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Abstract The adequate supply of essential fatty acids (EFA)
to the body depends upon sufficient dietary intake and subse-
quent efficient intestinal absorption. Lipid malabsorption is
not only a leading cause of EFA deficiency (EFAD), but also
occurs secondarily to EFAD. Understanding the relationship
between EFAD and lipid malabsorption may be helpful in the
development and optimization of oral treatment strategies.
Sequential steps involved in EFA absorption, including lipoly-
sis, solubilization by bile, uptake into the enterocyte, and chy-
lomicron secretion into lymph are reviewed, both under phys-
iological and EFAD conditions. EFAD in itself affects the
deficiency state by impairment of EFA absorption due to its
effects on bile formation and on chylomicron secretion.
These processes may be interrelated as decreased phosphati-
dylcholine secretion into the bile (a consequence of EFAD)
is known to result in decreased chylomicron assembly and se-
cretion. Possible treatments of EFAD include increasing di-
etary amounts of triacylglycerols and/or specifically tailoring
lipids (structured triacylglycerols, EFA-rich phosphatidylcho-
lines, EFA-ethyl esters). Itis forseen that insights into the rela-
tionship between lipid malabsorption and EFAD will refine
rational approaches to prevent and treat EFAD in specific pa-
tient groups.—Minich, D. M., R. J. Vonk, and H. J. Verkade.
Intestinal absorption of essential fatty acids under physiologi-
cal and essential fatty acid-deficient conditions. J. Lipid Res.
1997. 38: 1709-1721.
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Due to their inability to be synthesized de novo by
humans, linoleic (18:2n-6) and linolenic (18:3n-3)
acids have been referred to as essential fatty acids
(EFA). Once 18:2n-6 and 18:3n-3 are adequately in-
gested and absorbed, they can be converted to long
chain polyunsaturated fatty acids (LCPUFA) such as
arachidonic (20:4n-6), eicosapentaenoic (20:5n-3),
and docosahexaenoic (22:6n-3) acids. EFA deficiency
(EFAD) can result in biochemical and clinical changes
such as relatively high levels of nonessential fatty acids

in tissue lipids, alopecia, brittle nails, scaly dermatitis,
impaired water balance, infertility and nerve dysfunc-
tion (1-4). EFAD has been suggested to be implicated
in behavioral and learning disorders (5-7), immuno-
logical impairment (8-10) and cardiovascular and neo-
plastic diseases (11-14).

Theoretically, EFAD can be related to a number of
factors including extent of demand for EFA, quantity
of endogenous EFA stores, dietary EFA levels and ratios,
and efficiency of lipid absorption. In addition to the
many studies focusing on sufficient dietary amounts of
EFA for formula-fed infants, a recent interest has been
generated concerning the occurrence of EFAD in pa-
tient groups with lipid malabsorption in common. A
high incidence of EFAD has been reported in (pre-
term) infants (15-18) and patients with cholestasis
(19-25) or chronic gastrointestinal disease such as
Crohn’s disease (26-28). Because the levels of EFA in
the body are dependent on their adequate dietary sup-
ply and efficient intestinal absorption, it is worthwhile
to investigate the pathophysiological mechanism(s) be-
hind lipid malabsorption that can lead to compromised
EFA status and eventual EFAD.

While it is well known that lipid malabsorption can
result in EFAD, the observation that EFAD itself impairs
lipid absorption has been appreciated only recently
(29). In rats with EFAD, lipid absorption has been re-
ported to drop to 80-83%, which is significantly lower
than in controls (97%) (29). This review is intended to
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discuss the processes involved in EFA absorption under
physiological and EFAD conditions. The available data
on possible mechanism (s) of the effect of EFAD on lipid
malabsorption are discussed in the present review. Fi-
nally, present insights are related to potential novel
treatment strategies of EFAD in specific patient groups.

LIPID MALABSORPTION LEADING TO EFAD

The overall process of lipid absorption can be classi-
fied as a chain of events occurring after lipid ingestion,
including lipolysis, solubilization, uptake into the en-
terocyte, reesterification and transport into the lymph
or portal blood. The relative importance of each step
depends strongly on the dietary fatty acid species and
on the membrane structure of the intestine. Under
physiological conditions, the efficacy of lipid absorption
ranges from 96 to 98% (30, 31). Various excellent re-
views have appeared concerning the mechanisms in-
volved in physiological absorption of dietary lipids in
general (31-35). However, information specific to the
absorption of EFA either under physiological or EFAD
conditions is quite limited. Although EFA absorption
does not differ in many ways from overall lipid absorp-
tion, some characteristic differences apply and are dis-
cussed shortly.

Lipolysis

About 95% of the lipids in the human diet are com-
posed of triacylglycerols (TAG). TAG require lipolysis
of the sn-1 and sn-3 positions to produce two free fatty
acids (FFA) and 2-monoacylglycerol (MAG) for effi-
cient solubilization and uptake into the enterocyte (35).
Hydrolysis of dietary lipids in humans is catalyzed by
lipases from gastric and pancreatic origin, with pancre-
atic colipase-dependent lipase being functionally the
most predominant enzyme under physiological condi-
tions (36). The impact of lipase activity on EFA and
L.CPUFA absorption, especially of 20:5n-3 and 22:6n-
3, has been extensively investigated using various lipid
formulations (TAG, ethyl ester, FFA) and measuring
subsequent appearance in the lymph (37-41). This ap-
proach may not correctly quantify differences in lipoly-
sis as lipolysis may not be the only rate-limiting step for
appearance into the lymph. Apart from this reservation,
various studies are in agreement with the finding that
longer chain fatty acids (>C20) are lipolyzed at a slower
rate than shorter chain fatty acids (=C18) (38, 42, 43).

To optimize TAG sn-configurations with respect to
EFA absorption, the influence of the sn-position on li-
polysis, as measured by subsequent secretion into
lymph, was investigated in several animal studies (36,
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44, 45). After intraduodenal administration, EFA at the
sn-2 position, compared with sn-1 and s»n-3, have the
highest absolute recovery in the lymph. Compared to
all other configurations, intraduodenally administered
TAG with 18:2n-6 in the sn-2 position made the most
rapid appearance in lymph (46). Similarly, Christensen,
Mullertz, and Hoy (36) found a higher percent recovery
of 18:2n-6 in the lymph of pancreatic and biliary di-
verted rats when administered as sn-2 TAG compared
to 18:2n-6 supplied at random positions or as soybean
oil. These observations may indicate a resistance to-
wards the enzymatic hydrolysis of the sn-1 and sn-3 acyl
chains by pancreatic colipase-dependent lipase, as
whale oil TAG, in which 20:5n-3 and 22:6n-3 are pre-
dominately esterified at the sn-1 and sn-3 positions,
have been characterized as being lipase resistant (45).
Unfortunately, the kinetics of pancreatic lipolysis of
EFA and LCPUFA from TAG have not been thoroughly
investigated, therefore, it is not possible to adequately
compare these fatty acids with regard to lipase activity.

No conclusive human studies have been performed
investigating the intestinal lipolysis of EFA-containing
TAG in vivo. Yet, this information may be important to
consider in EFA administration in the form of struc-
tured TAG to various patient groups. Finally, the issue
of lipolysis in the role of EFA status is important espe-
cially for those patients with low levels of lipase in the
intestine and also for pharmacologically induced (i.e.,
tetrahydrolipstatin) lipid malabsorption (47, 48). Be-
cause tetrahydrolipstatin is a nonspecific inhibitor of all
lipases, other lipases (i.e., gastric lipase) are unable to
compensate for the lack of pancreatic lipase as is seen
in conditions such as cystic fibrosis.

Enterohepatic circulation of bile

The presence of bile in the lumen of the intestine
appears to be involved in more than one aspect of the
absorption of EFA. It is relevant to note that concentra-
tions of bile constituents and bile flow vary among spe-
cies (49). One of the important properties of bile is its
ability to increase the solubility of lipolytic products
(i.e., 2-MAG and FFA) in the aqueous intestinal lumen
by the formation of mixed micelles. In the absence of
or at low concentrations of bile salts, the absorption of
fatty acids occurs to a relatively lower and slower extent
(50). It is known that the unsaturated, less hydrophobic
structure of unsaturated fatty acids such as EFA relies
less upon bile for solubilization in the intestine com-
pared with saturated long chain fatty acids (33-35, 51~
53). This feature is illustrated by the dissociation rate
constants for 18:2n-6 from transbilayers in small unila-
mellar PC vesicles, which are 10 and 5 times greater
compared to 18:0 and 18:1n-9, respectively (54).

In the absence of bile, unsaturated fatty acids are
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taken up more efficiently than those that are saturated,
though still significantly less efficient than in the pres-
ence of bile. Bile-diverted, germ-free rats absorb less
saturated compared to unsaturated fatty acids (55% vs.
88%) (55). Many other studies support the difference
in absorption between unsaturated and saturated fatty
acids, but they generally do not account for metabolism
of these labeled compounds, particularly of 18:2n-6,
to other fatty acids such as 18:0 by intestinal bacteria.
Recovery of fecal 18:0 may be, in fact, ‘‘hydrogenated
18:2n-6."" Bacterial hydrogenation is commonly over-
looked but could lead to overestimated absorption of
unsaturated fatty acids and, therefore, to erroneous
lipid absorption measurements.

Apart from the role of bile in solubilization, strong
indications are available that biliary phospholipids are
crucial for proper intestinal chylomicron assembly and
secretion of lipid into the lymph, especially during high
intestinal lipid loads (56-58). Mice lacking mdr2 gene
product in the bile canalicular membrane, also known
as mdr2 knockout mice, have recently become available
for studying the effects of normal bile salt secretion
rates accompanied by the virtual absence of phospho-
lipid secretion (59, 60). Under physiologic conditions,
phospholipids of lymph chylomicrons are derived pre-
dominantly from biliary rather than from dietary origin
(61, 62). Studies utilizing interruption of the entero-
hepatic circulation via cholestyramine feeding (63) or
dietary manipulation of biliary composition (64, 65)
consistently revealed a substantial accumulation of lip-
ids, including fatty acids (63-65) and retinol (65}, in
enterocytes coinciding with a reduced intestinal avail-
ability of biliary phospholipid. On the other hand, en-
richment of diets with PC was associated with increased
biliary phospholipid secretion and increased chylomi-
cron transport in rats (66). Available in vitro data also
indicate that the amount and species of phospholipid
affects intestinal lipoprotein secretion. Using Caco-2
cells, Mathur et al. (67) found that PC above a concen-
tration of 250 pm increased secretion of apoB-con-
taining, TAG-rich lipoproteins. Although other phos-
pholipids such as phosphatidylethanolamine and
phosphatidylserine were also capable of stimulating
lipid secretion, PC produced the greatest effect (67).

Apart from the obvious roles of biliary PC as an active
participant in micelle and chylomicron formation, it
may also be relevant that the PC molecule is EFA-rich.
This supply of endogenous EFA may be important for
a number of reasons relating to EFA absorption. Biliary
PC, which comprise approximately 95% of the total bili-
ary phospholipids (61, 68), contain up to 40 mol% EFA
and EFA-LCPUFA as measured in humans (69, 70) and
rats (71). Daily enterohepatic circulation that provides
roughly 12 g of biliary PC (subsequent 95% absorption)

can therefore supply 2.3-3.4 g of 18:2n-6 and 0.5-1.7
g 20:4n-6 (34). An average Western diet of 2367 kcal
(9894 K]) supplies + 8.8 g 18:2n-6 and 1.8 g 20:4n-
6/day (72), indicating that the intestinal supply of EFA
significantly depends on biliary PC secretion. It can be
speculated that the relatively hydrophilic conformation
of EFA is needed for solubilizing the more insoluble
saturated fatty acids in micelle structures. It has also
been proposed that the supply of biliary EFA contrib-
utes to stereospecific structural requirements of the in-
testinal cell membrane that are necessary for optimal
functioning of membrane transporters and uptake of
dietary fatty acids (73). The effect of PC fatty acid com-
position, particularly of EFA acyl chains, on lipoprotein
assembly or secretion has not been thoroughly studied.
Although the mechanism has not been elucidated, lu-
minal PC (74), as well as unsaturated fatty acids (75),
have been noted to increase the basolateral secretion
of lipid-rich, apoB-containing lipoproteins in polarized
CaCo-2 cells, a frequently used in vitro model system
for intestinal absorption.

In much the same way that bile has an effect upon
fatty acid absorption, fatty acids are capable of altering
bile production and flow. Numerous animal studies
have demonstrated that, compared with other types of
lipids, EFA and LCPUFA stimulate bile flow and bile
acid output (76-83). Additionally, biliary phospholipid
and cholesterol concentrations in rats have been docu-
mented to increase after LCPUFA administration (79).
Alternatively, these effects were not observed in rats in-
travenously infused with either medium chain TAG
(MCT) or mixtures of MCT and LCPUFA (79). The ef-
fects of EFA on bile metabolism vary in intensity. In our
own studies, high n-3 diets (fish oil) fed to rats resulted
in an increased bile salt size by 28%, increased biliary
excretion of cholesterol, and a higher bile flow com-
pared with high n-6 diets (corn oil) (84-86). The in-
creased bile salt pool size coincided with a 30% increase
in bile salt synthesis in rats (86). Apart from effects on
bile salt biosynthesis, it is tempting to speculate that n—
3 fatty acids could play a role in enhancing mdr2 activity
in the canalicular membrane, thereby augmenting bile
salt-dependent lipid secretion into bile (49).

Uptake into the enterocyte

It is established that even slight changes in dietary
fat composition (EFA and nonessential fatty acids) and
constant total fat, carbohydrate, or protein levels influ-
ence intestinal uptake rates of fatty acids in vivo rat
models (32, 87, 88). The mechanism by which EFA are
taken up by the enterocyte across its apical membrane
remains unresolved. Both facilitated (89-92) and pas-
sive diffusion processes (91, 93) have been hypothe-
sized for 18:2n-6 translocation across the membrane.
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Uptake of EFA and LCPUFA by facilitated membrane
translocation has been suggested to involve membrane-
bound fatty acid binding protein(s), namely FABP and /
or a fatty acid translocase (89, 94, 95). A saturable up-
take of long chain (16:0 and 18:1n-9), but not of short
chain (8:0) fatty acids has been demonstrated on the
apical membrane of Caco-2 cells (96). In studies on iso-
lated hamster intestinal cells, Gore, Hoinard, and Couet
(97) found indications that uptake of 18:3n-3 is car-
rier-mediated and can be competitively inhibited by
LCPUFA.

Intracellular transport of fatty acids in the enterocyte

Approximately 20 years ago, a fatty acid binding pro-
tein (FABP) was isolated by Ockner and Manning (98).
Since this observation, various members of the FABP
family have been identified and characterized, of which
two are located in the intestine, namely, the intestinal
FABP (IFABP) and liver FABP (LFABP). Based on its
expression pattern, predominantly in absorptive areas
(jejunal villi) of the intestine, and on its responsiveness
in expression to a high-fat diet (98), IFABP is hypothe-
sized to be involved in the intracellular transport of fatty
acids in the enterocyte. In vitro studies have indicated
that saturated and unsaturated fatty acids (99, 100) can
be bound by IFABP with similar high affinity, whereas
the binding specificity of LFABP is considerably
broader and includes long-chain fatty acids (18:1n-9,
20:4n-6), lysophosphatidylcholine, retinoids, biliru-
bin, and carcinogens (101, 102). Indirect support for
the role of IFABP and LFABP in the intracellular trans-
port of fatty acids can be derived from recent studies
by Baier, Bogardus, and Sacchettini (103). A single
amino acid substitution (Alab4Thr) in human IFABP is
associated with altered binding of fatty acids to IFABP
in vitro compared with the wild-type IFABP. A 2-fold
increased transport of 16:0 and 18:1n-9 across Caco-
2 cells compared to that of the wild-type protein was
also observed. These findings suggest fatty acid binding
to IFABP may influence intracellular uptake and/or
metabolism. It is not determined if or to what extent
these FABPs are involved in activation and reesterifica-
tion of EFA in normal physiology or in EFAD.

Chylomicron assembly and secretion

EFA and LCPUFA are predominantly reacylated into
TAG inside the enterocyte and assembled into chylomi-
crons to be excreted and transported into the lymph.
The main biochemical route for TAG synthesis is the
MAG pathway, in which 2-MAG (taken up by the entero-
cyte) is sequentially reacylated to diacylglycerols (DAG)
and to TAG by MAG-acyltransferase and DAG-acyl-
transferase, respectively (34). The other route of TAG
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synthesis, the alpha-glycerolphosphate pathway, in-
volves conversion of glycerol-3-phosphate via phospha-
tidic acid to DAG and, subsequently, to TAG by various
enzymes (34). Under conditions of normal lipid absorp-
tion, in which there is an ample supply of 2-MAG and
FFA, the 2-MAG pathway predominates relative to the
alpha-glycerophosphate pathway (34, 104).

The newly formed TAG from either pathway are
thought to be metabolically distinct, in that TAG made
from 2-MAG are secreted more rapidly across the baso-
lateral membrane compared to those originating from
the alpha-glycerophosphate pathway (105). The DAG
from each pathway have been suggested to enter into
separate intracellular pools (34). This hypothesis is sup-
ported by observations that DAG from the alpha-glycer-
ophosphate pathway is preferentially used for de novo
synthesis of PC (106). Although it has not been studied
extensively, some indirect indications support selectivity
of EFA in the routing to TAG synthesis relative to PC
synthesis (29, 52, 107). Ockner, Pittman, and Yager (52)
compared the absorption of ["*C]16:0 and [*C]18:2n-
6 in normal rats and found that the amount of 18:2n—
6 esterified into TAG was twice that of 16:0 when ex-
pressed as percentages of *C in the intestinal cell wall
or as percent of *C administered.

Lyso-PC, the phospholipase A2-metabolite of PC, can
be routed to various metabolic pathways within the en-
terocyte: it can be reacylated to form PC (108-112), hy-
drolyzed into fatty acids and glycero-3-phosphorylcho-
line (112), or two lyso-PC molecules can react to give
PC and glycero-3-phosphorylcholine (113). The addi-
tion of certain lipids to the diet may target the use of
specific pathways. 18:2n-6 is preferentially routed into
TAG synthesis; however, administration of lyso-PC pro-
duces an increase in the percent 18:2n-6 incorporated

into the phospholipid fraction (107). Administration of

Iyso-PC and [*H]20:4n-6 to rats resulted in increased
incorporation of [*H]20:4n-6 into mucosal PC and in-
creased transport of [*H]20:4n-6 in the phospholipid
fraction of lymph lipoproteins compared with [*H]20:
4n—6 administration alone (107).

Before being transported into the lymph, TAG are
assembled together with phospholipids and apolipo-
proteins to form a lipoprotein particle. For an in-depth
discussion on chylomicron assembly, the reader is re-
ferred to the excellent recent review of Hussain et al.
(114). In the enterocyte, apolipoprotein B (apoB) is
translocated across the endoplasmic reticulum during
translation and lipidated via interactions with micro-
somal transfer protein (34, 115).

Within the group of unsaturated fatty acids, individ-
ual differences in the kinetics of lymphatic transport are
evident. After an enteral infusion of a lipid emulsion
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containing [*H]18:2n—-6 and ['*C]20:4n-6 in rats, Nils-
son et al. (116) reported that lymph recovery of labeled
20:4n-6 was slower and more extended compared with
18:2n-6. Nilsson and Melin (29) demonstrated that a
larger part of administered 20:4n—-6 was retained in in-
testinal phospholipids compared to 18:2n-6. To a
quantitatively minor extent, LCPUFA have also been
shown to be transported portally. By intraduodenal in-
fusion of labeled FFA into rats and subsequent analysis
of their portal blood concentrations, Bernard and Car-
lier {(33) reported evidence that the portal route could
account for about 15% of the lymph route of the fatty
acids 18:2n-6 and 20:4n-6. However, Mansbach, Dow-
ell, and Pritchett (56, 117) demonstrated that increas-
ing the lipid load and including PC in the infused emul-
sion promoted lymph transport of enterally infused
emulsions containing [*H]tri-18:1n-9. The enteral
supply of PC, which may be rate-limiting for chylomi-
cron assembly, led to less portal transport (0.5% for the
low lipid load and 1.4% for the high lipid load), indicat-
ing that portal transport is a relatively minor pathway
for long chain unsaturated fatty acids (56).

EFAD LEADING TO LIPID MALABSORPTION

In comparison to the amount of studies performed
on fatty acid absorption under physiological conditions,
the effects of EFAD on lipid malabsorption are studied
in less detail. However, the few studies available indicate
that a causal relationship exists between EFAD and lipid
malabsorption. EFAD-mediated changes in the various
processes involved in lipid absorption will be discussed.
Lipolysis

Studies on the effects of EFAD indicate that lipolysis
does not appear to be affected by EFAD. Using pancre-
atic extracts from EFAD and control rats, Levy et al.
(118) reported no significant difference in lipolytic ac-
tivity. After oral administration of ["C]tri-18:1n-9,
Bennett Clark et al. (119) determined similar quantities
of *C hydrolysis products (fatty acids, MAG, TAG) in
intestinal lumenal contents of EFAD and control rats,
indicating comparable lipase activity. The medium chain
TAG, tri-8:0, which requires only lipolysis for absorp-
tion, was shown to disappear at asimilar rate from lumenal
contents in EFAD and control groups, again suggesting
that lipolytic activity is not affected by EFAD (119).

Enterohepatic circulation of bile

Decreased bile flow and bile acid secretion rate have
been demonstrated in rat models of EFAD (83, 118,

120-122). Different animal species vary in biliary lipid
output. EFAD rats have a decreased phospholipid and
cholesterol secretion rate (83, 118, 120-122) whereas
EFAD hamsters have significantly increased biliary cho-
lesterol compared to controls (83, 123) and an in-
creased (83) or unchanged (123) biliary phospholipid
secretion rate. No values for biliary lipid content have
been reported for humans with EFAD.

Upon analysis of acyl species composition of biliary
PC, it is noted frequently that biliary PC EFA content
is decreased in EFAD (119, 124). Biliary PC content of
18:2n-6 and 20:4n-6 has found to be decreased in
EFAD rats to roughly 10% and 26% of that of controls,
respectively (119). The ability of other fatty acids to be
incorporated into biliary phospholipids during EFAD
has been noted (124-127). In EFAD, decreasing levels
of 18:2n-6 and 20:4n-6 in phospholipids were com-
pensated for by increased amounts of 18:1n-9 and 16:
1In-7 (124).

It has been speculated that EFAD effects on bile flow
may be affected by altered prostaglandin biosynthesis.
Prostaglandins, the metabolic products of EFA-
LCPUFA, have been reported to influence bile flow;
however, data are not consistent for all prostaglandin
species. Some studies in the in situ perfused rat liver
suggest prostaglandins F2-alpha and D2 decrease bile
flow in a dose-dependent manner (128, 129), possibly
mediated at the level of the canalicular membrane
(128). On the other hand, Solomon et al. (130) have
found a stimulating effect of the prostaglandins, E2 and
prostacyclin, on bile flow. Although this area requires
additional studies, it is reasonable to suppose that
changes in prostanoid production and activity of mem-
brane proteins could ultimately affect hepatic bile flow
by alteration of lipid membrane contents and function.
As mentioned previously, elucidation of the expression
of mdr2, particularly under EFAD conditions, as well
as of other canalicular transport proteins, will help to
further address these questions.

Uptake into the enterocyte

In studies examining EFAD and lipid absorption, up-
take of FFA into the enterocyte appeared not to be af-
fected (4, 119, 131, 132). In vitro studies on everted jeju-
nal rings showed similar uptake rates of ['*C]18:1n-9
into enterocytes of EFAD and control animals (119).
In accordance with these results, similar absorption of
various radiolabeled FFA was found in in vivo studies
on EFAD and control rats (119, 131). Conversely, the
typically high amounts of EFA recovered in intestinal
tissue of EFAD rats after oral bolus administration (119,
181) compared to controls could be compatible with
delayed transport through the enterocyte. Available in-
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dications do not support major differences during
EFAD, but at present, it cannot be excluded that the
endpoint measurement such as the amount recovered
in the enterocyte is not precise enough to detect differ-
ences.

Chylomicron assembly and secretion

As discussed above, indirect indications support the
view that neither lipolysis nor mucosal uptake are re-
sponsible for the lipid malabsorption encountered in
EFAD rats. The predominant mechanisms by which
EFAD induces lipid malabsorption seem to involve the
effects on bile formation (see above) and the intracellu-
lar handling of lipids by the enterocyte. In the intestine
of EFAD rats, some pathological intestinal changes have
been noted, namely a restricted surface area due to villi
shortening and a lack of cellular differentiation (132).
Changes in the composition of the intestinal mucosa
due to EFAD include a reduction of total lipid (126)
and of 18:2n-6 and 20:4n-6 (133, 134). After an oral
bolus, [*C]18:2n-6 is relatively retained to a longer ex-
tent in the intestinal mucosa of EFAD rats compared
with control rats (126, 135) Hjelte et al. (131) studied
the absorption of [*H]20:4n-6 and ['*C}18:2n-6 in
EFAD and control rats. Significantly less [*H]20:4n-6
was recovered in various non-intestinal tissues of EFAD
rats compared to controls. However, at 2 h after bolus
administration, recovery of [*H]20:4n-6 and ["*C]18:
2n-6 in the small intestine of EFAD rats was higher than
that of controls. One explanation for increased intesti-
nal retention during EFAD is that EFA may be diverted
from being oxidized by the enterocyte and, instead, be
incorporated into phospholipid. A lower oxidation of
["*C]18:2n-6 in the intestine has been reported in rats
fed low amounts of EFA (126, 135) whereas conversion
rates of ['C]18:2n-6 to ['*C]20:4n-6 in the upper
small intestine were significantly increased in EFAD rats
(131). These observations are compatible with a sparing
mechanism of EFA under EFAD conditions. No human
studies are available on the intestinal morphology, fatty
acid uptake or interconversion during EFAD.

The mechanism by which EFA are retained in phos-
pholipids of EFAD rats is not known, but has been spec-
ulated to be related to the pathways of reacylation in
the intestine (131). Relatively little information is
known regarding how the various phospholipid biosyn-
thetic pathways (i.e., reacylation of lyso-PC, DHAP path-
way, acyl exchange, CDP-choline pathway) are affected
by EFAD. Because unsaturated fatty acids such as 18:
2n-6 and 20:4n-6 are preferred substrates for enzymes
such as 1-lyso-PC-acyl-CoA-acyltransferase (131, 136),
it can be envisioned that during EFAD, the intracellular
pool sizes are decreased, allowing immediate routing of
absorbed EFA. Theoretically, the activity of reacylation
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enzymes can also be stimulated in EFAD, vet, fatty acid
Co-A ligase and microsomal acyl CoA:monoglyceride
acyltransferase activities were not affected in EFAD rats
when enzyme activity was corrected for body weight
(119).

EFAD has been shown to decrease the initial rate of
esterification, increase phospholipid retention (126),
and decrease TAG output (118, 119, 137, 138) in the
enterocyte. In vitro studies using everted gut sacs have
demonstrated a 30% decrease in total lipid esterifica-
tion and secretion by EFAD rats compared with controls
(118). This observation was confirmed in rat jejunal
rings by Bennett Clark et al. (119), who reported a de-
creased capacity of EFAD to synthesize TAG from free
18:1n-9. It is not known whether a quantitative in-
crease in portal transport is utilized in EFAD to counter-
act impaired chylomicron assembly. Regardless of type
of diet fed to induce EFAD in rats (fat-free, hydroge-
nated coconut oil, or hydrogenated cottonseed oil),
fasting plasma TAG levels are increased during EFAD
(139). Levy et al. (118) reported fasting plasma TAG
values in EFAD rats to be more than twice that in con-
trols. However, administration of an oral fat load led
to a lower postprandial increase in plasma chylomicron
concentrations in EFAD compared to controls, which is
in accordance with a decreased efficiency of chylomi-
cron formation.

Compositional analysis of chylomicrons from EFAD
mice have revealed greater percentage contribution of
MAG plus phospholipid, DAG, cholesterol, and cholest-
eryl ester, and less of TAG compared to control mice
(118). Similarly, after administration of a lipid bolus
containing [*’H]}20:4n-6 and ['*C]18:2n-6, recovery of
[*H]20:4n-6 in FFA and in TAG was lower in EFAD
than in control rats (131). In EFAD rats, more ['C]18:
2n-6 was incorporated into phospholipid (PC, phos-
phatidylserine, phosphatidylethanolamine, cardio-
lipin) rather than in TAG (118, 119, 131). The different
metabolic fates of 18:2n-6 and 20:4n-6 indicate that
specificity may exist between the various EFA/LCPUFA.

Not only the (decreased) quantity, but also the al-
tered quality (i.e., acyl composition) of biliary phospho-
lipids in EFAD could affect chylomicron assembly in the
enterocyte. In vitro studies have shown that both the
concentration and the acyl chain composition of PC
have an effect on chylomicron assembly, secretion (67,
140), and clearance (140). In depth studies investigat-
ing whether impaired chylomicron production in EFAD
is (partly) based on alterations in bile phospholipids are
lacking.

Prevention and treatment of EFAD

Available data on EFAD and lipid malabsorption can
thus be schematized as in Fig. 1: disturbances in one or
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Fig. 1. Relationship between lipid malabsorption and essential fatty
acid (EFA) deficiency.

more of the processes involved in lipid absorption can
lead to lipid malabsorption, followed by EFAD. EFAD
can then perpetuate lipid malabsorption via its effects
on bile solubilization and chylomicron assembly and se-
cretion. With this current information, it may be possi-
ble to design optimal methods of treatment of EFAD.
Treatment is becoming increasingly important due to
EFAD prevalence in several patient groups (19-22, 26,
27). It remains to be addressed whether the dietary
amount of EFA needed to treat/prevent EFAD in spe-
cific patient groups depends upon the biochemical
form of delivery (TAG, phospholipid, ethyl ester}. Con-
ventionally, EFAD has been treated by increased dietary
TAG, which are thought to compensate for malab-
sorbed EFA. Enteral administration of vegetable oils,
which are high in 18:2n-6 (7-10 en%), have been
shown to improve or eliminate EFAD in cystic fibrosis
patients (141-144). Similarly, dietary intake of EFA oils
has restored plasma EFA levels to normal in children
with atopic eczema (145). However, the quantitative ap-
proach of increased oral supply of the conventional for-
mulation (i.e., as TAG) may not be solely effective, and
may not be effective in the various patient groups (146,
147). In addition to lipid therapy, another treatment
alternative may be to orally administer bile acids such
as taurocholate or ursodeoxycholic acid (UDCA) to im-
prove micelle formation in the intestinal lumen and to
stimulate bile flow. Supplementation of EFA-rich (40
g/ 100 g) powder plus taurocholate to cholestatic chil-
dren with EFAD has been successful in normalizing se-
rum 18:2n-6 levels (146). UDCA, a bile acid commonly
given to cholestatic patients because of its ability to im-
prove symptoms of fatigue, pruritus, depleted nutri-
tional status, and biochemical liver tests (148-150), is
considered less toxic and able to stimulate bile salt cir-

culation, thereby diluting the more toxic bile acids in
the total bile salt pool (150, 151). However, UDCA is a
poor micelle-forming bile salt, and data on its efficacy
to stimulate EFA absorption are inconclusive (152).

As PC has consistently been reported to be involved
in the complete absorption of EFA through assistance
in solubilization and in chylomicron packaging, we
speculate that a more strategic practical way to amelio-
rate or alleviate EFAD may involve specific lipid formu-
lations, including PC. Modulation of bile phospholipid
quantity and acyl composition by addition of dietary PC
could be beneficial in humans as it has shown to be
successful in animal studies (61, 153-157). Favorable
effects with PC have been noted when orally supple-
mented in models of liver disease (158). For humans,
PC is readily accessible and safe as it is obtained from
egg yolk or sometimes from soybean (159). An addition
of up to 36 g of phospholipids to the daily diet of
healthy humans for 14 days produced no side effects
(160). Supplementation in these subjects caused a rela-
tive enrichment of 18:2n-6 in bile phospholipids prob-
ably due to the fact that it composed 54% of the dietary
PC acyl chains. Patients with a disrupted enterohepatic
circulation fed 10 g soybean PC for 5-10 days demon-
strated a significant increase in the bile phospholipid/
cholesterol ratio. (150). Similarly, Holan et al. (161) fed
patients with gallstones 4.5 g PC for 3 weeks and conse-
quently observed a increase in 18:2n-6 in bile phospho-
lipid acyl chains.

Animal studies in which PC was orally administered
show a directly enhanced effect on lymph transport of
lipid (65, 162-164). In humans, duodenal infusion of
PC stimulated the production of small TAG-rich lipo-
proteins (165). In rats treated with hydrophobic surfac-
tants known to inhibit TAG secretion into lymph, Rod-
gers, Beeler, and Tso (166) found that TAG secretion
normalized after an intraduodenal administration of a
mixture of tri-18:1n-9 and PC. Similarly, Fukui &t al.
(167) noted that absorption of a fat-soluble vitamirr (d-
alpha-tocopherol acetate) was highest when MCT was
given in combination with a PC emulsion as compared
to PC alone. In particular, as it has been suggested that
intact PC is not directly taken up in significant quanti-
ties by the enterocyte and that phospholipase A2 is re-
quired for its hydrolysis, it may be even better to admin-
ister its hydrolysis product, lyso-PC, directly (163, 164).
Indeed, ['*C]20:4n-6 absorption was enhanced in the
presence lyso-PC in rats (107).

The alternative formulations should be tailored to
the pathophysiological origin of EFAD. Optimally, ther-
apeutic EFA formulations should be efficiently ab-
sorbed in a relatively bile-independent and lipolysis-
independent fashion. Currently, information is lacking
regarding optimal strategies for treatment of EFAD in
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specific patient groups, for example whether to supply
EFA-rich PC, structured TAG, or EFA-ethyl esters. The
present insights into the various processes involved, and
the availability of stable isotope techniques, however,
allow the ability to address many of these questions in
the near future.

Conclusion

In summary, it is imperative that EFA are properly
absorbed from the diet as the human body is unable to
synthesize them. Disorders in the individual steps in-
volved in lipid absorption may lead to EFAD. In addi-
tion, EFAD in itself affects the deficiency state by impair-
ment of EFA absorption due to its effects on bile
formation and on fatty acid reesterification and TAG
transport into lymph. The relationship between bile for-
mation and EFA absorption is intimately regulated, thus
allowing for numerous perspectives on the develop-
ment and treatment of EFAD. From one aspect, dietary
EFA heavily influences EFA status and ultimately, biliary
PC composition. Biliary components, particularly PC
that consist mostly of EFA, are essential components for
the adequate intestinal solubilization and packaging of
fatty acids in chylomicron. As a result, a promising area
of research involves the application of (acyl chain) spe-
cific PC to patients with lipid malabsorption syn-
dromes. 08§

The authors are grateful to Dr. Folkert Kuipers for his valu-
able suggestions during preparation of the manuscript. Dr.
Henkjan Verkade is a Clinical Research Fellow of the Nether-
lands Organization for Scientific Research (NWO-KWO).

Manuscript received 5 December 1996 and in revised form 9 May 1997.

REFERENCES

1. Siguel, E., K. Chee, J. Gong, and E. Schaefer. 1987. Crite-
ria for essential fatty acid deficiency in plasma as assessed
by capillary column gas-liquid chromatography. Clin.
Chem. 33: 1869-1873.

2. Richardson, T. J., and D. Sgoutas. 1975. Essential fatty
acid deficiency in four adult patients during total paren-
teral nutrition. Am. J. Clin. Nutr. 28: 258-263.

3. Aaes-Jorgensen, E., and R. T. Holman. 1958. Essential
fatty acid deficiency: content of polyenoic acids in testes
and heart as an indicator of essential fatty acid status. [.
Nutr. 65: 633-641.

4. Barnes, R. H., E. S. Miller, and G. O. Burr. 1941. Fat
absorption in essential fatty acid deficiency. J. Biol. Chem.
140: 773-778.

5. Stevens, L. ., S. S. Zentall, M. L. Abate, T. Kuczek, and
J. R. Burgess. 1996. Omega-3 fatty acids in boys with be-
havior, learning, and health problems. Physiol. Behav. 59:
915-920.

6. Hamazaki, T., S. Sawazaki, M. Itomura, E. Asaoka, Y. Na-
gao, N. Nishimura, K Yazawa, T. Kuwamori, and M. Ko-
bayashi. 1996. The effect of docosahexaenoic acid on ag-

1716  Journal of Lipid Research Volume 38, 1997

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

gression in young adults—a placebo-controlled doubic-
blind study. J. Clin. Invest. 97: 1129-1133.

. Maes, M., R. Smith, A. Christophe, P. Cosyns, R. Des-

nyder, and H. Meltzer. 1996. Fatty acid composition in
major depression: decreased omega-3 fractions in
cholesteryl esters and increased C20: 4 omega-6/C20: 5
omega-3 ratio in cholesteryl esters and phospholipids. J.
Affective Disord. 38: 35-46.

. Sardesai, V. M. 1992, The essential fatty acids. Nutr. Clin.

Pract. 7: 179-186.

. Dvorak, B., and R. Stepankova. 1992. Effects of dietary

essential fatty acid deficiency on development of the rat
thymus and immune system. Prostaglandins Leukot. Essent.
Fatty Acids. 46: 183-190.

Kinsella, J. E., B. Lokesh, S. Broughton, and J. Whelan.
1990. Dietary polyunsaturated fatty acids and eicosa-
noids: potential effects on the modulation inflammatory
and immune cells: an overview. Nutrition. 6: 24—44.
Purasiri, P., A, Murray, S. Richardson, S. D. Heys, D.
Horrobin, and O. Eremin. 1994. Modulation of cytokine
production in vivo by dietary essential fatty acids in pa-
tents with colorectal cancer. Clin. Sci. Colch. 87: T11-
717.

Das, U. N. 1995. Essential fatty acid metabolism in pa-
tients with essential hypertension, diabetes mellitus and
coronary heart disease. Prostaglandins Leukot. Essent. Faity
Acids. 52: 387-391.

Balachandran, R., and L. A. Ehrhart. 1975. Metabolic in-
teractions among polyunsaturated fatty acids in response
to an atherogenic diet. Proc Soc. Exp. Biol. Med. 149: 29—
34.

Sinclair, H. M. 1980. Prevention of coronary heart dis-
ease: the role of essential fatty acids. Postgrad. Med. J. 56:
579-584.

Stahl, G., M. Mascarenhas, J. Fayer, Y. Shiau, and J. Wat-
kins. 1993. Passive jejunal bile salt absorption alters the
enterohepatic circulation in immature rats. Gastroenierol-
ogy. 104: 163-173.

Watkins, J. B., P. Szczepanik, J. B. Gould, P. D. Klein,
and R. Lester. 1975. Bile salt metabolism in the human
premature infant: preliminary observations of pool size
and synthesis rate following prenatal administration of
dexamethasone and phenobarbital. Gastroenterology. 69:
706-713.

Watkins, J. B., D. Ingall, P. Szczepanik, P. D. Klein, and
R. Lester. 1973. Bile salt metabolism in the newborn:
measurement of pool size and synthesis by stable isotope
technique. N. Engl. J. Med. 288: 431-434.

Heuby, J. E., W. F. Balistreri, and F. J. Suchy. 1982. Bile
salt metabolism in the first year of life. J. Lab. Clin. Med.
100: 127-136.

Cabre, E., and M. A. Gassull. 1996. Polyunsaturated fatty
acid deficiency in liver diseases: Pathophysiological and
clinical significance. Nutrition 12: 542-548.

Gourley, G., P. Farrell, and G. Odell. 1982. Essential fatty
acid deficiency after hepatic portoenterostomy for bili-
ary atresia. Am. J. Clin. Nutr. 36: 1194-1199.
Kobayashi, A., Y. Ohbe, and A. Yonekubo. 1983. Fat ab-
sorption in patients with surgically repaired biliary atre-
sia. Helv. Paediatr. Acta. 38: 307-314.

Shimizu, T., Y. Yamashiro, K. Yabuta, T. Miyano, and H.
Hayasawa. 1990. Prostaglandin and fatty acid metabo-
lism in patients with extrahepatic biliary atresia. J. Pedi-
atr. Gastroenterol. Nulr. 10: 298-302.

Yamashiro, Y., T. Shimizu, Y. Ohtsuka, H. Nittono, T. Mi-

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

yano, S. Kawakami, and H. Hayasawa. 1994. Docosahex-
aenoic acid status of patients with extrahepatic biliary
atresia. J. Pediatr. Surg. 29: 1455-1458.

Weber, A., and C. Roy. 1972. The malabsorption associ-
ated with chronic liver disease in children. Pediatrics. 50:
73-82.

Chin, 8., R. Shepherd, B. Thomas, G. Cleghorn, M. Pat-
rick, J. Wilcox, T. Ong, S. Lynch, and R. Strong. 1992.
The nature of malnutrition in children with end-stage
liver disease awaiting orthotopic liver transplantation.
Am. [ Clin. Nutr. 56: 164-168.

Siguel, E., and R. Lerman. 1996. Prevalence of essential
fatty acid deficiency in patients with chronic gastrointes-
tinal disorders. Metabolism. 45: 12-23.

Cunnane, 8., C. Ainley, P. Keeling, R. Thompson, and
M. Crawford. 1985. Diminished phospholipid incorpora-
tion of essential fatty acids in peripheral blood leuco-
cytes from patients with Crohn’s disease correlation with
zinc depletion. J. Am. Clin. Nutr. 5: 451458,
Jeppesen, P. B., M. S. Christensen, C. E. Hoy, and P. B.
Mortensen. 1997. Essential fatty acid deficiency in pa-
tients with severe fat malabsorption. Am. J. Clin. Nutr. 65:
837-843.

Nilsson, A., and T. Melin. 1988. Absorption and metabo-
lism of orally fed arachidonic and linoleic acid in the
rat. Am. J. Physiol. 255: G612-618.

Carey, M. C., D. M. Small, and C. M. Bliss. 1983. Lipid
digestion and absorption. Annu. Rev. Physiol. 45: 651—
677.

Carey, M. C., and O. Hernell. 1992. Digestion and ab-
sorption of fat. Sem. Gastroint. Dis. 3: 189-208.
Thomson, A. B., M. Keelan, M. L. Garg, and M. T. Clan-
dinin. 1989. Intestinal aspects of lipid absorption: a re-
view. Can. J. Physiol. Pharmacol. 67: 179-191.

Bernard, A., and H. Carlier. 1991. Absorption and intes-
tinal catabolism of fatty acids in the rat: effect of chain
length and unsaturation. Exp. Physiol. 76: 445—455.
Tso, P. 1994. Intestinal lipid absorption. In Physiology of
the Gastrointestinal Tract. L., R. Johnson, editor. Raven
Press, New York. 1867-1907.

Carlier, H., A. Bernard, and C. Caselli. 1991. Digestion
and absorption of polyunsaturated fatty acids. Reprod.
Nutr. Dev. 31: 475-500.

Christensen, M., A. Mullertz, and C. Hoy. 1995. Absorp-
tion of triglycerides with defined or random structure by
rats with biliary and pancreatic diversion. Lipids. 30:
521-526.

Reicks, M., |. Hoadley, S. Satchithanandam, and K. M.
Morehouse. 1990. Recovery of fish oil-derived fatty acids
in lymph of thoracic duct-cannulated Wistar rats. Lipids.
25: 6-10.

Ikeda, 1., E. Sasaki, H. Yasunami, S. Nomiyama, M. Na-
kayama, M. Sugano, K. Imaizumi, and K. Yazawa. 1995,
Digestion and lymphatic transport of eicosapentaenoic
and docosahexaenoic acids given in the form of triacyl-
glycerol, free acid and ethyl ester in rats. Biockim. Biophys.
Acta. 1259: 297-304.

Boustani, S. E., C. Colette, L. Monnier, B. Descomps, A.
Crastes de Paulet, and F. Mendy. 1987. Enteral absorp-
tion in man of eicosapentaenoic acid in different chemi-
cal forms. Lipids. 22: 711-714.

Lawson, L. D., and B. G. Hughes. 1988. Human absorp-
tion of fish oil fatty acids as triacylglycerols, free acids,
or ethyl esters. Biochem. Biophys. Res. Commun. 152: 328~
335.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Chen, L. S., S. Hotta, I. Ikeda, M. M. Cassidy, A. ]J. Shep-
pard, and G. V. Vahouny. 1987. Digestion, absorption
and effects on cholesterol absorption of menhaden oil,
fish oil concentrate and corn oil by rats. J. Nutr. 117:
1676-1680.

Chen, Q., L. Blackberg, A. Nilsson, B. Sternby, and O.
Hernell. 1994. Digestion of triacylglycerols containing
long-chain polyenoic fatty acids in vitro by colipase-de-
pendent pancreatic lipase and human milk bile salt-stim-
ulated lipase. Biochim. Biophys. Acta. 1210: 239-243.
Hernell, O., L. Blackberg, Q. Chen, B. Sternby, and A.
Nilsson. 1993. Does the bile salt-stimulated lipase of hu-
man milk have a role in the use of the milk long-chain
polyunsaturated fatty acids? ] Pediatr. Gastroenterol. Nutr.
16: 426-431.

Brink, E. J., E. Haddeman, N. J. de Fouw, and J. A. West-
strate. 1995. Positional distribution of stearic acid and
oleic acid in a triacylglycerol and dietary calcium con-
centration determines the apparent absorption of these
fatty acids in rats. J. Nutr. 125: 2379-2387.

Bottino, N., G. Vandenburg, and R. Reiser. 1967. Resis-
tance of certain long-chain polyunsaturated fatty acids
of marine oils to pancreatic lipase hydrolysis. Lipids. 2:
489-493.

Ikeda, I., Y. Tomari, M. Sugano, S. Watanabe, and J. Na-
gata. 1991. Lymphatic absorption of structured glyceroli-
pids containing medium-chain fatty acids and linoleic
acid, and their effect on cholesterol absorption in rats.
Lipids. 26: 369-373.

Borgstrom, B. 1988. Mode of action of tetrahydrolip-
statin: a derivative of the naturally occurring lipase inhib-
itor lipstatin. Biochim. Biophys. Acta. 962: 308-316.
Hauptman, J. B., F. S. Jeunet, and D. Hartmann. 1992.
Initial studies in humans with the novel gastrointestinal
lipase inhibitor Ro 18-0647 (tetrahydrolipstatin). Am. J.
Clin. Nutr. 55: 3095-313S.

Tuchweber, B., 1. M. Yousef, G. Ferland, and A. Perea.
1996. Nutrition and bile formation. Nutr. Res. 16: 1041—
1080.

Narayanan, V. S., and J. Storch. 1996. Fatty acid transfer
in taurodeoxycholate mixed micelles. Biochemistry. 35:
7466-7473.

Jones, P. ], P. B. Pencharz, and M. T. Clandinin. 1985.
Absorption of [PC]-labeled stearic, oleic, and linoleic
acids in humans: application to breath tests. ] Lab. Clin.
Med. 105: 647-652.

Ockner, R. K., J. P. Pittman, and J. L. Yager. 1972, Differ-
ences in the intestinal absorption of saturated and unsat-
urated long chain fatty acids. Gastroenterology. 62: 981—
992.

Toorop, A. I, D. R. Romsos, and G. A. Leveille. 1979.
The metabolic fate of dietary 1-['"*C]linoleate and 1-
["*C]palmitate in meal-fed rats. Proc. Soc. Exp. Biol. Med.
160: 312-316.

Zhang, F. L., F. Kamp, and J. A. Hamilton. 1996. Dissoci-
ation of long and very long chain fatty acids from phos-
pholipid bilayers. Biochemistry. 35: 16055-16060.
Demarne, Y., T. Corring, A. Pihet, and E. Sacquet. 1982.
Fat absorption in germ-free and conventional rats artifi-
cially deprived of bile secretion. Gut. 23: 49-57.
Mansbach, C. M., I, and R. F. Dowell. 1993. Portal trans-
port of long acyl chain lipids: effect of phosphatidylcho-
line and low infusion rates. Am. J. Physiol. 264: G1082—
1089.

Porter, H., D. Saunders, G. Tytgat, O. Brunser, and C.

Minich, Vonk, and Verkade Essential fatty acid deficiency and lipid absorption 1717

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

58.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

70.

71.

72.

1718

Rubin. 1971. Fat absorption in bile fistula man. Gastroen-
terology. 60: 1008-1019.

Tso, P, J. A. Balint, and W. J. Simmonds. 1977. Role of
biliary lecithin in lymphatic transport of fat. Gastroenterol-
ogy. 73: 1362-1367.

Oude Elferink, R., and A. Groen. 1995. The role of mdr2
P-glycoprotein in biliary lipid secretion. Cross talk be-
tween cancer research and biliary physiology. J. Hepatol.
23: 617-625.

Elferink,R. P.J. O.,R. Ottenhoff, M. Vanwijland, C. M. G.
Frijters, C. Vannieuwkerk, and A. K. Groen. 1996. Un-
coupling of biliary phospholipid and cholesterol secre-
tion in mice with reduced expression of mdr2 P-glyco-
protein. [. Lipid Res. 37: 1065-1075.

Patton, G. M., S. Bennett Clark, J. M. Fasulo, and S. ].
Robins. 1984. Utilization of individual lecithins in intesti-
nal lipoprotein formation in the rat. J. Clin. Invest. 73:
231-240.

Mansbach, C. M. L. 1977. The origin of chylomicron
phosphatidylcholine in the rat. J. Clin. Invest. 60: 411~
420.

. Cassidy, M., F. Lightfoot, L. Grau, S. Satchitanandum,

and G. Vahouny. 1985. Lipid accumulation in jejunal
and colonic mucosa following chronic cholestyramine
(Questran) feeding. Dig. Dis. Sci. 30: 468—476.

Tso, P., H. Kendrick, J. Balint, and W. Simmonds. 1981.
Role of biliary phosphatidylcholine in the absorption
and transport of dietary triolein in the rat. Gastroenterol-
ogy. 80: 60-65.

Ahn, |, and S. Koo. 1995. Intraduodenal phosphatidyl-
choline infusion restores the lymphatic absorption of vi-
tamin A and oleic acid in zinc-deficient rats, Nuir. Bio-
chem. 6: 604-612.

Rioux, F., A. Perea, 1. Yousef, E. Levy, L.. Malli, M. Car-
rillo, and B. Tuchweber. 1994. Short-term feeding of a
diet enriched in phospholipids increases bile formation
and the bile acid transport maximum in rats. Biochim.
Biophys. Acta. 1214: 193-202.

Mathur, S. N, E. Born, S. Murthy, and F. . Field. 1996.
Phosphatidylcholine increases the secretion of triacyl-
glycerol-rich lipoproteins by CaCo-2 cells. Biochem. J.
314: 569-575.

Staggers, J. E., S. C. Frost, and M. A. Wells. 1982. Studies
on fat digestion, absorption, and transport in the suck-
ling rat. III. Composition of bile and evidence for entero-
hepatic circulation of bile salts. [ Lipid Res. 23: 1143
1151.

Neiderhiser, D. H., and H. P. Roth. 1972. The effect of
modifications of lecithin and cholesterol on the micellar
solubilization of cholesterol. Biochim. Biophys. Acta. 270:
407-413.

Hay, D. W., M. J. Cahalane, N. Timofeyeva, and M. C.
Carey. 1993. Molecular species of lecithins in human
gallbladder bile. J. Lipid Res. 34: 759-768.

Kawamoto, T., G. Okano, and T. Akino. 1980. Biosynthe-
sis and turnover of individual molecular species of phos-
phatidylcholine in liver and bile. Biochim. Biophys. Acta.
619: 20-34.

Bieri, J. G., and R. P. Evarts. 1973. Tocopherols and fatty
acids in American diets. J. Am. Diet. Assoc. 62: 147-151.

. Leger, C. L., D. Daveloose, R. Christon, and J. Viret.

1990. Evidence for a structurally specific role of essential
polyunsaturated fatty acids depending on their peculiar
double-bond distribution in biomembranes. Biochemis-
try. 29: 7269-7275.

Journal of Lipid Research Volume 38, 1997

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

Field, F. ., E. Born, H. Chen, S. Murthy, and S.N. Ma-
thur. 1994. Regulation of apolipoprotein B secretion by
biliary lipids in CaCo-2 cells. J. Lipid Res. 35: 749-762.
van Greevenbroek, M. M. ], G. van Meer, D. W. Erkel-
ens, and T. W. A. de Bruin. 1996. Effects of saturated,
mono-, and polyunsaturated fatty acids on the secretion
of apoB containing lipoproteins by Caco-2 cells. Athero-
sclerosis. 121: 139-150.

Campbell, C. B., D. ]J. Cowley, and R. H. Dowling. 1972.
Dietary factors affecting biliary lipid secretion in the
Rhesus monkey. A mechanism for the hypocholester-
olaemic action of polyunsaturated fat? Eur. J. Clin. Invest.
2: 332-341.

Turley, S. D., and J. M. Dietschy. 1979. Regulation of bili-
ary cholesterol output in the rat: dissociation from the
rate of hepatic cholesterol synthesis, the size of the he-
patic cholesteryl ester pool, and the hepatic uptake of
chylomicron cholesterol J. Lipid Res. 20: 923-934.
Redinger, R. N., A. H. Hermann, and D. M. Small. 1973.
Primate biliary physiology. Effects of diet and fasting on
biliary lipid secretion and relative composition and bile
salt metabolism in the Rhesus monkey. Gastroenterology.
64: 610-621.

Rubin, M., Z. Halpern, A. Livoff, A. Wennberg, A. Tietz,
E. Antebi, and D. Lichtenberg. 1992. The effect of short-
term lipid infusion on liver function and biliary secre-
tion in rats. Lipids. 27: 321-325.

Ramesha, C. S., R. Paul, and J. Ganguly. 1980. Effect of
dietary unsaturated oils on the biosynthesis of choles-
terol, and on biliary and fecal excretion of cholesterol
and bile acids in rats. J. Nutr. 110: 2149-2158.
Balasubramaniam, S., I.. A. Simons, S. Chang, and J. B.
Hickie. 1985. Reduction in plasma cholesterol by a diet
rich in n-3 fatty acids in the rat. [. Lipid Res. 26: 684—
689.

Knox, R., 1. Stein, D. Levinson, P. Tso, and C. M. Mans-
bach. 1991. Effect of fat pre-feeding on bile flow and
composition in the rat. Biochim. Biophys. Acta. 1083: 65—
70.

Turley, S. D., D. K. Spady, and J. M. Dietschy. 1983. Alter-
ation of the degree of biliary cholesterol saturation in
the hamster and rat by manipulation of the pools of pre-
formed and newly synthesized cholesterol. Gastroenterol-
ogy. 84: 253-264.

Smit, M. J., A. M. Temmerman, H. Wolters, A. C. Beynen,
R. J. Vonk, and F. Kuipers. 1992. Effects of dietary fish
oil on hepatic cholesterol metabolism. /n Hepatic Endo-
cytosis of Lipids and Proteins. E. Windler and H. Greten,
editors. W. Zuckschwerdt Verlag, Berlin, Germany. 380-
388.

Smit, M. J., H. J. Verkade, R. Havinga, R. J. Vonk, G. L.
Scherphof, G. In’t Veld, and F. Kuipers. 1994. Dietary
fish oil potentiates bile acid-induced cholesterol secre-
tion into bile in rats. J. Lipid Res. 35: 301-310.

Smit, M. J., A. M. Temmerman, H. Wolters, F. Kuipers,
A. C. Beynen, and R. J. Vonk. 1991. Dietary fish oil-in-
duced changes in intrahepatic cholesterol transport and
bile acid synthesis in rats. J. Clin. Invest. 88: 943-951.
Thomson, A. B., M. Keelan, M. Garg, and M. T. Clan-
dinin. 1989. Evidence for critical-period programming
of intestinal transport function: variations in the dietary
ratio of polyunsaturated to saturated fatty acids alters on-
togeny of rat intestine. Biockim. Biophys. Acta. 1001: 302~
315.

Thomson, A. B. R., M. Keelan, M. L. Garg, and M. T.

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Clandinin. 1989. Influence of dietary fat composition on
intestinal absorption in the rat. Lipids. 24: 494-501.
Diede, H. E., E. Rodilla-8ala, J. Gunawan, M. Manns, and
W. Stremmel. 1992. Identification and characterization
of a monoclonal antibody to the membrane fatty acid
binding protein. Biochim. Biophys. Acta. 1125: 13-20.
Hollander, D., S. L. Chow, and V. D. Dadufalza. 1984.
Intestinal absorption of free oleic acid in the unanesthe-
tized rat: evidence for a saturable component? Can. J.
Physiol. Pharmacol. 62: 1136—1140.
Chow, S., and D. Hollander. 1979. A dual, concentra-
tion-dependent absorption mechanism of linoleic acid
by rat jejunum in vitro. J. Lipid Res. 20: 349-356.
Chow, S. L., and D. Hollander. 1979. Linoleic acid ab-
sorption in the unanesthetized rat: mechanism of trans-
ort and influence of luminal factors on absorption. Lip-
ids. 14: 378-385.
Ling, K. Y, H. Y. Lee, and D. Hollander. 1989. Mecha-
nisms of linoleic acid uptake by rabbit small intestinal
brush border membrane vesicles. Lipids. 24: 51-55.
Stremmel, W. 1988. Uptake of fatty acids by jejunal mu-
cosal cells is mediated by a fatty acid binding membrane
protein. J. Clin. Invest. 82: 2001-2010.
Abumrad, N. A., M. R. El Maghrabi, E. Z. Amri, E. Lopez,
and P. A. Grimaldi. 1993. Cloning of rat adipocyte mem-
brane protein implicated in binding or transport of
long-chain fatty acids that induced during pre-adipocyte
differentiation. J. Biol. Chem. 268: 17665—-17668.
Trotter, P., S. Ho, and J. Storch. 1996. Fatty acid uptake
by Caco-2 human intestinal cells. J. Lipid Res. 37: 336—
346.
Gore, J., C. Hoinard, and C. Couet. 1994. Linoleic acid
uptake by isolated enterocytes: influence of alpha-linole-
nic acid on absorption. Lipids. 29: 701-706.
Ockner, R. K., and J. A. Manning. 1974. Fatty acid bind-
ing protein in small intestine. Identification, isolation
and evidence for its role in cellular fatty acid transport.
J- Clin. Invest. 54: 326—-338.
Lowe, J. B., J. C. Sacchettini, M. Laposata, J. ]J. McQuil-
lam, and J. I. Gordon. 1987. Expression of rat intestinal
fatty acid-binding protein in Escherichia coli. Purification
and comparison of ligand binding characteristics with
that of Escherichia coli-derived rat liver fatty acid-binding
protein. J. Biol. Chem. 262: 5931-5937.
Richieri, G. V., R. T. Ogata, and A. M. Kleinfeld. 1994.
Equilibrium constants for the binding of fatty acids with
fatty acid-binding proteins from adipocyte, intestine,
heart and liver measured with the fluorescent probe
ADIFAB. J. Biol. Chem. 269: 23918-23930.
Bass, N. M. 1988. The cellular fatty acid-binding pro-
teins: aspects of structure, regulation, and function. Int.
Rev. Cytol. 111: 143-184.
Glatz, J. F. C, and J. H. Veerkamp. 1985. Intracellular
fatty acid-binding proteins. Int. | Biochem. 17: 13-22.
Baier, L. ., C. Bogardus, and J. €. Sacchettini. 1996. A
polymorphism in the human intestinal fatty acid binding
protein alters fatty acid transport across Caco-2 cells. J.
Biol. Chem. 271: 10892-10896.
Rao, G. A, and J. M. Johnston. 1966. Purification and
properties of triglyceride synthetase from the intestinal
mucosa. Biochim. Biophys. Acta. 125: 465-473.
Parlier, R. D., S. Frase, and C. I. Mansbach. 1989. In-
traenterocyte distribution of absorbed lipid and effects
of phosphatidylcholine. Am. J. Physiol. 256: G349-G355.
Johnston, J. M. 1976. Triglyceride biosynthesis in the in-

107.

108.

109.

110.

111.

112

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

testinal mucosa. /n Lipid Absorption: Biochemical and
Clinical Aspects. K. Rommel, H. Goebell and R. Bohmer,
editors. MTP Press, Lancaster, UK. 85-94.

Viola, G, L. Mietto, F. E. Secchi, L. Ping, and A. Bruni.
1993. Absorption and distribution of arachidonate in
rats receiving lysophospholipids by oral route. /. Lipid
Res. 34: 1843-1852.

Nilsson, A. 1968. Intestinal absorption of lecithin and
lysolecithin by lymph fistula rats. Béochim. Biophys. Acta.
152: 379-390.

Sato, Y. 1970. The metabolic fate of lysolecithin adminis-
tered into rat duodenal lumen. Tohuku J. Exp. Med. 100:
227-287.

Scow, R. O., Y. Stein, and O. Stein. 1967. Incorporation
of dietary lecithin and lysolecithin into lymph chylomi-
crons in the rat. J. Biol. Chem. 242: 4919-4924.
Subbaiah, P. V., P. 8. Sastry, and . Ganguly. 1970. Acyla-
tion of lysolecithin in the intestinal mucosa of rats. Bio-
chem. J. 118: 241-246.

Ottolenghi, A. 1964. Estimation and subcellular distribu-
tion of lecithinase activity in rat intestinal mucosa. J.
Lipid Res. 5: 532-537.

Subbaiah, P. V., and ]J. Ganguly. 1970. Studies in the
phospholipases of rat intestinal mucosa. Biochem. J. 118:
233-239.

Hussain, M. M., R. K. Kancha, Z. Zhou, J. Luchoomun,
H. Zu, and A. Bakillah. 1996. Chylomicron assembly and
catabolism: role of apolipoproteins and receptors. Bio-
chim. Biophys. Acta. 1300: 151-170.

Regisbailly, A., S. Visvikis, J. Steinmetz, B. Foumier, R.
Gueguen, and G. Siest. 1996. Effects of apoB and apoE
gene polymorphisms on lipid and apolipoprotein con-
centrations after a test meal. Clin. Chim. Acta. 253: 127
143.

Nilsson, A., B. Landin, E. Jensen, and B. Akesson. 1987,
Absorption and lymphatic transport of exogenous and
endogenous arachidonic and linoleic acid in the rat. Am.
J- Physiol. 252: G817-824.

Mansbach, C. M., II, R. F. Dowell, and D. Pritchett. 1991.
Portal transport of absorbed lipids in rats. Am. J. Physiol.
261: G530-538.

Levy, E., C. Garofalo, L. Thibault, S. Dionne, L. Daoust,
G. Lepage, and C. C. Roy. 1992. Intraluminal and intra-
cellular phases of fat absorption are impaired in essen-
tial fatty acid deficiency. Am. J. Physiol. 262: G319-326.
Bennett Clark, S., T. E. Ekkers, A. Singh, J. A. Balint,
P. R. Holt, and J. B. Rodgers, Jr. 1973. Fat absorption
in essential fatty acid deficiency: a model experimental
approach to studies of the mechanism of fat malabsorp-
tion of unknown etiology. J. Lipid Res. 14: 581-588.
Coots, R. H. 1964. A comparison of the metabolism of
cis, cis-linoleic, trans, trans-linoleic, and a mixture of cis,
trans- and trans, cis-linoleic acids in the rat. J. Lipid Res.
5: 473-476.

Sarfeh, L. J, D. A. Beeler, D. H. Treble, and J. A. Balint.
1974. Studies of the hepatic excretory defects in essential
fatty acid deficiency. J. Clin. Invest. 53: 423-430.

Levy, E., C. Garofalo, T. Rouleau, V. Gavino, and M. Ben-
dayan. 1996. Impact of essential fatty acid deficiency on
hepatic sterol metabolism in rats. Hepatology. 23: 848—
857.

Robins, 8. J., and J. Fasulo. 1973. Mechanism of litho-
genic bile production: studies in the hamster fed an es-
sential fatty acid-deficient diet. Gastroenterology. 65: 104—
114.

Minich, Vonk, and Verkade Essential fatty acid deficiency and lipid absorption 1719

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

124.

125.

126.

127.

128.

129.

130.

131.

134.

135.

136.

137.

138.

139.

140.

1720

Trewhella, M. A., and F. D. Collins. 1973. A comparison
of the relative turnover of individual molecular species
of phospholipids in normal rats and in rats deficient in
essential fatty acids. Biochim. Biophys. Acta. 296: 34~50.
Retterstol, K., B. Woldseth, and B. O. Christophersen.
1995. Studies on the metabolism of [1-*C]5.8.11-eicosa-
trienoic (Mead) acid in rat hepatocytes. Biochim. Biophys.
Acta. 1259: 82-88.

Becker, W., and J.E. Mansson. 1985. Incorporation of
["*C] into tissue lipids after oral administration of [I-
“Cllinoleic acid in rats fed different levels of essential
fatty acids. J. Nutr. 115: 1248-1258.

Hjelte, L., B. Strandvik, and A. Nilsson. 1990. Metabo-
lism of [*H]arachidonic acid- and ["“Cllinoleic acid-la-
belled chylomicrons in essential fatty acid-deficient rats.
Biochim. Biophys. Acta. 1044: 101-110.

Weidenbach, H., ]. Scheibner, E. Stange, G. Adler, and
K. Beckh. 1996. Reduction of bile secretion by prosta-
glandins in the rat in vivo. Life Sci. 58: 1531-1538.
Beckh, K., S. Kneip, and R. Arnold. 1996. Direct regula-
tion of bile secretion by prostaglandins in perfused rat
liver. Hepatology. 19: 1208-1213.

Solomon, H., J. Contis, A. P. Li, and D. L. Kaminski.
1996. The effect of prostanoids on hepatic bile flow in
dogs with normal liver and bile duct cell hyperplasia.
Prostaglandins Leukot. Essent. Faity Acids. 54: 265-271.
Hjelte, L., T. Melin, A. Nilsson, and B. Strandvik. 1990.
Absorption and metabolism of [*HJarachidonic and
[*C]linoleic acid in essential fatty acid-deficient rats.
Am. J. Physiol. 259: G116-124.

. Snipes, R. L. 1968. The effects of essential fatty acid de-

ficiency on the ultrastructure and functional capacity of
the jejunal epithelium. Lab. Invest. 18: 179-189.

. Yurkowski, M., and B. L. Walker. 1971. The molecular

species of mucosal phosphatidylcholines from the small
intestine of normal and essential fatty acid-deficient rats.
Biochim. Biophys. Acta. 231: 145-152.

Alessandri, J. M., T. S. Arfi, J. Thevenoux, and C. L.
Leger. 1990. Diet-induced alterations of lipids during
cell differentiation in the small intestine of growing rats:
effect of an essential fatty acid deficiency. J. Pediatr. Gas-
troenterol. Nutr. 10: 504-515,

Becker, W. 1984. Distribution of [ *C] after oral adminis-
tration of [1-"*C]linoleic acid in rats fed different levels
of essential fatty acids. J. Nutr. 114: 1690-1696.
Yamashita, S., K. Hosaka, and S. Numa. 1973. Acyl-donor
specificities of partially purified 1-acylglycerophosphate
acyltransferase, 2-acylglycerolphosphate acyltransferase
and l-acylglycerophosphorylcholine acyltransferase
from rat liver microsomes. Eur. J. Biochem. 38: 25-31.
Williams, M. A,, J. Tinoco, Y. T. Yang, M. L. Bird, and L
Hincenbergs. 1989. Feeding pure docosahexaenoate or
arachidonate decreases plasma triacylglycerol secretion
in rats. Lipids. 24: 753-758.

Sinclair, A. J., and F. D. Collins. 1970. The effect of di-
etary essential fatty acids on the concentration of serum
and liver lipids in the rat. Br. J. Nutr. 24: 971-982,
Williams, M. A., J. Tinoco, I. Hincenbergs, and B.
Thomas. 1989. Increased plasma triglyceride secretion
in essential fatty acid-deficient rats fed diets with or with-
out saturated fat. Lipids. 24: 448-453.

Robins, S. J., J. M. Fasulo, and G. M. Patton. 1988. Effect
of different molecular species of phosphatidylcholine on
the clearance of emulsion particle lipids. J. Lipid Res. 29:
1195-1203.

Journal of Lipid Research Volume 38, 1997

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Vanegmond, A. W. A., M. R. Kosorok, R. Koscik, A. Lax-
ova, and P. M. Farrell. 1996. Effect of linoleic acid intake
on growth of infants with cystic fibrosis. Am. J. Clin. Nutr.
63: 746-752.

Landon, C., J. A. Kemer, R. Castillo, L. Adams, R.
Whalen, and N. J. Lewiston. 1981. Oral correction of es-
sential fatty acid deficiency in cystic fibrosis. [ Parenteral
Enteral Nutr. 5: 501-504.

Lloyd-Still, J. D., S. B. Johnson, and R. T. Holman. 1981.
Essential fatty acid status in cystic fibrosis and the effects
of safflower oil supplementation. Am. J. Clin. Nutr. 34:
1-7.

Parsons, H. G., E. V. O’Loughlin, D. Forbes, D. Cooper,
and D. G. Gall. 1988. Supplemental calories improve es-
sential fatty acid deficiency in cystic fibrosis patients. Pe-
diatr. Res. 24: 353-356.

Shimasaki, H. 1995. PUFA content and effect of dietary
intake of gamma-linolenic acid-rich oil on profiles of
n-6, n—3 metabolites in plasma of children with atopic
eczema. J. Clin. Biochem. Nutr. 19: 183-192.

Miyano, T., Y. Yamashiro, T. Shimizo, T. Arai, T. Suruga,
and H. Hayasawa. 1986. Essential fatty acid deficiency in
congenital biliary atresia: successful treatment to reverse
deficiency. J. Pediatr. Surg. 21: 277-281.

La Scala, G., C. Le Coultre, B. Roche, P. Bugmann, and
D. Belli. 1993. The addition of lipids increases the total
parenteral nutrition-associated cholestasis in the rat.
Eur. | Pediatr. Surg. 3: 224-227.

Spagnulo, M. L., R. Iorio, A. Vegnente, and A. Guarino.
1996. Ursodeoxycholic acid for treatment of cholestasis
in children on long-term total parenteral nutrition: a pi-
lot study. Gastroenterology. 111: 716-719.

Perdigoto, R., and R. H. Wiesner. 1992. Progression of
primary biliary cirrhosis with UDCA therapy. Gastroenter-
ology. 102: 1389-1391.

Tompkins, R. K., L. G. Burke, R. M. Zollinger, and
D. G. Cornwell. 1970. Relationship of biliary phospho-
lipid and cholesterol concentrations to the occurrence
and dissolution of human gallstones. Ann. Surg. 172:
936-945.

Fallon, M., J. Anderson, and |. Boyer. 1993. Intrahepatic
cholestasis. /n Diseases of the Liver. L. Schiff and E.
Schiff, editors. |.B. Lippincott Co., Philadelphia, PA.
343-361.

Colombo, C., P. M. Battezzati, M. Podda, N. Bettinardji,
and A. Giunta. 1996. Ursodeoxycholic acid for liver dis-
ease associated with cystic fibrosis: a double-blind
multicenter trial. Hepatology 23: 1484-1490.

Christie, W. W., J. H. Moore, R. C. Noble, and R. G. Ver-
non. 1975. Changes with diet in the composition of
phosphatidylcholine of sheep bile. Lipids. 10: 645—648.
Rigotti, A., M. P. Marzolo, N. Ulloa, O. Gonzalez, and F.
Nervi. 1989. Effect of bean intake on biliary lipid secre-
tion and on hepatic cholesterol metabolism in the rat.
J. Lipid Res. 30: 1041-1048.

Scobey, M. W,, F. L. Johnson, J. S. Parks, and L. L. Rudel.
1991. Dietary fish oil effects on biliary lipid secretion and
cholesterol gallstone formation in the African green
monkey. Hepatology. 14: 679-684.

Berr, F., A. Goetz, E. Schreiber, and G. Paumgartner.
1993. Effect of dietary n—3 versus n—6 polyunsaturated
fatty acids on hepatic excretion of cholesterol in the
hamster. J. Lipid Res. 34: 1275-1284.

Arbuckle, L. D., M. J. MacKinnon, and S. M. Innis. 1994.
Formula 18:2(n-6) and 18:3(n-3) content and ratio in-

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

158.

159.

160.

161.

162.

fluence long-chain polyunsaturated fatty acids in the de-
veloping piglet liver and central nervous system. J. Nufr.
124: 289-298.

Lieber, C. S., S. J. Robins, J. Li, L. DeCarli, K. M. Mak,
J. M. Fasulo, and M. A. Leo. 1994. Phosphatidylcholine
protects against fibrosis and cirrhosis in the baboon. Gas-
troenterology. 106: 152-159.

Bach, A. C.,]. Ferezou, and A. Frey. 1996. Phospholipid-
rich particles in commercial parenteral fat emulsions, an
overview. Prog. Lipid. Res. 35: 133-153.

Pakula, R., F. M. Konikoff, M. Rubin, Y. Ringel, Y. Peled,
A. Tietz, and T. Gilat. 1996. The effects of dietary phos-
pholipids enriched with phosphatidylethanolamine on
bile and red cell membrane lipids in humans. Lipids. 31:
295-303.

Holan, K. R, R. T. Holzbach, ]. Y. K Hsieh, D. K. Welch,
and J. G. Turcotte. 1979. Effect of oral administration of
“essential”’ phospholipid, beta-glycerophosphate, and
linoleic acid on biliary lipids in patients with cholelithia-
sis. Digestion. 19: 251258,

Bennett Clark, S. 1978. Chylomicron composition dur-

163.

164.

165.

166.

167.

ing duodenal triglyceride and lecithin infusion. Am. J.
Physiol. 235: E183-E190.

Tso, P., J. Lam, and W. J. Simmonds. 1978. The impor-
tance of the lysophosphatidylcholine and choline moiety
of bile phosphatidylcholine in lymphatic transport of fat.
Biochim. Biophys. Acta. 528: 364-372.

Mansbach, C. M., I1, A. Arnold, and M.A. Cox. 1985. Fac-
tors influencing triacylglycerol delivery into mesenteric
lymph. Am. . Physiol. 249: G642—-648.

Beil, F. U, and S. M. Grundy. 1980. Studies on plasma
lipoproteins during absorption of exogenous lecithin in
man. J. Lipid Res. 21: 525-536.

Rodgers, J. B., D. A. Beeler, and P. Tso. 1996. Relation-
ship of phosphatidylcholine to hydrophobic surfactant
on rat intestinal chylomicron secretion. Experientia. 52:
671-676.

Fukui, E., H. Kurohara, A. Kageyu, Y. Kurosaki, T. Na-
kayama, and T. Kimura. 1989. Enhancing effect of
medium-chain triglycerides on intestinal absorption of
d-alpha-tocopherol acetate from lecithin-dispersed
preparations in the rat. J. Pharmacobio. Dyn. 12: 80-86.

Minich, Vonk, and Verkade Essential fatty acid deficiency and lipid absorption 1721

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

