explants
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Fig. 1. Morphology of human fetal intestinal explants obtained from the same jejunum (18 wk) before (a, b) and after (c-f) 42 h of culture in presence
of [1#C]oleic acid. a: Light micrograph of uncultured explant illustrating villi (V) and crypts (¢} x 100; b: Electron micrograph of midvillous absorptive
cells of uncultured jejunum x 7300; c: Light micrograph showing the good preservation of villi (V) and crypts (C) x 100; d: Electron micrograph
of the Golgi area (G) of midvillous absorptive cells. Lipid droplets in smooth endoplasmic reticulum (arrows), lipoprotein particles within the Golgi
cisternae (arrow heads), and lipoproteins in the intercellular space (open arrow), n: nucleus x 30,800; e: Electron micrograph of midvillous absorptive
cells. Golgi-derived vesicles containing lipoproteins are present near the basolateral membranes (arrows) and lipoprotein particles secreted into inter-
cellular spaces (open arrows), bb: brush border x 18,800; f: Transversal section of many villous absorptive cells. Lipoproteins are present in the inter-

cellular spaces (arrows) x 15,400. (Figures reduced 20% in reproduction.)

were incubated with [#C]oleic acid substrate. The incor-
poration of [*C]Joleic acid into the intestinal tissue was
linear (results not shown). In all experiments, the total
amount of radiolabeled lipids was higher in the medium
than in the tissue, which indicates that an active secretion
takes place in intestinal organ culture (Fig. 2). Although
both triglycerides (TG) and phospholipids (PL) were the
major products of [#C]oleic acid incorporation, PL ac-
counted for more than 50% in the explants, while TG
were consistently predominant (80%) in culture media.
Lesser amounts incorporated into cholesterol esters (CE).

As illustrated. in Fig. 3, individual PL classes were
higher in tissue than in media. However, no differences
were noted in the general PL profile. Phosphatidylcholine
was the predominant form of *C-labeled lipids. It was
preferentially synthesized by the tissue and secreted into
the medium.
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Fig. 2. Radiolabeled lipid content in tissue and medium of intestinal
organ culture. Jejunal fetal explants were incubated with [1*C]oleic acid
substrate for 42 h. Lipids of tissue homogenate and media were then ex-
tracted with chloroform-methanol 2:1, isolated by TLC, and quantitated
as described in Methods. Values represent means + SEM of six experi-
ments; TG, triglycerides; PL, phospholipids; CE, cholesteryl esters.

Synthesis and secretion of lipoproteins

The separation of lipoproteins from fetal explants is
shown in Table 1. Lipoproteins of d < 0.97 g/ml were
the predominant particles to carry the bulk of [1*C]oleic
acid. Fractions of d 1.006 g/ml and 1.063 g/ml were less
enriched with labeled fatty acid than the 0.97 g/ml frac-
tion and even less than the 1.21 g/ml fraction. A similar
pattern characterized the different lipoproteins isolated
from the medium. The jejunal explant’s distinct ability to
secrete lipoproteins into the medium is well expressed by
the M/T ratio. Particles of d 0.97 g/ml were evidently the
major secreted lipoproteins, followed by d 1.006, 1.21, and
1.063 g/ml particles in terms of decreasing ratio criteria.
Although the d 1.21 g/ml fraction was predominant in the
tissue homogenate, the d 0.97 g/ml fraction was the most
abundant in the medium.

20 -
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Fig. 3. Incorporation of ["*Cloleic acid substrate into phospholipid
classes. Lipids from jejunal explants and from the medium were ex-
tracted, isolated by TLC, and quantitated; SP, sphingomyelin; PC, phos-
phatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE,
phosphatidylethanolamine. Values represent means + SEM of six ex-
periments,
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TABLE 1. Synthesis and secretion of lipoproteins

Lipoprotein Tissue Medium Tissue + Medium

Fraction (€)) (M) (T+M) M/T
dpm/mg protein

0.97 g/ml 2184 + 477 28469 + 3879 30653 + 4122 14.73 + 2.78

1.006 g/ml 1240 + 165 4635 + 1999 5895 + 1734 4.12 + 1.43

1.063 g/ml 2046 + 119 1309 + 354 3355 + 393 0.78 + 0.13

1.21 g/ml 8184 + 320 11777 + 2388 19961 + 1874 1.43 + 0.29

Intestinal explants were cultured in the presence of [ 1*C]oleic acid. After 42 h incubation, the explants were gent-
ly homogenized, and lipoproteins from tissue homogenate (T) and medium (M) were isolated by ultracentrifugation
as described in Methods. The sum of radioactivity incorporated into both tissue and medium (T + M) represents
the total synthetic activity or production. Values represent means + SEM of six experiments.

The elution profile of the d < 1.21 g/ml fraction of both
[**C]loleate- and [*H]leucine-labeled media is depicted in
Fig. 4. Peaks of particles, containing labeled protein and
lipids corresponding in size to human plasma CM, VLDL,
LDL, and HDL were observed. While the majority of the
labeled lipids was distributed in the region of chylo-
microns + VLDL, most of the labeled protein radio-
activity eluted at the HDL region.

When the chromatographic peaks for these lipoproteins
were analyzed for their total lipid and protein content, the
highest proportion of lipids was found in the d 0.97 g/ml
and 1.006 g/ml fractions as expected, whereas the highest
proportion of proteins was associated with the d 1.21 g/ml
fraction (Fig. 4).

Effects of EGF on synthesis and secretion of
lipoproteins

Organ culture enabled us to evaluate the direct effect of
EGF on lipoprotein formation and release in the fetal
period. All the lipoprotein classes were affected by the
presence of EGF (Fig. 5). While production of the d 0.97
g/ml fraction was substantially increased by rising con-
centrations of EGF, its secretion in particular was stimu-
lated. The discrepancy between d 0.97 g/ml fraction syn-
thesis by explants and the ability of the latter to secrete the
d 0.97 g/ml fraction becomes even more striking when the
relationship between the two is expressed as a ratio. At an
intermediate concentration of 50 ng/ml, an increase in
secretion of approximately 30% was visible. In contrast to
this d 0.97 g/ml fraction stimulation, the addition of EGF
to the medium led to a consistent reduction in both the
synthesis and secretion of labeled d 1.006 g/ml fraction.
As the secretion was more affected than the synthesis, the
M/T ratioc was markedly lower than that for controls.
Jejunal explants cultured with [*#C]oleic acid showed only
a moderate effect on the d 1.063 g/ml and 1.21 g/ml frac-
tions. There was a trend towards a d 1.21 g/ml secretion
decrease at 50 ng/ml without any substantial effect on the
M/T ratio. As illustrated by this ratio, the secretion of
d 1.063 g/ml particles was markedly diminished by EGF
at 100 pg/ml.

1612 Journal of Lipid Research Volume 33, 1992

Effect of EGF on intestinal lipid and lipoprotein
characterization

To determine whether the increasing concentrations of
EGF could have altered the lipid and lipoprotein composi-
tion, the distribution of the lipid content was examined.
While important variations were noted between the lipid
composition of tissue and medium in absence of EGF, the
addition of this factor, however, had no substantial effect
on total lipid distribution (Table 2). Similarly, phospho-
lipid composition was not affected by EGF availability
under our experimental conditions (Table 3).

CM
+
125 VLDL (DL HDL  Alb 125
] b o
,; 100 - ~100 o
f L%
k=3
2 8 751 -75 o~ §
£ o g9
& % 504 -50 O x
O 5 o ZF
2 3 £ 8
s
© 251 F25 -
0 0

20 30 40 50 60 70
Fraction

Fig. 4. Profile of newly synthesized lipoproteins secreted by cultured
jejunal explants. Intestinal explants were incubated for 42 h in the
presence of [*C]Joleic acid (closed circles) or [*H]leucine (open circles).
The medium was concentrated and applied on agarose column chroma-
tography as described in Materials and Methods. Plasma carrier was
omitted in this experiment. For calibration, human lipoprotein fractions
isolated by sequential ultracentrifugation were run under identical con-
ditions. When lipoproteins from pooled media of two organ-cultures
were isolated by agarose column chromatography, the percent total lipid
(95.8, 86.1, 74.7, and 49.1%) and protein (4.2, 13.9, 25.3, and 50.9%)
was found in d 0.97, 1.006, 1.063, and 1.21 g/ml fractions, respectively.
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Fig. 5. Effects of EGF on synthesis and secretion of lipoproteins during 42 h of culture. Data were expressed as

the percentage of increase or decrease relative to control values (culture without EGF). The closed circles represent
the lipoproteins in the medium and the open circles illustrate the medium/tissue ratio in the presence of 25, 50,

and 100 ng EGF/ml of medium.

Marked basal differences between tissue and medium
lipoprotein lipid constituents were evident (Table 4). By
comparison with tissue lipid distribution, TG enrichment
and PL + MG depletion characterized the particles
secreted to the medium. EGF at different concentrations
had no particular effect on the whole lipid composition of
the four lipoprotein fractions isolated from jejunal explant
tissue. Only a slight trend toward TG depletion and
PL + MG enrichment was noted in the d 0.97 g/ml
lipoproteins isolated from the medium.

DISCUSSION

The first purpose of this work was to investigate the
types and properties of lipoprotein particles that are syn-

thesized and secreted by human fetal intestine. The sec-
ond goal was to examine the effect of EGF on the forma-
tion and release processes of lipoproteins. The results
reported herein show that the human fetal intestine pos-
sesses the capacity to elaborate and secrete four lipo-
protein classes, in order to transport newly synthesized
lipids. Furthermore, these experiments reveal that EGF
causes antagonist modulation in secretion, increasing the
d 0.97 g/ml fraction and decreasing the d 1.006 g/ml
fraction.

It is obvious that several studies have largely advanced
our knowledge of intestinal lipoprotein formation by
using mesenteric lymph cannulation (26, 27). Despite the
efficacy of this technique, intestinal lymph represents a
combination of plasma filtrate from capillaries and mate-
rial released by the enterocytes. Thus, apolipoproteins

TABLE 2. Lipid composition of jejunal explants and their incubation medium
EGF
Sample Concentration PL + MG FC DG TG CE
ng/ml % composition
Tissue 0 53.0 + 4.6 24 + 03 1.7 + 0.3 37.5 + 3.9 2.7 + 0.2
25 60.1 + 3.3 1.8 + 0.2 1.7 £ 0.2 338 + 3.3 2.3 + 0.2
50 55.8 + 3.1 2.0 + 0.3 1.7 + 0.4 355 + 3.1 2.7 £+ 0.2
100 52.4 + 4.5 2.0 + 0.4 1.7 £ 0.2 38.8 + 4.1 26 + 0.2
Medium 0 176 + 3.3 1.4 + 0.5 0.9 + 0.3 80.0 + 3.9 2.4 + 0.3
25 14.8 + 4.2 1.4 + 0.4 0.9 + 0.4 86.6 + 4.4 2.2 + 0.3
50 159 + 3.9 1.4 + 0.5 0.7 + 0.3 799 + 4.2 23 £ 03
100 14.1 + 0.3 1.7 + 0.6 0.8 + 0.3 81.1 + 3.8 2.1 + 0.3

Jejunal explants were incubated with [**C]oleic acid substrate for 42 h in absence or presence of increasing amounts of EGF. Lipids of tissue homogenates
and media were then extracted with chloroform-methanol 2:1, isolated by TLC, and quantitated as described in Methods.
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TABLE 3. Phospholipid composition of jejunal explants and their incubation medium

EGF
Sample Concentration Sphingomyelin Phosphatidylcholine Phosphatidylserine Phosphatidylinositol Phosphatidylethanolamine
mg/ml % composttion
Homogenate Q 3.2 + 02 66.0 + 0.4 7.2 + 0.5 8.2 + 0.2 154 + 0.4
25 3.0 + 0.6 66.0 + 1.4 6.3 + 0.6 8.0 + 0.1 16.7 + 0.8
50 45 + 0.5 67.5 ¢+ 1.2 6.5 + 0.5 7.5 £ 05 140 + 1.0
100 3.1+ 0.1 67.1 + 0.1 7.0 + 0.6 8.1+ 0.1 147 + 0.3
Medium 0 7.8 £ 0.2 66.4 + 1.3 45 + 0.6 94 + 0.6 11.9 + 0.8
25 7.6 + 0.9 66.4 + 0.3 45 + 0.3 9.1 + 0.9 12,3 + 0.9
50 105 + 1.5 64.5 + 2.5 4.0 + 1.0 100 + 1.0 11.0 + 1.0
100 9.9 + 2.0 64.0 + 2.5 49 £ 0.6 9.3 + 0.9 119 + 0.6

Jejunal explants were cultured under experimental conditions described in the legend of Table 4. Individual phospholipids were separated by thin-
layer chromatography as described in Methods and counted in order to determine [!*C]oleate incorporation.

and denser lipoprotein classes can potentially be derived
from circulating plasma through filtration. Moreover, this
technique cannot be used either in human studies or, es-
pecially, in experiments with fetuses. In the present work,
we utilized an organ culture technique that is known to
isolate the intestine from various influences. Previously,
this approach was also successfully used to clarify the
mechanism of intracellular lipoprotein alterations in hu-
man disorders (22, 24). In this investigation, we took ad-
vantage of newly developed organ culture conditions, ie.,
the incubation of the human fetal intestine in a serum-
free medium, to avoid the effect of several hormones and
growth factors that affect the morphological and functional
development of the mucosa (28, 29). Another important
aspect of organ culture involves the use of whole tissue in-
stead of individual cells. This manipulation maintains the
structural relationship among epithelial cells, basal
lamina, and underlying mesenchymal elements.

Little attention has been paid to the lipid composition
of human fetal explants in culture. Analysis of [*Cloleic
acid incorporation indicated that intracellular products
were predominantly PL followed by TG, with a low level
of CE content. The medium, however, was enriched with
TG. On the other hand, the PL level was only 20% that
of TG. It is of interest to notice that CE was barely detec-
table, which suggests a limited ability of fetal explants to
elaborate this lipid fraction, similar to that of Caco-2 cells
(30) and liver-derived cell line HepG2 (31, 32). Presuma-
bly this finding may reflect the low activity of acyl-
CoA:cholesterol acyltransferase (ACAT), whereas the
massive [*Cloleic acid-labeled triglyceride in medium is
indicative of increased TG-rich lipoprotein export.

Large amounts of lipoproteins were measurable in
media and evidenced an active process of secretion. The
data fit conveniently with the morphological study (Fig. 1)
illustrating the presence of lipoproteins in the basolateral
membrane region and in the intercellular spaces. In this
context, the mucosal epithelium was always intact and no
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damaged cells were observed. Moreover, DNA in the
medium was undetectable. Furthermore, the fact that
there is a differential secretion rate of the four lipoprotein
classes and that EGF affects the secretion of very low den-
sity particles in opposite ways make a leakage explanation
quite unlikely.

It should be pointed out that lipoproteins accumulated
in the medium during a 42-h period. However, we can ex-
clude the possibility that these particles underwent
modification by lipases, lipid exchange proteins, or ACAT,
as the activity of such factors was undetected (results not
shown). These particles can therefore be referred to as
nascent lipoproteins.

The lipoprotein fractions found in the fetal organ cul-
ture and isolated at densities of 0.97, 1.006, 1.063, and
1.21 g/ml may correspond to their plasma counterparts,
1e., CM, VLDL, LDL, and HDL, respectively. This was
compatible with the elution profile generated by agarose
column chromatography and the resulting lipoprotein
composition. However, the specific apolipoprotein consti-
tuents that conventionally characterize the different
lipoprotein classes have not been examined in the present
study. Thus, one should be very careful in hastily defining
the nascent particles of the fetal intestine by the com-
monly used terms. Further studies are evidently needed to
determine the major apolipoproteins associated with the
lipoproteins particles.

In these experiments we were able to demonstrate that
fetuses have in place the biochemical machinery necessary
to assemble lipoproteins. Earlier, Mak and Trier (6) de-
scribed the appearance and distribution of particles with
morphological features of VLDL in the intestinal mucosa
of rat fetuses in concert with the morphogenesis of villi.
The size of the lipid particles in the jejunal mucosa of fetal
rats was limited only to the range of VLDI, particles.
These workers postulated that the appearance of VLDL
in the absorptive cells of fetal rats prior to birth may be
important in neonatal and postnatal nutrition. In this
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TABLE 4. Composition of lipoproteins isolated from jejunal explants and organotypic medium
Lipoproteins Isolated from Jejunal Explants
EGF
Lipoproteins Concentration PL + MG FC DG TG CE
ng/mi %o composition
CM 0 39.7 + 5.4 66 + 1.4 6.3 + 3.4 40.7 + 5.3 6.7 + 1.6
25 48.4 + 0.9 5.0 + 1.4 5.0 £+ 1.4 36.5 + 4.7 5.0 £+ 0.1
50 454 + 2.6 52 + 1.4 52 + 1.4 38.0 + 4.7 6.2 + 0.1
100 39.2 + 1.7 3.4 + 0.1 3.7 £ 0.1 474 + 0.1 6.3 + 0.1
VLDL 0 32.7 + 2.3 5.9 + 2.1 6.0 + 3.1 50.1 + 2.9 53 + 1.1
25 33.5 + 6.6 8.0 + 3.7 3.8 £ 0.6 48.1 + 9.3 56 + 1.0
50 36.2 + 2.9 4.3 + 0.1 43 + 0.1 50.0 + 2.2 54 + 0.1
100 32.6 + 3.3 33 + 0.1 33 + 0.1 54.8 + 2.7 59 £ 0.1
LDL 0 57.6 + 0.3 5.7 £ 0.5 4.7 + 0.5 26.7 + 0.7 5.2 + 0.1
25 51.8 + 5.5 5.7 + 0.5 52 + 2.1 309 + 1.7 6.3 + 1.1
50 50.7 + 0.2 5.2 + 0.1 5.7 £ 0.4 314 + 0.2 6.8 + 0.6
100 45.2 + 2.1 6.4 + 1.1 58 + 0.5 37.1 + 3.8 58 + 0.5
HDL 0 72.8 + 1.6 2.7 + 0.4 2.4 + 0.2 16.2 + 1.8 29 + 0.3
25 75.1 + 2.1 28 + 0.2 2.6 + 0.2 16.2 + 1.7 3.1 £+ 0.4
50 75.7 + 1.8 2.6 + 0.2 2.6 + 0.2 16.2 + 1.6 28 + 0.4
100 744 + 2.3 2.6 + 0.3 2.7 + 0.4 17.2 + 1.6 29 + 0.4
Lipoproteins Isolated from Organotypic Medium
CM 0 11.7 + 2.8 3.1 + 1.2 2.5 + 0.6 81.1 + 4.2 1.65 £ 0.5
25 16.5 + 4.5 75 ¢+ 1.5 45+ 05 68.0 + 7.0 35 £ 05
50 15.0 + 7.1 75 + 2.5 45 + 1.5 68.5 + 10.5 45 + 1.0
100 21.0 + 8.9 80+ 10 4.0 + 0.1 64.0 + 9.5 3.0 + 1.0
VLDL 0 4.0 + 0.6 1.3 + 0.3 1.2 + 0.4 91.8 + 1.2 1.7 + 0.7
25 45 ¢+ 0.5 1.5 + 0.5 1.0 + 0.1 92.5 + 1.5 45 + 25
50 12.0 + 8.9 3.0 + 19 1.1 £ 05 83.0 + 11.9 1.0 + 0.2
100 35 £ 05 1.5 + 0.5 0.1 + 0.5 93.0 + 1.9 1.0 + 0.3
LDL 0 5.5 + 05 1.0 + 0.8 ND 90.5 + 0.5 3.0 + 09
25 55 + 1.5 1.1 £+ 0.9 ND 91.0 + 1.0 2.5 ¢+ 0.1
50 4.0 + 0.1 0.5 + 0.5 ND 94.0 + 1.3 1.5 + 0.5
100 5.5 £ 05 1.5 + 1.5 ND 92.0 + 0.9 1.0 £ 0.5
HDL 0 19.6 + 3.0 1.0 + 0.4 1.9 + 0.7 75.3 + 3.1 2.2 + 0.6
25 20.8 + 3.5 1.2 + 0.5 22 + 09 74.2 + 3.9 1.5 + 0.5
50 194 + 4.3 1.3 + 0.5 2.5 £ 09 75.7 + 4.8 1.4 + 0.6
100 204 + 4.8 1.7 + 0.6 28 + 1.0 73.3 £ 5.1 1.8 + 0.4

After incubation of jejunal explants with [*Cloleic acid, the tissue homogenates and media were submitted to sequential ultracentrifugation to
separate the four types of lipoproteins. Lipids were extracted from the lipoproteins, analyzed by TLC, and counted; ND, not detectable.

way, VLDL particles may be used as precursors for CM
formation during the absorption of dietary lipids upon in-
itiation of suckling immediately after birth. The sugges-
tion was in fact based on the assumption of Tytgat, Rubin,
and Saunders (33) that intestinal VLDL, elaborated by
endogenous lipids, expand to form CM in adult rats by
incorporating dietary TG into the VLDL particles.
Nevertheless, the patterns of lipoprotein distribution
using human fetuses have revealed that a large proportion
of lipoproteins in response to exogenous [*Cloleic acid
substrate refers to d 0.97 g/ml and 1.21 g/ml fractions that
might be associated with CM and HDL.

It has been proposed that EGF plays a trophic role in
the regulation of developmental processes in various tis-
sues and organs (13, 15). The presence of EGF in the am-
niotic fluid (34) and milk (16), its synthesis by the small

intestine among numerous organs (14, 15), and localiza-
tion of its receptors on the cell membranes of developing
human gut tissues (18) have indicated that this factor may
be important for the development of GI tract. Not only
does EGF play a role in organismic development, affect-
ing both growth and differentiation, but it also triggers a
number of biological responses. Using the organ culture
of human fetal jejunum, Ménard, Arsenault, and Pothier
(20) have demonstrated that EGF (25-100 ng/ml) induced
an increase in lactase activity and a repression of in-
creases in sucrase, trehalase, and glucoamylase activity
that normally occur during the culture period. Similarly,
our study demonstrates that during incubation with
Jjejunal explants, purified EGF has a differential effect
particularly on d 0.97 mg/ml and 1.006 g/ml fractions.
Although the accurate mechanism of EGF action remains
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unclear, taken together, all these observations support a
direct EGF regulation of the synthesis and secretion of
cellular macromolecules.

In conclusion, the culture of the human fetal jejunum
is a reliable and useful model to study the ontogeny of
lipid transport and metabolism. Our data have clearly
demonstrated that fetal explants (17-20 weeks of gesta-
tion) are able to synthesize and secrete all four lipoprotein
density fractions. Furthermore, our results establish for
the first time the implication of EGF in the modulation of
the intracellular events governing the formation and re-
lease of lipoproteins during intestinal ontogeny in human.
The characterization of intestinal apolipoprotein formation
and release during development as well as related physio-
logic regulation will be the focus of future studies. 08
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