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Intestinal absorption of triglycerols

par lJacqueline CLEMENT
Laboratoire de Physiologie animale et de la Nutrition
U. E. R. Nutrition, B P 138, 21004 Dijon Cedex, France.

Summary. Triglycerides are insoluble in water and the major function of the digestive
processes is to convert them into more polar forms. This fransformation occurs in the
small intestinal lumen by the action of lipase, in the presence of colipase, at the oil-water
interface. Pancreatic lipase releases the fatty acids located at the 1 and 3 positions of the
triglycerides to form 2-monoglycerides ; this enzyme can only hydrolyze 25 to 50 p. 100 of
the latter.

The free fatty acids and 2-monoglycerides resulting from lipolysis are solubilized in the
bile micelles to form mixed micelles. Transfer from the lipids of the lumen to the absorptive
cell membrane is opposed by the diffusional resistance of the unstirred aqueous layer
coating the intestinal epithelium.

Fat absorption occurs rapidly in the duodenum and jejunum ; monoglyceride absorp-
tion is higher in the tip cells than in the crypt cells.

In the smooth endoplasmic reticulum, triglycerides of the intestinal mucosa are bio-
synthesized (i) from free fatty acids which acylate endogenous glycerophosphate via phos-
phatidic acids and 1.2 diglycerides (the glycerol released after lipolysis of dietary triglyce-
rides was not extensively used for this biosynthesis), (ii) from 2-monoglycerides by direct
esterification and (iii) from 1-monoglycerides by phosphorylation via lysophosphatidic
acids. Before fatty acids are used for acylation reactions, they must be converted to their
corresponding CoA derivatives.

The resynthesized triglycerides accumulate within the Golgi apparatus where chylomi-
crons are formed by the addition of phospholipids and proteins (previously synthesized in
the rough endoplasmic reticulum), cholesterol and sugars. Chylomicrons in the Golgi
vesicles are secreted into the intercellular spaces by exocytosis, then travel through into the
lamina propria and the lymphatics.

In fact, the resynthesized triglycerides are transported in the lymph by chylomicrons
and very low density lipoproteins ; particle sizes range from 0.05 to 0.75 um in diameter.
The triglycerides form the core of these particles, while the phospholipids, cholesterol and
proteins appear to surface-coat the core ; the chylomicron proteins (0.5 to 2 p. 100 in mass)
are of considerable importance in their formation and transport. The apoproteins of these
in the rat are ; apo A (7 p. 100), apo B (20 p. 100), apo C (70 p. 100) and apo E (3 p. 100).
The first two apoproteins are synthesized by the enterocytes while apo C would be brought
by plasma very high density lipoproteins.

The phospholipids in chylomicrons are mainly of endogenous origin ; the cholesterol
derives from many sources (diet, blood, digestive secretions, new synthesis in the entero-
cytes) and the triglycerides contain both endogenous and exogenous fatty acids. The
endogenous lipids are derived from blood circulating through the intestinal mucosa, bile,
desquamated intestinal epithelium cells, or are newly synthesized by the enterocytes. They
are added to dietary fats and undergo the same processes as the latter.

The dietary triglycerides containing short and medium-chain fatty acids have a special
behaviour. In the intestinal lumen, these fatty acids are rapidiy released by pancreatic
lipase regardless of their position in the triglyceride molecule. As their polarity is higher
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than that of long-chain fatty acids, these unesterified fatty acids are absorbed directly
without belonging to mixed micelles, and easily cross the unstirred layer. They are bound
to plasma albumin and transported mainly by the portal vein. When their chain is shorter,
higher amounts are transported by the portal blood ; when their chain is longer, larger
amounts are incorporated into the triglycerides and enter the lymph.

Introduction.

Triacylglycerols, usually referred to as triglycerides, are the main lipids in die-
tary fats such as cream, butter, oil and margarine. We know that after they are ingest-
ed, the chyliferous vessels become milky and that most of the lipids transported by the
chyle are also triglycerides. Since these lipid components are insoluble in aqueous
media, the function of the digestive processes is to transform them into more polar
forms. It is thus necessary to explain their absorption through the intestinal epithe-
lium, then de novo triglyceride synthesis in the enterocyte, and finally chyle transport
of the triglycerides.

In this report | shall, only discuss present theories *.

This article is arbitrarily divided due to the relationship of certain facts, as for
example, pancreatic lipase action and the physico-chemical state of intraluminal
lipids, the morphology of the intestinal mucosa and triglyceride resynthesis, chylo-
micron formation.

I. Digestion

A. — Biochemical processes.

Gastric stage. — The triglycerides reach the duodenum in a practically unmodifi-
ed state. However, since 1900, several authors have reported lipolytic action in the
stomach. Several lipases may act at that level :

— an enzyme secreted by the serous glands of the tongue (Hamosh and Scow, 1973 ;
Hamosh et al., 1975) and having an optimum pH activity between 4.5 and 5.4. This
enzyme preferentially hydrolyzes the ester bond at position 3 of the triglyceride
molecule by forming 1.2-diglycerides (Paltauf, Esfandi and Holasek, 1974) without
recourse o bile salt activation ;

— an enzyme present in homogenates of gastric mucosa and secreted in the stomach
lumen during a lipid meal. This enzyme would hydrolyze the short and medium-
chain triglycerides. There is some doubt as 1o its true activity on the stomach contents
since the lipase activity at that level could be of lingual origin.

A lipase in primate milk would not be denatured at acid pH in the stomach and,
on reaching the infant duodenum, could act after it has been activated by bile salts
(Hernell and Olivecrona, 1974).

* Older studies have been reported in an article by Clément published in 1976 ; recent reviews
on certain aspects of the digestion and absorption of lipids have appeared (Strauss, 1968 ; Hofmann
and Mekhjian, 1973 ; Borgstrém, 1974 ; Brindley, 1974 ; Simmonds, 1974 ; Johnston, 1977).
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Intestinal stage. — Triglyceride lipolysis is higher in the small intestine than in
the stomach due to the action of pancreatic lipase and bile. In 1856 Claude Bernard
showed that the simultaneous presence of these two secretions in the small intestine
was a prerequisite fo chyliferous vessel lactescence after fat intake.

The mode of pancreatic lipase action has been elucidated by Desnuelle and his
team (Desnuelle, Naudet and Rozier, 1947, 1948 ; Desnuelle, Naudet and Constantin,
1951 ; Savary and Desnuelle, 1956), Mattson and his collaborators (Matison et al.,
1952 ; Mattson and Beck, 1955, 1956 ; Mattson and Volpenhein, 1968), and Borgstrém
(1952a, b ; 1953a, b ; 1954a, b).

This enzyme acts on triglycerides at the oil-water interface of the intraluminary
lipid particles ; when the triglycerides contain long-chain fatty acids, it releases those
at positions 1 and 3 to first give 1.2 or 2.3-diglycerides, then 2-monoglycerides. Two
fatty acids per molecule of hydrolyzed triglycerides are thus released (fig. 1).

Rj

Rz + Rz

R / EOH\ OH OH
R
R2 R+ of —————» OH +R2
R3
R3 \ EOH OH OH
1_2

R2 + R
Rz
TG et DG 2MG GLYCEROL + FA
2.3

FIG. 1. — Hydrolysis of long fatly acid iriglycerides by pancreatic litase.
Abbreviations : TG = triglycerides, DG = diglycerides, MG = monoglycerides, FA = fatty acids.

The enzyme shows no preference for either position 1 or 3 (Tattrie, Bailey and
Kates, 1958). 2-monoglycerides may be hydrolyzed into faity acid and glycerol ;
this hydrolysis is slower and concerns only 25 to 50 p. 100 of the 2-monoglycerides
(Reiser et al., 1952 ; Borgstrém et al., 1957 ; Blomstrand, Borgstrém and Dahiback,
1959 ; Buel and Reiser, 1959 ; Morehouse ef al., 1956) ; the released glycerol thus
follows the portal route and is hardly reused for glycerolipid synthesis in the intesti-
nal mucosa.

The rate of long-chain (12 to 18 C atoms having 0, 1 or 2 double-bonds) fatty
acid hydrolysis is similar, but when the triglycerides are composed of fatty acids of
10 C atoms or less, those fatty acids are released quicker than the long-chain ones,
whatever their position in the original triglyceride molecule (Entressangles et al.,
1961 ; Clément, Clément and Bezard, 1962). Lipase activity according to the trigly-
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ceride falty acid structure (double-bond localization, branched polyenoic acids, chain
longer than 18 C) has been studied by Brockerhoff (1970).

The properties of pancreatic lipase originally determined, particularly that of
bile salt-dependent activation, have been revised since a pancreatic colipase was
demonstrated by Morgan, Barrowman and Borgstrém (196%) and Maylie et al. (1971).
The action of the lipase-colipase system has been explained by Chapus et al. (1975) :
bile salts, at a higher concentration than the critical micellar concentration usually
found in the bile and the intestinal lumen, inhibit lipase by preventing its contact with
the substrate (triglycerides) when colipase is absent. On the contrary, if colipase is
associated with lipase, this enzymatic system may be adsorbed at the triglyceride-
water interface, and the lipase can then act. When bile salts are absent, the lipase
would be quickly denatured (Borgstrém, 1977). Some recent studies (Lairon et al.,
1978) indicate that phospholipids and bile cholesterol might transport the lipase-
colipase association to the triglyceride-water interface.

Intestinal juice also has lipasic action on long-chain triglycerides.

All these reactions or properties, which have been demonstrated mostly in in
vitro experiments, have been confirmed with in vivo studies. Thus, after triglyceride
intake, @ mixture composed of triglycerides, 1.2 and 2.3-diglycerides, 2-monogly-
cerides and free falty acids is found in the small intestine lumen. However, due to
isomerization, 1-monoglycerides (15 to 20 p. 100 of the total monoglycerides) and
small amounts of 1.3-diglycerides are also found at that level. Moreover, fatty acids
are exchanged between those located at positions 1 and 3 of the triglyceride mole-
cules and the intraluminal free fatty acids ; these exchanges are catalyzed by the lipase

according to a reverse lipolytic reaction (Ahrens and Borgstrém, 1956 ; Reiser and
Fu, 1966).

B. — Physico-chemical state of intraluminary lipids.

The fat must be well dispersed if the intraluminal lipid particles are to cross the
intestinal epithelium. According fo Hofmann and Borgstrém (1963), this process occurs
as if there were two phases in the intestinal lumen (fig. 2) : an « emulsion » phase of
tiny oil droplets suspended in the aqueous medium and a micellar phase (originally
present in the intestine). The emulsion would be previously formed in the stomach
due fo stirring movements and continued in the intestine owing to the detergent action
of bile salts which decrease particle size from 50 000 to 2 000 A, thus augmenting the
oil-water interface surface. This emulsion would contact the micellar phase which
is composed of bile micelles (bile salts, phospholipids, cholesterol) with a 20 to 30 A
diameter. Bile salts and pancreatic enzymes are present at the oil-water interface.
Triglyceride lipolysis begins ; the diglycerides and the non-ionized fatty acids, prac-
tically insoluble in the bile salts, remain in the triglyceride emulsion, while the mono-
glycerides and the ionized fatty acids are solubilized in the bile micelles to form mixed
micelles which have a larger diameter (30 to 50 A). An equilibrium is established be-
tween the two phases at the onset of digestion in the proximal intestine.

Agreement has not yet been reached as to the form in which lipids are absorbed.
According fo some authors, absorption is molecular ; in all cases, this type of absorp-
tion involves short and medium-chain fatty acids and medium-chain monoglycerides
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FIG. 2. — Figure showing the physico-chemical stafe of intraluminary lipids in the duodenum. The figure
showing adsorption of the lipase-colipase association at the oil-water interface is from
Chapus et al. (1975). Abbreviations : FCh = free cholesterol, ChE = cholesterol esters.
PL = phospholipids, FFA = free fatty acids, bs = bile salts, see fig. 1 for others.

which have enough polarity to cross the intestinal epithelium without belonging to
micelles ; it has been shown that they can be absorbed when bile salts are absent.
Most researchers believe that absorption occurs by the diffusion of intact micelles
across the enterocyte membrane, but they have not yet determined how far the micelle
penetrates into the enterocyte. In fact, mixed micelles would not be taken up directly
through the enterocyte membrane, but would have to overcome the resistance of the
unstirred layer first (Wilson and Dietschy, 1972 ; Westergaard and Dietschy, 1976).
This layer has no morphological basis ; it is neither the mucus nor the glycocalyx.
Although its existence has not been demonstrated, it would correspond to the need of
biophysicians to explain the enterocyte uptake of intraluminal lipids. They visualize
it as a layer of water between 50 and 400 um thick adjacent to the brush border. It is
not known whether there would be a single layer of water or several in which
particle stirring would increase from the periphery of the intestinal lumen to its
center,

When the concentration of lipolytic products (monoglycerides, free fatty acids)
increases in the stirred part of the intestinal lumen, the flux of material increases in
the unstirred layer, and the plasmic membrane of the enterocyte may be penetrated.
Lipid molecules would first be transferred from the aqueous side of the cell membrane
interface, then diffused through the structured lipid membrane and transited towards

Reproduction, nutrition, développement 88
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the aqueous cytoplasm. Diffusion would be maximal, if the solution was saturated at
the interface, but this cannot occur due to unstirred layer resistance (Simmonds, 1976).

The micelle would not be intact after crossing the plasmic membrane of the micro-
villi because that layer would offer too much resistance to the bile salts ; this would
explain their later absorption in the ileum. The micelles would certainly be demolished
since it has been shown elsewhere that other micellar components such as bile phos-
pholipids and cholesterol, are absorbed before they arrive in the ileum (phospho-
lipids : Ulrich, Boucrot and Clément, 1974 ; cholesterol : Lutton and Brot-Laroche,
1979).

Lipid absorption would take place in the tips of the microvilli and not in the crypts,
that is, where the unstirred layer would be thinnest (50 um).

Short and medium-chain fatty acids would easily cross this unstirred layer (Sal-

lée and Dietschy, 1973).
1l. Absorption

As gasiric emptying occurs intermittingly, small quantities of lipids reach the
duodenum. Pancreatic lipase is usually secreted abundantly in the duodenum, so that
the monoglycerides and free fatty acids (products of triglyceride hydrolysis) are
quickly absorbed in the proximal smali intestine. However, when a greater amount of
lipids is ingested, a larger intestinal mucosa surface is used and the ileum can absorb
(Favarger, 1958, 1960 ; Bennett, 1964 ; Vodovar et al., 1965). It should be noted that
the enzymes needed for triglyceride resynthesis are usually inactive at that level,
but acquire this synthesizing ability (Hoving and Valkena, 1969 ; Rodgers and Boche-
nek, 1970). The absorption coefficient of the usual dietary fats is high (95 p. 100).
The forms in which lipids, resulting from triglyceride hydrolysis, are absorbed are
mostly 2-monoglycerides and free fatty acids. These facts have been demonstrated by
experiments isolating the infestinal loop in situ or by analyses of lymph triglycerides.
It has thus been shown that the fatty acid located at position 2 of dietary triglycerides
occurs again in high amounts in that position in lymph triglycerides (Savary, Cons-
tantin and Desnuelle, 1961 ; Mattson and Volpenhein, 1962, 1964 ; Clément and Paris,
1964 ; Paris and Clément, 1968).

It is now admitted that intact triglycerides cannot be absorbed.

A. — Biochemical processes in the enferocyte.

A monoglyceride-lipase in the enterocyte (Di Nella, Meng and Park, 1959 ;
Senior and Isselbacher, 1963) hydrolyzes the monoglyceride-ester bond. This enzyme
would be especially active
— when there is an excess of monoglycerides and a lack of free fatty acids to acylate
the former ;

— in the case of short and medium-chain monoglycerides ;
— when the fatty acid configuration is inadequate (e. g. trans-fatty acids, branched
fatty acids).

Most fatty acids (free or esterified as monoglycerides) which are taken up by the
intestinal mucosa then appear in the chylomicrons in the form of triglycerides, except
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for those which have a carbon chain shorter than 12 C. In fact, the free form of
these fatty acids is vehiculed towards the liver (fig. 3) by portal blood albumins in
amounts which increase in proportion to the shortness of their chains. According to
Bloom, Chaikoff and Reinhardt (1951), only 10 p. 100 of the decancic acid (10 C)
ingested appears in the lymph in the form of triglycerides, while when lauric (12 C)
and myristic (14 C) acids are ingested, 50 and 60 p. 100, respectively, are found. The
values for fatty acids with more than 14 C vary between 70 and 90 p. 100. This chylo-
portal fatty acid distribution according to chain length has been confirmed and elu-
cidated (Borgstrém, 1955 ; Fernandes, Van de Kamer and Weijers, 1955 ; Bloms-
trand, 1955 ; Blomstrand and Ahrens, 1958 ; Blomstrand, Thorn and Ahrens, 1958 ;
Clément et al., 1963 ; Gottenbos and Thomasson, 1963).

DIETARY
TRIGLYCERIDES

MICROVILLI ENTEROCYTE

INTESTINAL
LUMEN

Mixed

2MG+long FFA
| micelles

TG~ CHYLOMICRONS —p Lymphatics

+

BS
[, short FFA > » PORTAL VEIN
GLYCEROL et

FIG. 3. — Chyloporial distribution of fatly acids according to chain length.
Abbreviations : see figs. 1 and 2.

Triglyceride synthesis in the enterocyte.

This synthesis is very active and cannot be considered as a reverse reaction of
pancreatic lipolysis. ’

While lipid transit across the plasmic membrane demands no energetic effort
(Strauss, 1968), fatty acids in order to esterify alcohol from glycerol must be previously
activated (Kornberg and Pricer, 1953) to form acyl-CoA, a reaction catalyzed by an
acyl-CoA ligase in the presence of ATP and Mg*+ ions :

++

fatty acid + ATP -+ CoA

— acyl CoA - AMP + PP
acyl CoA acyl CoA +

ligase
Triglyceride synthesis is carried out
— with acyl CoA which esterifies the Sn glycerol-3 phosphate in the way described
by Weiss and Kennedy (1956) and the data reported by Dawson and Isselbacher
(1960), Johnston and Bearden (1960a, b) and Brindley and Hibscher (1965) :
acyl CoA + Sn-glycerol 3-P — lysophosphatidic acid + CoA
acyl CoA + lysophosphatidic acid — phosphatidic acid + CoA
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phosphatidic acid 1.2 diglyceride 4- P
phosphatidate phosphohydrolase
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FIG. 4. — De novo synthesis of enterocyie triglycerides.

The formation of lysophosphatidic and phosphatidic acids by direct acylation of
phosphate dihydroxyacetone, demonstrated in the liver by Hajra and Agranoff
(1968a, b), may also occur in the enterocyte according to RAO, Sorrels and Reiser
(1970), but the importance of this route remains fo be determined in vivo.

The computations of Kern and Borgstréom (1965) and Paris and Clément (1965)
indicate that 14 p. 100 of the triglycerides in the intestinal mucosa would be synthe-
sized in the above way.

— Triglyceride synthesis would also be carried out with monoglycerides by
direct acylation (Clark and Hibscher, 1960) :

monoglyceride + acyl CoA —————— diglyceride -+ CoA
monoglyceride acyliransferase
diglyceride 4+ acyl CoA ——— triglyceride 4+ CoA

diglyceride acyltransferase

The enzymes which catalyze the acylation of both substrates are different.

Many studies have confirmed the existence of these processes (Senior and Issel-
bacher, 1961a, b ; Johnston and Brown, 1962 ; Brown and Johnston, 1963 ; Johnston,
Rao and Reistad, 1965 ; Ailhaud, Samuel and Desnuelle, 1963).

According to Paris and Clément (1965, 1969) this type of synthesis would be espe-
cially important for 2-monoglycerides. On the contrary, 1-monoglycerides would be

cholesterol lymph



Intestinal absorption of triglycerols 1293

phosphorylated directly, thus forming Iysophosphatic acids, and the processes would
continue as shown above. This has been recently confirmed by Breckenridge and
Kuksis (19754, b).

This triglyceride synthesis using two substrates occurs in the smooth endoplasmic
reticulum (Brindley and Hibscher, 1965 ; Schiller, David and Johnston, 1970) where all
the necessary enzymes are found.

The long-chain fatty acids would be transferred from the microvilli to the smooth
reticulum of the enterocyte because they are bound to a cytosolic protein (Ockner ef
al., 1972), abundant in the proximal small intestine and especially in the cristae of the
villi {(as compared to the crypts). This protein has a higher affinity for unsaturated
than saturated fatty acids and does not bind short or medium-chain fatty acids (Ock-
ner, Pittman and Yager, 1972). It would be identical to the Z-protein of Levi, Gat-
maitan and Arias (1969) and O’Doherty and Kuksis (1975).

According to various authors, triglyceride or phospholipid synthesis in the ente-
rocyte might be regulated by the amounts of monoglycerides present ; if these amounts

T'ﬂ — | A TEN T Microvilli

P i Occlusion zone
Adhesion zone
Desmosome

Ergastoplasm
(rough endoplasmic reticulum)

Reticulum
(smooth endoplasmic reticulum)

SUPRA-NUCLEAR )
Mitochondrion
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AND

Saccules  of Golgi
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r———EPITHELIAL CELL
!
l
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|
!
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membrane

Nucleus
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ZONE

Intercellular space

i - Basement membrane
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Smooth muscle fiber
N
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SUB-EPITHELIAL
CONJUNCTIVE
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FIG. 5. — Rat enterocyte (from Carlier, 1973). Size of cells from the proximal small intestine :
25 to 39 um X 4.5 to 8 um. Size of microvilli : 0.8 to 1.5 um x 0.08 to 0.1 um.
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are considerable, endogenous glycerophosphate acylation would be inhibited and
triglyceride synthesis enhanced. Breckenridge and Kuksis (19754, b) do not agree
with this scenario ; they show that it is the degree of unsaturation of the diglycerides
formed which regulates further synthesis of triglycerides or phospholipids, and not
their origin, monoglycerides or phosphatidic acids (see synthesis above). Several
authors support this last conclusion (Hilsmann and Kurpershogk-Davidov, 1976 ;
Shiau, Long and Weiss, 1978).

Mansbach (1973) and Johnston (1977) showed that the monoglyceride acyltrans-
ferase of microsomes isolated in villous crypt cells is lower than that in the microsomes
of the cells of tips. Johnston (1977) concluded that the triglycerides would be formed
mainly in the tips from monoglycerides, while the phospholipids would be synthe-
sized in the crypts via phosphatidic acids. Thus, the synthesis of triglycerides from mono-
glycerides would be induced by the migration and differentiation of intestinal cells,
formed in the crypts then migrating to the cristae where they are differentiated.

Some more work remains to be done on the problem of regulation of the synthesis
of triglycerides and phospholipids in the enterocyte.

B. — Morphological aspects of intestinal lipid absorption (figs. 5, 6).

During fat absorption, the enterocytes accumulate lipid droplets of various sizes ;
these droplets first appear in the median apical zone of the cell and group together
near the nucleus to form large granules which occupy all the zone between the nucleus
and the apical pole. Lipids cannot be demonstrated by staining the microvilli and the
apjcal cytoplasm (fig. 6A).

The theory of pinocytotic absorption (Palay and Karlin, 1959) postulates that
intraluminary lipid particles enter the absorptive cell by invagination of the membrane
in the intermicrovillous spaces. This hypothesis has been abandoned due to Sjs-
trand’s (1963) objections since he favors the theory that lipids would be absorbed by
molecular or micellar diffusion.

Some studies using autoradiography with electron microscopy (Strauss and lto,
1965 ; Cardell, Badenhausen and Porter, 1967 ; Dermer, 1968 ; Carlier, Clément and
Noirot-Thimothée, 1969 ; Carlier, 1971, 1973) have made it possible to determine
lipids at some levels (microvilli, subjacent apical cytoplasm) where they could never
have been detected by staining (fig. 6A). These studies also demonstrated that the
labelled lipid droplets are bound to the smooth reticulum membranes and fuse in the

FIG. 6A. — Apical zone of absorptive cells of the rat infestinal epithelium 20 min after intake of 1.5 ml of
corn oil. 2 p. 100 OsQ, fixation, complete dehydration, Epon embedding, OTO contrast. X 18 600.
Undetectable lipids in the zone of the microvilli (mv) and apical cytoplasm (ca). The numerous
highly contrasted lipid particles in the vesicles of the endoplasmic reticulum are not coalesced.

FIG. 6B. — Golgi zone of the rat intestinal epithelium cell 2 h after intake of a 20 p. 100 peanut oil diet.
Double fixation by glutaraldehyde, then OsO,, complete hydration, Epon embedding, contrast
by uranyl acetate and lead citrate. X 24,500. In the supranuclear zone are seen : well deve-
loped Golgi bodies (g) ; Golgi vesicles (—) filled with well-individualized lipoprotein particles.
Exocytosis (» ) is visible in the lateral plasmic membrane ; n = nucleus. (From Bernard et al,,
1979b).
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Golgi apparatus where they are of the same size as those in the lymphatic chylomi-
crons.

Lipids have been sometimes evidenced in the rough plasmic reticulum, thus con-
firming the conclusions of Cardell, Baden-Hausen and Porter (1967) that the rough
endoplasmic reticulum (only detectable at an early stage) evolves into smooth endo-
plasmic reticulum which appears after intake of a fatty meal. The rough endoplasmic
reticullum would be the site of protein and lipid syntheses by the glycerophosphate
route (Higgins and Barnett, 1971). These newly synthesized proteins and phospholi-
pids should (it has not yet been demonstrated) be transferred in the Golgi apparatus
to the surface of triglyceride particles, thus stabilizing the hydrophobic center of the
chylomicrons in their aqueous medium (Mahley et al., 1971). At that level, sugars
would be added also (Redgrave, 1971 ; Schachter and Roden, 1973) to the prechylo-
microns due to the glycosyliransferases present (Kessler, Narcessian and Mandlin,
1975). The Golgi apparatus is limited to the supranuclear zone (fig. 6B).

During absorption, the intercellular spaces dilate and the chylomicrons fuse
with the plasmic membrane, reaching those spaces by a reversed type of pinocytosis or
exocylosis. Friedman and Cardeil (1972) showed morphologically that this exocytosis
occurred by a fusion of the Golgi vesicles with the lateral plasmic membrane ; Carlier
and Bezard (1975) confirmed this in an autoradiographic study.

The chylomicrons first appear in the intercellular space, then in the lamina propria
and finally in the lymphatics.

As filaments and microtubules are associated with elements of the endoplasmic
reticulum and the Golgi apparatus, Glickman (1976) believes that the microtubules
may play a role in transferring chylomicrons from the Golgi apparatus to the sites
of exocytosis.

The morphology of the infestinal cells varies after the intake of a fatty meal :
the Golgi apparatus of some cells is filled with chylomicrons, while others would be in
the final phase of absorption (Sabesin, 1976 ; Bernard et al., 1979b).

C. — Transport of dietary lipids by lymph lipoproteins.

The triglycerides resynthesized in the enterocytes are vehiculed in the chyle by
chylomicrons (d = 0.96) and very low-density lipoproteins (VLDL) (d < 1.0006)
(Ockner, Hughes and Isselbacher, 1969a, b ; Ockner and Jones, 1970 ; Boquillon,
Paris and Clément, 1972). These lipid particles are spheres with a diameter of 0.05 to
0.75 um (3 um is exceptional) (Zilversmit, 1965 ; Blanchette-Mackie and Scow, 1973 ;
Bogquillon, Carlier and Clément, 1974).

The chylomicron Sf (= floating unit = Svedberg unit) is > 400 and that of the
VLDL ranges between 20 and 400.

The chemical composition of chylomicrons includes 85 to 90 p. 100 of triglycerides
(mixed with small amounts of monoglycerides and diglycerides, cholesterol esters,
free fatty acids) localized at the center, 8 t0 13 p. 100 of phospholipids, 2 to 3.4 p. 100 of
free cholesterol and 0.5 to 2 p. 100 of protein in surface. These surface substances,
which are more polar than those of the center, play an important role in maintaining
particle structure (Zilversmit, 1965, 1968). The composition and structure of the VLDL
are similar to those of the chylomicrons but the VLDL are richer in proteins, phospho-
lipids and cholesterol and poorer in triglycerides.
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1. — The protein moiety. Although the protein content of these particles is low,
the presence of protein is imperative for their formation and transport.

It has been known for some time that the mucosa can synthesize some proteins
which are later found in the lymph (Rodbell and Fredrickson, 1959 ; Rodbell, Fredrick-
son and Ono, 1959 ; Isselbacher and Budz, 1963). Since then, details have appeared on
the composition of some characteristic proteins (apoproteins) of chylomicrons and of
VLDL in the lymphatics. In rat chylomicrons, 7 p. 100 of Apo A, 20 p. 100 of apo B,
70 p. 100 of apo C and 3 p. 100 of apo E have been reported. A recent study in
humans by Green et al. (1979) indicates the apoprotein composition of these
particles.

Apo A and B are synthesized in the enterocyte (Roheim, Gidez and Eder, 1966 ;
Havel et al., 1970 ; Windmueller et al., 1970 ; Kostner and Holasek, 1972 ; Wind-
mueller, Herbert and Levy, 1973 ; Glickman and Green, 1977 ; Wu and Windmueller,
1978 ; Holt, Wu and Bennett-Clark, 1979), while apo C, which is preponderant,
would be supplied by the blood irrigating the intestinal mucosa with high-density
lipoproteins of hepatic origin (Windmueller, Herbert and Levy, 1973 ; Havel, Kane
and Kashiap, 1973) ; apo E would also be synthesized by the liver (Marsh, 1976 ;
Felker et al., 1975).

Apo B plays a major role in chylomicron formation in humans presenting an
abetalipoproteinemia : there is no intestinal absorption of long-chain fatty acids, no
chylomicron formation in the intestinal mucosa and, thus, no lymph transport of lipids.
Only short and medium-chain fatty acids can be absorbed directly, reaching the liver
by the portal blood. When the rat is given drugs such as cycloheximide or its deriva-
tives, which inhibit protein synthesis, the transfer of phospholipids and proteins of
the rough endoplasmic reticulum towards the Golgi apparatus does not occur (Levy,
Fredrickson and Lester, 1966 ; Yodovar, Massicard and Flanzy, 1968) or is disturbed
(Bernard et al., 1979a) ; lipid particles then accumulate in the enterocyte. In these
conditions, some very large chylomicrons are observed in the lymph (Glickman,
Kirsch and Isselbacher, 1972).

2. — The lipid moiety. Fatty acids belonging to lymph triglycerides are mainly
derived from dietary fats ; however, some endogenous fatty acids may also enter into
their composition (Bragdon and Karmen, 1960 ; Kayden ef al., 1960 ; Kayden, Karmen
and Dumont, 1963 ; Boucrot and Clément, 1965). When dietary fats contain short
and medium-chain fatty acids, and these fatty acids mainly use the portal route, the
triglyceride composition of lymph chylomicrons does not reflect that of the ingested
triglycerides (Clément ef al., 1963 ; Gottenbos and Thomasson, 1963 ; Courel and
Clément, 1964).

This non-dietary fatty acid dilution of the exogenous fatty acids of lymph trigly-
cerides appears particularly high at the beginning and the end of absorption (Kayden
et al., 1960 ; Kayden, Karmen and Dumont, 1963 ; Courel and Clément, 1964 ; Ver-
dino, Blank and Privett, 1965) and is evidently very low at maximal absorption (6 to
8 h after a meal in humans ; 2 to 3 h after in rats).

The quantity of endogenous fatty acids found daily in chylomicron triglycerides is
rather constant (about 150 mg for a 200 g rat : Savary and Constantin, 1967 ; Boucrot
and Clément, 1969) but according to the latter authors, it would not be equally distri-
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buted in time, being maximal at exogenous lipid absorption. Moreover, the quantities
of ingested lipids and the number of meals would have no effect on its value.

Part of the endogenous fatty acids found in the lymph triglycerides are derived
from the intestinal lumen (Burr, McPherson and Tidwell, 1960 ; Di Costanzo and
Clément, 1965a, b ; Baxter, 1966). The intraluminal endogenous lipids undergo the
same processes as dietary lipids. These endogenous lipids originate mostly from those
present in the digestive secretions, mainly the bile (3 mg/h/rat ; 0.5 fo 5 g/24 h/man)
(Ockner, Hughes and Isselbacher, 1969a ; Baxter, 1966 ; Simmonds, Redgrave and
Willix, 1968) and also in desquamated cells according to Cotton (1972) studying the
rat (1.12 mg/30 min) and to Croft and Cotton (1973) studying humans (12 to 30 g/day).
Some endogenous faity acids constituting chylomicron triglycerides could also be
derived from blood lipids irrigating the intestinal mucosa (Burr, McPherson and Tid-
well, 1960 ; Baxter, 1966 ; Boucrot and Clément, 1969 ; Gangl and Ockner, 1975)
or could be synthesized at that level (Coniglio and Cate, 1958 ; Ganguly, 1960 ;
Franks, Riley and Isselbacher, 1966). This synthesis is always low and constant what-
ever the nutritional state (Zakim and Ho, 1970) and is more intensein the crypts than
in the cristae of the villi (Dietschy, 1968).

The fatty acid carbon-chain may also be transformed in the enterocyte by elonga-
tion, shortening and double-bond formation (Boucrot and Clément, 1965b ; Reeve and
Franks, 1968 ; Bickerstaffe and Annison, 1969). Moreover, fatty acids taken up by the
intestinal mucosa may undergo 8-oxidation (Porte and Entenman, 1965 ; Metais,
Bach and Warter, 1967) and, according to the latter authors, the short and medium-
chain fatty acids would be oxidated preferentially. Gangl and Ockner (1975) report
that plasma long-chain fatty acids would be oxidated in the enterocyte rather than
exogenous fatty acids.

The fatty acids constituting chylomicron phospholipids are mostly of endogenous
origin ; their composition is thus little affected by the type of faity acids ingested. How-
ever, when double-labelled phospholipids (glycerol and fatty acids at position 1 or 2)
are ingested, considerable amounts of labelled fatty acids in the triglycerides and the
phospholipids are taken up by the chylomicrons (Blomstrand, 1954) ; only the labell-
ing of glycerol and of the fatty acid originally located at position 1 remains, i. e.
there has been absorption of 1-monoglycerophosphatide, then acylation of position 2
by an endogenous fatty acid (Scow, Stein and Stein, 1967 ; Nilsson, 1968 ; Arvidson
and Nilsson, 1972).

Chylomicron cholesterol has several origins : the diet (Swell et al., 1955 ; Borgs-
trém, Lindhe and Wlodawer, 1958 ; Clément, Clément and Brasseul, 1959 ; Clément
and Mead, 1959 ; Chevallier and Vyas, 1963), the bile, the blood irrigating the intesti-
nal mucosa and especially enterocyte synthesis (Dietschy and Siperstein, 1965 ; Che-
vallier and Lutton, 1972, 1973).

Journées Ingestion-Digestion-Absorption
de I'Association frangaise de Nutrition,
Paris, 15-16 novembre 1979.

Résumé. Les triglycérides subissent une digestion intense dans la lumiére de l'intestin
gréle ; étant insolubles dans les milieux aqueux, ils doivent étre transformés en substances
plus polaires pour franchir I’épithélium intestinal. Cette transformation s’effectue gréce
d la lipase pancréatique ; celle-ci, & condition qu’elle soit associée & la colipase, peul agir a
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'interphase huile — eau ; elle libére alors les acides gras situés en positions 1 et 3 des
triglycérides pour former des 2-monoglycérides ; elle peut hydrolyser ces derniers, mais
cette hydrolyse totale n’intéresse que 25 & 50 p. 100 d’entre eux.

Les acides gras libres et les 2-monoglycérides issus de la lipolyse se dissolvent dans les
micelles biliaires pour former des micelles mixtes ; celles-ci ont la possibilité de traverser
par diffusion la membrane plasmique de I’entérocyte aprés avoir vaincu la résistance
de la « couche d’eau non agitée » qui recouvre la bordure en brosse.

L’absorption intestinale est importante dans le duodénum et le jéjunum, en particulier
celle des monoglycérides serait plus élevée dans les crétes que dans les cryptes des villo-
sités,

La resynthése des triglycérides a lieu dans le réticulum endoplasmique lisse de I’enté-
rocyte

1) & partir des acides gras libres par acylation de glycérophosphate endogéne, via les
acides phosphatidiques et les diglycérides (le glycérol libéré des triglycérides ingérés est
peu réutilisé) ;

2) & partir des 2-monoglycérides par estérification directe des fonctions « alcool » ;

3) & partir des 1-monoglycérides par phosphorylation via les acides lysophosphati-
diques. Les acides gras qui estérifient ces substrats doivent auparavant &tre activés sous
forme d’acyl-CoA.

Les triglycérides resynthétisés migrent vers I'appareil de Golgi oU sont formés les
chylomicrons par addition de phospholipides, de protéines — synthétisés au préalable dans
le réticulum endoplasmique granuleux — de cholestérol et de sucres.

Les chylomicrons quittent I’entérocyte par exocytose par la membrane plasmique
latérale vers les espaces intercellulaires ; puis, apreés passage dans la lamina propria,
ils empruntent les lymphatiques.

Les triglycérides resynthétisés sont en fait transportés dans la lymphe par les chylo-
microns et les lipoprotéines de trés basse densité. Ce sont des particules de 0,05 & 0,75 pm,
les triglycérides étant localisés au centre, phospholipides, cholestérol libre et protéines en
surface. Les protéines des chylomicrons (0,5 a 2 p. 100 en masse) sont importantes pour leur
formation et leur transport dans la lymphe. On distingue parmi elles, I'apo A (7 p. 100),
I’'apo B (20 p. 100), ’'apo C (70 p. 100) et I'apo E (3 p. 100) ; les deux premiéres sont synthé-
tisées dans 'entérocyte, I'apo C serait apportée par les lipoprotéines sériques de haute
densité.

Dans les chylomicrons, les phospholipides ont surtout une origine endogéne, le choles-
térol a de multiples sources (alimentation, sang, secrétions digestives, synthése dans ’enté-
rocyte), les triglycérides ne sont pas seulement constitués d'acides gras d’origine alimen-
taire, mais aussi d’acides gras endogénes. Ceux-ci peuvent étre apportés par le sang qui
irrigue la muqueuse intestinale, par la bile, par les cellules intestinales desquamées ou bien
étre synthétisés dans I’entérocyte ; ces lipides endogénes s’ajoutent a ceux d’origine ali-
mentaire et participent aux mémes processus.

Les triglycérides exogénes qui comportent des acides gras courts et moyens n’ont pas
le méme sort que ceux qui sont constitués d’acides gras longs. Dans la lumiére intestinale,
les premiers sont libérés plus rapidement que les seconds, quelle que soit leur localisation
dans la molécule de triglycérides. Comme leur polarité est plus élevée que celle des acides
gras longs, ils sont absorbés sans passer obligatoirement par la phase micellaire et fran-
chissent aisément la « couche non agitée» ; ils sont peu estérifiés dans la cellule. lls sont
transportés sous forme libre vers le foie par les albumines du sang portal, en quantités
d’autant plus grandes que leur chaine est plus courte. Plus leur chaine est longue, plus ils
ont la capacité d’étre incorporés dans les triglycérides et d’emprunter la voie lymphatique
en plus grandes proportions.
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